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ABSTRACT: This is the second paper of the series started with Ippolitov and Rzhavsky
(2014) providing detailed descriptions of recent spirorbin tubes, their mineralogy and
ultrastructures. Here we describe species of the tribe Spirorbini Chamberlin, 1919 that
includes a single genus Spirorbis Daudin, 1800. Tube ultrastructures found in the tribe are
represented by two types — irregularly oriented prismatic (IOP) structure forming the thick
main layer of the tube and in some species spherulitic prismatic (SPHP) structure forming
an outer layer and, sometimes, inner. Mineralogically tubes are either calcitic or predom-
inantly aragonitic. Correlations of morphological, ultrastructural, and mineralogical char-
acters are discussed. All studied members of Spirorbini can be organized into three groups
that are defined by both tube characters and biogeographical patterns and thus, likely
correspond to three phylogenetic clades within Spirorbini.
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PE3IOME: Dta craTthst — BTOpast 9acTh cepui (TepBast 4acTb — cM. Ippolitov, Rzhavsky,
2014), mocBsMEHHON OMUCAHNIO0 MOP(OJIOTHH, MUHEPAIIOTHH U YIBTPACTPYKTYP TPYOOK
COBPEMEHHBIX CITUPOPOUH. B cTaThe OMMCHIBAIOTCS BUIBI, OTHOCAIIHECS K TpHOe Spirorbini
Chamberlin, 1919, B cocTaB KOTOpO# BXOIUT eAUHCTBEHHBIN pot Spirorbis Daudin, 1800.
Y CTaHOBIICHO, YTO YIIBTPACTPYKTYPbI TPYOOK MPE/ICTABICHBI IBYMs THIIAMH: CTPYKTYpPOid
Xa0THYECKU OPUEHTHPOBAHHBIX MPU3MATHUECKUX KPHUCTAILIOB, OOBIUHO Cllararomiei
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MACCHBHBII OCHOBHOM CJI0M TPpyOKH, U CPEPYTUTOBOM CTPYKTYPOH, CIIATAIOIICH Y YaCTH
BUJOB TOHKHU MPUIOBEPXHOCTHBIN CIIOW, @ y OJHOTO BHMJAa U BHYTPEHHHH CIIOH.
MuHepaorn4ecku TPYOKH U3yUCHHBIX BUJIOB MOTYT OBITh Pa3/ICICHbI HA KAIBIUTOBBIC U
MPEUMYIIECCTBEHHO aparoHUTOBbIC. OOCYKIAIOTCS KOPPEISIIHE MOP(OTOTHICCKUX,
YIBTPACTPYKTYPHBIX U MUHEPAIOTHYCCKUX XAPAKTCPUCTUK. V3yueHHBIC BUJBI TPHUOBI
MOTYT OBITh Pa3/ICJCHBI HA TPH TPYIIILI IO XapaKTEPUCTUKAM TPYOOK U 0COOCHHOCTSIM
300reorpaduuecKoro paclpoCTPaHECHUST M, TAKUM 00pa3oM, MOTYT COOTBETCTBOBATH
OT/JICNIBHBIM KJIQJIaM.

Kak nuruposats oty cratbio: Ippolitov A.P., Rzhavsky A.V. 2015. Tube morphology,
ultrastructures and mineralogy in recent Spirorbinae (Annelida: Polychaeta: Serpulidae).
II. Tribe Spirorbini // Invert. Zool. Vol.12. No.1. P.61-92.

KJIFOUEBBIE CJIOBA: YabsTpactpykTypa TpyOooK, Mopdoorus TpyOoK, MUHEpaIOTHs
TpyOOK, CKaHUPYIOIIasl IEKTPOHHASI MUKPOCKOIINS, PEHTTCHOIU(PPAKIIMOHHBIN aHAIH3,

Spirorbinae, Spirorbini.

Introduction

Introductory remarks, including the key ter-
minology of tubes and their ultrastructures, can
be found in Ippolitov and Rzhavsky (2014).

Material and methods

Detailed information on material and meth-
ods of the study is provided in Ippolitov and
Rzhavsky (2014). Current investigation covers
11 out of 15 known species belonging to the
genus Spirorbis of the tribe Spirorbini. All ex-
amined materials are from the collection of
A.V. Rzhavsky deposited in A. N. Severtsov
Institute of Ecology and Evolution, Russian
Academy of Sciences, Moscow (IPEE RAS).

Results

Tribe Spirorbini Chamberlin, 1919

Diagnosis. The egg-string is incubated in-
side the parent’s tube, being attached posterior-
ly by athread to inner tube wall; accordingly, the
only type of operculum throughout life time is
an endplate with a talon. Other important fea-
tures are: 1) thoracic uncini rasp-shaped, with
3—4 (5-6 in smallest uncini) longitudinal rows
of teeth and usually blunt anterior peg; 2) ab-
dominal uncini distributed fairly symmetrically
on both sides of the body; 3) abdominal chactae
are flat geniculate, pennant-shaped (blade width
decreases gradually towards tip), usually with a

thick projecting heel; the length of their blade is
no longer than blade length of largest collar
chaetae; 4) abdominal capillary hooked chaetae
usually appearing on last abdominal chaetigers;
5) larvae have a single white abdominal attach-
ment gland.

Distribution. Most species of Spirorbini can
be divided into two distinct biogeographic
groups. Representatives of the first group are
known from boreal and subtropical waters of
Atlantic (mainly of European coasts) and also
may reach Atlantic sector of the Arctic (Knight-
Jones P. et al., 1991). Members of the second
group are distributed over Pacific coast of North
America fromboreal/subtropical to tropical zone
(Knight-Jones P. et al., 1979). Two species
belonging to the latter group (Spirorbis (Spiror-
bis) bidentatus Bailey et Harris, 1968 and Spiror-
bis (Spirorbis) marioni Caullery et Mesnil, 1897)
are also recorded off islands and archipelagos
located in tropical and subtropical belts of both
hemispheres in the Pacific and Atlantic (Knight-
Jones P. et al., 1979). The former species was
also recorded from New Zealand (Vine, 1977)
and the latter is known from Australia, Japan,
and Mediterranean (Knight-Jones P., Knight-
Jones E.W., 1995). According to some authors
(e.g. Knight-Jones E.W., Knight-Jones P., 1980;
Bianchi, 1981; Zibrowius, Bianchi, 1981;
Knight-Jones P. et al., 1991) S. (S.) marioni
originated from East Pacific and was distributed
over the world by ships. In our opinion, the
distribution pattern of Spirorbis (S.) bidentatus
may be explained in a similar way.



Tube morphology, ultrastructures and mineralogy in recent Spirorbinae. II.

Three species of Spirorbis are restricted to
their type localities in subtropical or tropical
waters and cannot be placed with certainty into
any of the above biogeographic groups. These
are Spirorbis (Spirorbis) infundibulum Harris
et Knight-Jones, 1964 (north-eastern coast of
Spain, Mediterranean), Spirorbis (Spirorbis)
placophora Bailey et Harris, 1968 (Galapagos
Islands, East Pacific), and Spirorbis (Velorbis)
gesae Knight-Jones et Knight-Jones, 1995 (Ma-
deira, North-East Atlantic).

Remarks. The tribe includes only the genus
Spirorbis Daudin, 1800.

Genus Spirorbis Daudin, 1800

Type species: Serpula spirorbis Linnaeus,
1758.

Diagnosis. Tube usually sinistral (clock-
wise), but may be dextral (anticlockwise), and
several species have both dextral and sinistral
tubes; margins of collar and thoracic mem-
branes not fused over thoracic groove (exclud-
ing one species, see “Remarks”); large collar
chactae bent, modified fin-and-blade or fin-
and-blade cross-striated; simple limbate and
sickle chaetae in 3" thoracic fascicles; three
thoracic chaetigers.

Composition. The genus includes subgenus
Spirorbis with 14 recent species (11 are de-
scribed below) and monotypic subgenus Velor-
bis Knight-Jones et Knight-Jones, 1995 (not
covered in this study).

Distribution. As for the tribe (see above).

Remarks. Species of the subgenus Spirorbis
differ from those of the subgenus Velorbis by
having free margins of collar and thoracic mem-
branes. The only species of the latter subgenus,
S. (V.) gesae Knight-Jones P. et Knight-Jones
E.W., 1995 has margins of collar and thoracic
membranes fused over thoracic groove.

Many of recent species originally described
as “Spirorbis” have now been attributed to other
tribes and genera. Among numerous fossil spe-
cies recorded as “Spirorbis” many are not anne-
lids at all, while others are of uncertain generic
affinity within spirorbins (Ippolitovetal.,2014).
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Subgenus Spirorbis Daudin, 1800

Spirorbis (Spirorbis) bidentatus Bailey et
Harris, 1968
Fig. IA-H.

For descriptions see Bailey, Harris, 1968, 169-170:
Fig. 3c, 8 a—h; Knight-Jones P. et al., 1979: 425, Fig. 2A
(a—d).

Material examined. One specimen was studied with
SEM in longitudinal section (IPEE No. 1/2553, Grand
Canary, Canary Islands, depth 0—1 m, on stones). External
tube morphology and mineralogy were analyzed using
specimens and tube fragments from the same sample.

Tube morphology. Tubes are sinistral, pl-
anospiral or with overlapping coils (Fig. 1A—
C); upto 1.5 mm in whorl diameter; thin-walled,
white opaque, non-porcellaneous. The cross-
section is somewhat quadrangular: there are
usually two indistinctand low longitudinal keels,
one towards the periphery and one on the inner
edge of the whorl (Fig. 1B,C), in some speci-
mens keels are absent (Fig. 1A). There are also
records of three-keeled tubes (see Bailey et
Harris, 1968; Vine, 1977).

Tube ultrastructures. Tube wall is com-
posed of a single layer with IOP (irregularly
oriented prismatic sensu Vinnetal., 2008) struc-
ture, which can be subdivided into three gradu-
ally interchanging zones having slightly differ-
ent crystal appearances (Fig. 1D). The inner
zone (Fig. 1G) is 67 um wide (corresponding
wall thickness is 60 pm) and composed of densely
packed smallest crystals of isometric or elongat-
ed form, the latter do not exceed 1 um in length.
The widest middle zone (Fig. 1F) is composed
of loosely packed acicular crystals 3—4 pm in
length, 0.5 um in width. Average size of crystals
gradually increases towards the outer tube sur-
face. The outer zone (Fig. 1E) underlying outer
surface is about 10—15 um wide and progres-
sively consolidated by cement. In the early
growth stages (Fig. 1H) the wall consists of
small (0.7-1 um) isometric crystals densely
cemented by amorphous matter. Parabolic
growth lamellae indistinct, the parabolic axis is
located in the central part of the wall. Inner
organic lining is very thin, but its thickness was
not established.

Tube mineralogy. 75% aragonite (Img=9),
25% calcite (I, =3), low reliability of data.

Distribution. Pacific coast of Panama
(Knight-Jones P. et al., 1979), Galapagos Is-
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lands (Bailey, Harris, 1968), New Zealand (Vine,
1977), Aruba and St. Eustatius (Caribbean Sea)
and Canary Island (Knight-Jones P. etal., 1979).

