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The shell ofmollusks is the part that determines the whole.

ABSTRACT. Comparative functiona morphology and mic-
rostructure of internal shell vestiges have been studied in 14
species of recent Vampyropoda including the single recent
representative of vampire squids, Vampyroteuthis infernalis
Chun, 1903, 3 species of Cirrata and 10 species of Incirrata.
Relationship between the shell and the soft body was studied
on totd cross-sections of the mantle at different planes. The
study shows that the shell plays different role in different
groups of eight-armed Coleoidea, and evolution of the shell
was stipulated by evolution of its function. In Vampyroteut-
his, an early evolutionary offshoot of the Vampyropoda, the
shell represents a typical gladius of the teuthoid type that
provides attachment sites for the fins, mantle, funned and
head retractors, and the visceral sac. In cirrate octopods the
gladius represents a remnant of cone flags, wings and lateral
plates of vampyromorph gladius, which is transformed mos-
tly into a 'fin support'. In the Incirrata the shell is reduced
to paired rods, stylets, functioning as anchors supporting the
funnd retractors. In several advanced lineages of Incirrata
the shell has been lost completely.

Each lineage of recent octopodiforms — Vampyromorp-
hida, Cirrata and Incirrata— has its own characteristic type
of shel structure and shell-soft body relationships. Wide

INTRODUCTION

Octopods have the most unusual shell among
cephalopod mollusks. It differs greatly from the
chambered, coiled shell of the pearly Nautilus,
from the calcareous buoyant sepion of cuttlefishes,
and from the chitinous supporting pen (gladius) of
teuthids. Reduction of the shell that occurs in al
groups of Coleoidea reaches its apex in the Octo-
poda. In finned octopods (suborder Cirrata) the
shell is represented by a saddle-, butterfly- or U-
shaped structure while in finless octopods (subor-
der Incirrata) it is reduced to a pair of widely se-
parated spindle-like rods, or stylets, situated obli-
quely on the dorsal side of the mantle [Naef,
1921/23]. The stylets are very small: their mass

Adolf Naef, 1921

separation of stellate ganglia in al recent octopods presents
morphological evidence that this group evolved from some
vampyromorph-like ancestor with wide middle plate of gla-
dius proostracum. Two crucial eventstook place in evolution
of the shell in octopodian lineage: reduction of the middle
plate of proostracum and conus resulting in transformation
of vampyroteuthoid-like gladiusinto the gladius of the cirrate
type; and reduction of the transversal connection (saddle) in
the cirrate gladius resulting in its transformation into paired
stylets of the Incirrata. In Incirrata the shell underwent gra-
dual reduction until its complete loss in several evolved
forms. This last event, complete disappearance of the shell,
has occurred independently in dl three principal lineages of
Incirrata: Octopodoidea, Bolitaenoidea and Argonautoidea.
In dl cases the find loss of the shell was accompanied by
the reduction of jet-swimming in connection with develop-
ment of a ‘'walking' habit involving the arms (benthic Octo-
podoidea) or heavy reliance on passive floatation in pelagic
Bolitaenoidea and Argonautoidea. The find loss of the shell
vestiges in advanced Incirrata did not change their soft-body
design, which remained generaly the same as in primitive
benthic Octopodoidea.

comprises less than 0,004% of the body mass
[Zuev, 1965]. But even these vestiges disappear in
some octopod lineages: Bolitenoidea, Argonautoi-
dea, some Octopodoidea [Robson, 1932; Voight,
1997].

Origin of octopod shell is obscure. Its morpho-
logical elements reveal no apparent homology to
any part of the shell of other coleoids, both recent
and fossil. There is no trace of a phragmocone or
proostracum. The octopod shell is soft and cartila-
ge-like, which differs from the hard, chitinous sub-
stance of the teuthoid gladius. Naef [1921/1923,
p.657] noted, ‘it has to be assumed, that the shell
(of octopods) consists mainly of a remnant of the
proostracum with a flattered cone'. However, even
if Neaf is correct, we do not know, what parts of
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Table 1. List of species examined in the study.
Ta6bmma 1. Crnmcok McciaemoBaHHBIX BHIOB.

ORDER

Number of specimens examined

Mantle length range, mm

FAMILY
Species

males

females males females

VYAMPYROMORPHIDA
VAMPYROTEUTHIDAE
Vampyroteuthis infernalis Chun, 1903

CIRRATA

OPISTHOTEUTHIDAE

Opisthoteuthis californiana Berry, 1949
Grimpoteuthis umbellata (Fisher, 1883)

CIRROTEUTHIDAE
Cirroteuthis muelleri Eschricht, 1838

INCIRRATA

OCTOPODIDAE

Enteroctopus dofleini (Wulker, 1910)
Benthoctopus sibiricus Loyning, 1930
Bathypolypus salebrosus (Sasaki, 1920)
Eledone messyae Voss, 1964

ALLOPOSIDAE
Alloposus mollis Verrill, 1880

TREMOCTOPODIDAE
Tremoctopus violaceus Chiaie, 1830

OCYTHOIDAE
Ocythoe tuberculata Rafinesque, 1814

ARGONAUTIDAE
Argonauta nodosa Solander, 1786

BOLITAENIDAE
Japetella diaphana Hoyle, 1885

AMPHITRETIDAE
Amphitretus pelagicus Hoyle, 1885

25

16
16

3 53 — 70

7 40 — 64 19 — 44

45 — 49

80 65 — 128

135 — 265
60 — 175

145 — 260

83 — 200

47 — 56
35

— O oo

63
1 63, 67 57
2 57, 60
2 96, 103

2 94, 108

26

the coleoid proostracum evolved into the octopod
shell and why. We also do not know what the ho-
mology is between the U-shaped shell of Opistho-
teuthidae, the saddle- or butterfly-shaped shell of
the Cirroteuthidae and the dorsal stylets of finless
octopods. Possible clues for understanding the ori-
gin and evolution of the shell in the Octopoda may
come from its sister group, Vampyromorphida Pic-
kford, 1939. The single living vampyromorph,
Vampyroteuthis infernalis Chun, 1903, has a set of
characters combining such 'teuthid' features as a
well-developed, chitinous gladius with a generally
octopod-like brachial crown [Pickford, 1949].
Vampyromorphida and Octopoda have long been
united into a single taxon with different names, first
on the basis of general similarity: Octobrachia
[Young, 1989], later on the basis of morphological
and genetic cladistic analyses: Vampyropoda [Bo-
letzky, 1992; 1999], Octopodiformes [Berthold,
Engeser, 1987; Young, Vecchione, 1996; Carlini,
Graves, 1999; Haas, 2002]. The name Vampyropo-
da (Boletzky, 1992) seems to be the most approp-
riate and will be used in the present paper. It alludes

to the vampyromorphs, on the one hand, and to the
cirroctopods and octopods, on the other hand.
Knowledge of the highly variable morphology
of the shell in the Octopoda is fragmentary. The
shell is better known in those finned octopods
where it is used in systematic analysis [Aldred et
al, 1983; Nesis, 1982/1987; Collins, Henriques,
2000; Villanueva et al, 2002]. In finless octopods
details of the shell vestiges have been traditionally
absent from systematic descriptions, and their very
presence is rarely mentioned [Akimushkin, 1963;
Voight, 1997]. The inner structure of octopod shell
and its growth pattern have not been studied.
Morphological variability of the octopod shell
indicates variability of its function. In finned octo-
pods the shell is commonly considered a fin sup-
port, its flattened lateral parts serving as the attac-
hment sites for the fin bases [Robson, 1932; Aldred
et al, 1983]. The function of stylets in finless oc-
topods is not clear. Akimushkin [1963] considered
them as mere vestiges without any specific functi-
on. Naef [1921/1923, p. 676] believed the stylets
'serve mainly as points of attachment for the ret-
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ractors of funnel and cephalopodium'. The shell is
clearly not a useless vestige, at least in species
where it is very large. If it is a supporting structure,
how can support be provided when the shell disap-
pears completely? While the general features of the
shell in the Vampyropoda is known throughout the
work of Naef [1921/1923], Pickford [1949] and ot-
hers, no systematic study has been attempted to
determine its structure, function and evolution.

The present paper describes morphology of the
shell and its functional relationship with the soft
body in al major groups of the Vampyropoda, and
proposes hypothesis on possible evolution of the
shell in Vampyropoda.

MATERIAL AND METHODS

Fourteen species representing most families of
recent Vampyropoda, were studied. These include
the single vampyromorph, Vampyroteuthis inferna-
lis, 3 genera of cirrate octopods {Opisthoteuthis,
Grimpoteuthis and Cirroteuthis) and 10 genera of
incirrate octopods {Octopus, Benthoctopus, Bathy-
polypus, Eledone, Alloposus, Tremoctopus, Ocy-
thoe, Argonauta, Amphitretus and Japetella) (Table
1). Only two rare families were beyond the scope
of my study: the Stauroteuthidae (Cirrata) whose
gladii were analyzed using literature data [Collins,
Henriques, 2000], and the Viterledonellidae (Incir-
rata) that lack the shell completely [Nesis,
1982/1987; Voight, 1997].

Abbreviations for the institutes and muse-
ums that housed the octopods examined here
are: VNIRO — Russian Federal Institute of Fishe-
ry and Oceanography, Moscow; SIORAN — P.P.
Shirshov Institute of Oceanology, Moscow; Atlan-
tNIRO — Atlantic Research Institute of Fisheries
and Oceanography; ZMMU — Zoological Muse-
um of Moscow State University; NSMT — Natio-
nal Science Museum, Tokyo; TIFA — Tromso In-
stitute of Fisheries and Aquaculture, Norway. Other
abbreviations used in the text are: ML — dorsa
mantle length; TL — total length; GL — gladius
length; SD — standard deviation; R/V — research
vessel; F/V — fishery vessel.

Abbreviation used on figures

ac axia cartilaginous core of the fins

afl lateral funnel  adductor

am mantle artery

apl apical line (in stylets of incirrate octopods
and in gladii of some squids)

aur auricle

bcf basal cartilage of the fins

bnd bend (morphologic part of the stylets of
incirrate octopods)

bp basal pockets
brht brachial heart
car cephdic cartilage

cenp

CF
cfold

coif
CcoO
coif
cont

cp
crop

da
dad

dgl
dgv

distl
dim

dm
dmad
dml
dr

dsm

eye
fad

fch

fb

fm
fla
fo
fun
func
d
brgl
gon

ar

gst
hydr
hyp
incl
inc2
ink
KA
kn

LA
Ih

Hg

caecum

central thickened part (in the shell of
cirrate octopods

cone flags

collar folds

cartilaginous layer of the fin base

collar fuson

cone

collar fuson

cartilage filling the scars left by the stylets
after their reduction

collar pockets

crop

dermis

dorsal aorta

dorsal groove on the mantle wall (in
Amphitretus)

digestive gland

ventral groove on the mantle wall (in
Amphitretus)

distal transversal muscles (in fins of cirrate
octopods)

dorsa longitudind muscles (In fins of
cirrate octopods)

depressor muscles

anterodorsal mantle adductor

dorsal intermediate muscular layer of fins
dorsal ridge of the saddle (in the gladius of
cirrate octopods)

surface layer of dense muscular tissue of
fins (dorsal)

elevator muscle

eye

funnel adductors

fin cartilage

first check delimiting the postnuclear zone
(in the gladius of cirrate octopods)

fin base

fin cartilague

fins

closer bond of the funnd
funnel  organ

funnd

funnel corner

gills

brachia gland

gonad

dorsal groove (in the shell of cirrate
octopods)

stellar ganglia

hydrostatic organ

hypostracum

1¢ order increments in the shell

2nd order increments in the shell

ink sac

marginal asymptote

knob-like surface sculpture (in the stylets of
incirrate octopods)

lateral asymptote

latera horns of the shell (in cirrate
octopods)

visceral ligament connecting the funnd

retractor with the visceral sac (in
Tremoctopus)



LP
Iw

mam
mat

mcart

med
mey

mpa

nmus
np
ns
nuf

oe
ost
ova
ovi
per
peri
pz
Ra
rant
re
rfcart

ren
rec

RO
sant

sea
sdl

slg
spost

sh

sh sac
shi

soc

st

stat
sut
test

tub

vd

V. A. Bizikov

lateral plates

lateral wings of the gladius
median asymptote

ventral median mantle adductor

anterior extensions of ventral median mantle

adductor muscles

mantle cartilage occupying position of the
former stylets

mantle cavity dorsal

mantle cavity ventral

extraocular eye muscle

muscular layer of the fin base

closer bond of the mantle

mantle

dorsal mantle wall

ventral mantle wall

lateral openings of the mantle aperture (in
Amphitretus)

median pallial artery

fin nerve

nuchal muscles (anterior mantle adductor)
pallial nerve

Needham sac

nuchal fusion of the visceral sac with the
mantle (in Amphitretus)

esophagus

ostracum

ovary

oviduct

nephridial appendages

periostracum

postnuclear zone

rachis

anterior retractors of fins

cephalopodial (head) retractors

cartilage at the inner margin of the funnel
retractor

renal appendages

rectum

funnel retractors (= posterodorsal mantle
adductors in Octopodidae)

cartilaginous rim of the shell sac

rostrum

anterior shoulder of the stylet (in incirrate
octopods)

mantle scars marking position of the former

shell in some incirrate octopods

saddle (medial part of the gladius in cirrate
octopods)

salivary glands

posterior shoulder of the stylet (in incirrate
octopods)

shell

shell sac

initial shell

spermatophoric organs complex

stomach

statocysts

suture line of the visceral sac

testes

collagen tunic

tube-like extension of ventral mantle wall
around the funnel (in Cirroteuthis)

dermal vein

ven vena cava

vim ventral longitudinal muscles (in fins of
cirrate octopods)

vml ventral intermediate muscular layer of fins

vpp posterior pallial vein

Vs visceral sac

vsm surface layer of dense muscular tissue of
fins (ventral)

w wings

wa anterior parts of the wings in the shell of
cirrate octopods

web interbrachial web (in cirrate octopods)

Wpo water pores

Vampyroteuthis infernalis Chun, 1903. Three speci-
mens were studied. Two immature females (53 mm and
60 mm ML) were kindly provided by Dr. K.N. Nesis
(SIORAN). The specimens were sampled from a catch
of mid-water trawl during R/V 'Vityaz' cruise No 17 in
SW Indian Ocean, 9 December, 1988, in position 32°53'S,
44°12'E. Depth of place: 1280 m; fishing depth: 1260
m. The third specimen, maturing female, approx. 70 mm
ML, was kindly provided by Dr. T. Kubodera (NSMT).
The specimen was caught in West Pacific Ocean, 28 Oc-
tober, 1988, in position 31°03'S, 133°07'E, ?depth, Isa-
aks-Kidd mid-water trawl; reg. No NSMT-Mo66708.