Ecology. Known intertidally and at depth 50
m, from stones.

Remarks. Our material originates from the
collection of P. and E.W. Knight-Joneses from
Canary Islands and has tube morphology exact-
ly as they described (Knight-Jones P. et al.,
1979). According to description of specimens
of Bailey & Harris (1968) from Galapagos
Islands and Vine (1977) from New Zealand,
there are not two, but three longitudinal keels.

Spirorbis (Spirorbis) bifurcatus Knight-
Jones, 1978
Fig. 2A-H.

For descriptions see Knight-Jones P., 1978: 203205,
Fig. 1A-J; Knight-Jones P. et al., 1979: 426, Fig. 2B(a—f).

Material examined. Three specimens were studied
with SEM in longitudinal sections (IPEE No. 2/2560,
aquarium of the Plymouth Marine Laboratory, UK, origin
is unknown). Mineralogy was analyzed using the set
consisting of a single entire tube accompanied by dis-
persed fragments from the same sample. The external tube
morphology is illustrated using specimens from the same
sample and from IPEE No. 1/2510 (Yaduina Head, Ore-
gon, USA, littoral, on stones).

Tube morphology. Tubes are sinistral or
dextral; planospiral or with the last whorl coil-
ing over the previous one. Whorl diameter is up

to 1.75 mm. Tube walls are thin, white opaque,

non-porcellaneous. There are usually two low
longitudinal keels (Fig. 2A), one towards the
periphery and one on the inner edge of the whorl,
making the tube somewhat quadrangularin cross-
section. Juveniles may be unsculptured (Fig. 2B).

Tube ultrastructures. Wall is unilayered
showing typical IOP structure with loosely ly-
ing crystals (Fig. 2C). No clear zonation can be
seen from the outer side to inner one. Crystals
throughout the wall are 3—4 um long (locally up
to 5-6 pum) and 0.5-0.75 pum wide, and have
somewhat pointed ends. Near the inner surface
there is a narrow zone with crystals proportion-
ally twice as small than in other parts of the wall
(Fig.2E); they also show consolidation by amor-
phous matter (Fig. 2F). Near the outer surface
crystals tend to be stockier than in the middle
part of the wall (Fig. 2D), but they do not form
a separate, clearly defined zone. Width of crys-
tals here is up to 2 pum, length of their long axes
is 3—4 um. Details of inner organic lining were
not examined.

Tube mineralogy. 80% aragonite (IaragZZO),
20% calcite (I, =5), reliability of analysis is
average.

Distribution. Pacific coast of North Ameri-
ca from Vancouver Island (Canada) to Los
Angeles (California, USA) (Knight-Jones P. et
al., 1979).

Ecology. Recorded intertidally and from
depth of 30 m, from rocks and stones.

Fig. 1. Spirorbis (Spirorbis) bidentatus. A—C — tubes with two vestigial keels forming somewhat
quadrangular cross-section: A, C — planospiral; B with overlapping coils; D-H — tube ultrastructures:
D — general view of longitudinal section; E — outer zone of the wall with distinct consolidation of tube
surface by cement; F — middle part of the wall with typical chaotically oriented prismatic crystals forming
IOP structure; G — innermost part of the wall with crystals distinctly smaller near the lumen than elsewhere
in the wall; H — section through the area of coils contact in early growth stages showing large content of
amorphous matter and thin wall at the internal side of the coil.

Abbreviations: os — outer surface, is — inner surface, wi — tube wall on the internal side of the last coil, we — tube
wall on the external side of the next to last coil. Large arrows indicate the direction of tube growth.

Puc. 1. Spirorbis (Spirorbis) bidentatus. A—C — TpyOKH ¢ IBYMS 3a4aTOYHBIMU KHJISIMH, TPHIAFOIIAMHE
MOTIEPEYHOMY CEUCHHUIO cJIerKa KBaapaTHy ¢opmy: A, C — mmaHocnupaibHble; B — ¢ Hanmeraromumu
nocyegauMu o6oporamu; D-H — yubrpacTpykrypbl TpyOok: D — 00wmiunii B CTEHKH B [POJIOIBHOM
ceuennn; E — HapysKHas 4acTh CTEHKH, XOPOIIO 3aMETHA KOHCOJIUIALMS TIOBEPXHOCTH OECCTPYKTYPHBIM
OpPraHUYeCKUM BENIECTBOM; F — cpeJiHsist 4acTh CTEHKH C TUIUYHON CTPYKTYPOM XaOTHIECKH OPUEHTUPO-
BAHHBIX MPU3MATHYECKUX KPUCTAIIIOB; G — BHYTPEHHsISI 4aCTh CTEHKH, XapaKTePU3YIOIIAsCs CyIIECTBEH-
HO MEHBIIHUMH Pa3MepaMu KPHCTAIIOB BO3JIE MTOJI0CTH TPYOKH; H — npo/10/ibHOE CeUeHHE Yepe3 CMbIKAaHNE
000pOTOB Ha PaHHUX CTAIUIX POCTA C BHICOKUM COJEPKAHHEM IIEMEHTa W OYEHb TOHKON BHYTpPEHHEN
CTEHKOH 1o3aHero oo6opoTa.

VYcaoBHbIe 0003HAUCHUS: 0S — HapY)KHAsl IOBEPXHOCTb, 1S — BHYTPEHHSS OBEPXHOCTb, Wi — CTEHKa BHYTpPECHHEI
CTOPOHBI ITO3THETO o60p0Ta; ‘W€ — CTCHKa Hapy)KHOﬁ CTOPOHBI PAHHETO 060p0Ta. Bonbime CTPEJIKH YKa3bIBAIOT
HaIpaBJICHUE POCTa TPYOKH.
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Remarks. All specimens used for SEM anal-
ysis were dextral because sinistral tubes avail-
able for our study were rare and fragmented.
The description above is provided for a section
made along the upper side of the tube. Two
additional specimens were studied in standard
longitudinal sections. One of them has demon-
strated the same ultrastructure as described
above, but the second has demonstrated a high
content of cement totally hiding the appearance
of crystals (Fig. 2G). Inner surface of the tube in
this untypical specimen has strange numerous
nipple-like formations: small protuberances on
the tube wall (2-2.5 pm in diameter), each
having a central pore and disrupting inner or-
ganic lining (Fig. 2H). The functions of these
lumps are unclear.

Spirorbis (Spirorbis) corallinae de Silva et
Knight-Jones, 1962
Fig. 3A-H.

For descriptions see de Silva, Knight-Jones E.W.,
1962: 602, fig. 11-L; Knight-Jones P., Knight-Jones E.W.,
1977: 461-463, Fig. 3A-K; Rzhavsky et al., 2014: 134—
136, Fig. 33A-1.

Material examined. Two specimens were studied
with SEM in longitudinal sections (IPEE No 2/2560,
Oxwich Bay, Bristol Bay, UK, littoral, on Corallina offi-
cinalis Linnaeus, 1758). Mineralogy was analyzed using a
set of 10 tubes from the same sample. External tube
morphology was illustrated using specimens from the
same sample.
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Tube morphology. Tubes are sinistral, un-
sculptured, planospiral or with overlapping
whorls (Fig. 3A—C); adults rarely exceed 1.5
mm in coil diameter. Tube walls white opaque,
porcellaneous, but in live specimens orange body
may be visible through thin walls of initial coils
giving an impression of light pinkish colour.

Tube ultrastructures. Wall is two-layered,
consisting of a thicker main layer covering the
outer one in the early coils; later coils are
unilayered. Main layer is represented by a typ-
ical IOP structure (Fig. 3D, F); crystals are
extremely small (1-1.5, rarely 2 pm long; 0.5
um wide), with blunt ends. The form of crystals
is often not visible clearly, as they are densely
cemented together by amorphous matter. Near
the inner surface the content of cement is also
significantly higher than in the middle and outer
parts of the wall (Fig. 3E). In early coils appear-
ance of crystals remains almost the same, while
the quantity of cement is larger (Fig. 3G). Outer
covering layer having SPHP (spherulitic pris-
matic sensu Vinn et al., 2008) structure was
detected only in external wall of early coils (Fig.
3H). This layer is 6-8 pm thick and constitutes
~1/4 of the total wall width. Longitudinal sec-
tions of external wall at the last whorl of the
same specimen have not shown any traces of
SPHP layer. Crystals underlying outer SPHP
layer are arranged more or less parallel to the
tube wall. Inner organic lining is thin, up to 0.5
pm thick.

Fig. 2. Spirorbis (Spirorbis) bifurcatus. A—-B — tubes: A — adult dextral tube with keels modifying cross-
section to sub-quadrangular shape (IPEE No. 2/2560); B — juvenile sinistral tube without sculpture (IPEE
No. 1/2510); C—F — tube ultrastructures, specimen 1: C — general view of the wall in longitudinal section;
D — details of the outer part of the wall; E — details of the innermost part of the wall with smaller and more
elongated crystals near the lumen; F — the same, showing dense consolidation by cement near the inner tube
surface; G—-H — tube ultrastructures, specimen 2: G— general view of the wall, showing dense consolidation
by cement; H — internal surface of the lumen with nipple-like structures of unclear nature.

Abbreviations: os — outer surface, is — inner surface. Large arrow indicates the direction of tube growth.

Puc. 2. Spirorbis (Spirorbis) bifurcatus. A—B — TpyOku: A — npaBo3akpyucHHas TPyOKa B3pOCIIOi 0coOH
C IBYMS KUJISIMH, TIPUAAFOIIMMHE B TIONIEPEYHOM ceueHuH ciierka keaapaTtayto ¢popmy (IPEE No. 2/2560);
B — neBo3akpydeHHas TpyOka roBeHWIbHON 0cobu 0e3 ckynbntypsl (IPEE No. 1/2510); C—F — ynbTpa-
CTPYKTYPbI TPYOOK, dKk3eMIuisip Ne 1: C— oOuuii BU] CTEHKH B IPOI0JIBHOM ceueHnu; D — Hapy KHas 4acTh
creHku; E — BHYTpPEHHSISI 4acTh CTEHKH, ¢ MEJIKMMHU M yUIMHEHHBIMU KPUCTAJUIAMU OJIM3 BHYTPEHHEH
MOBEPXHOCTH; F — TO e camoe B APYroM pakypce, XOpOIo 3aMETHA [[EMEHTAIUs KPUCTAIIOB BOJIU3H
BHyTpeHHel moBepxHocTn; G—H — yabTpacTpykrypsl TpyOok, sk3emmiisip Ne 2: G — oOmwmid Buz
MPOJIOJIBHOTO CEUYCHHS CTEHKHM C BBICOKOW CTENEHBI KOHCOJMAAINKM KPHUCTALIOB; H — BHYTpeHHss
MOBEPXHOCTH TPYOKHU C COCIEBUAHBIME CTPYKTYPAMH HESICHON TIPUPOJIBL.

VcioBHBIE 0603HH‘IGHPUIZ 0S — Hapy’KHas IIOBEPXHOCTD, is — BHYTPEHHSISI IOBEPXHOCTD. Bounbime CTPEJIKH YKa3bIBAIOT
HaIpaBJICHUE POCTa TPYOKH.
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Tube mineralogy. 100% calcite (I_, =181)
with high Mg content.