Opisthoteuthis californiana Berry, 1949. 32 speci-
mens were studied. All specimens were collected during
a survey onboard F/V "Tenyu-Maru No 78" in the Western
Bering Sea in July, 1998. The specimens were sampled
from the catches of two commercial bottom trawls. The
trawl Ne 1 was performed 29 July, 1998 in position
59°58'N, 167°59'E at depth 450 m. It yielded 19 specimens
including 2 mature females (36 mm and 41 mm ML),
1 immature female 19 mm ML and 16 mature males
(42, 44, 44, 46, 46, 47, 48, 49, 50, 54, 54, 55, 58, 58,
62 and 64 mm ML). The trawl Ne 2 was made the same
day in position 59°57'N, 167°57'E at depth 400 m. It
yielded 13 specimens including 2 mature female (41 and
44 mm ML), 2 maturing females (35 and 36 mm ML)
and 9 mature males (40, 42, 44, 47, 49, 50, 51, 53 and
54 mm ML).

Grimpoteuthis umbellata (Fisher, 1883). Two imma-
ture females (49 and approx. 45 mm ML) were studied.
Both specimens were kindly granted by Dr. K.N. Nesis
(SIORAN). They were sampled and identified by Dr. Nesis
from the same bottom trawl during R/V Vityaz' cruise
Ne 65, in Central Atlantic (Cape Verde Basin), 31 March,
1979, in position 41°14'N, 14°28'W, at depth 5310 m.
The specimen 49 mm ML was in good condition while
another specimen was badly damaged but was believed
to belong to the same species. Total cross-sections were
made from one of the specimens (49 mm ML), and the
gladius was extracted from another.

Cirroteuthis muelleri Eschricht, 1836. Five specimens
(two samples) were studied. The first sample (1 maturing
female; 78 mm ML) was kindly provided by Dr. K.N.
Nesis (SIORAN). The specimen was sampled from a catch
of pelagic trawl (Agassiz' type) made onboard R/V "Polar
Stern’ (cruise ARK XI/1) in North Atlantic, 10, August,
1995, in position 68°14'N, 01°34'W. Depth of place: 3050
m; fishing depth: 1200 m. The second sample was kindly
granted by Dr. H. S Bjorke (TIFA). The sample included
4 specimens: 1 immature female 65 mm ML; two maturing
females (105 and 128 mm ML) and 1 maturing male 80
mm ML. All specimens were collected from the same
pelagic trawl during R/V 'G.O. Sars’ cruise in the Nor-
wegian Sea, 24, January, 1999, in position 69°57'N,
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09°40'E. Depth of place: 2800 m; fishing depth: 1100
m. General view was drawn on immature female (65
mm ML) from the second sample. The gladius was ex-
tracted and drawn from two maturing females (65 and
128 mm ML), both from the second sample. Total cross-
sections were made from maturing female (78 mm ML)
from the first sample and maturing male (80 mm ML)
from the second sample.

Enteroctopus dofleini (Wulker, 1910). 24 specimens
were studied. All specimens were sampled from the catches
of commercial bottom trawls during a survey onboard
EN 'Tenyu-Maru Ne 78" in the Western Bering Sea in
July, 1998. The samples included: 2 males (215 and 135
mm ML) captured 13 July, in position 60°57'N, 178°55'W
at depth 206 m; 1 male (250 mm ML), and 1 female
(210 mm ML) captured 14 July, in position 61°04'N,
178°30'W at depth 150 m; 1 female (260 mm ML) cap-
tured 15 July, in position 61°10'N, 178°37'W at depth
167 m; 4 males (138, 170, 205 and 210 mm ML) and
2 females (183 and 215 mm ML) captured 16 July, in
position 60°56'N, 179°10'W at depth 355 m; 2 males
(180 and 215 mm ML) captured 21 July, in position
60°56'N, 178°55'W at depth 200 m; 3 males (152, 190
and 253 mm ML) and 1 female (216 mm ML) captured
26 July, in position 60°32'N, 172°15'E at depth 400 m;
1 female (192 mm ML) captured 26 July, in position
60°42'N, 172°43'E at depth 310 m; 3 males (140, 142
and 228 mm ML) captured 27 July, in position 59°11'N,
170° 15'E at depth 400 m; 1 male (265 mm ML) and 2
females (145 and 160 mm ML) captured 28 July, in
position 60°02'N, 168°16'W at depth 365 m.

Benthoctopus sibiricus Loyning, 1930. 25 specimens
were analyzed. All of these were collected from catches
of commercial bottom trawls during a survey onboard
EN 'Tenyu-Maru Ne 78" in the Western Bering Sea in
July, 1998. The samples included: 1 male (173 mm ML)
captured 13 July, in position 60°57'N, 178°55'W at depth
206 m; 1 male (150 mm ML) captured 14 July, in position
61°10'N, 178°30'W at depth 230 m; 2 males (150 and
155 mm ML) and 2 females (130 and 180 mm ML)
captured 15 July, in position 61°10'N, 178°37'W at depth
167 m; 1 female (120 mm ML) captured 16 July, in
position 60°56'N, 179°10'W at depth 355 m; 2 males
(115 and 175 mm ML) captured 17 July, in position
61°10'N, 178°31'W at depth 158 m; 2 males (60 and
160 mm ML) captured 18 July, in position 61°23'N,
178°09'W at depth 148 m; 2 males (155 and 175 mm
ML) and 1 female (200 mm ML) captured 19 July, in
position 61°27'N, 177°46'W at depth 150 m; 5 males
(103, 142, 145, 145 and 152 mm ML) and 3 females
(115, 153 and 180 mm ML) captured 22 July, in position
61°25'N, 178°09'W at depth 155 m; 1 male (100 mm
ML) captured 23 July, in position 61°16'N, 178°07'W
at depth 150 m; 1 female (90 mm ML) captured 24
July, in position 61°09'N, 178°38'W at depth 170 m,
and 1 female (83 mm ML) captured 26 July, in position
60°42'N, 172°43'E at depth 310 m.

Bathypolypus salebrosus (Sasaki, 1920). The description
is based on 4 specimens, collected from catches of commercial
bottom trawls during a survey onboard F/V 'Kayo-Maeu No
28" in the Western Bering Sea in December, 1999: 1 female
(approx. 47 mm ML) captured 1 December, in position
60°01'N, 168°01'E at depth 250 m; 1 female (56 mm ML)
captured 4 December, in position 61°04'N, 174°21'E at depth
130 m; 1 female (54 mm ML) captured 05 December in
position 61°38'N, 175°01'E at depth 180 m, 1 female (approx.
50 mm ML) captured 10 December in position 61°10'N,
179°04'W at depth 230 m.

Eledone messyae Voss, 1964. Two specimens were

studied: maturing female, 35 mm ML; and adult male.
63 mm ML. Both specimens were kindly granted by Dr.
Ch. M. NigmatuUin (AtlantNIRO). They were sampled
from a catch of the same bottom trawl during R/V 'Patriot’
cruise Ne 4, in SW Atlantic, 7 May, 1983; in position
46°04'S, 60°02'W. Depth of place: 680 m.

Alloposus mollis Verril, 1880. Three specimens were
studied: immature female, 57 mm ML; immature male, 60
mm ML and immature male, 63 mm ML. They were kindly
granted by Dr. Ch. M. NigmatuUin (AtlantNIRO). All three
specimens were sampled from a catch of the same pelagic
trawl (BPT-50 type) during R/V Gizhiga' cruise in NW
Atlantic, 25 May, 1983; in position 41°13'N, 64°21'W. Depth
of place: 1200 m; trawling depth: unknown.

Tremoctopus violaceus delle Chiaie, 1830. The des-
cription is based on the two immature female (57 and
60 mm ML) obtained from cephalopod collection of
ZMMU. Both specimens were sampled by Prof. A.P. Bog-
danov in the region of Nice (France) in July, 1884.

Ocythoe tuberculata Rafinesque, 1814. Two immature
females were studied: 103 mm ML and 96 mm ML. The
first female (103 mm ML) was collected from a catch
of pelagic trawl during R/V 'Odyssey' cruise in the central
part of the Indian Ocean, 14 November, 1984, in position
22°47'S, 74°30'E. Depth of place: 4100 m; trawling depth:
100-0 m. The second female (96 mm ML) was sampled
from pelagic trawl catch during R/V 'Vozrozshdenie' cru-
ise in the SE Pacific Ocean 27 October, 1989, in position
26°00'S, 74°56'W. Depth of place: 3640 m; trawling depth:
10-0 m. Both females were kept in the cephalopod col-
lection of VNIRO.

Argonauta nodosa Solander, 1786. Two mature fe-
males were studied: 94 mm ML and 108 mm ML. Both
specimens were collected from catches of pelagic trawl
during R/V 'Vozrozshdenie' cruise in the SE Pacific ocean
in October-December, 1989. The first female (94 mm
ML) was sampled 27 October, in position 26°00'S,
74°54'W. Depth of place 3900 m; trawling depth: 10-0
m. The second female (109 mm ML) was sampled 3
December, in position 31°09'S, 84°55'W. Depth of place
3850 m; trawling depth: 10-0 m. Both specimens were
kept in the cephalopod collection of VNIRO.

Japetella diaphana Hoyle, 1885. The description is
based on a single specimen, immature female, 57 mm
ML kindly granted by Dr. G.M. Vinogradov. The specimen
was sampled from a catch of planctonic net,during RNV
‘Akademic M. Keldysch' cruise Ne 49, in equatorial Eastern
Pacific, 8 September, 2003; station Ne 4630, in position
09°50'S, 104°15'W. Depth of place: 2500 m; trawling
depth range: 2160-0 m.

Amphitretus pelagicus Hoyle, 1885. The description
is based on a single specimen, immature male, 26 mm
ML kindly granted by Dr. K.N. Nesis (SIORAN). The
specimen was sampled from a catch of pelagic trawl during
RN  Akademic Kurchatov' cruise Ne 11, in SW Atlantic,
31 December, 1971; station Ne 952; position unknown;
depth of place unknown; trawling depth: 230 m.

Definitions of terms and measurements used
here follow Robson [1929; 1932], Roper, Voss
[1983] and Nesis [1982/1987]. The measurements
of fin length and fin width were made according
to Voss, Pearcy [1990]: fin width was the greatest
perpendicular distance between anterior and poste-
rior margins of the fin, and fin length was the dis-
tance from the middle of the fin base to the fin
apex. In addition, fin span was measured according
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to Guerra et al. [1998] as the distance between the
tips of the fins. Two basic measurements, length
and width, were made for the gladius of cirrate
octopods. The gladius width was measured as the
distance between anterior margins of the wings,
while the length was measured as the distance from
posterior tip of the gladius to the line connecting
anterior margins of the wings. Cross-sections of the
shells of octopods and vampire squids were made
according to the techniques elaborated by the aut-
hor [Bizikov, 1990; 1991]. The shells were remo-
ved from fresh or formalin-preserved animals and
stored in 4% buffered formalin. The inner structure
of the shell was studied on cross-sections. To make
cross-sections, the shell was squeezed by hand be-
tween two pieces of styrol foam and then cut ma-
nually using a microtome knife. Relationships of
the shell with the soft body were studied on anato-
mical preparations and entire cross-sections. Entire
cross-sections of octopods were made using the fol-
lowing procedure: an intact formalin-preserved
specimen was soaked in fresh water, then spread
on aflat surface and frozen at -24°C for 3-6 hours,
depending on the animal size. After complete fre-
ezing the specimen was cross-sectioned manually
with a sharp heavy knife with straight blade. The
sections (0.5 mm to 10 mm thick) were thawed on
aglass plate with water and drawn using a 'SZH-10
Olympus' zoom-microscope. In Vampyromorphida
and Cirrata, the sections were made at the following
levels: the funnel, behind the funnel, attachment of
the funnel retractors, greatest width of the fins and
behind the fins. In Incirrata, the sections were made
at the level of the funnel, behind the funnel (ventral
adductor), anterior dorsal adductors and posterior
dorsal adductors (= funnel retractors).

RESULTS

Order Vampyromorphida Pickford, 1939
Vampyroteuthidae Thiele, in Chun, 1915

Vampyroteuthis infernalis Chun, 1903

HABITS AND HABITAT. Vampyroteuthis, or
vampire squid, is a bathy- abyssopelagic species
inhabiting tropical and temperate waters of al oce-
ans at depths from 800 m to 2000 m [Nesis,
1982/1987; Young, 1998]. Underwater observati-
ons from submersibles [Hunt, 1996] showed that
Vampyroteuthis can swim surprisingly fast for a
gelatinous animal accelerating up to two body
length/sec in about 5 sec. Fast swimming consists of
quick movement of the fins toward the funnd alterna-
ting with ajet from the mantle. Swimming in thisway,
the vampire takes a series of quick turns in an erratic
escape route [Hunt, 1996]. The vampire appears to
orient most commonly in a horizontal attitude with the

arms spread forward to form, together with the web,
an umbrella-like posture [Hunt, 1996].