Distribution. The species is common in the
North-East Atlantic, from the North of Scot-
land, UK to South Brittany, France (Knight-
Jones P., Knight-Jones E.W., 1977), Ireland
(Toner, 1967),and Scilly Islands (Harris, 1968).
In the Arctic it is known from the Barents
(Rzhavsky, 1992) and Norwegian Seas (Knight-
Jones P. et al., 1991).

Ecology. The species is usually found in
tidal pools on red calcareous algae C. officina-
lis, but may also occupy non-calcareous red
algae Chondrus spp. (Knight-Jones P. et Knight-
Jones E.W., 1977).

Remarks. The absence of outer SPHP layer
in the last coil does not seem to be an artifact of
preservation. The spatial distribution of this
layer over the tube surface is not clear, either it
is present locally or completely reduced in ma-
ture specimens. Internal organic lining viewed
from inside of the tube shows numerous inden-
tations of isometric irregular shape (2—4 um in
diameter), probably representing traces of cha-
etal anchorage on inner side of the tube.

Spirorbis (Spirorbis) cuneatus Gee, 1964
Fig. 4A-G.

For descriptions see Gee, 1964: 412415, Fig. 4A-H,
5A-D; Knight-Jones P., Knight-Jones E.W., 1977: 466—
467, Fig. 4L-S.

Material examined. Two specimens were studied
with SEM in longitudinal sections (IPEE No. 2/2569,
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Aberreiddi Quarry, Welsh, UK, depth 2 m, stones). Min-
eralogy was analyzed using a set of tubes fragments from
another sample (IPEE No. 3/2812, Ibiza, Baleares Islands,
Mediterranean Sea). External tube morphology is illustrat-
ed using specimens from the same sample as used for
mineralogical analysis.

Tube morphology. Tubes are sinistral, pl-
anospiral (Fig. 4A), sometimes with the mouth
turned upwards from the substrate (Fig. 4B).
Whorl diameter is up to 2 mm. Tube walls are
white opaque, non-porcellaneous. There are three
distinct longitudinal keels not protruding over
themouth. Peripheral attachment flange is present.

Tube ultrastructures. Two studied external
walls (Fig. 4C, G) are unilayered with IOP
structure, with medium to low cement content.
Crystals are 1.5-2 um long, with corresponding
width of 0.5-0.75 um and more or less blunt
apexes. Their sizes and shapes vary throughout
the wall: inner part (1/3 of the total width) has
somewhat smaller crystals and more cement
(Fig.4D), while in the outer part (2/3 of the total
width) crystals are stouter (Fig. 4E). However,
the typical elongated crystals, common in inner
part, are present here, too. Outer surface is
consolidated by organic cement (Fig. 4D). Crys-
tals in slightly different sections (i.e., located in
the middle and upper parts of the external side)
also show some variations of their sizes and
shapes within the described ranges. Parabolic
growth lamellae are only slightly sloping, the
parabolic axis is sub-central, being slightly dis-
placed towards the lumen. Inner organic lining
is thin, not exceeding 1 um in thickness.

Fig. 3. Spirorbis (Spirorbis) corallinae. A—C — tubes: A — group of specimens on red algae Corallina
officinalis; B — view from the upper side, adult and juvenile specimens; C — lateral view of an adult
specimen with overlapping coils; D-G — tube ultrastructures, specimen 1: D — general view of transverse
section; E, F — details of different parts of the wall; G — transverse section of the early coil with outer layer
of SPHP structure; H — specimen 2, longitudinal section through the area of coil contact in early growth
stages showing extremely thin wall on the internal side of the whorl, large amount of cement, and sub-
isometric crystals.

Abbreviations: os — outer surface, is — inner surface, wi — tube wall on the internal side of the last coil, we — tube
wall on the external side of the next to last coil. Large arrow indicates the direction of tube growth.

Puc. 3. Spirorbis (Spirorbis) corallinae. A—C — tpyOku: A — rpymnma ocobeil Ha KpaCHO# BOJOPOCIH
Corallina officinalis; B — Bua cBepxy, B3pociias u oBeHWIbHas ocoou; C — BuI cOOKyY, B3pociias 0co0b
¢ Hasteraromumu obopotamu; D—G — ynbTpacTpyKTyphl Tpy0OOK, sK3eMIutsip Ne 1: D — oOmuit Bua creHkn
B noriepeuHoM ceuennu; E, F — pasnnunbie yuacTku creHkn; G — MomepeyHoe ceueHne paHHero obopora
C Hapy>KHBIM CJIOEM, UMEIOIIUM CPEPYIUTOBYIO MPU3MATHYECKYIO CTPYKTYpy; H — sk3emrmisap Ne 2,
MPOJIOJIBHOE CEUCHHE Yepe3 CMbIKaHHE 000POTOB HA PAHHHX CTAJMSIX POCTa C OYEHb TOHKOM CTEHKO# Ha
BHYTpPEHHEN CTOPOHE 000pPOTa, OOMIIBHBIM IIEMEHTOM U CYOU30METPUYHBIMU KPUCTAIIAMH.

VYcaoBHbIe 0003HAUCHUS: 0S — HapY)KHAsl IOBEPXHOCTb, 1S — BHYTPEHHSS OBEPXHOCTb, Wi — CTEHKa BHYTpPECHHEI
CTOPOHBI MO3JHETO 060p0Ta; W€ — CTCHKa Hapy)xHoﬁ CTOPOHBI PAHHETO 060p0Ta. Bonbmas CTpEJIKa YKa3bIBacT
HaIpaBJICHUE POCTa TPYOKH.
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Tube mineralogy. 65% aragonite (Img=1 5),
35% calcite (I, =8); low reliability of data.

Distribution. Atlantic coast of Europe from
Ireland and Scotland, UK to Marseille, France;
Mediterranean Sea (Knight-Jones P., Knight-
Jones E.W., 1977; Knight-Jones P. et al., 1991).

Ecology. Subtidal up to 100 m depth, occu-
pies rocks, stones and shells.

Spirorbis (Spirorbis) inornatus L’Hardy
et Quievreux, 1962
Fig. SA-H.

For descriptions see L’Hardy, Quievreux, 1962: 2175,
fig. 5, 10 (as “Spirorbis (Laeospira) inornatus f. procum-
bens”); Knight-Jones P., Knight-Jones E.W., 1977: 463—
464, Fig. 3L-T; Rzhavsky et al., 2014: 136-139, Fig.
34A-H, PL. 2D.

Material examined. Two specimens were studied
with SEM in longitudinal sections (IPEE No. 2/2546,
Albertcastle, Welsh, UK, lower intertidal zone, on brown
algae). Mineralogy was analyzed using a set of seven tubes
from the same sample. External tube morphology is illus-
trated using specimens from the same sample.

Tube morphology. Tubes are sinistral, un-
sculptured, usually planospiral (Fig. SA), rarely
whorls are overlapping. Coil diameter is up to 3
mm, rarely more. Tube surface is white opaque,
somewhat porcellaneous. Peripheral attachment
flange may present.

Tube ultrastructures. Wall is two-layered,
consisting of a thicker main layer covered with
a thinner outer one. The main layer has typical
IOP structure consolidated by some cement
(Fig. 5B, D, H). Crystals are 1.5-2 um long with
corresponding width 0f0.5-0.75 pum; their apex-
es are rounded blunt. Crystal size and shape, as
well as quantity of cement, are uniform through-
out the wall. Only near the lumen (up to 3 um
deep) crystals are some smaller and densely
cemented (Fig. SE). Near the outer side of the
wall the quantity of amorphous cement also

A.P. Ippolitov, A.V. Rzhavsky

higher than average. Outer covering layer is
extremely thin (~1 pm) and has SPHP structure
(Fig. 5C). No growth lamellae were observed,
and no details of inner organic lining were
obtained.

Tube mineralogy. 100% calcite (I =277)
with high Mg content.

Distribution. The species is well known
from the British and Irish coasts and Brittany,
France (Knight-Jones P., Knight-Jones E-W.,
1977). Rzhavsky et al. (2014) recorded this
species from the Danish coast of Oresund and
from the White, Barents, and Norwegian Seas in
the Arctic.

Ecology. The species lives strictly within a
narrow bathymetric range from the lower inter-
tidal zone to 2 m deep, occupying brown and
non-calcareous red algae. Knight-Jones P. and
Knight-Jones E.-W (1977) also suggested that
fuci are not a characteristic substrate for this
species, though in some locations populations
of S. (S.) inornatus may replace Spirorbis
(Spirorbis) spirorbis Linnaecus, 1758 that is
typically found on fuci. New data indicate that
S. (S.) inornatus may be common on fuci in the
White, Barents, and Norwegian Seas (Rzhavsky
et al., 2014).

Remarks. Inner organic lining of S. (S.)
inornatus, like in S. (S.) corallinae, has numer-
ous indentations probably reflecting chaetal
anchorage (Fig. 5G). The concentration of these
indentations seems to be higher on the outer side
of the tube than on the upper and inner sides.

The attachment flanges that increase the
area of attachment to substrate have IOP struc-
ture (Fig. 5F). This type of cementation is differ-
ent from that typical for serpulid species with
well-developed covering layers of SPHP struc-
ture (see Tanur et al., 2010).

Fig. 4. Spirorbis (Spirorbis) cuneatus. A—B — tubes: A — planospiral tube; B — tube with mouth turned
upwards from the substrate; C—E — tube ultrastructures, specimen 1: C — general view of the longitudinal
section; D, E — details of the wall parts; F, G — specimen 2, longitudinal sections in different parts of the

tube, note variations of cement content.

Abbreviations: os — outer surface, is — inner surface. Large arrow indicates the direction of tube growth.

Puc. 4. Spirorbis (Spirorbis) cuneatus. A—-B — TtpyOku: A — mnaHocnupaibHas; B — ¢ ycTheMm,
npunoaHuMaronmMcst Hax cyocrparom; C—E — ynbTpacTpykTypbl TpyOoK, sx3emmunsip Ne 1: C — obuimit
BUJI CTEHKHU B IPOAOIbHOM ceueHuu; D, E — pasnuunbie y4yactku crenku; F, G — sx3emrusip Ne 2,
MPOIOJIbHBIC CCUCHHS PA3JINYHBIX YYACTKOB TPYOKHU C Pa3IMYHBIM COJICPIKAHUEM [IEMEHTA.

VcnoBHbIE 0003HAYEHUS: 0S — Hapy)KHas MOBEPXHOCTD, is — BHYTPCHHSS IIOBEPXHOCTb. Bonbmas CTpEJIKAa yKa3bIBACT

HaIpaBJICHUE POCTa TPYOKH.
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Spirorbis (Spirorbis) marioni Caullery et
Mesnil, 1897
Fig. 6A-H.

For descriptions see Caullery, Mesnil, 1897: 199—
200, P1. VII, fig. 6; Knight-Jones P. et al., 1979: 426, Fig.
2C (a—d).