GLADIUS MORPHOLOGY. The gladius of Vam-
pyroteuthis is a broad, chitinous, transparent plate
lying along the dorsal surface of the body beneath
the skin and athick layer of loose connective tissue
with a dermal network of muscle fibers (Fig. 1). It
is thin and flat anteriorly, gradually becoming thic-
ker and strongly arched posteriorly. Posterior to the
fins, the gladius encircles the body for about 180°
of its circumference then terminates in a broad
conus and rostrum. The structure of vampire gladius
is typically teuthoid: it is slightly longer than the
mantle (the mantle terminates on the anterior edge
of the conus), it consists of three morphological
parts — dorsal plate (proostracum), conus and ros-
trum, and it is formed by three shell layers. middle
layer (ostracum), inner layer (hypostracum) and
outer layer (periostracum). Terminology of the gla-
dius parts is given here according to Jeletzky [1966]
and Bizikov [1996]. The problem of homological
correspondence between structural parts of the same
names in teuthoid and belemnitoid shells lies bey-
ond the scope of the present study. The most deve-
loped layer in Vampyroteuthis is ostracum. Being
composed of chitinous substance, it takes part in
formation of the dorsal plate and the conus. Hypos-
tracum and periostracum are somewhat cartilagino-
us: the former is laid down on the ventral side of
the ostracum and provides the thickening of the
posterior part of the gladius; the later lies dorsally
and posteriorly and forms the small spine-shaped
rostrum situated apically on the conus. The base of
the rostrum forms a shallow thin-walled cup, the
alveolus, over the apex of the conus and extends
forward along the cone flag.

The proostracum consists of five longitudinal
elements: the middle plate (rachis), two latera pla
tes, and two wings (Fig. 1A). All parts of proost-
racum are separated from each other by asymptotic
lines formed by sharp bending of the gladius
growth lines: apair of median asymptotes separates
the rachis from lateral plates, a pair of lateral asym-
ptotes separates lateral plates from wings, and a
pair of marginal asymptotes separates the wings
from conus. The rachis is broad, uniformly widens
anteriorly, with a broad, blunt anterior end. The
dorsal surface of the rachis bears narrow parabolic
growth lines repeating the shape of its anterior mar-
gin. The anterior part of the rachis, the free rachis,
extends beyond the lateral plates. The free rachis
in Vampyroteuthis comprises about 25% of the gla-
dius length (GL). The lateral plates are narrow,
with concave anterior margins and densely spaced
hyperbolic growth lines. They are distinctly deline-
ated from the rachis by median asymptotic lines
but less clearly separated from the wings, as the
lateral asymptotes, delimiting lateral plates from
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FIG. 1. Gladius of Vampyroteuthis infernalis (immature female; 53 mm ML). A. Ventral view. B. Lateral view. C.
Cross-sections at different levels shown by arrows. Scale bar = 1 cm.

PUC. 1. I'mammyc Vampyroteuthis infernalis (He3penast camxa; 53 MM [IM). A. Bum ¢ BeHTpanbHOi cTopoHBL. B. Bun
cooky. C. IlomepeuHble cpe3bl Ha YpOBHSIX, YKa3aHHBIX CTpelkamu. MacmTad = 1 cM.

the wings may be indistinct in some specimens
[Pickford, 1949]. The wings are more than twice
as wide as the lateral plates, uniformly convex (vi-
ewed dorsally), and make the greatest width of
vampire gladius, approximately 31% of the GL.
The dorsal surface of the wings bears convex ob-
lique growth lines that are spaced more sparsely
then those on the lateral plates.

The cone is a wide, shallow, cup-shaped struc-
ture enclosing the posterior apex of the viscera. It
is separated from proostracum by the pair of mar-
ginal asymptotes. Junction of the conus with the
wings is marked by slight constriction of the gla-
dius that separates two almost equal maximums of
the gladius width: anterior, formed by wings, and
posterior, formed by the cone. The apical angle of
the cone is broad. No trace of a chambered phrag-
mocone exists. The ventral wall ofthe cone is short,

with shallow incision in the middle. Dorso-lateral
walls ofthe cone, or cone fields, according to Naef
[1921/1923], are long and wide. They project an-
teriorly along the proostracum and form the poste-
rior expansion ofthe gladius. The rostrum is a short,
laterally compressed, cartilage-like spine tapering
posterioly from the conus apex. Its length is about
5% of the proostracum length. The degree of rostrum
development is variable in Vampyroteuthis and it may
be absent in some specimens [Pickford, 1949].

RELATIONSHIP BETWEEN THE GLADIUS
AND THE SOFT BODY. Typically in coleoids, the
soft parts do not contact with the gladius directly
but attach to the shell sac that surrounds the gladius.
The outer side of the shell sac is formed by fibrous
tissue while its inner side is lined by shell epitheli-
um that secretes the gladius. When the shell sac is
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FIG. 2. Relationship between the shell and soft body in Vampyroteuthis infernalis (immature female; 53 mm ML). A
Ventral view, the mantle cavity is opened; the visceral organs are removed. B. Dorsal view, the skin is shown
transparent. Arrows with numbers indicate the position of corresponding cross-sections (shown on Fig. 3 and Fig.

5). Scale bars = 1 cm.

PUC. 2. BzaumooTHolIeHHE MEXIy IIaIMycOM W MSTKUM TenoM Vampyroteuthis infernalis (He3penass camka; 53 MM
JIM). A. Bun ¢ BeHTpaJbHOI CTOPOHBI; MaHTHMiiHas MOJOCTb BCKpPbITA; BUCLEpabHbIE OpraHbl yaaieHol. B. Bun c
JIOpPCAIbHOM CTOPOHBI; KOXHbIE TOKPOBBI MOKA3aHBI MPO3PauyHbIM KOHTYpoM. CTpenku ¢ IudpaMu yKa3bBalOT TON-
OXEHHMSI COOTBETCTBYIONIMX Cpe30B (MmokazaHHbIX Ha Puc. 3 m Puc. 5). Macmrad = 1 cm.

intact, it adhers to the gladius so tightly that attac-
hment of soft parts to the sac is functionally equal
to their attachment to the gladius itself.

In Vampyroteuthis the mantle muscles follow
the contour of the gladius, attaching to its margin
from ventral side (Fig. 2B). At site of mantle at-
tachment, the shell sac is reinforced by cartilagino-
us rim first mentioned by Pickford [1949]. The
head attaches to the gladius by paired cephalopo-
dium retractors (head retractors), and nuchal mus-
cles (Fig. 2B). Although the head and the mantle
in adult Vampyroteuthis are fused, the means of
fusion is unlike that of octopods. A vestigial nuchal
cartilage is present in the head just under the ante-
rior part of the free rachis. On the dorsal surface
of the head there is complex nuchal muscle sheath
including the fibers that pass from the shell sac to
the cephalic cartilage, from the shell sac to the base
of the arms and from the nuchal cartilage to the
base of the arms. The head retractors are thin she-
ets. They pass from the cephalic cartilage, make a
thin muscular envelope around the visceral sac and
attach to the anterior margins of the lateral plates.

The funnel retractors are short, ribbon-like. They
originate from the ventral posterior corners of the
funnel, extend posteriorly along the visceral sac and
attach to the anterior margins ofthe wings (Fig. 2A).
The weakly-developed stellate ganglia appear as slig-
htly enlarged knots on the pallial nerves and are si-
tuated laterally to the wide gladius at the level of its
lateral plates (Fig. 2A). The fins attach near the dorsal
side ofthe gladius, near cone fields. The fin bases are
not fixed in their position rigidly, but are anchored
by muscles (Fig. 2B). Vertical adjustment of the fins
is accomplished by fin elevator and depressor musc-
les. Elevator muscles form thin muscular sheet, over-
laying posterior axial part of the gladius, and unite
the fin bases. Depressor muscles originate from the
ventral side ofthe fin bases and run in a posteroven-
tral direction, toward the margins of cone fields. Dep-
ressor muscles apparently serve to adjust the fins po-
sition in both vertical (ventral) and longitudinal (pos-
terior) directions. Longitudinal adjustment in anterior
direction is ensured by paired anterior retractor mus-
cles radiating from the fin bases to the dorsal side
of the gladius in the area of wings.
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FIG. 3. Schematic cross-sections of the soft body of Vampyroteuthis infernalis (immature female; 60 mm ML). A.
Section 1, at the level of the funnel. B. Section 2, immediately behind the funnel. C Section 3, at the level of
attachment of the funnel retractors. Position of the sections is indicated in Fig. 2. Scale bar = 1 cm.

PUC. 3. Cpesbl msrkoro tena Vampyroteuthis infernalis (He3penast camka; 60 mm JIM). A. Cpe3 1, Ha ypoBHE BOPOHKH.
B. Cpe3 2, nozangu BopoHku. C. Cpe3 3, Ha ypoBHE NpPUKPEIUIEHUSI BOPOHOYHBIX peTpakTopoB. [lonoxeHue cpe3os
ykazaHo Ha Puc. 2. Macmrab = 1 cm.
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FIG. 4. Vampyroteuthis infernalis. Enlarged part of the section 3 (Fig. 3C) showing attachment of muscles to the

gladius margin. Scale bar = 1 mm.

PUC. 4. Vampyroteuthis infernalis. YBenuueHHbIl ¢parmMeHT cpe3a 3 (Puc. 3), mokasplBaloIIUi MPUKPEIUICHUE MYCKYJIOB

K Kpaio Tnmagmyca. Macmrab = 1 mMM.

CROSS-SECTIONS (Figs. 3-5). Functional relati-
onships between the gladius and soft body in V.
infernalis are best understood from entire cross-sec-
tions ofthe body (Fig. 3-5). Position ofthe sections
is shown by arrows in Fig. 2B. Section 1 (at the
level of funnel) illustrates the attachment of soft
parts to the free rachis (Fig. 3A). At this level the
rachis is wide, thin and nearly flat without prono-
unced ribs. It is composed of the ostracum only. The
visceral sac abuts the ventral side of the rachis, its
dorsal wall being actually fused with the shell sac.
Dorsal and lateral walls of the visceral sac are for-
med by thin head retractor muscles and collagen
fibers. The ventral wall ofthe visceral sac serves for
attachment of the funnel. At the sites of funnel at-
tachment the ventral wall is thickened but no carti-
lage is present. Two muscular folds (collar folds)
originate from lateral walls of the funnel. Upper
margins of collar folds attach to the nuchal cartilage
and the shell sac anteriorly and to the visceral sac
posteriorly. The collar folds confine a pair of spa-
cious cavities (collar pockets) on both sides of the
visceral sac. The mantle attaches to the cartilaginous
rim ofthe shell sac from the ventral side. The walls
of the mantle, funnel and the collar, each consist of
two thin muscular layers (inner and outer) separated
by a thick highly vacuolated gelatinous core.

On the section 2, behind the funnel (Fig. 3B),
the gladius is thicker, wider and slightly arched. Its
section consists of a thin axial part corresponding
to the rachis, and thickened lateral parts correspon-
ding to the lateral plates on Fig. 1C. Margins ofthe
lateral plates are encased in cartilage to which the
mantle and head retractors attach. The mantle at-
taches laterally to the margins of the lateral plates
while the head retractors attach to them from ven-
tral inner side. The head retractors form the lateral
walls of the visceral sac. The funnel retractors ap-
pear at this level as a pair of thick muscular flaps
attaching to the lateral walls of the visceral sac.

Section 3, at the level of attachment of the fun-
nel retractors (Fig. 3C), shows the gladius at the
greatest width of the wings. The lateral regions of
the gladius are thicker and wider here than in pre-
vious sections. The inner areas, corresponding to
the lateral plates, are not distinctly separated from
the outer areas, corresponding to the wings on Fig.
1C. All muscles at this level attach to the thickened
lateral margins of the wings (Fig. 4). The mantle
attaches to the dorsolateral side of the wings while
the funnel retractors attach to their ventrolateral
side. The dorsal side of the wings provides attach-
ment for loose muscular fibers. These represent the
anterior longitudinal retractors of the fins, shown
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FIG. 5. Schematic cross-sections of the soft body of Vampyroteuthis infernalis (continued from Fig 3) A Section 4
at the greatest width of the fins. B. Section 5, at the middle part of the fin bases. C. Section 6, at the posterior
parts of the fin bases. D. Section 7, through posterior part of the mantle behind the fin bases. Scale bars = 1 cm.

PUC. 5. Cpesbl Mmsirkoro Ttena Vampyroteuthis infernalis (nponomxenue Puc. 3). A. Cpe3 4, Ha ypoBHe HauOosbLIel
mMpuHbBl TaBHUKOB. B. Cpe3 5, B cpenneit yactm ocHoBaHMil TuaBHMKOB. C. Cpe3 6, B 3aqHEil 4acTW OCHOBAaHUS
miaBHukoB. D. Cpe3 7, B 3agHell 4acTM MaHTUM MMO3adyd OCHOBaHWI IJIaBHUMKOB. Macmitab = 1 cM.
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also in Fig. 2B. At the site of muscular attachment,
the shell sac is reinforced by cartilage which is
thicker on the lateral side of the gladius than on its
dorsal side. Inner structure of the visceral sac is not
shown on this and the following sections due to its
poor preservation in sectioned specimen.

At the level of the fins, the gladius provides
indirect support for the fin bases and mantle (Fig.
5A). The gladius here is strongly arched and two-
layered: the hypostracum appears on ventral side
of the shell, increasing its thickness in axial region.
In this section the thin marginal parts of the gladius
correspond to the cone fields; the thickened lateral
parts correspond to the wings fused with the lateral
plates, and sharp change in thickness between them
marks marginal asymptote. The ventral sides of the
cone fields serve for attachment of the mantle. The
fin bases lie on the dorsal side of the wings and
cone fields. Sharp bends separate the base from the
rest of the fin. Each base consists of two layers,
approximately equal in thickness: a ventral cartila-
ginous layer, near the gladius, and a dorsal muscu-
lar layer. Elevator muscles connect the inner mar-
gins of the fin bases and overlay the dorsal surface
of the gladius. Depressor muscles start originate on
the ventral side of the fin bases and adhere to the
margins of cone fields. Additional fixation is ac-
complished by bundles of connective-tissue fibers
that bind the fin bases with lateral mantle walls. A
pair of epithelial sacs (basal pockets), which may
represent separated portions of the shell sac, are
situated between the fin bases and the gladius. The
sac walls presumably provide gliding surfaces du-
ring movement of the fins. According to Bandel
and Boletzky [1979], basal pockets develop during
embryogenesis as a differentiation of the secondary
shell sac epithelium. At the level of greatest fin
width the basal pockets occupy only part of the
space between the gladius and fins bases, the rest
is filled by highly vacuolated connective tissue.

At the level of posterior part of the fin bases
epithelial basal pockets merge into one large basal
sac spreading over the whole dorsal surface of the
gladius (Fig. 5B). The posterior region of the fin
bases are roughly triangular in cross-section, with
cartilaginous ventral and muscular dorsal compo-
nents. They occupy shallow concavities on the dor-
sa side of the cone fields and are held in position
by elevator and depressor muscles. The elevator
muscles attach to the muscular dorsal side of the
fin bases while depressor muscles attach to their
lateral side. Highly vacuolated connective tissue
fills the space between the fin bases. The gladius
is thicker where the hypostracum extends to the
margins of the cone flags. The mantle attaches to
ventral side of cone flags.

In the posterior part of the body, the gladius is
arch-shaped, occupying dorsal half of the body cir-

cumference (Fig. 5C). The mantle attaches to the
gladius ventrally, along the margins of the cone
fields. The fins bases here are fla and wide and
consist entirely of vacuolated cartilage. Basal poc-
kets are absent. Elevator muscles are separated
from one another in the axial region over the gla
dius. Depressor muscles connect the lateral sides
of the fin bases with the outer margins of the cone
fields. Depressor muscles spread posteriorly almost
to the end of the gladius (Fig. 5D) and apparently
act also as posterior longitudina retractors of the
fins. Posterior apex of the body is cupped by anot-
her muscle that is missing on my sections but was
described in details by Young [1964]. According
to Young, this muscle forms a cone of very delicate
circular muscle fibers and covers the apex of the
body except for a smal pore a the most posterior
point. The anterior edge of this muscle attaches to
the border of the conus ventraly and the shell sac
dorsal ly.

COMMENTS. Attachment of fins to the gladius in
Vampyroteuthis is different from the one reported
earlier. Pickford [1940, p. 176] wrote that in Vam-
pyroteuthis "the fins rest directly on the shell sac
whose wall is thickened to form what appear to be
cartilaginous support." Apparently Pickford missed
the basal pockets, which are difficult to see on gross
anatomical preparations, but are clearly apparent on
the cross-sections. Our data show that articulation
of fins with the shell and mantle in Vampyroteuthis
follows the same basic coleoid pattern described
earlier in teuthids [Naef, 1921/1923: fig. 66] and
sepiids [Naef, 1921/1923: fig. 290]. It is especially
close to condition found in some oegopsid families,
for example, Enoploteuthidae, where the gladius
occupies superficial position and the fins bases rest
on its dorsal side, separated from the shell sac by
basal pockets [Naef, 1921/1923: fig. 66a].
Reported here for the first time, in addition to the
more complete description of the muscular attach-
ment to the gladius, are the presence and description
of the three layers of the shell, the presence of the
lateral plates of the gladius and their asymptotes, the
three-dimensional shape of the gladius, the ventra
incision of the conus, the presence of a basal pockets.

Order Octopoda Leach, 1818
Suborder Cirrata Grimpe, 1916
Family Opisthoteuthidae Verrill, 1896

Opisthoteuthis californiana Berry, 1949

GENERAL REMARK. Different terms are used in
cephalopod literature for the shell of cirrate octo-
pods: dorsal cartilage [Hoyle, 1886; ljima, Ikeda,
1895]; internal shell [Appellof, 1899]; shell vestige
[Naef, 1921/1923; Robson, 1932]; gladius [Nesis,
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1982/1987] or fin support [Aldred ef al, 1983]. 1
prefer to use 'gladius' to emphasize its origin from
elongate internal shell of the early coleoids.

HABITS AND HABITAT. Opisthoteuthis califor-
niana, or Califomian flapjack devilfish, is a bentho-
pelagic cirrate octopod inhabiting near-bottom wa-
ters of the outer shelf and continental slope (from
125 m to 1100 m) in the North Pacific, from the
Bering Sea to the Sea of Okhotsk to off central
Honshu in the northwestern Pacific and to off sout-
hern California in the northeastern Pacific [Nesis,
1982/1987; Vecchione et al, 2003]. Swimming
mode and behaviour of flapjack devilfishes were
observed from a manned submersible in O. califor-
niana [Alexeev ef al, 1989], and in similar species,
O. agassizi, [Vecchione, Roper, 1991]. Observati-
ons showed that Opisthoteuthis swims mainly by
contraction of the arm-web complex added by fre-
quent fin strokes (2-3 fin strokes per every web
contraction). During swimming the posterior apex
of the mantle is oriented obliquely upward toward
the direction of the swimming, and the octopod
performs gentle thrusts by its arm-web complex,
moving along a sinusoidal trajectory.

GLADIUS MORPHOLOGY. The gladius of Opis-
thoteuthis is a thick cartilage-like, broadly U-shaped
structure laying transversally on the dorsal surface
of the mantle (Fig. 6). Its width is much greater than
its length. The gladius consists of a medial transver-
se part (saddle) and enlarged, thickened, lateral
parts (wings). The wings terminate in pointed flex-
ible lateral horns that protrude from ventral region
ofthe wings in an anteroventral direction. Morpho-
logical parts of the gladius are not distinctly sepa-
rated from one another. Asymptotic growth lines are
absent. The saddle is rather thin, rounded in cross-
section, with deep groove on the dorsal side. Low
ribs are sometimes present on the dorsal convex side
of the saddle and extend onto the lateral wings.
Lateral wings are thicker and wider than the saddle.
The outer sides of the wings are slightly concave;
the inner sides are convex, strengthened by the low
keels. The outer, concave sides of the wings are not
parallel to one another but diverge toward the tips.
The width ofthe gladius, measured between the tips
of the horns, is 70-80 % of ML. The height of the
gladius is about 33 %, and the anterior-posterior
dimension of the saddle is 6-15 %. During growth
the gladius becomes relatively thicker, its lateral
horns become shorter, and the dorsal groove in the
saddle becomes nearly flat.

MICROSTRUCTURE OF THE GLADIUS. At the
midline of the gladius, cross-section is U-shaped,
with the concave dorsal side corresponding to the
dorsal groove (Fig. 6D). Numerous regular concen-
tric increments of cartilage-like substance are seen
in the sections. Each increment consists of a wide

glass-like translucent zone and a peripheral narrow
opaque zone. The center of growth (initial shell) is
situated in the lower part of the section. It is a small
flat body, 580-620 urn in width, 24-30 um in height,
and composed of an amorphous substance without any
trace of growth increments. The initial shell is surro-
unded by a postnuclear zone (890-900 pm in width;
290-310 pm in height) separated from the outer zone
by prominent line or first check (Fig. 6F). From 12
to 19 faint uniform increments were observed wit-
hin postnuclear zone, each with a maximum width
15-20 urn. Beyond the postnuclear zone the incre-
ments become more distinct and their width gradu-
ally increases toward periphery up to 25-30 pm. In
the outer zone the increments were clearly grouped
into second-order cycles, from 7 to 25 increments
in one cycle. The outline ofthe growth increments
presumably repeats the shape of the gladius at ear-
lier stages of its development. The microstructure
of the gladius of Opisthoteuthis is very similar in
the width and consistency of increments and in the
second-order cycles to that of the inner shell layer,
the hypostracum, in the gladius of recent squids
[Arkhipkin, Bizikov, 1991]. In contrast to squids,
however, the increments in the gladius of Opistho-
teutis are continuous and each increment makes a
closed envelop around the shell.

SOFT BODY MORPHOLOGY AND ITS RELA-
TIONSHIP WITH THE GLADIUS. The cephalo-
podian Bauplan is difficult to recognize in the pan-
cake-shaped body of adult Opisthoteuthis (Fig. 7A),
but the young stages retain more features of the
general cephalopod organization. During the cruise
aboard the F/V 'Tenyu-Maru Ne 78" in July, 1998,
one specimen of Opisthoteuthis (immature female,
19 mm ML) was retrieved alive (trawl Ne 1), and
observed and pictured in a shipboard aquarium. The
main means of locomotions was swimming by me-
dusoid contraction ofthe arm-web complex alterna-
ting periodically with short periods of fin-swim-
ming. Similar behavior has been described for opis-
thoteuthids previously [Pereyra, 1965; Vecchione,
Roper, 1991; Vecchione, Young, 1997; Villanueva,
2000; Hunt, 1999]. In producing the medusoid stro-
ke, the animal brought the arms and web together,
acquiring the position in which its cephalopodian
plane of structure became apparent (Fig. 7B). The
body of young Opisthoteuthis consists mainly of
long arms united almost completely by a thick web.
The head is small, confluent with the arms. The
mantle has a shape of small conical cup on the
posterior part of the body. Its length comprises 23-
25% of the total length. On the dorsal side, the
mantle is fused with the head. On the ventral side it
forms small mantle aperture closely surrounding the
funnel. The fins are relatively small, oar-shaped and
set obliquely on the lateral sides ofthe mantle in its
anterior part. The gladius lies obliquely in the man-
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FIG. 6. Gladius of Opisthoteuthis californiana. A. Anterior view (dorsal side is up). B. Lateral view (anterior side is
on the left). C. Dorsal view (posterior side is up). Bold arrows indicate the planes of the cross-section shown in
D-F. D. Cross-section 1, through the middle part of the gladius (dorsal side is up; anterior side is on the left).
E. Cross-section 2, through the middle part of the lateral wing (dorsal side is up; anterior side is on the right).
F. Enlarged fragment of figure 'D' (section 1), showing initial shell and postnuclear zone. A-C: scale bar = 1 cm;
D-F: scale bar = | mm.

PUC 6. 'maguyc Opisthoteuthis californiana. A. Bun cniepenu (mopcaibHasi CTOpoHa HaBepxy). B. Bua cGoky (mepemHsis
ctopoHa cieBa). C. Bua ¢ nmopcajibHOI CTOpOHBI (3amHsisi cTopoHa HaBepxy). CTpesiku yKasbIBalOT TOJOXEHHE CPEe3OB,
nokazaHHbIX Ha Bumax D-F. D. Cpe3 1, carurrajpHbI cpe3 B CpeaHell YacTH IJamdyca (IopcajibHasi CTOpOHA HaBEpXY;
nepenHsisi ctopoHa ciesa). E. Cpe3 2, B cpenHeil yacTu JiaTepajlbHOTO Kpbula (IopcajibHasi CTOPOHA CBEpXY; MepemHsist
cropoHa cmpapa). F. YBenuuennsiii ¢pparment Buma 'D' (Cpesa 1), mokasbIBaloIlIuii 3apoAbliieByio (?) pakoOBHHY M
rnocTHyKJIeapHyw 30Hy. A-C: macmradb = 1 cm; D-F: macmrad = 1 Mm.
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FIG. 7. Opisthoteuthis californiana. A. Dorsal view of a mature male; 49 mm DML. B. Lateral view of a swimming

immature female; 19
Figures 8 and 9). Scale bar = 1 cm.

mm DML. Arrows with numbers indicate the planes of corresponding cross-sections (see

PUC. 7. Opisthoteuthis californiana. A. 3penbiii camenr (49 mm JIM); BuI co CMHHOI cTOpoHBI. B. IlmbIBymiast He3penast

camka (19 mm IM)
Ha Puc. 8§ u 9). Macmrad = 1 cm.

tie: its medial bridge is situated close to the apex
while the lateral wings envelope the mantle like a
horse-shoe with the lateral wings underlying the fins
bases.

In adult Opisthoteuthis the very thick gelatinous
integument disguises the outline of the body and
makes it appear flat. The anterior dorsal margin of
the mantle, which is tongue-shaped, almost reaches
the bridge between eyes (Fig. 7A). The mantle is
connected with the head by a pair of nuchal mus-
cles running from its anterior dorsal mantle margin
toward the arm bases.

TOTAL CROSS-SECTIONS. The section in sagit-
tal plane (Fig. 8A,B) shows that adult Opisthoteut-
his is flattened against its widely spread arms. Its
mantle and viscera are reduced to a low hump above
the arms and web. The muscular mantle is attached
around the whole gladius but does not overgrow it
(Fig. 7). The gladius divides the mantle dorsal (ap-
pearing anterior in the spread position) and ventral
(appearing posterior in the spread position) parts.
The long, tube-like funnel is turned 90° backward
and fuses with the bases of arms IV along 2/3 ofits
length. The dorsally-positioned fins average 77 %

; BuL cOoky. CTpenku ¢ LubpaMu yKasblBalOT TOJOXEHHE COOTBETCTBYIOIIMX Cpe30B (ITOKA3aHBI

ML in length, and about two times the ML in their
span. The head consists mainly of two large eyes.
The brain is foreshortened and compressed between
the arms bases and the digestive gland. Cephalic and
ocular cartilages are absent. The head retractors lack
muscles and are reduced to a film-like, collagen
envelope of the visceral sac; they attaching to the
dorsal and ventral margins of the gladius wings.
The posterior mantle wall is very thick. It con-
sists of outer and inner muscular layers separated
by thick gelatinous, highly vacuolated tissue. The
posterior mantle wall attaches to the gladius along
the dorsal groove of the saddle and the posterior
sides of the wings. The anterior mantle wall, in
contrast, is very thin, without distinct axial vacuo-
lated tissue. It covers the dorsal side of the visceral
sac and attaches to the anterior side of the gladius,
merging with the posterior mantle beyond the tips
of the horns. As a result, in the region between the
fin bases the anterior and posterior mantles are se-
parated from one another by the gladius. The vis-
ceral sac is large and occupies most of the visceral
mass. The dorsal mantle cavity is a narrow slit be-
tween the anterior mantle wall and the digestive
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FIG. 8. General anatomy of Opisthoteuthis californiana. A. Lateral view of a maturing male (47 mm DML) after
removal of the skin, arms, mantle wall and the gill from the left side. B. Sections 1, in median sagittal plane
(maturing male; 49 mm DML). C Section 2; transversal section at the greatest fins width (immature female; 43
mm DML). The position of the sections is indicated on Figure 7. Scale bar = 1 cm.