Material examined. Two specimens were studied
with SEM in longitudinal sections (IPEE No. 2/2571,
aquarium of the Plymouth Marine Laboratory, UK, depth
0.3 m, on stones, origin is unknown). Mineralogy was
analyzed using a set of tubes fragments from the same
sample. External tube morphology is illustrated using
specimens from the same sample as was used for SEM and
IPEE No. 1/2567 (Lost Canteno, Grand Canary, Canary
Islands, 5—-15 m, on stones). Specimens used for examina-
tion were all dextral.

Tube morphology. Tubes are typically dex-
tral (Fig. 6A—C), but a sinistral population is
known from St. Helena Island only. Tubes are
planospiral or with overlapping whorls; last
whorl is often turned upwards from the substrate
(Fig. 6C), coil diameter is about 1 mm. Tube
surface is white opaque with non-porcellaneous
surface. Tube is usually sculptured with two low
longitudinal keels, one towards the periphery,
another on the inner side of the whorl, making
the tube somewhat quadrangular in cross sec-
tion (Fig. 6A—C). Peripheral attachment flange
may be present (Fig. 6B).

Tube ultrastructures. Though wallis unilay-
ered, having IOP structure (Fig. 6D), inner half
of the wall is distinctly different from the outer
half as in the former crystals are elongated up to
4 um long with corresponding width of 1 pum,
with blunt and somewhat irregular apexes (Fig.
6D-F), and cement is almost absent. Innermost
wall zone underlying the organic lining has
somewhat smaller crystals (2-3 um long, 0.5—
0.75 pum wide) cemented together (Fig. 6E).

A.P. Ippolitov, A.V. Rzhavsky

Outer half of the wall consists of smaller crystals
(up to 2.5-3 um long) of the same elongated
appearance, but densely cemented so that indi-
vidual crystals cannot be easily distinguished
(Fig. 6D, G). Internal wall generally has the
same ultrastructure as the external one (Fig.
6H), but outer cemented zone of the wall is
relatively thicker. In the early coils the crystals
are isometric, much smaller (less than 1 im in
diameter) and very densely cemented (Fig. 6H).
No details of inner organic lining were ob-
served.

Tube mineralogy. 90% aragonite (Iarag=73),
10% calcite (I, =7).

Distribution. At the Pacific coast of the
North America the species is known from La
Paz (Mexico) to Panama (Knight-Jones et a al.,
1979). 1t is also known in the Pacific from
Galapagos Islands (Bailey, Harris, 1968), Ha-
waii (Vineetal., 1972), and Easter Island (Kohn,
Lloyd, 1973), Japan (Uchida, 1978), and Aus-
tralia (Knight-Jones P., Knight-Jones E.W.,
1984). In the subtropical waters of the Atlantic
the species is recorded from Grand Canary and
St. Helena Islands (Knight-Jones P. etal., 1979).
It is abundant in the Mediterranean (Knight-
Jones E.W., Knight-Jones P., 1980; Bianchi,
1981; Zibrowius, Bianchi, 1981). Most likely S.
(S.) marioni originated from Eastern Pacific
and later was distributed to other areas by ships
(e.g.Knight-Jones E.W., Knight-Jones P., 1980;
Bianchi, 1981; Zibrowius, Bianchi, 1981;
Knight-Jones P. et al., 1991).

Ecology. Found intertidally on rocks and
stones.

Remarks. Porcellaneous and semitranspar-
ent tubes may gradually degrade into non-por-
cellaneous and opaque (Rzhavsky, pers. obs.)

Fig. 5. Spirorbis (Spirorbis) inornatus. A — planospiral tube with peripheral flange; B-G — tube
ultrastructures, specimen 1: B — general view of the longitudinal section; C—E — details of the wall parts
with relatively large amount of cement; F — attachment surface seen from the side of (removed) substrate;
G — general view of the lumen showing numerous indentations on the inner organic lining; H — specimen
2, details of IOP ultrastructure of the main layer.

Abbreviations: os — outer surface, is — inner surface. Large arrows indicate the direction of tube growth.

Puc. 5. Spirorbis (Spirorbis) inornatus. A — nnanocnupanbHas TpyOka ¢ nepudepuiiapiM puanrom; B-G —
YIBTPACTPYKTYPhI TPYOOK, k3eMiutsp Ne 1: B — oOmuiuii Bua CTeHKH B mpoaoiibHOM cedennn; C—E —
pa3INYHbIE YYaCTKU CTEHKH CO 3HAYUTEIILHBIM KOJUYECTBOM IEMeHTa; F — MOBEpXHOCTH MPUKPETLICHHUSI
TpyOKH, BHI CO CTOpOHBI cyOcTpara (cam cyoctpar yaaneH); G — OOl BUI MOJOCTH TPYOKH C
MHOTOYHCJICHHBIMH TEMHBIMH BJIaBICHHOCTSMH Ha BHY TPEHHEH Oprannueckoil MemOpane; H — sx3emruisip
No 2, cTpyKkTypa XaOTHYECKH OPUCHTHPOBAHHBIX MPU3MATHYECCKUX KPUCTAIIOB OCHOBHOTO CIIOSI.
VcnoBHbIE 0003HAYEHHS: 0S8 — Hapy)KHas MNOBEPXHOCTD, is— BHYTPEHHSSI IOBEPXHOCTD. Bonbime CTPEJIKH YKa3bIBAIOT
HaIpaBJICHUE POCTa TPYOKH.
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when kept for a long time in a preserving liquid.
Non-porcellaneous appearance of the tube sur-
face in S. (S.) marioni observed in our material
might be such a preservation artifact as data on
this feature are absent in literature. However, all
Spirorbini with unilayered IOP are character-
ized by non-porcellaneous tube surface (see
Discussion below), thus indicating that this char-
acter state is probably original for S. (S.) mari-
oni too.

Inner organic lining bears numerous inden-
tations (Fig. 6H) similar to those found in S. (S.)
corallinae and S. (S.) inornatus, showing their
highest concentration on the external side of the
tube coil.

Spirorbis (Spirorbis) rothlisbergi Knight-
Jones, 1978
Fig. 7A-G.

For descriptions see Knight-Jones P., 1978: 205-206,
Fig. 2A-J; Knight-Jones P. et al., 1979: 426, Fig. 2D (a—e).

Material examined. One specimen was studied with
SEM in longitudinal section (IPEE No. 1/2512, La Jolla,
California, USA on brown algae Egregia sp., from ashore
casts; from the type series). Mineralogy was analyzed
using a single tube and external tube morphology is illus-
trated using specimens from the same sample.

Tube morphology. Tubes are dextral, pl-
anospiral, up to 2 mm in coil diameter, round in
cross-section, without longitudinal sculpture
(Fig. 7A, B). Tube surface is smooth, white
opaque, somewhat porcellaneous. Peripheral
attachment flange may be present.

Tube ultrastructures. The wall is three-
layered (Fig. 7C), inner and outer layers have
spherulitic prismatic (SPHP) structure, and the
main middle layer has IOP structure. Outer
SPHP layer (Fig. 7F) has width of ~10 um
(corresponding wall width is 80 um), and some-

A.P. Ippolitov, A.V. Rzhavsky

what irregular appearance as spherulites may
have irregular shapes, and are often inclined to
variable angles towards outer surface. The
boundary between SPHP layer with underlying
IOP layer is not rectilinear. Middle IOP layer
(Fig. 7E) consists of elongated rice grain-like
crystals (length of 2.5-3 um, width 0 0.5-0.75
um; some are smaller and more isometric) with
irregular blunt apexes. Sometimes the shape of
crystals is slightly curved. Cement content in
the middle layer is low. The crystal appearance
does not change throughout the layer, except
for marginal zones immediately underlying
inner and outer SPHP layers: elongated crys-
tals here become less frequent than isometric
ones. Inner layer with SPHP structure (Fig.
7D) is thicker in the last whorl than outer SPHP
layer (~18-20 um), but in the foregoing whorl
both SPHP layers have the same thickness
(~4-5 pm; corresponding wall width is 12—13
um; Fig. 7G). Spherulites of the inner SPHP
layer are very regular, oriented subperpendic-
ular towards the lumen, and densely consolidat-
ed. In one section of internal wall the outer
SPHP layer was not observed. No clear growth
lamellae and details of inner organic lining were
observed.

Tube mineralogy. 100% calcite (I =51).

Distribution. The species is known only
from the Pacific coast of USA (LaJolla, Califor-
nia) (Knight-Jones P. et al., 1979).

Ecology. On the brown algae Egregia sp.
from ashore casts.

Remarks. Data on S. (S.) rothlisbergi tube
structure (Ippolitov, Rzhavsky 2008: Fig. 1a)
are extended here with additional figures and
detailed description as well as data on mineral-
ogy and external morphology of the tube.

Fig. 6. Spirorbis (Spirorbis) marioni. A~C — tubes: A — IPEE No. 2/2571; B, C — IPEE No. 1/2567; D—
H — tube ultrastructures: D — general view of the longitudinal section; E-G — details of the wall parts with
large amount of cement in the outer half of the wall; H — longitudinal section through area of coils contact
in early growth stages showing extremely thin wall on the internal side of the whorl and indentations on the
inner organic lining.

Abbreviations: os — outer surface, is — inner surface, wi — tube wall on the internal side of the last coil, we — tube
wall on the external side of the next to last coil. Large arrows indicate the direction of tube growth.

Puc. 6. Spirorbis (Spirorbis) marioni. A—C — tpyoku: A — IPEE No. 2/2571; B, C — IPEE No. 1/2567; D—
H—yasTpacTpykTyps! TpyOOoK: D — 001111 BT CTEHKH B TIPOIOTEHOM cedeHNH; E—G — pasnidnbie yqacTku
CTEHKH ¢ 00JIee BBICOKUM COJIEp’KaHHEM IIEMEHTa BO BHEIIHEH MOIOBHHE CTeHKH; H — npononbHoe ceuenue
4yepe3 CMBbIKaHHE 000pPOTOB Ha PAaHHUX CTAAMSIX POCTa C OYEHb TOHKOM CTEHKOI Ha BHYTPEHHEH CTOpOHE
TIO3IHETO 000pOTa, TAKXKE 3aMETHBI BJABICHHOCTH HA BHYTPEHHEH opraHndeckoil MmeMOpane TpyOKH.
VYcnoBHbIe 0003HAYEHHS: 0S — HapyXKHAs MOBEPXHOCTH, iS — BHYTPEHHSS MIOBEPXHOCTh, Wi — CTE€HKAa BHYTPEHHEH
CTOPOHBI 11031HET0 060POTa; We — CTeHKa Hapy»KHOH CTOPOHBI PaHHEro 060poTa. BoJblune CTPENKH yKa3blBAlOT
HAIpaBlIeHUE POCTa TPYOKH.
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Spirorbis (Spirorbis) rupestris Gee et
Knight-Jones, 1962
Fig. 8A-1.

For descriptions see Gee, Knight-Jones E.W., 1962:
642643, fig. 1A-G; Knight-Jones E.W., 1977: 460-461,
fig. 2K-P; Rzhavsky et al., 2014: 139-142, Fig. 35A-F,
Pl. 2E, F.

Material examined. One specimen was studied with
SEM in longitudinal section (IPEE No. 1/2548, West
Angel Bay, Bristol Bay, UK, middle littoral, on stones).
Mineralogy was analyzed using a single tube and a set of
several tubes, both from the same sample. External tube
morphology is illustrated using specimens from the IPEE
No. 3/2883 (Telegraph Bay, Tromse, Norway, low littoral,
on stones).