PUC 8. Crpoenue Opisthoteuthis californiana. A. Bum cboky (co3peBatonuit camer; 47 mm [M); c JieBoil CTOpOHBI
yIoaJeHbl KOXHbIE MOKPOBBI, PYKHM, CTeHKa MaHTUHU U Xabpa. B. Cpe3 1; caruTTajbHBI Cpe3 B MeOUAIbHON IJIOCKOCTH
(cospeBatomias camka; 49 mm JIM). C. Cpe3 2; momepeuHblif cpe3 Ha YpOBHE HAMOOJbIIEH IIMPUHBI TIABHUKOB
(cospeBaroniass camka; 43 MM JIM). IlonoxeHue cpe3oB moka3aHo Ha Puc. 7. Macmrab = 1 cwm.
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FIG. 9. Relationship of the gladius with the soft body in Opisthoteuthis californiana. A. Fragment of the median
sagittal preparation, illustrating attachment of the mantle and funnel to the gladius (visceral organs and the left
funnel retractor are cut away; only right part of the gladius is shown). B. Fragment of transverse section at the
level of attachment of funnel retractors to the lateral horns of the gladius. C Fragment of transverse section at
the level of the greatest fins width (section 2; Fig. 8C). Scale bar = 1 cm.

PUC. 9. BzaumooTHolleHUE TIjamdyca W MsrKoro teina y  Opisthoteuthis  californiana. A. ®parMeHT CarMTTaJbBHOTO
rperapara, IMOKa3bIBalOIIUi TMPUKpPEIUIEHEe MAaHTUM WM BOPOHKM K Tamuycy (BUCLepaibHble OpPraHbl M JIEBbIA BOpPO-
HOYHBI PETPaKTOp yHajeHbl, TOKa3aHa TOJBbKO IpaBas IMOJOBMHA Tiamuyca). B. dparMeHT IMOIEpPEeYHOro cpesa Ha
YPOBHE KpEIUIEHHsS] BOPOHOYHBIX DPETPAKTOPOB K JaTepalbHbIM poram miamuyca. C. PparMeHT MOIMEpeyHOro cpesa

Ha ypoBHe HauOosbliell wupuHbl iaBHUKoB (Cpe3 2; Puc. 8C). Macmrad = 1 cwm.

gland. The ventral mantle cavity is reduced to a
small space between the visceral sac and the pos-
terior mantle wall. The medium mantle septum is
very thin. The funnel retractors are short and wide
(Fig. 8). They originate from the inner wall of the
funnel, pass along the visceral sac and attach to the
lateral horns of the gladius (Fig. 9A).

The frontal section (Fig. 8C, 9C) illustrates the
structure of the fins and their relationship with the
gladius. Each fin, in this section, consists of two
muscular layers (dorsal and ventral) separated by

axial cartilage. The fin cartilage is a flexible sup-
porting structure, thick and wide basally, gradually
tapering distally. The basal part of the fin cartilage
is separated from the rest ofthe cartilage as a more
dense and stiff basal cartilage, triangular in cross-
section. Apex of basal cartilage is inserted into the
fin cartilage, while its base adheres tightly to the
shell sac covering flat outer surface of lateral wings
of the gladius (Fig. 9,C). Basal pockets are absent.
Elevator and depressor muscles are thin and weakly
developed. They originate on both sides of the fin
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base and attach to the mantle above and below the
gladius. The function ofthese muscles is apparently
to adjust position of the fins which otherwise is
limited due to the absence of basal pockets and
tight fusion of fin basal cartilage to the shell sac.
The mantle attaches to lateral wings of the gladius
from their sides, and the digestive gland adjoins it
from the inner side.

COMMENTS. Position of the gladius in Opisthote-
uthis demonstrates its role as a supporting structure.
The solid attachment of the fins to the shell is uni-
que to the cirrates (with the possible exception of
the paralarval fin of Vampyroteuthis) and is, appa-
rently, needed for their flapping, bird-like strokes
that differ from the undulatory fin motion seen in
many decapodiforms and the more complex fin mo-
vement in Vampyroteuthis.

Grimpoteuthididae O'Shea, 1999

Grimpoteuthis umbellata (Fisher, 1883)

HABITS AND HABITAT. Most species of the
genus Grimpoteuthis are poorly known. They inha-
bit bottom and near-bottom waters of bathyal and
abyssal zones of all oceans and mostly occur at
depths below 1000 m [Nesis, 1982/1987]. G. um-
bellata is known from the tropical to temporal North
Atlantic and the Caribbean Sea [Nesis, 1982/1987].
Direct underwater observations show that although
Grimpoteuthis, like Opisthoteuthis, is closely asso-
ciated with the bottom, the former is a much better
swimmer than the latter [Villanueva ef al, 1997;
Vecchione, Young, 1997; Vecchione ef al., 1998].
Fin swimming appears to be the dominant mode of
locomotion in Grimpoteuthis, which is occasionally
assisted by medusoid contraction of the arm/web
complex [Vecchione, Young, 1997].

GLADIUS MORPHOLOGY. The gladius of Grim-
poteuthis is thick, stout and deeply U-shaped (Fig.
10). Its width is slightly less than its length. The
saddle is thick, short, somewhat compressed lateral-
ly. Dorsal (outer) side of the saddle is nearly flat;
dorsal groove absent. Lateral wings long, laterally
compressed, terminate in two lobes with small in-
distinct horns on ventral side. Outer flattened sides
of the wings are nearly parallel to one another.

MICROSTRUCTURE OF THE GLADIUS in
Grimpoteuthis is essentially the same as in Opistho-
teuthis.

EXTERNAL MORPHOLOGY. Soft body of Grim-
poteuthis umbellata (Fig. 11) has the same gelati-
nous consistency as in Opisthoteuthis but its form
more closely resembles the typical cephalopod Ba-

A svcll B

FIG. 10. Gladius of Grimpoteuthis umbellata (immature
female; 46 mm DML). A. Anterior view (dorsal side
down); B. Lateral view (anterior side right). Scale
bar = 1 cm.

PUC. 10. Tmamuyc Grimpoteuthis umbellata (He3penas
camka; 46 mm [IM). A. Bunm crepenu (mopcaibHast
cropoHa BHM3Y); B. Bum cOoky (mepemHsis CTOpoHa
crnpaBa). Macmrtad = 1 cMm.

uplan. The mantle is bell-shaped, wide and conflu-
ent with the head. Its length averages 36% of the
total length. The mantle cavity opening is reduced
to a narrow slit around the ventral surface of the
funnel. The funnel projects anteriorly from the man-
tle. The fins are large, oar-shaped, with small lobes
at their anterior bases. They are set obliquely (slig-
htly inclined anteriorly) on the lateral sides of the
mantle in its anterior half. The fin length is 71-75%
ML and the fin width is about 45% ML. The fin
span is 1.8-2.0 times greater than the mantle length.
The long arms (ca. two times the ML) are imbedded
in the web except for short distal ends. The web
between the arms in Grimpoteuthis is thinner than
in adult Opisthoteuthis, enabling a more fusiform
shape during fin swimming [Villanueva et al,
1997]. The gladius occupies subterminal position on
the dorsal side of the mantle, its saddle is visible
through translucent skin between and posterior to
the fins (Fig. 1 IB), while the wings project antero-
ventally along lateral sides of the mantle.

TOTAL CROSS-SECTIONS (Figs. 12,13). Mantle
wall of Grimpoteuthis is thicker, more muscular and
less gelatinous than in Opisthoteuthis. The relative-
ly thick, muscular anterior margin of the mantle
gradually becomes thinner posteriorly. The thick-
ness of the mantle wall is approximately uniform
around its circumference. The muscular mantle is
attached around the whole gladius but does not
overgrow it (Fig. 13A-C). Contrary to the descrip-
tions by Vecchione and Young [1997], the posterior
end of the gladius in Grimpoteuthis does not coin-
cide with the posterior end ofthe mantle, but occu-
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A

B

FIG. 11. Grimpoteuthis umbellata (immature female; 499 mm DML). A. Ventral view. B. Dorsal view. Arrows with
numbers indicate the position of corresponding cross-sections shown in Fig. 12 and 13. Scale bar = 1 cm.

FIG. 11. Grimpoteuthis umbellata (ne3penas camka; 49 MM JIM). A. Bun ¢ BeHTtpanbHo#i cropoHsl. B. Bum ¢ mopcanbHoit
cTopoHbl. CTpenku ¢ LudpaMu yKa3blBalOT TOJOXEHUWE COOTBETCTBYIOIIMX CpE30B, MOKazaHHbIX Ha Puc. 12 m 13.

MacmTad = 1 cMm.

pies a subterminal position as in all octopods. The
posterior extension of the thinning mantle surrounds
a gelatinous core (Fig. 13D). The dorsal mantle
cavity extends from the nuchal region to the level
of anterior margins of the gladius wings. At the
level of the funnel, the dorsal mantle cavity encirc-
les the visceral sac for about 2/3 of its circumference
(Fig. 12A). The ventral mantle cavity extends poste-
riorly to the level of saddle ofthe gladius (Fig. 14C).

The visceral sac is spacious and dominated an-
teriorly by the large digestive gland (Fig. 12). At
the level of stellate ganglia, the visceral sac is bro-
adly fused with the lateral mantle walls (Fig. 13C).
In the middle of the mantle cavity, thick mantle
septum containing the mantle adductor muscle is
present (Fig. 13A). Posteriorly the sac is fused with
the mantle and the shell sac (Fig. 13B). Between
funnel and stellate ganglia, the visceral sac is sus-
pended in the mantle cavity (Fig. 12B).

Structure of funnel is shown on the section 1
(Fig. 12A). Lateral walls ofthe funnel are thick and
relatively muscular. Their inner parts attach to the
visceral sac while the outer parts continue into thin
collar folds and attach to the lateral walls of the
mantle. At the sites of attachment of the funnel to

the visceral sac, the funnel also fuses with the man-
tle forming the collar fusion. The ventral wall of
the funnel is thin and less muscular. It joins with
the lateral walls along the sides of the funnel. The
cross-section shows the presence of a distinct jun-
ction formed by muscular fibers of different orien-
tation between the ventral and lateral walls of the
funnel. The dorsal wall of the funnel is lined with
the thin muscular extension of ventral median man-
tle adductor.

The short, ribbon-like funnel retractors extend
along ventral side ofthe visceral sac (Fig. 12B) and
attach to lateral mantle walls at the level of stellate
ganglia (Fig. 12C). Head retractors form the thin,
muscular envelope ofthe visceral sac (Fig. 12A-C)
and attach medially to the dorsal, ventral and ante-
rior margins of the gladius wings (Fig. 13A).

The structure of fins is similar with that of Opis-
thoteuthis (Fig. 14). The basal fin cartilage is thick,
but, unlike the cartilage in Opisthoteuthis, it is not
clearly differentiated from the axial cartilage. The
axial cartilage is thinner than in Opisthoteuthis. Wi-
dened base of the fin cartilage tightly adheres to
the shell sac along outer flat sides of gladius wings
(Fig. 13B). Epithelial basal pockets are absent.
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FIG. 12. Schematic cross-sections of Grimpoteuthis umbellata soft body (immature female; 49 mm ML). A. Section
I, at the level of the funnel. B. Section 2, immediately behind the funnel. C Section 3, at the level stellar ganglia.
The position of the sections is indicated in Fig. 11. Scale bar = 1 cm.

PUC. 12. Cpessl msrkoro tena Grimpoteuthis umbellata (He3penas camka; 49 mm IM). A. Cpe3 1, Ha ypoBHE BOPOHKH.
B. Cpe3 2, nozagu BopoHku. C. Cpe3 3, Ha ypoBHE 3Be3qyaTbiX raHriaueB. IlojoxeHue cpe3oB MoKazaHO Ha Puc.
II. Macmrad = 1 cwm.
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FIG. 13. Schematic cross-sections of Grimpoteuthis umbellata soft body (same specimen as in Fig. 12). A. Section 4,
at the level of anterior margins of the gladius. B. Section 5, at the level of the greatest fins width. C Section 6,
behind the fins. D. Section 7. in the posterior part of the mantle. The position of the sections is indicated in Fig.
11. Scale bar = 1 cm.

PUC. 13. Cpessl msirkoro Tena Grimpoteuthis umbellata (3x3emrutsip Tot ke, uro Ha Puc. 12). A. Cpe3 4, Ha ypoBHe
nepeaHux KpaeB mmaamyca. B. Cpe3 5, Ha ypoBHe HauOGoJjbliei mupuHbl iaBHMKOB. C. Cpe3 6, mo3aau IJIaBHUKOB.
D. Cpe3 7, BOMm3u 3amHero armekca MaHTUM. [lojioXeHWe cpe3oB ykazaHo Ha Puc. 11. Macmrab = 1 cm.
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FIG. 14. Grimpoteuthis umbellata; section through the long axis of fin at the level of its greatest width. Scale bar =

1 cm.

PUC. 14. Grimpoteuthis umbellata; cpe3 BIOJIb TPONOJBbHOW OCU IUIABHMKA Ha YPOBHE €ro HaWOOJbIIEH IITUPUHBI.

Macmtab = 1 cMm.

Muscles monitoring position of the fins on the man-
tle are weakly developed. Elevator and depressor
muscles consist of dispersed muscular bundles ori-
ginating on the fin base and attaching to the mantle
above and below the fins (Fig. 14). Anterior retrac-
tors spread along the mantle from the fin bases to
the level of the posterior end of the funnel (Fig.
12B,C). The muscular layers in the fins of Grim-
poteuthis are morphologically differentiated into
proximal and distal parts with different orientations
of the muscle fibers (Fig. 14). In the proximal part,
the dorsal and ventral muscular layers are compo-
sed predominantly of longitudinal fibers (parallel
to the long axis of the fin) and to a lesser extend
by oblique fibers. In the distal part of the fin, mus-
cular layers consist mainly of transverse fibers ori-
ented perpendicular to the fin surface.

COMMENTS. The gladius in Grimpoteuthis is
thicker and bulkier than in Opisthoteuthis; its dorsal
surface ofthe saddle is nearly flat; the lateral wings
are relatively longer and laterally compressed; the
lateral horns short and indistinct. The differences in
gladius morphology reflect the differences in loco-
motion between the two species. The fins in Grim-
poteuthis are much larger than in Opisthoteuthis.
The fin bases in Grimpoteuthis are closer to one
another than in Opisthoteuthis, and this is reflected
in the shorter saddle of the former. The surfaces of
the fin bases are greater in Grimpoteuthis, which
corresponds to the larger outer surfaces of the lateral
wings. The larger fins, presumably, are responsible

for the thicker and stouter gladius. The weak deve-
lopment of the lateral horns in the gladius of Grim-
poteuthis correlates with the weak funnel retractors,
which do not attach to the gladius but to the mantle
wall. Unlike the saddle groove of Opisthoteuthis,
the gladius of Grimpoteuthis has no special adapta-
tions for the attachment of the mantle muscles.

Cirroteuthidae Keferstein, 1866

Cirroteuthis muelleri Eschricht, 1836

HABITS AND HABITAT. Cirroteuthis muelleri is
a benthopelagic cirrate octopod usually found in
association with the ocean floor at great depth in the
North Atlantic, Arctic Ocean [Nesis, 1982/1987],
North Pacific [Guerra ef al, 1998] and off New
Zealand [O'Shea, 1999]. In the North Atlantic it
occurs at depth between 700 and 4854 m with the
peak abundance at 3000-3500 m [Collins et al,
2001]. Species of Cirroteuthis are the largest repre-
sentatives of Cirrata reaching up to 1.5 m in length
[Nesis, 1982/1987]. They are often found in deep
water swimming or drifting near the ocean floor
[Vecchione, Young, 2003a].

GLADIUS MORPHOLOGY. The gladius is a mas-
sive, translucent structure with a short, thick medial
saddle and broad lateral wings (Fig. 15). The saddle
has a wide ventral base and a narrow, dorsal longi-
tudinal ridge. The wings are expanded both anteri-
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FIG. 15. Gladius of Cirroteuthis muelleri (maturing female; 128 mm ML). A. Dorsal view (anterior side is up). B.
Lateral view (anterior side is on the left; dorsal side is up). C. Posterior view (dorsal side is up). Scale bar = 1

cm.

PUC. 15. Tnamuyc Cirroteuthis muelleri (co3peparomas camka; 128 mm [IM). A. Bum ¢ mopcanbHO# CTOpOHBI (IepeqHMit
KoHell cBepxy). B. Bum cOoky (mepemnmii KoHell cieBa; mopcaibHas ctopoHa cBepxy). C. Bum czamm (mopcambHast

CTOpoHa cBepxy). MacmTad = 1 cm.

orly and posteriorly. They are situated very close to
one another and their ventrolateral margins are al-
most parallel. The anterior and posterior edges of
the wings are bluntly rounded, and the wings are
almost elliptical in lateral view. Lateral surface of
each wing is slightly concave sloping downwards at
an angle of approximately 60°.

MICROSTRUCTURE OF THE GLADIUS.
Cross-section through the central part ofthe gladius
is V-shaped, resembling the cross-sections of some
teuthid gladii [Bizikov, 1996: Fig. 18C]. Center of
growth is situated in the middle of the saddle. The
growth increments are wide, united into second-
order cycles. Microstructure ofthe gladius is similar
to that of Opisthoteuthis.

EXTERNAL MORPHOLOGY. The body is gelati-
nous, very fragile, with short sac-shaped mantle and
long arms (about twice the mantle length) embed-
ded into a deep web except for the short distal ends
(Fig. 16). The head is approximately the same width
as the mantle, with small inconspicuous eyes. The
mantle length comprises about 1/3 TL. Mantle aper-
ture is reduced to narrow semicircular slit around
the funnel. The fins are large, oar-shaped and set
very close to one another on the dorsal side in the
middle part of the mantle. Fin length is approxima-
tely equal to the mantle length, and the fin span is
1.9-2.0 times the mantle length. The anterior blade
of each fin has a small lobe at the base. Long axes
of fins are not parallel to each other but tilted ante-
riorly forming an angle about 135° between them.
The funnel projects anteriorly from the mantle. It is
long, tube-like and fused with the head on its dorsal

side. The gladius occupies a subterminal position on
the dorsal side of the mantle. The mantle bulges
posterior to the gladius forming a dome-shaped
apex. The axial part of the saddle and the dorsal
margins of the wings can be seen through the gela-
tinous flesh on the dorsal side (Fig. 16B).

TOTAL CROSS-SECTIONS. The most striking fe-
ature about Cirroteuthis anatomy is the lateral fusi-
on of its visceral sac with the mantle walls resulting
in considerable decrease in size of the mantle cavity
(Figs. 17B,C; 18A). This fusion starts at the level
near the collar folds (Fig. 17B) and proceeds to the
level ofthe gladius (Fig. 18A). The mantle in Cir-
roteuthis is rather thick anteriorly and gradually be-
comes thinner posteriorly. Part of the head extends
into the body, so that its nuchal part, including sta-
tocysts, is covered by dorsal mantle wall (Fig. 17A).
The mantle attaches to the gladius along the margins
of the wings. The fin bases attach to the outer sides
of the wings. On the dorsal side of the mantle,
anterior and posterior parts of the mantle are fused
over the dorsal ridge ofthe gladius (Fig. 18C). The
thickness of mantle wall is approximately equal aro-
und its circumference except posterior to the gladius
where the dorsal mantle wall is about two times
thicker than the ventral wall (Fig. 18D). Subcuta-
neous gelatinous layer is about the same thickness
as in Grimpoteuthis.

The funnel consists of a single muscular layer.
Junctions of muscular layers between ventral and
lateral walls are absent. The anterior part of the
funnel is supported by paired funnel adductor mus-
cles that pass from head retractors toward dorso-la-
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FIG. 16. Cirroteuthis muelleri (immature female; 65 mm DML). A. Ventral view. B. Dorsal view. Arrows with numbers
indicate the planes of corresponding cross-sections (shown in Figures 17 and 18). Scale bar = 1 cm.

PUC. 16. Cirroteuthis muelleri (He3penast camka;, 65 mM JIM). A. Bum ¢ BeHTpaibHOU cTopoHBL. B. Bum ¢ mopcambHOit
ctopoHbl. CTpenku ¢ mudpamy yKas3blBalOT TOJNOXEHWE COOTBETCTBYIOLIMX CPe30B, TMOKa3aHHBIX Ha Puc. 17 u 18.

Macmrtab = 1 cm.

teral walls of the funnel (Fig. 17A). Funnel orifice
is extremely narrow and somewhat unusual in
cross-section. In its anterior part a pair of coiled
flaps (funnel organ?) protrudes inside the canal
from the lateral walls (Fig. 17A). In the posterior
part of funnel the flaps disappear, and funnel canal
becomes triangular in cross-section (Fig. 17B).
Collar folds are reduced to thin muscular strips ori-
ginating from the ventrolateral sides of the funnel
and attaching to the lateral walls ofthe mantle (Fig.
17B). Attachment sites of collar folds to the funnel
are marked by junctions formed by muscular fibers
with differing orientations. The funnel retractors
are short and wide. They originate from posterior
ventral corners ofthe funnel, follow the ventral side
of the visceral sac and attach to lateral walls of the
mantle at the level of stellate ganglia (Fig. 18A).
At site of attachment the mantle walls are thicke-
ned. In their middle part the funnel retractors are
muscular flaps hanging from the ventral wall ofthe
visceral sac into the mantle cavity (Fig. 17C). The

head retractors are thin, weak muscles. They form
an envelope around visceral sac (Fig. 17B,C) and
attach from inside to dorsal, ventral and anterior
margins of gladius wings (Fig. 18B).

Mantle cavity is very small. The dorsal mantle
cavity is a narrow slit in nuchal region (Fig.
17B,C). The short, thick saddle has shifted visceral
organs ventro-anteriorly. Posterior part of ventral
mantle cavity has a shape of narrow dorso-laterally
squeezed tube. In contrast to Grimpoteuthis, ventral
mantle cavity extends posteriorly beyond the gla-
dius (Fig. 18D).

At the level of greatest fin width the V-shaped
gladius is extremely thick and provides a rigid sup-
port for the fins (Fig. 18C). The fins in Cirroteuthis
are larger than in Grimpoteuthis and Opisthoteut-
his. A thick axial fin cartilage forms the core of
each fin. The basal part of the fin cartilage is greatly
expanded into wide flat base that adheres tightly to
the shell sac along the flat outer sides of the wings
(Fig. 18C). Elevator muscles originate on the dorsal
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FIG. 17. Schematic cross-sections of Cirroteuthis muelleri soft body (maturing male; 80 mm ML). A. Section 1, at
the level behind the eyes. B. Section 2, through the middle part of the funnel. C. Section 3, behind the funnel.
The position of the sections is indicated on Fig. 16. Scale bar = 1 cm.

PUC. 17. Cpessr msarkoro tena Cirroteuthis muelleri (co3peBatommii camer;; 80 mm JIM). A. Cpe3 1, mosamu mias.
B. Cpe3 2, B cpenneit yactu BopoHku. C. Cpe3 3, mosamu BopoHKU. IlomoxeHue cpe3oB yKazaHO Ha puc. 16.
Macmrab = 1 cm.
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FIG. 18. Schematic cross-sections of Cirroteuthis muelleri soft body (same specimen as in Fig. 17). A. Section 4,
at the level of anterior margin of the fins (level of stellar ganglia). B. Section 5, at the level of anterior wings
of the gladius. C Section 6, at the level of the greatest fins width. (The slit between fins bases and gladius on
this section is an artifact of sectioning). D. Section 7, behind the gladius. The position of the sections is indicated
on Fig. 16. Scale bar = 1 cm.

PUC. 18. Cpesbr msrkoro tena Cirroteuthis muelleri (3k3eMruisip ToT Xe, yto Ha Puc. 17). A. Cpe3 4, Ha ypoBHe
mepeaHero Kpasi IUIaBHMKOB (YpOBeHb 3Be3muaTbix raHrimeB). B. Cpe3 5, Ha ypoBHe MNepeaIHUX KpaeB KpPbLIbEB
rmaguyca. C. Cpe3 6, Ha ypoBHe HauOoJblledl IMPUHBI TUlaBHUKOB. (LLlenb MeXmy OCHOBaHUSIMU ITUIABHUKOB U
mIaguycoM - apTedakT, BO3HUKIIUI npu pe3ke). D. Cpe3 7, mozamu miaguyca. [lojsoxeHue cpe3oB ykazaHo Ha Puc.
16. MacmTad = 1 cwm.
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surface of fins in their basal part and attach to
the gladius wings in the region of medial dorsal
ridge. Depressor muscles originate on the ventral
surface of the fins in their basal part and attach
to the gladius wings below the fins. The muscular
layers in the fins of Cirroteuthis are more com-
plex than in Grimpoteuthis and Opisthoteuthis. In
the proximal part of the fins, both dorsal and ven-
tral muscular layers consist of two layers each:
an inner layer of longitudinal muscles, adhering
to the axial cartilage, and an outer layer of obli-
gue muscles covering dorsal and ventral sides of
fin (Fig. 18C). In the distal part of the fin, the
muscles consist mainly of transverse fibers, as in
Grimpoteuthis.

COMMENTS. Prominent expansion of latera
wings in both anterior and posterior directions is
one of two unique elements of the gladius in Cirro-
teuthis. The narrowing and increased depth of the
saddle is the other. Both elements reflect an impor-
tant change in the attachment of the fins to the
gladius. In Cirroteuthis, the fins are set transver-
sally on the wings and their bases are brought
close together while in the other cirrates studied
{Opisthoteuthis and Grimpoteuthis) the fins at-
tach along the length of the wings and their
bases are set wide apart (compare Figs. 16, 11
and 7). On one hand, the change in fin-attach-
ment changed the angle of the fins with respect
to the body axis: in Opisthoteuthis the fins
bases attach to the wings at some angle to the
body axis (Figs. 7, 8A), while in Cirroteuthis
they attach along the body axis (Fig. 16). On
the other hand, the gladius in Cirroteuthis also
changed its orientation: the axis from the saddle
to anteroventral tips of the wings makes a stee-
per angle with the body axis than in other cir-
rates studied. The depth of the saddle appears to
be tied to the depth of the broad wings. Narro-
wing of the saddle and its increased depth tran-
sformed the middle part of the gladius into stout
supporting beam, V-shaped in cross-section, with
the fin attached to its sides (Fig. 18C).

Although the fins bases are fused with the
shell sac, their position on the wings appears to
be adjustable, perhaps through some elasticity in
the shell sac. The possibility of adjustment is sug-
gested by the vertical dimension of lateral wings,
which is greater than the thickness of the fins
bases attached to them. The flat, cartilaginous
bases of the fins would conform well to outer
surfaces of the wings over this range. In addition
the elevator/depressor muscles are larger than in
opisthoteuthids. The differentiation of the mus-
cular layers in the fins indicates they are capable
of more complex movements, perhaps an increa-
sed ability for anterior/posterior undulation. The
gladius in Cirroteuthis has no special adaptations

for the attachment of mantle or retractor muscles.
The weak funnel retractors attach to the mantle
walls, confirming the absence of jet-swimming. In-
deed, the funnel reminds one more of a nostril than
ajet nozzle.