Tube morphology. Tubes are sinistral, un-
sculptured, usually planospiral (Fig. 8A), al-
though last whorls may be overlapping (Fig.
8B) or straightened (evolute) (Fig. 8C). Coil
diameter of the planospiral tube part is up to 4.5
mm. Peripheral flange is always absent. Tubes
are often covered with the calcareous red algae
Phymatolithon purpureum (P.L. Crouan et H.M.
Crouan) Woelkerling et L.M. Irvine, 1968 (= P.
polymorphum in older literature) sometimes
leaving only the mouth visible (Fig. 8C). Tube
surface is white opaque, somewhat porcella-
neous when not covered by algae.

Tube ultrastructures. The tube wall is two-
layered, consisting of a thicker main layer and a
thinner outer one (Fig. 8D). The main layer has
IOP structure and the outer layer has SPHP
structure. The main layer consists of small elon-
gated crystals with length up to 1.5 pum and
corresponding width up to 0.5 pm (Fig. 8D, F)

A.P. Ippolitov, A.V. Rzhavsky

of somewhat irregular shape and slightly point-
ed ends. The crystals are consolidated by abun-
dant cement in some areas, while in others they
are more or less loose, especially in the outer
half of the wall. Outer SPHP layer (Fig. 8E) is
6—10 um wide in the last coil (corresponding
wall thickness is ~80 um) and has irregular
non-rectilinear boundary with main IOP layer.
Internal wall observed at the last whorl (Fig.
8H) is very thin (15-20 pm, while correspond-
ing external wall is 70-80 um thick) and lacks
outer consolidated SPHP layer. Walls of early
growth stages are composed of mostly isomet-
ric crystals embedded in amorphous cement.
The axis of poorly defined parabolic growth
lamellae is slightly displaced towards the outer
side of the wall. Inner organic lining is 1-2 pm
thick.

Tube mineralogy. 100% calcite (I_, =583
and 73). Analysis of the set of tubes has shown
high Mg content in calcite, while analysis of the
single tube has shown low Mg content.

Distribution. The species is well known in
the North Atlantic off the British and Irish
shores and Brittany, France (Knight-Jones P.,
Knight-Jones E.W., 1977). In the Arctic it is
recorded from the Norwegian Sea off Tromse
(Rzhavsky et al., 2014) and off Norway coast
without an indication of the exact locality
(Knight-Jones P. et al., 1991).

Ecology. S. (S.) rupestris prefers fairly well
illuminated stones and rocks in the lower inter-
tidal zone, particularly with low siltation rate.
The species is susceptible to sand abrasion, but

Fig. 7. Spirorbis (Spirorbis) rothlisbergi. A—-B — tubes; C—G — tube ultrastructures: C — general view of
the longitudinal section; D — details of the inner SPHP layer, note its thickness and regular appearance of
spherulites; E— middle part of the wall with IOP structure; F — details of the outer SPHP layer with irregular
spherulite shape and orientation; G — longitudinal section through the area of coils contact in early growth
stages with irregular appearance of the outer SPHP layer in the early coil and isometric crystal shapes in the
middle IOP layer.

Abbreviations: os — outer surface, is — inner surface, wi — tube wall on the internal side of the last coil, we — tube
wall on the external side of the next to last coil. Large arrow indicates the direction of tube growth.

Puc. 7. Spirorbis (Spirorbis) rothlisbergi. A~B — tpyoxu; C—G — ynbrpacTpykTypsl TpyOoK: C — 0Ommuii Bu
CTEHKH B IPOJIONBHOM cedeHHuH; D — BHYTpEeHHHH ciIol co cepyTUTOBOH NMPH3MATHUECKOH CTPYKTYpOH,
XOPOIIIO 3aMETHA €r0 3HAYNTEIIbHAS TOJIIMHA U PABIIEHOE PacIioyiokeHue cepynutoB; E — cpensis yacth
CTEHKH CO CTPYKTYPOH Xa0THYECKH OPUEHTHPOBAHHBIX PU3MAaTHIECKUX KPUCTAIOB; F — Hapy KHBIH cII0i co
cepyTMTOBOM PU3MATHYECKOH CTPYKTYpOH, CHepyIHThl MMEIOT HEBBLIEPKAHHYIO OPUEHTHPOBKY M 4acTO
HenpaBWIbHYI0 (opmy; G — TIPOJONIBHOE CEeUeHHe Yepe3 CMBIKaHHe 00O0pPOTOB Ha PAaHHMX CTAJIHSAX POCTa,
cepyITUTB Hapy>KHOTO CJIOSI UMEIOT HENPABIIIEHYO (POPMY, @ KPUCTAILIBI CPEIAHETO CII0SI H30METHIHBI.
VYcnoBHbIe 0003HAYEHHS: 0S — Hapy)KHas MOBEPXHOCTH, IS — BHYTPEHHSS MOBEPXHOCTh, Wi — CTE€HKAa BHYTpPEHHEH
CTOPOHBI MMO3IHEr0 000pOTa; We — CTEHKa HapyKHOH CTOPOHBI paHHEro obopora. bomblnas cTpenka ykasbIBaeT
HaIpaBlIeHUE POCTa TPYOKH.
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tolerant of reduced salinity. It is closely associ-
ated with calcareous algae P. purpureum (= P.
polymorphum in older literature) (see Knight-
Jones P., Knight-Jones E.-W., 1977).

Remarks. The inner tube surface has numer-
ous indentations (Fig. 8I), probably produced
by chaetal anchorage.

Spirorbis cf. rupestris ultrastructurally stud-
ied by Weedon (1994) can be any other spirorb-
inspecies, as S. (S.) rupestris is characterized by
sinistral (clockwise) tube, while Weedon (1994
8) reports that his material had anticlockwise
coiling. Moreover, it could have even been a
non-spirorbin juvenile serpulid, some of which
also have spirally coiled initial tube and may be
confused with spirorbins. However, tube ultra-
structures described by Weedon are essentially
similar to those of a true S. (S.) rupestris.

Spirorbis (Spirorbis) spirorbis (Linnaeus,
1758)
Fig. 9A-1.

For descriptions see Knight-Jones P., Knight-Jones
E.W., 1977: 457-460, Fig. 2A-J; Rzhavsky et al., 2014:
142-146, Fig. 36A-H.

Material examined. Three specimens were studied
with SEM, two in longitudinal and one in transverse
section (IPEE No. 3/2513, Barcelet Bay, Bristol Bay, UK,
littoral, on fuci). Mineralogy was analyzed using a single
tube and a set of several tubes, in both cases coming from
the same sample as the material for SEM. External tube
morphology is also illustrated by specimens from the same
sample.

A.P. Ippolitov, A.V. Rzhavsky

Tube morphology. Tubes are sinistral, un-
sculptured, planospiral (Fig. 9A, B), usually
with peripheral flange increasing area of attach-
ment to substrate; coil diameter is up to 3 (rarely
4) mm. Surface is white opaque, slightly porcel-
laneous.

Tube ultrastructures. The tube wall is two-
layered, consisting of a thicker main layer and a
thinner outer one (Fig. 9C). The main layer of
the tube is represented by irregularly oriented
elongatedrice grain-like crystalsup to 1.5-2 um
long and 0.5-0.75 pm wide, forming IOP struc-
ture (Fig. 9E, I). Locally crystals may be more
elongated and slender up to 0.25-0.3 um wide.
Crystal size is more or less uniform throughout
the layer. In one transverse section crystal sizes
were found to be approximately twice as large
as normally. Such enlarged crystals are com-
mon around areas of the coil contacts in the
upper and lower part of the cross-section and
near the attachment flanges, where the wall
attains its maximum thickness. The outer part of
the IOP layer is characterized by a relatively
high content of amorphous matter, making dis-
tinguishing of individual crystals difficult (Fig.
9D, E, G). The lowest cement content is ob-
served in the middle part of the wall.

Outer, relatively thin layer (5—6 pm wide
with corresponding wall width of 60 um) has
SPHP structure (Fig. 9F) and variable width. In
two of the examined specimens the width of
SPHP layer (9 and 5-6 um) was 10% of the

Fig. 8. Spirorbis (Spirorbis) rupestris. A—C — tubes: A — planospiral tube with slightly evoluted last coil
on red algae Phymatolithon purpureum; B — specimen with overlapping coils; C — planospiral specimen
with evoluted last coil overgrown by red algae P. purpureum; D—1 — tube ultrastructures: D — general view
of the longitudinal section; E — details of the outer SPHP layer; F — details of the middle part of the wall,
G — details of the innermost part of the wall, with dense consolidation of crystals by cement near the lumen;
H — longitudinal section through the area of coils contact; I — general view of the lumen with numerous
irregularly allocated indentations.

Abbreviations: os — outer surface, is — inner surface, wi — tube wall on the internal side of the last coil, we — tube
wall on the external side of the next-to-last coil. Large arrows indicate the direction of tube growth.

Puc. 8. Spirorbis (Spirorbis) rupestris. A—C — TpyOku: A — TMIaHOCIUpaibHas TPyOKa CO ciierka
pacnpsIMIIEHHBIM MOCIICTHUM 000POTOM, IPUKPEIIEHHAS K KpACHO# Bogopocian Phymatolithon purpureum;,
B — sK3eMIuisip ¢ HaJeraruuMy Ipyr Ha apyra oboporamu; C — ruiaHocnupaibHas TpyOKa ¢ pacipsiM-
NIEHHBIM TIOCIIETHUM 000POTOM U TIOBEPXHOCTBIO, 00pOCIIel KpacHOH Bogopocbio P. purpureum; D—1 —
YIBTPACTPYKTYPbI TPyOOK: D — 0OuMii BU CTEHKH B MPOAOJIBHOM cedeHud; E — Hapy»XHBIN CIIOM CO
cepyIUTOBO# PU3MATHYECKOH CTPYKTYpOit; F — cpensist yacts creHku; G — BHYTPEHHSS YaCTh CTEHKH
C BBIPOKCHHOW KOHCOMHMIANNEH [IeMEHTOM OJM3 BHyTpeHHeH mojoct; H — mpojgonbHOe cedeHue uepes
CMbIKaHue 000poToB; | — 0OIIMil BUI BHYTPEHHEHN MOJIOCTH C MHOTOYMCIIEHHBIMU HEPETYIISIPHO PACIIONO-
JKEHHBIMU BJIaBJIEHHOCTSIMU Ha OPraHMYeCKON MeMOpaHe.

VYcaoBHbIe 0003HAUCHUS: 0S — HapY)KHAsl IOBEPXHOCTb, 1S — BHYTPEHHSS OBEPXHOCTb, Wi — CTEHKa BHYTpPECHHEI
CTOPOHBI ITO3THETO o60p0Ta; ‘W€ — CTCHKa Hapy)KHOﬁ CTOPOHBI PAHHETO 060p0Ta. Bonbime CTPEJIKH YKa3bIBAIOT
HaIpaBJICHUE POCTa TPYOKH.
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corresponding wall width (~90 and 60 um re-
spectively). In another specimen the observed
width of SPHP layer was 8 pm, making up 27%
of the corresponding wall width (30 um), while
in the early growth stages SPHP layer was 2 pm
thick, which is 31% of the corresponding wall
width (6.5 um). The boundary between IOP and
SPHP layer is irregular.