Suborder Incirrata Grimpe, 1916
Octopodidae Orbigny, 1845
Octopodinae Orbigny, 1845

Enteroctopus dofleini  (Wulker, 1910)

GENERAL REMARK. The shell in the Incirrata
consists of a pair of narrow spindle-shaped cartila-
ge-like rods embedded in the muscle tissue on dor-
solateral side of the mantle. Although this unusual
shell is termed sometimes ‘'gladius' [Nesis,
1982/1987], it differs from the typical teuthoid gla-
dius in many aspects and deserves a specia term:
stylets [Robson, 1932; Voight, 1997].

HABITS AND HABITAT. Genus Enteroctopus as
well as other closely related genera of Octopodinae
includes familiar benthic muscular octopuses inha-
biting a wide range of depths from intertidal pools
to lower continental slopes down to 800 m [Nesis,
1982/1987]. They inhabit al oceans of the world
from equator to high latitudes and occur on a wide
range of habitats from coral and rocky reefs, seag-
rass and algal beds, to sand and mud substrates
[Norman et al, 1998]. Species of the genus Ente-
roctopus primarily move via two methods: (1)
crawling over the substrate using the arms, and 2)
jet propulsion using the mantle-funnel complex
[Norman et al, 1998]. E. dofleini is the largest rep-
resentative of Octopodinae, reaching upto 5 min total
length (60 cm ML) and up to 150 kg in weight [Nor-
man et a., 1998]. E. dofleini is found in the North
Pacific, from the Bering Sea in the north to the Ok-
hotsk Sea, the Sea of Japan and the Yellow Seain the
southwest and to California in the southeast [Nesis,
1982/1987]. The maximum depth of its occurrence is
about 400 m [Filippova et al, 1997].

SHELL MORPHOLOGY. The stylets in Enteroc-
topus are two thin translucent rods with pointed
ends lying on dorsolateral side of the mantle at a
sharp angle to longitudinal axis (Figs. 19A; 20A).
Distance between stylets at the level of their an-
terior ends is about 50% ML. The stylets consist
of a cartilage-like chitinous substance that is laid
down in concentric layers. The length of stylets
in adult octopuses ranges from 20.4% to 31.8%
ML (mean length is 24.3%; SD=3.4). Each stylet
is surrounded by a shell sac with dense connective
tissue on the outer side of the sac and shell epit-
helium on the inner side. Each stylet has a bend
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FIG. 19. Stylets of Enteroctopus dofleini. A. Ventral
view of a pair of stylets from adult female (21 cm
ML); right stylet is on the left; anterior end is up.
The stylets are shown opaque to reveal their surface.
B. Lateral view of the right stylet from the same
specimen (ventral side if on the right). The stylet is
shown naturally transparent to reveal its growth in-
crements and the initial shell (shi). Bold arrows indicate
the plane of the cross-section shown in 'C. C Cross-
section through the angle of the stylet (ventral side
is up; outer side is on the left). A,B: scale bar = 1
cm. C: scale bar = 1 mm.

PUC. 19. Crunerst Enteroctopus dofleini. A. Tlapa ctu-
netoB 3penoit camku (21 cM JIM); Bun ¢ BeHTpasibHOI
CTOpOHBI (TIpaBbIil CTWIET CJIeBa; TEPEAHSsl CTOPOHA
HaBepxy). CTuieTsl M300paxkeHbl HEMPO3paYHbIMHU,
4yTroOBl TI0Ka3aTh peibed WX IMOoBepXHOCTH. B. Bun
cOOKy TpaBOrO CTWJIETAa TOW e 0coOM (BeHTpaibHast
cTopoHa cmpapa). CTuiaeT u300pakeH eCTECTBEHHO
MIPO3payHbIM, YTOOBI MMOKA3aTh €ro JUHUM HapacTaHUsl
1 3apoibiiieBylo pakoBuHy (shi). CTpenku yKas3pIBaloT
noJiokeHue cpesa, mzobpaxenHoro Ha 'C. C. Ilome-
pEuHblii cpe3 Ha ypoBHE YIa CTuiieTa (BEHTpalbHas
CTOpOHA HaBEePXY; BHEILHSISI CTOPOHA ciieBa). A,B: mac-
mrad = 1 cm. C: macmTadb = 1 Mm.

in its anterior part that forms an obtuse angle (130°-
145°) (Fig. 19B). At the bend the stylet reaches its
greatestthickness that ranges from 5.1% to 8.4% of
stylet length (ca. 6.6%; SD=0.86). The apex of bend
is dome-shaped and its surface is covered with nu-
merous minute knobs testifying the muscle attach-
ment in this region. Indeed, during extraction of
stylets, it is the bend that is the most difficult to
separate from the soft tissues. The bend divides the
stylet into anterior and posterior parts (shoulders).
The anterior shoulder is short, about one half the
length of posterior shoulder, and nearly straight. The
posterior shoulder is long and slightly curved distally.
The distal part of the posterior shoulder is often curved
in a zigzag pattern, recalling the blade of a Malaysian
'Kris' dagger.

Although the general shape of the stylets in E.
dofleini is rather conservative, their length, thick-
ness and relative length ofthe shoulders show con-
siderable ontogenetic and individual variability.
The growth of stylets is negatively allometric. Their
relative length decreases from 28-32% ML at 13-17
cm ML to 20-26% ML at 24-27 cm ML. Propor-
tions of shoulders and thickness of stylets apparen-
tly do not change with age. The length of the an-
terior shoulder ranges from 28% to 43% of the
stylet length, averaging 35.2% (SD=3.4). Stylet
thickness varies from 5.1% to 8.4% of the stylet
length, averaging 6.6% (SD=0.85). There is also
considerable variability between left and right sty-
lets of the same specimen. The length of stylets
may differ up to 9% (average 4.3%; SD=4.1); the
length ofthe shoulders may differ up to 11 % (ave-
rage 4.8%; SD=4.5), and the thickness of stylets
may differ up to 33% (average 11.5%; SD=9.6).
However, there is no consistent difference between
left and right stylet: the average size ofthe left and
right stylets is the same.

MICROSTRUCTURE OF THE STYLETS. The
growth of stylet occurs in layers that are laid
down on the outer surface of the previous layer.
As a result, the shape of stylet at earlier stages
may be reconstructed from its growth increments
visible on intact stylet in transmitted light. The
apices of previously formed layers form two thin
apical lines diverging from the bend along the
axes of both shoulders (Fig. 19B). In some stylets
one or both apical lines becomes whitish and opa-
que, apparently due to some injury in the past. The
stylet bend thus represents the center of growth and
contains the earliest increments, including the em-
bryonic shell.

A cross-section through the angle apex is roug-
hly oval in shape (Fig. 19C). It is composed of
numerous regular concentric increments. The
widths of increments are 7-12 um, averaging 9.2
um. Each increment consists of a glass-like trans-
lucent zone confined by a distinct refracting border.
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The width of each increment is approximately
equal aong its perimeter. The center of growth (ini-
tial shell) is situated close to the middle of the cross-
section. It is an amorphous, opaque, ova body 170-
190 um in length, about 100 um in width. The
width of the growth increments does not vary sig-
nificantly from the center toward periphery. The
growth zones, similar to those described in stato-
liths, are absent [Clarke, 1978; Arkhipkin, Bizikov,
1991]. Primary increments are clearly grouped into
second-order cycles, marked by prominent borders
apparently reflecting some events in the animal's
life. The number of first-order increments in one
second-order cycle varied from 7-15 near the center
to 25-33 in periphery. The minute knobs are located
on the ventral (inner) side of the bend, while the
dorsal (outer) side is smooth. The knobs can be
traced on previously formed layers: their marks
form twisted lines radiating from the center of
growth.

EXTERNAL MORPHOLOGY. As E. dofleini is
the first incirrate octopod to deal with in this study,
this species will be used as an example in descrip-
tion of the general morphological Bauplan of the
Incirrata.

The mantle in E. dofleini is muscular, wide,
sac-shaped and broadly fused with the head on
the dorsal side (Fig. 20A). Anterodorsal margin
of the mantle can be seen after removal of the
skin from dorsal side. The margin is nearly stra-
ight and reaches the posterior edge of the eyes.
A wide nuchal muscle fastens the dorsal mantle
wall to the head. This muscle extends from the
dorsal mantle margin to the bases of arms |. Man-
tle is the most thick in its anterior part. Ventral
mantle is thickest in the region of gills; the dorsal
mantle wall is thickest in the region of the dorsal
mantle cavity (Fig. 21A). Posteriorly the mantle
becomes thinner and reaches its minimum thick-
ness at the posterior apex. The mantle aperture
is wide, extending laterally to the level of eyes.
The mantle cavity is relatively spacious; the ven-
tral part of the mantle cavity is distinctly larger
than the dorsal one. The fins are absent. The sty-
lets lie on the dorsolateral sides of the mantle in
its posterior haf. The anterior shoulder of each
stylet lies superficially on the exterior surface of
the mantle muscle, while its posterior shoulder is
embedded in the mantle muscle.

The funnd is fused with the head and partly
embedded in it (Fig. 20C). The middle part of the
funnel is fastened to the head by a pair of lateral
adductor muscles. The posterolateral walls of the
funndl pass into muscular collar folds. The collar
folds surround visceral sac like a wide bell-mouth
jar and attach to the dorsal mantle wall. The funnel
arises deep within the mantle cavity, and its poste-
roventral margin rests against the ventra mantle

adductor (Fig. 21 A). A funnel locking-apparatus is
absent, but the posterior corners of the funnel bear
small cup-like depressions caused by contraction of
funnel wall over the head of the funnel retractors.
The funnel retractors are thick and stout. They ori-
ginate as wide posterior extensions of the dorsal
wall of the funnel (Fig. 20C), run alongside visceral
sac and adhere to the ventral sides of the stylets
(Fig. 21 A). Muscle fibers of axial part of funne
retractors attach to the stylet in the region of its
angle, while peripheral fibers diverge in a fan-like
fashion and attach along the anterior and posterior
shoulders of the stylets (Fig. 2IB).

Attachment of the visceral sac in the Incirrata
is unique among cephalopods (Fig. 20B; 21 A). The
visceral sac, at its anterior end, is fused with the
head and, at its posterior end, it adheres to the man-
tle. In the middle part the visceral sac is suspended
inside mantle cavity by five adductor muscles: pa-
ired anterodorsal mantle adductors, paired postero-
dorsal mantle adductors (=funnel retractors) and an
unpaired ventral median mantle adductor (=mantle
septum). Anterodorsal mantle adductors are formed
by the outer layer of the head retractors that bran-
ches off at the level of stellate ganglia. Each ad-
ductor undergoes an 180° twist so that the anteri-
or-most margin at the visceral sac becomes the pos-
terior-most margin at the attachment to the mantle
wall (Fig. 20 B,C). The stellate ganglia are situa-
ted on the inner surface of the mantle just lateral
to the attachment of the anterodorsal adductors.
Among numerous nerves passing to and from the
stellate ganglia, two are relevant to this study: a
pallial nerve passing from the brain to each stel-
late ganglion through the anterodorsal adductors,
and a "fin" nerve passing from each stellate gan-
glion posteriorly along the inner mantle wall to
the stylets (Fig. 20C) and beyond. At the stylet,
the "fin" nerve penetrates the mantle wall near
the place of attachment of funnel retractor (Fig.
21B). Persistence of the "fin" nerves in incirrate
octopods is quite remarkable, as they retain their
original position in relation the shell, thus indi-
cating the position of former fins. The postero-
dorsal adductors are formed by the funnel retrac-
tors. The ventral median-mantle adductor is a
thick, wide muscular septum extending from the
ventral mantle wall to the visceral sac (Fig. 21 A).
It is wide at the mantle wall and becomes prog-
ressively narrower toward the visceral sac. The
median mantle adductor divides ventra mantle
cavity into left and right parts. Posterior to the
adductor, the mantle cavity is undivided.

CROSS-SECTIONS. A section at the level of the
funnel shows that the visceral sac is enclosed by a
thick muscular cover formed by the head retractors.
The thickness of head retractors is greatest on the
lateral sides of the sac and least on the dorsal side
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FIG. 20. General anatomy in Enteroctopus and Octopus. A. E. dofleini; dorsal view (female; 21 cm ML). The skin
is removed to show the outline of the mantle and position of the shell vestiges. Bold arrows with numbers indicate
the planes of corresponding cross-sections (shown in Figure 22). B. O. vulgaris; dorsal view of a half-grown
animal. The muscular mantle is cut off from the dorsal side without changing natural topography [from Naef, 1923;
modified]. C. E. dofleini, ventral view. The mantle is open at the insertion of the median mantle adductor and spread.’
The gills and visceral organs (except the digestive gland and stomach) are removed. Scale bar = 1 cm.

PUC. 20. Crpoenue Enteroctopus u Octopus. A. E. dofleini; Bun ¢ pnopcanbHoil cropoHbl (camka; 21 cm JM). Koxa
yhoajieHa, 4ToObl MOKa3aTh KOHTYP MaHTMIHBIX MBI M TIOJOXEHUE PYIMMEHTOB paKOBUHBI. CTpENKM YKa3bIBaloOT
TIOJIOXKEHNE COOTBETCTBYIOIIMX cpe30B (TlokazaHsl Ha Puc. 22). B. O. vulgaris; BUI MOJIOMOTO XUBOTHOTO C HOPCAIBHOM
cTtopoHbl. JlopcanbHasi CTeHKa MaHTHU yhajieHa 0e3 W3MEHEHUs IIOJIOKEHUs] BHYTpPeHHMX opraHoB [u3 Naef, 1923;
¢ usmeHeHussmu]. C. E. dofleini, BUL ¢ BEHTpaJbHOI CTOPOHBI. MaHTHUSI BCKpbITa C BEHTPaJbHOM CTOPOHBI BIOJb
CpefHel JIMHWM, OTIeJieHa OT MEIWaJbHOM CEeNThl M pacrpasieHa, ventral view. 2KaOGpbl M BHUcCLepalTbHBIE OpraHbl
yhajeHsl (KpoMe TUIIEeBapUTEIbHON Xene3bl W Xemynka). Macmrab = 1 cM.