Internal wall has structure is different from
the type described above. In one examined
specimen, the outer SPHP layer was completely
absent for all growth stages. In another, internal
wall of the early growth stages did not show
SPHP outer layer either, but the internal side of
the last coil had unilayered SPHP wall (Fig.
9G).

Parabolic growth lamellae are often well-
visible on longitudinal sections, have steep slopes
and the axis located in the center of the wall (Fig.
9C). The thickness of the inner organic lining
observed both in early growth stages and in the
last coil does not exceed 0.5 um.

Tube mineralogy. 100% calcite (I_, =33
and 218), doubtful aragonite was found in a
sample prepared from a single specimen (see
Remarks).

Distribution. In the North Atlantic the spe-
cies is distributed around Britain, Ireland, West
Sweden, and Brittany, France (Knight-Jones P.,
Knight-Jones E.W., 1977). The report of this
species from Nova Scotia, Canada (Doyle, 1974;

A.P. Ippolitov, A.V. Rzhavsky

Knight-Jones P., Knight-Jones E.W., 1977)
needs to be verified. In the Arctic S. (S.) spiror-
bis is recorded from the White and Barents Seas
(Rzhavsky, 1992,2001), Iceland (Knight-Jones
P. et al., 1991) and Norwegian Sea (Bergan,
1953). Although S. (S.) spirorbis is suggested to
be a common species building abundant aggre-
gations on fuci in the Atlantic sector of the
Arctic Ocean, in the existing museum collec-
tions such materials are scarce. In view of our
new data (Rzhavsky et al., 2014) there is a need
to re-examine the habitats and geographical
distribution of S. (S.) spirorbis in the Arctic.

Ecology. The species is found almost exclu-
sively intertidally on fuci. Sometimes S. (S.)
spirorbis is attached to algae such as Laminaria,
Ascophyllum, and Sacchorhiza; exceptionally
it is found on stones under button-shaped thalli
of the Himanthalia.

Remarks. On early coils of one specimen we
observed relief of concentric structures (spi-
rals?) embedded into (or buried under) inner
organic lining of the tube (Fig. 91). These struc-
tures cover the whole area of lumen, count up to
16 whorls and often overlap. Neighboring coils
of spirals may be in contact or disconnected. We
propose that these structures may be interpreted
as specific substructure of the inner organic
lining that locally also bears round imprints,
probably reflecting traces of touches by worm’s
chaetae.

Fig. 9. Spirorbis (Spirorbis) spirorbis. A, B — planospiral tubes with peripheral flange; C—G — tube
ultrastructures, specimen 1: C — general view of the longitudinal section; D — details of the innermost part
of the wall; E — details of the middle part of the wall; F — outer SPHP layer; G — crystals of the middle
part of the wall, not embedded into cement; H, [ — tube ultrastructures, specimen 2: H— longitudinal section
through the area of early coils contacts, internal wall of the later coil is unilayered with SPHP structure;
I — general view of the lumen with strange concentric structures embedded under the inner organic lining;
long object is a diatom.

Abbreviations: os — outer surface, is — inner surface, wi — tube wall on the internal side of the last coil, we — tube
wall on the external side of the next to last coil. Large arrows indicate the direction of tube growth.

Puc. 9. Spirorbis (Spirorbis) spirorbis. A,B — nnanocnupaibHble TPYOKH C BBIPaKEHHBIM MepH(epuitHbIM
¢nanrom; C—G — ynpTpacTpyKTyphl TpyOOK, sK3emiursip Ne 1: C — oOuuii BUa CTEHKH B IPOJIOJIEHOM
ceueHun; D — BHYTpeHHsisI 4yacTb CTeHKH; E — cpennsis yacth creHku; F — HapyxHbIH clloil co
chepynuTOBOI IPU3MAaTHIECKON CTPYKTYpoii; G — mpu3aMaTHuecKrue KPUCTAILIBI B CPEJHEI 4aCTH CTEHKH,
He CKpeIuleHHbIe IleMeHToM; H, I — ynpTpactpykTypsl Tpy0OoK, sx3emiursip Ne 2: H — npogonsHoe ceueHne
4yepe3 CMbIKaHHe 000pPOTOB Ha paHHHX CTAAWSIX POCTA, CTEHKa TpyOKM Ha BHYTpPEHHEH CTOpoHe 00opoTa
OJTHOCIIONHAs M UMeeT ChepyTUTOBYIO TPU3MATHUECKYIO CTPYKTYpPY; | — 00mmii BU BHyTpEeHHEH 0JI0CTH
TPYOKH C KOHLEHTPUYECKHMH CTPYKTypaMH HESICHON HPHUPOIbI, PACIOIOKEHHBIMH I10]] OPraHMYeCKOMH
MeMOpPaHOii; YUIMHEHHBIH 00BbEKT — CTBOpPKA TUATOMEH.

VYcaoBHbIe 0003HAUCHUS: 0S — HapY)KHAsl IOBEPXHOCTb, 1S — BHYTPEHHSS OBEPXHOCTb, Wi — CTEHKa BHYTpPECHHEI
CTOPOHBI ITO3THETO o60p0Ta; ‘W€ — CTCHKa Hapy)KHOﬁ CTOPOHBI PAHHETO 060p0Ta. Bonbime CTPEJIKH YKa3bIBAIOT
HaIpaBJICHUE POCTa TPYOKH.
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Mineralogical analysis suggested traces of
aragonite in a sample made of a single tube
(I, =6 corresponding to aragonite content up
to fO—lS%), but the main peak is somewhat
shifted relative to normal position (spacing be-
tween diffracting planes d=3.45 A). Low reli-
ability of analysis prevents us from making
conclusion about presence of aragonite. Be-
cause another sample, made from the set of
specimens and providing more reliable results,
has clearly shown the absence of aragonite, we
consider that S. (S.) spirorbis has purely calcitic
tubes. Similarly, 10.5% aragonite content was
recorded from a specimen of S. (S.) spirorbis (as
“borealis”) by Bornhold and Milliman (1973),
but specific and even generic affiliation of their
material is doubtful.

The tube structure of S. (S.) spirorbis de-
scribed here is fully concordant with those re-
ported by Sanfilippo (1998: PI. 2, Fig. 3-5) for
recent specimens from Iceland. However, her
fossil tubes described under the same name
from the Early Pleistocene of Italy (Sanfilippo,
1998, P1.2, Fig. 6, 7) do not show an outer SPHP
layer. The author interpreted such a difference
as a result of post-mortem alteration of carbon-
ate material. However, as structure of Pleis-
tocene “Spirorbis spirorbis” resembles that of
S. (S.) inornatus, the difference may alterna-
tively be explained by misidentification of emp-
ty tubes. Fossil specimens described as “Spiror-
bis spirorbis” may also belong to the tribe
Pileolariini Knight-Jones, 1978, some species
of which are known from the Mediterranean and
have unsculptured tubes morphologically simi-
lar to those of S. (S.) spirorbis. Pileolariini tube
structures also look similar to those described
by Sanfilippo for fossil “Spirorbis spirorbis”
(Ippolitov, Rzhavsky, unpubl.).

Spirorbis (Spirorbis) strigatus Knight-
Jones, 1978
Fig. 10 A—C.

For descriptions see Knight-Jones P., 1978: 208-209,
Fig. 4A-1.

Material examined. Two specimens were studied
with SEM in longitudinal sections (IPEE No. 1/2549,
Fuerteventura Island, Canary Islands, Spain, depth 0.5 m,
on stones; from the type series). Mineralogy was analyzed
using a set of three tubes plus some fragments from the
same sample. External tube morphology is illustrated
using specimens from the same sample.

A.P. Ippolitov, A.V. Rzhavsky

Tube morphology. Tubes are sinistral, pl-
anospiral, coil diameter up to 1.5 mm. Tube
surface is white opaque, non-porcellaneous.
There are usually two distinct longitudinal keels
on the upper side, one running towards the
periphery of the whorl, another on the inner
edge, making a tube somewhat quadrangular in
cross section, although some specimens may
have three distinct longitudinal keels (Fig. 10A),
the median one being the most pronounced.

Tube ultrastructure. The tube wall isunilay-
ered, with IOP structure (Fig. 10B, C). Crystals
are elongated with blunt ends, up to 2.5-3 pum
long and up to 0.5-0.75 um wide in the inner
half of the wall. Within the thin innermost zone,
as well as in the outer half, the size of crystals is
smaller (length up to 1-1.5 um, width about
0.25 um). All transitions between zones with
different appearance of crystals are subtle. Ce-
ment is absent in the inner half of the wall, but is
abundant in the outer half. Certain sections of
the entire wall also show abundant cement. No
clear growth lamellae and details of inner or-
ganic lining were observed.

Tube mineralogy. 20% calcite (I_, =2),80%
aragonite (I =9); low data reliability.

Distribution. Subtropical waters of the
North-East Atlantic: Canary Islands (Knight-
Jones P., 1978) and Madeira (Knight-Jones P.,
Knight-Jones E.W., 1995).

Ecology. The species lives intertidally and
in the upper subtidal zone, on stones.

Remarks. Similar to the situation with S. (S.)
marioni, it is unclear whether observed non-
porcellaneous appearance of the tube surface in
S. (S.) strigatus is an artifact. However, as all
Spirorbini with unilayered IOP tube walls are
characterized by non-porcellancous tube sur-
face (see Discussion), this character is probably
original for S. (S.) strigatus.

Spirorbis (Spirorbis) tridentatus Levinsen,
1883
Fig. 11A-L

For descriptions see Knight-Jones P., Knight-Jones
E.W., 1977: 464-466, fig. 4A-K; Rzhavsky et al., 2014:
146-149, Fig. 37A-G, Pl. 2B.

Material examined. Three specimens were studied
with SEM in longitudinal sections (one from IPEE No. 5/
2564, Mumbel Point, Welsh, UK, tidal pool, on stones, and
two from IPEE No. 3/2543, Abercastle Welsh, UK, low
littoral, on stones). Mineralogy was analyzed using a
single tube from IPEE No. 5/2564 and a set of three tubes
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Fig. 10. Spirorbis (Spirorbis) strigatus. A — planospiral tube with three keels; B, C — tube ultrastructures;
longitudinal sections in different parts of the same tube with varying amount of cement: B — through the
area of coils contact; C — through the external wall of the last coil.

Abbreviations: os — outer surface, is — inner surface, wi — tube wall on the internal side of the last coil, we — tube
wall on the external side of the next to last coil. Large arrows indicate the direction of tube growth.

Puc. 10. Spirorbis (Spirorbis) strigatus. A — tuaHocnupaneHas TpyOka ¢ Tpemsi kwisamu; B, C —
YIIBTPACTPYKTYPBI, TPOIOJIbHBIE CEYEHHs PA3JINYHBIX YUYACTKOB TPYOKH, KOJIUYECTBO [[EMEHTA B Pa3HbBIX
CeUeHUSIX BapbHpyeT: B — ceueHne uepe3 cMbikanue 000potoB; C — CEYCHUE CTCHKH Ha HAPYKHOM
CTOPOHE IMOCJIEHET0 000pOTa.

VYcnoBHble 0003HAUYEHHS: 0S — Hapy)KHasi MOBEPXHOCTH, 1S — BHYTPEHHSS MOBEPXHOCTh, Wi — CTE€HKa BHYTPEHHE
CTOPOHBI TO3IHEr0 000pOTa; We — CTeHKa Hapy)KHOW CTOPOHBI paHHEero o06opora. Bombline CTpENKd yKa3blBaOT

HaIpaBlIeHUEe POCTa TPYOKH.

plus fragments from IPEE No. 3/2543. External tube
morphology is illustrated using specimens from IPEE No.
6/2876, Telegraph Bay, Barents Sea, Tromse, Norway,
low littoral, on stones.

Tube morphology. Tubes are sinistral, pl-
anospiral, thick-walled with coil diameter up to
3.5 mm; surface is white opaque, porcellaneous.
Adult tubes have three distinct massive keels
(Fig. 11A, B) ending as projections over the
aperture; juvenile tubes are unsculptured (Fig.
11C). Last whorl tends to cover previous ones
and to widen rapidly towards the mouth.

Tube ultrastructures. The tube wall con-
sists of two layers (Fig. 1 1D), the thick main one
havingirregularly oriented prismatic (IOP) struc-
ture and the thin outer layer with spherulitic

prismatic (SPHP) structure. The main layer con-
sists of fine elongated crystals up to 2-2.5 um
long and 0.5-0.75 pm wide, with angular blunt
ends (Fig. 11F). Cement is very abundant
throughout the wall, so that crystals look more
or less isometric and angular (Fig. 111) and true
crystal shapes can be seen only from isolated
areas. The outer SPHP layer (Fig. 11F) is very
thin (2—4 um with corresponding wall thickness
of 80 um) and locally may be absent. The
internal wall observed in one section (Fig. 1 1H,
I) does not show the outer SPHP layer, while the
main IOP layer has high cement content. Organ-
ic lining is thick, from 1 to 4 um in studied
sections.



A.P. Ippolitov, A.V. Rzhavsky

2
20pm D

] mm

A




Tube morphology, ultrastructures and mineralogy in recent Spirorbinae. II. 85

Tube mineralogy. The sample made of a set
of specimens showed 100% calcite (I, =379)
with high Mg content. The sample made of a
single tube was predominantly calcitic (77%;
I,.=43), while doubtful aragonite constituted
~23% (I =13) with low reliability.

Distribution. The species is common in the
north-eastern Atlantic. It has been reported from
the coasts of Norway (Bergan, 1953), Sweden
(Borg, 1917), Ireland (Toner, 1967), Great Brit-
ain (Knight-Jones P., Knight-Jones E.W.,1977),
Brittany, France (L’Hardy, Quievreux, 1964),
and north-western Spain (Rioja, 1923). In the
Arctic S. (S.) tridentatus was recorded from the
Norwegian, Barents, and White Seas (Aleksan-
drov, 1981; Jakovis, 1997; Rzhavsky, 1992;
Rzhavsky et al., 2014).

Ecology. The species occupies stones and
shells from low intertidal zone up to 30 m deep;
usually found under stones and in rock crevices.
Juveniles occasionally may be found on algae.

Tube morphology of species not cov-
ered with the SEM study

Four species of the tribe Spirorbini (Spiror-
bis (S.) infundibulum Harris et Knight-Jones
E.W., 1964, S. (S.) placophora Bailey et Harris,
1968, Spirorbis (S.) spatulatus Knight-Jones,
1978 and S. (V.) gesae Knight-Jones et Knight-
Jones, 1995) are not covered in the present
study. All of them have relatively thin-walled

white opaque tubes with coil diameters up to
1.5-2 mm. Appearance of the surface (porcella-
neous or non-porcellaneous) is unclear from
literature.

S. (S.) spatulatus (Fig. 12A) usually has
dextral, but sometimes sinistral planospiral tubes
with distinct narrow median keels, but the cross-
sectionremains circular (Knight-Jones P., 1978).
Such tubes are not known for any other Spiror-
bis species.

Two remaining species of the subgenus
Spirorbis are sinistral. Tube of S. (S.) placoph-
ora was never figured in the literature. Accord-
ing to the original description (Bailey, Harris,
1968), this species has a planospiral unsculp-
tured tube circular in cross-section, somewhat
similar to the tubes of S. (S.) inornatus and S.
(S.) spirorbis, which are, however, almost twice
larger. Tube of S. (S.) infundibulum (Fig. 12B)
is unsculptured and circular in cross-section,
with irregularly overlapping coils and some-
times evoluted last coil (Harris, Knight-Jones
E.W., 1964). Among studied Spirorbini only S.
(S.) corallinae may have tubes with overlapping
coils, but they overlap regularly. S. (V.) gesae
(Fig. 12C) has dextral tubes especially similar in
external morphology and size to those of S. (S.)
bifurcatus, however, the latter may be both
dextrally or sinistrally coiled. The sculpture of
S. (V.) gesae is represented by two longitudinal
keels, one running towards the periphery and
one on the inner edge of the whorl, making the

Fig. 11. Spirorbis (Spirorbis) tridentatus. A—C — tubes: A,B — adult tubes with three massive keels; C —
juvenile specimens with yet undeveloped sculpture, attached to an adult; D-I — tube ultrastructures: D —
general view of the transverse section; E — details of the innermost part of the wall showing thick inner
organic lining; F — details of the outer part of the wall, note penetration of outer SPHP layer into the main
IOP layer along certain growth lines; G — details of the middle part of the wall; H — longitudinal section
through the coils area contact, general view; | — contact zone and internal wall of the later coil, internal wall
has unilayered IOP structure.

Abbreviations: os — outer surface, is — inner surface, wi — tube wall on the internal side of the last coil,
we — tube wall on the external side of the next to last coil.

Puc. 11. Spirorbis (Spirorbis) tridentatus. A—C — TtpyOku: A, B — TpyOKku B3pocibix 0cobeit ¢ Tpems
MacCHBHBIMU KWIsiMU; C — FOBEHUIIbHbIE 0CO0H 0€3 CKYJIBITYPbI, IPUKPEIUIEHHBIE K TPYOKe B3pOCIIOi 0co0u;
D-I — yabrpactpykTypsl TpyOOK: D — 00111HMii BUI CTEHKH B [IONIEPEYHOM ceueHUH; E — BHYTpPEHHSIS 4acTh
CTEHKH C TOJICTOM OpraHuyeckoii MeMOpanoit; F — Hapy»KHast 4acTh CTEHKH CO CepyTUTOBOM MPpU3MaTHIEC-
KO CTPYKTYPOH, IPOHUKAOLIEH BIUIyOb CTEHKH BIIOJIb OTAEIBHBIX JIMHUIM pocTa; G — CpeJiHsis 4acTh CTEHKH;
H — npomonbHOe ceueHne yepe3 CMbIKaHue 000pOTOB, OOUIMI BUI, | — CTEHKAa BHYTPEHHEH CTOPOHBI
MO3/IHEr0 000POTa U 30Ha CMBIKaHHsI 000POTOB, BHYTPEHHSISI CTEHKA [T03/IHEr0 060pOTa OJHOCIIONHAS U MIMEET
CTPYKTYPY XaOTHYECKH OPMEHTHPOBAHHBIX MPU3MATHYECKUX KPUCTAILIIOB.

VYcaoBHbIe 0003HAUCHUS: 0S — HapY)KHAsl IOBEPXHOCTb, 1S — BHYTPEHHSS IOBEPXHOCTb, Wi — CTEHKa BHYTpPEHHEI
CTOPOHBI MTO3JHETO 060p0Ta; W€ — CTCHKa Hapy)KHOfI CTOPOHBI PAHHETO 060p0Ta.
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Fig. 12. Tubes of Spirorbini species not covered in the present study. A — Spirorbis (Spirorbis) spatulatus
(from Knight-Jones P., 1978, Fig. 3A); B — Spirorbis (Spirorbis) infundibulum (from Harris, Knight-Jones
E.W., 1964, Fig. a); C — Spirorbis (Velorbis) gesae (from Knight-Jones P., Knight-Jones E.W., 1995, Fig. 1).
Puc. 12. Mopdonoruueckoe pasHooOpasue TpyOoOK mpejacTaBuTeneil Spirorbini, KOTOpbIE HE U3y4allUCh
ABTOPaMHU B X0JI€ HACTOSAIIETO UccaenoBaHus. A — Spirorbis (Spirorbis) spatulatus (n3 Knight-Jones, 1978,
Fig. 3A); B — Spirorbis (Spirorbis) infundibulum (u3 Harris, Knight-Jones, 1964, Fig. a); C — Spirorbis
(Velorbis) gesae (u3 Knight-Jones, Knight-Jones, 1995, Fig. 1).

tube cross-section subquadrangular (Knight-
Jones P., Knight-Jones E.W., 1995).

Discussion

Remarks to the “Spirorbis spp. ” ultrastruc-
tures described in literature. Spirorbini has the
largest record of described ultrastructures (see
Weedon, 1994; Taylor, Vinn, 2006), mainly
because the name “Spirorbis” is often used as a
“wastebin” for any members of the subfamily.
Two of these records provided for S. (S.) cf.
rupestris (see Weedon, 1994) and S. (S.) spiror-
bis (see Sanfilippo, 1998) are discussed above.
Recent “Spirorbis sp.” figured by Taylor and
Vinn (2006: Fig. 1D) with typical IOP ultra-
structure called “microstructure of disordered
rods” looks identical to certain Spirorbis spe-
cies described below as Group A and therefore,
its assignment within Spirorbis sensu stricto
looks probable. The systematic position of five
other specimens of “Spirorbis spp.” ranging
from Pliocene to recent (Taylor, Vinn, 2006:
suppl. data list), which have been only reported
as having “fine-grained” structures, is not clear.

Patterns and variations. The studied spe-
cies of the genus Spirorbis are not uniform in
their ultrastructures and mineralogy, and can be
subdivided into three groups by several corre-
lated characters (Table 1).

Group A includes S. (S.) bidentatus, S. (S.)
bifurcatus, S. (S.) cuneatus, S. (S.) marioni and
S. (S.) strigatus. All these species are character-
ized by predominantly aragonitic (aragonite
content 65-90%) unilayered tubes with IOP
structure and crystals about 3—4 um long (small-
eronly in S. cuneatus), not densely consolidated
by cement. Macroscopically, all members of
Group A typically have subquadrangular tubes
with 2 longitudinal keels (additional 3™ median
keel may be present) and non-porcellaneous
tube surface. The common coiling direction is
sinistral (clockwise), but two species (S. bifur-
catus and S. marioni) have tubes coiled in both
directions. Largest coil diameter within this
group does not exceed 2 mm.

Group B, which includes S. (S.) corallinae,
S. (S.) inornatus, S. (S.) rupestris, S. (S.) spiror-
bis and S. (S.) tridentatus, is characterized by
purely calcitic tubes, usually with high Mg con-
tent. Two species, S. (S.) spirorbis and S. (S.)
tridentatus, had doubtful aragonite content not
exceeding 23%. However, more reliable analy-
sis of tube sets in both species has shown no
aragonite, thus indicating that aragonite content
could have been produced by some occasional
allogenic carbonate fragments. Ultrastructural-
ly, all members of Group B have outer SPHP
layer, while the main IOP layer usually has
crystals of comparatively smaller size than those
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found in Group A (length not exceeding 2 pm;
only S. tridentatus was found to have larger
crystals), and larger content of cement. Macro-
scopically, tubes are always sinistral, unsculp-
tured (except for adults of S. (S.) tridentatus
bearing three massive keels), and with porcella-
neous surface. The tube size is larger than in the
members of Group A as adult coil diameter is
usually ~3—4.5 mm; the only exception is S. (S.)
corallinae which has coil diameter not exceed-
ing 1.5 mm, however, this species tends to grow
upwards rather than planospirally, therefore, its
coil diameter is not indicative of its true size.

Group C includes a single species, S. (S.)
rothlisbergi. It has 100% calcitic tube, like
Group B, and crystals in main IOP layer, closer
to Group A by shape and size. However, it
differs from both from Groups A and B by the
presence of thick inner SPHP layer in addition
to the outer one. Unsculptured tubes make this
species essentially similar to Group B, but it is
characterized by obligatory dextral coiling that
is not known for Group B and found only in
Group A. By the tube size S. (S.) rothlisbergi is
again closer to Group A.

Among species not covered in this study, S.
(V) gesae has external morphology characters
typical for Group A, while S. (S.) placophora
and S. (S.) infundibulum are closer to Group B.
Position of S. (S.) spatulatus is not clear.

It should be mentioned that SPHP outer
layers in some species of Group B (S. (S.)
corallinae, S. (S.) spirorbis, S. (S.) tridentatus)
are distributed unevenly throughout the surface,
and the cement content can vary significantly.
Therefore, a reliable differentiation between
groups A and B based on ultrastructures is
possible only after several sections are studied.
Also, crystal size tends to increase in later coils
for both main Groups (A and B).

Comparison with other Spirorbinae. Spiror-
bini tubes belonging to all three groups (A—C)
are easily distinguishable from members of the
tribe Paralaeospirini (see Ippolitov, Rzhavsky,
2014). Members of the Spirorbini Group A,
despite having identical unilayered tubes with
IOP structure, are predominantly aragonitic,
while Paralacospirini have purely calcitic tubes.
Also, tubes of Spirorbini Group A normally
having 2 or 3 keels are hardly comparable with
those of Paralaeospirini that are either unsculp-
tured or have a single median keel. The only
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exception is Paralaeospira sicula Knight-Jones
et Knight-Jones, 1994 having quadrangular
cross-section similar to that of Spirorbini of
Group A. Spirorbini belonging to Groups B and
C, despite being essentially similar by external
morphology (unsculptured tubes) and mineral-
ogy (pure calcite) to Paralacospirini, have dense
outer (and inner for Group C) SPHP layer,
which is absent in Paralaeospirini.

Correlation of tube mineralogy, ultrastruc-
tures, and external morphology. Porcellaneous
appearance of the tube surface correlates with
the presence of the outer layer having SPHP
structure (Table 1). This agrees well with the
observation that fully transparent tubes have
unilayered tubes with simple prismatic (SP)
structure (Ippolitov, Rzhavsky, 2008; Vinn et
al., 2008) that is essentially similar to SPHP
structure. However, within the tribe Paralaeo-
spirini having unilayered walls with IOP struc-
ture porcellaneous surface in certain species
(e.g., Paralaeospira malardi Caullery et Mes-
nil, 1897) seems to be well-explained not by the
presence of SPHP covering layer, like in Spiror-
bini, but by dense consolidation of the outer-
most zone by abundant cement (Ippolitov,
Rzhavsky, 2014: 304, Fig. 3A-F).

Mineralogical composition of Spirorbini
tubes is well-correlated with ultrastructures.
Species of Spirorbini with predominantly ara-
gonitic tubes (Group A) all have unilayered
tubes with IOP structure, while species with
calcitic tubes (Groups B and C) have covering
layer(s) with SPHP structure. This pattern is
concordant with the general pattern that SP/
SPHP structures are associated with predomi-
nantly calcitic mineralogy (compare mineralog-
ical and ultrastructural data in Vinn et al., 2008;
Ippolitovetal.,2014); however, covering SPHP
layer was once found to be aragonitic in case of
non-spirorbin serpulid Hydroides dianthus (Ver-
rill, 1873) (Tanur et al., 2010).

Interpretation of subdivision into A-C
Groups. The difference among members of
Group A, B, and C, supported by morphologi-
cal, ultrastructural, and mineralogical charac-
ters, suggests that these groups probably repre-
sent individual clades within Spirorbis, the hy-
pothesis that should be verified by further mo-
lecular and morphological investigations.
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Biogeographically all members of Group B
are known from North Atlantic temperate or
temperate and arctic waters. Group A includes
tropical and subtropical species from North-
East Atlantic (S. (S.) cuneatus, S. (S.) strigatus),
from North-East Pacific (S. (S.) bifurcatus) and
probably invasive species of North Pacific ori-
gin widely distributed over the World Ocean (S.
(S.) bidentatus, S. (S.) marioni). The single
member of Group C (S. (S.) rothlisbergi) is
known from off California coast only (North-
East Pacific). All species included into Groups
A and C seems to be warm-water and sometimes
can reach low-boreal regions (like S. (S.) bifur-
catus and S. (S.) cuneatus). This means that at
least the members of Spirorbini with predomi-
nantly aragonitic tubes (Group A) are found in
warmer habitats, while members of Group B
with calcitic tubes inhabit colder environments.
The only species of Group C, S. (S.) rothlisber-
gi,doesnot fitthis trend. The observation roughly
supports the idea of Lowenstam (1954), who
observed tubes of tropical serpulid species to be
predominantly aragonitic, while those from high-
er latitudes to be made of calcite-aragonite
mixture. This observation was later contested
by Bornhold and Milliman (1973) and Smith et
al. (2013). However, the members of the tribe
Paralacospirini that have purely calcitic tubes
(Ippolitov, Rzhavsky, 2014), like Spirorbini of
the Group B, are biogeographically restricted to
the Notal (or Austral) belt and thus, again fit the
trend suggested by Lowenstam (1954). At the
same time, the individual variations within cer-
tain species contradict this general trend, as
shown by Chan et al. (2013) who observed
positive correlation of calcite/aragonite ratio
with temperature in non-spirorbin serpulid Hy-
droides elegans (Haswell, 1883). The authors
also showed that in Hydroides elegans develop-
ment of outer SPHP layer seems to be environ-
mentally influenced and correlates with high
water temperatures (Chan et al., 2013). This
observation is not supported by our data on
Spirorbis, as members of the genus with devel-
oped SPHP layer (Group B) are generally re-
stricted to colder environments than those with-
out SPHP layer (Group A). The obvious corre-
lations of morphological, mineralogical, and
structural characters indicates that, in case of
Spirorbini, the role of environmental factor for
the structure is far less important than that of
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phylogenetic relationships. Yet, predominantly
calcitic serpulids (Hydroides elegans (Haswell,
1883), see Bornhold, Milliman, 1973) may have
fully aragonitic juvenile tubes (Chan et al.,
2015), probably reflecting evolutionary transi-
tions within the certain phyletic lines and thus
supporting the hypothesis that aragonitic miner-
alogy is the plesiomorphic for the whole family
(Vinn, Mutvei, 2009).

An observation that amorphous matter con-
tent in Hydroides elegans shows negative corre-
lation with temperature (Chan et al., 2013),
generally agrees with our data on Spirorbini
(IOP structure of warm-water Groups A and C
has low cement content, while relatively cold-
water Group B always demonstrates high ce-
ment content).

Phylogenetic implications. Early growth
stages of tubes in both Groups A and B have [OP
structure with almost isometric crystals cement-
ed by abundant amorphous matter. Such struc-
tures made of isometric crystals are almost
unknown for recent serpulids (Vinn et al., 2008:
Tab. 2), despite were described for fossils (e.g.,
Vinn, Furrer, 2008). Such structures are very
close to hypothetical plesiomorphic ultrastruc-
tures of Serpulidae consisting of unoriented
isometric crystals (Vinn, 2013) and are conver-
gently similar to ultrastructures of early meta-
zoan tubular fossils, such as Cloudina, charac-
terized by primitive biomineralization system
(Feng et al., 2003; Vinn, Zatoii, 2012).

Unlike members of the tribe Paralaeospirini
(Ippolitov, Rzhavsky, 2014), many Spirorbini
have dense outer layer (DOL sensu Vinn, Ku-
priyanova, 2011) with SPHP structure. Such
feature has been found mostly in clade Al of
Serpulidae (sensu Kupriyanova et al., 2009, see
Vinn, Kupriyanova, 2011), which includes gen-
era Crucigera Benedict, 1887, Hydroides Gun-
nerus, 1768, Serpula Linnaeus, 1758 and Spi-
raserpula Regenhardt, 1961, and has also been
recorded in some species of clade All (e.g.,
Spirobranchus kraussi (Baird, 1865), see Vinn,
Kupriyanova, 2011: Tab. 1). Both clades Al and
AlI are phylogenetically distant from the sub-
family Spirorbinae (Kupriyanova et al., 2006,
2009; Kupriyanova, Nishi, 2010). On the other
hand, clade BI (sensu Kupriyanova, Nishi, 2010)
which is a sister-group of Spirorbini, does not
have covering SPHP layers. Therefore, SPHP
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structure either evolved independently both in
spirorbins and non-spirorbin serpulids of clade
A, asaresult of an adaptation to similar environ-
mental selective pressure, or a combination of
main IOP and covering SPHP layers is plesio-
morphic for all Serpulidae, while the absence of
SPHP layers in Clade Bl is a result of secondary
simplification.

Recently Chan et al. (2015) have shown that
SPHP structure in recent serpulid Hydroides
elegans appears significantly later in ontogeny
than IOP structure and thus was interpreted as
appearing later in evolution. However, it is still
not indicative whether last common ancestor of
non-spirorbin serpulids and spirorbins already
had the combination of both SPHP and IOP
structures or not. To date there are no data to
support one hypothesis over another.

Outer SPHP layer in Spirorbinae can hardly
be interpreted as an adaptation to predation
pressure, as suggested for relatively shallow-
water serpulids of Clade A (Vinn, Kupriyanova,
2011), because SPHP layer in spirorbins is too
thin to provide a good protection. We suppose
that in the case of Spirorbinae generally adapted
for settlement on ephemeral substrata, such as
algae, and inhabiting high-energy environments
of sublittoral and littoral zones (Ippolitov,2010;
Ippolitov et al., 2014), the main significance of
SPHP covering layer could be mechanical con-
solidation of the tube walls protecting against
mechanical abrasion. This well agrees with the
hypothesis of Chan et al. (2015), who supposed
that outer SPHP layer may be important for
preventing crack propagation on the juvenile
tubes of Hydroides elegans, having thick main
layer with IOP structure, like we observed in
Spirorbini.
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