Shell in Vampyropoda 33

cfold mnd  dmad

gst mcd ah

FIG. 21. Correlation of the shell vestiges with the soft parts in Enter octopus dofleini (mature male; 180 mm ML). A.
Lateral view. The skin, muscular mantle and the gill are removed from the left side. B. Enlarged fragment of
figure 'A' showing attachment of muscles to the shell. Scale bar = 1 cm.

PUC. 21. B3auMooTHOIIEHHE MEXIy OCTaTKaMW DPAKOBUHBI M MSATKMM TejioM Enter octopus dofleini (3penblii camer; 180
MM JIM). A. Bum cboky. C neBoif CTOpOHBI ymaJeHBl KOXHBIC ITOKPOBBI, MAaHTHS W XaOpel. B. YBemmueHHBII
(parmeHT Buma 'A', MOKa3bIBAIOIIMI TPUKpPEIIEHHE MYCKYIOB K cTuiety. Macmrab = 1 cM.

and along ventral midline. Pallial nerves are situated
on dorsolateral sides of the visceral sac, between
salivary glands and the head retractors (Fig. 22A).
The mantle wall consists of two layers of muscular
fibers separated by thin median layer of connective
tissue. Ventrolateral walls of the mantle are slightly
thicker than the dorsal wall. The funnel consists of
three muscular folds: a ventral fold forming the

ventral wall of the funnel, and a pair of lateral folds
forming the dorsolateral walls of the funnel (Fig.
22A). Boundaries between ventral and lateral walls
ofthe funnel are marked by the junction of muscular
fibers of different orientation. The inner margins of
dorsolateral walls of the funnel attach to collagen
tunic of visceral sac. The muscular collar folds rep-
resent lateral extensions of the dorsolateral walls.
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FIG. 22. Schematic cross-sections of Enteroctopus dofleini (female, 21 cm ML). A. Section 1, at the level of the
funnel. B. Section 2, at the level of anterior dorsal mantle adductors. C Section 3, at the level of attachment of
the funnel retractors. D. Enlarged fragment of figure 'C showing attachment of mantle and funnel retractor to the
shell. The position of the sections is indicated on Fig. 20. Scale bars = 1 cm.

PUC. 22. Cpessr msarkoro tena Enteroctopus dofleini (camxa; 21 cm [IM). A. Cpe3 1, Ha ypoBHe BopoHku. B. Cpes
2. Ha ypOBHE IepeqHUX AOpcalbHbIX MaHTUHBIX amgaykTopoB. C. Cpe3 3, Ha YpOoBHE KpeIUIEHUsS BOPOHOYHBIX
perpaktopoB. D. YBenmuueHHsbiit dparmeHT Bua 'C, MOKa3bIBAIOMINI MPUKPEIICHUE MAHTUIHBIX MBI U BOPOHOYHOTO
petpakTopa K ctwiety. IlomoxeHue cpe3oB mokazaHo Ha Puc. 20. Macmradb = 1 cm.
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They pass alongside the visceral sac and attach to
dorsolateral walls of the mantle. Inner dorsal surfa-
ce of the funnel canal is lined with athick, glandular
funnel organ.

At the level of anterodorsal adductors the head
retractors are thinner, especially ventrally (Fig.
22B). The paired anterodorsal adductors are seen
to arise from the head retractors. The anterodorsal
adductors represent the only attachment sites of the
head retractors to the mantle. Ventral median ad-
ductor is formed by two muscular layers diverging
from the mantle wall to ventrolateral walls of the
visceral sac. The ventral adductor straddle the rec-
tum and vena cava. The funnel retractors are wide,
flat and partly fused with ventrolateral walls of the
visceral sac.

At the levd of attachment of the funnd retrac-
tors the mantle reaches its greatest diameter. Vis-
ceral sac is relatively small here and occupies ap-
proximately half of the volume of the mantle cavity
(Fig. 22C). Lateral sides of the visceral sac are
fused with the funnel retractors which, in turn, at-
tach to the stylets (Fig. 22D). The funnel retractors
attach to the medial side of the stylets. Mantle walls
attach to dorsal and ventrolateral sides of the sty-
lets. The furrow between mantle muscles over the
stylet is filled with dense connective tissue. Each
"fin" nerve penetrates the mantle wall near the an-
terior shoulder of a stylet. The gill bases attach to
mantle near the funnel retractors (Fig. 22D) and
thus receive indirect support from the stylets.

COMMENTS. The most important function of sty-
lets, one that determines their shape, is support of the
funnd retractors. During contraction of the funndl ret-
ractors the bends of the stylets sustain the mgjor load
from the contraction forces. Visceral sac aso receives
indirect support from the stylets through the funned
retractors. The mantle attachment to the stylets appa-
rently helps maintain some positioning between the
viscera and the mantle.

Bathypolypodinae Robson, 1928
Benthoctopus sibiricus Loyning, 1930

HABITS AND HABITAT. Genus Benthoctopus in-
cludes about 26 species of deep-living, benthic oc-
topods inhabiting continental shelf and slope of al
oceans, from Arctic to sub-Antarctic [Nesis,
1982/1987]. Species of this genus occur at depths
below 400 m in tropic and subtropic zones, while
in the Arctic seas they ascend to the shelf and littoral
[Nesis, 1982/1987]. Species of Benthoctopus are
generally more fragile and less active animals than
Octopus. B. shiricus is the most cold-water and
shallow-water species of this genus. It grows up to

180 mm ML and is known from the seas of Siberian
Arctic and the Bering Sea [Nesis, 1982/1987].

SHELL MORPHOLOGY. Stylets in Benthoctopus
are shorter, thicker and softer than in Enteroctopus
(Fig. 23). They are embedded in dorsolateral mantle
wall. The distance between anterior ends of the sty-
lets is about 43% ML (Fig. 23A). Similar with En-
teroctopus, the stylets consist of semi-transparent
cartilage-like chitin laid down in concentric layers.
The length of stylets ranges from 7.6% to 14% ML
(mean length is 10%; SD=1.5), that is about two
times smaller than in Enteroctopus. Each stylet has
abend in its anterior part that forms an obtuse angle
(120°-130°). The bend is very prominent, thick, eit-
her dome-like or crest-shaped. At the bend the stylet
reaches its greatest thickness that ranges from 8%
to 30% of stylet length (mean ca. 16%; SD=4.6).
The surface of the bend is faintly sculptured, while
the rest surface of stylet is smooth. The anterior
shoulder is curved, claw-like. Its length ranges from
16% to 46% of stylet length, averaging 33%
(SD=6.3). The posterior shoulder is nearly straight,
sharply pointed. The apical lines are rather distinct,
especially in posterior shoulder.

The stylets in Benthoctopus exhibit greater
variability in size and shape than in Enterocto-
pus. Among 25 specimens of Benthoctopus ana-
lyzed, three morphological types of stylets were
found. The most abundant (14 specimens) were
the stylets with high crest-like bend and long ne-
arly straight anterior shoulder comprising 34% -
46% of stylet length (mean ca. 38%; SD=3.1)
(Fig. 23D,E). The second in abundance (9 speci-
mens) were thick stylets with massive dome-like
bend and short anterior shoulder ranging from
25% to 35% of stylet length (mean ca. 31%;
SD=3.3) (Fig. 23A). Rarely encountered (two
specimens) were stylets with low bend and al-
most straight short anterior shoulder ranging
from 16% to 18% of stylet length (Fig. 23C).
Taxonomic status of above described morpholo-
gical types is unclear. According to Nesis
[1982/1987] and Kondakov et al. [1981], the
genus Benthoctopus needs a revision, and B. si-
biricus in the western Bering Sea may combine
2-3 undescribed species.

Variability between the left and the right stylets
in Benthoctopus was also higher than in Enteroc-
topus. Although the average size of the left and the
right stylets (in relation to the mantle length) was
equal, the difference in length between them could
reached up to 20%, difference in thickness — up
to 21%, and difference in the length of anterior
shoulder — up to 51%.

MICROSTRUCTURE OF THE STYLETS. Cross-
sections of stylets at the level of the bend are roug-
hly ova or dlightly triangular in shape, consisting
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FIG. 23. Morphological variability of stylets in Benthoctopus. A. B. sibiricus. Ventral view of a pair of stylets from

mature male (145 mm ML) (right stylet is on the left; anterior end is up). Note curvature of the stylets and
conspicuous ventral angle in a shape of bulging dome. Dark initial shell is visible through semitransparent substance
of the stylet. B. Left stylet from the same specimen; lateral view form the inner side (ventral side is on the right).
C  Benthoctopus sp.; adult male (150 mm ML). Ventral view of a right stylet. D-F. Right stylet from Benthoctopus
sp. adult male (173 mm ML). D.Ventral view (anterior end is up; outer side is on the left). E. Lateral view from
the inner side (ventral side is on the left). Bold arrows indicate the plane of the cross-section shown in 'F'. F.
Cross-section through the angle of the stylet (dorsal side is up; outer side is on the left). Scale bar = 1 mm.

PUC. 23. Mopdoaoruueckass HW3MEHYMBOCTb CTUJIETOB Benthoctopus. A. B. sibiricus. Bum ¢ BeHTpaJbHOM CTOPOHBI

mapbl cTUiIeToB 3pesioro camma (145 MM [IM); mpaBblii CTMJIET cJieBa; MepeqHssl CTOpOHAa HaBepxXy. YToj CTWiIeTa
MMeeT BUI IIMPOKOTO BBIMSYMBAIOIIETOCs Kyrnojia. B LeHTpaabHOM YacTU CTUeTa MpOCBeYMBAET TEMHasl 3apObIieBast
pakoBuHa. B. JleBwIil cTMieT TOM XXe 0coOM; BHI COOKY ¢ BHYTpEHHEW CTOPOHBI (BeHTpasibHasi CTOpoHa cripaBa). C.
Benthoctopus sp., B3pocnbiii camen (150 mm JIM). Bun mpaBoro ctuiera ¢ BeHTpaibHON cTopoHbl. D-F. IlpaBsrit
cTuiet 3pesioro camua Benthoctopus sp. (173 mm JIM). D. Bun c BeHTpalbHOI CTOpPOHBI (MEpeqHUii KOHELl HaBepXy;
BHeIHsAsT cTopoHa ciieBa). E. Bun cOoKy ¢ BHYTpeHHeEl CTOpOHBI (BEeHTpasibHasi cTOpoHa ciieBa). CTpeiku yKas3bIBaloT
MOJIOXKEeHNe cpe3a, m3obpakeHHoro Ha Bume 'F'. F. IlomepeuHslii cpe3 Ha ypoBHe yIjla CTWJIETa (DOpcajbHasi CTOpOHA
HaBepXy; BHEIIHsSISI CTOpOHa cieBa). MacmrTab = 1 MM.
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FIG. 24. General anatomy of Benthoctopus sibiricus. A. Adult male (115 mm ML), dorsal view. The skin is removed
to show the outline of the mantle. Bold arrows with numbers indicate the planes of corresponding cross-sections
(shown in Fig. 25). B. Same specimen; lateral view after removal of the mantle wall and the gill from the left
side. C. Enlarged fragment of figure 'B' showing attachment of muscles to the left stylet. A and B: scale bar =

1 cm. C: scale bar = 1 mm.

PUC. 24. Crpoenue Benthoctopus sibiricus. A. B3pocibiii camer; (115 mm IM); Bum ¢ mopcaibHOl cTopoHBbl. KoxXHbIE
MMOKPOBBI yIaJeHbI, YTOOBI MOKa3aTh KOHTYpbl MaHTUM . CTpesiku ¢ 1rudbpaMu yKas3bIBaIOT MOJOXEHWE COOTBETCTBYIOLIMX
cpe3oB (rmokazaHbl Ha Puc. 25). B. Bum cOoky Toli ke 0cobM (CTeHKa MaHTUM M XaOphl C JIEBOM CTOPOHBI yIOAJCHBI).
C. YBenuueHHbId ¢parMeHT Buma 'B', MokasbiBawoIlIMil KpeIieHWE MBI K JieBoMy cTuiaery. A u B: maciurad =

1 cm. C: macmrad = 1 mMM.

of numerous regular transparent concentric incre-
ments (Fig. 23F). Contours of previously formed
increments are similar to the outer contour of the
section, indicating that the stylet profile does not
change significantly during growth. Microstructure
of the increments is similar throughout the section.
The growth zones are absent. Growth increments
range in width from 6 to 14 urn, averaging 11 urn.

The center of growth (initial shell) is situated close
to the middle of the cross-section. It is round or oval,
ranging from 80 to 160 p.m in greater diameter. First-
order increments are grouped into second-order cyc-
les, from 8 to 35 increments in one cycle. Ventral side
of the bend (in the bottom of the section) is covered
by minute indistinct knobs. The knobs in Benthocto-
pus are less pronounced than in Enteroctopus and
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FIG. 25. Schematic cross-sections of the soft body in  Benthoctopus sibiricus (maturing female; 90 mm ML). A.
Section 1, at the level of the funnel. B. Section 2, at the level of dorsal mantle adductors. C Section 3, behind
anterior dorsal adductors. D. Section 4, at the level of attachment of the funnel retractors. E. Enlarged fragment
of figure 'D’ showing attachment of the mantle and funnel retractor to the shell. Position of sections is indicated
on Fig. 24. A-D: scale bar = 1 cm. E: scale bar = 1 mm.

PUC. 25. Cpessl msrkoro tema Benthoctopus — sibiricus (co3pesatomiasi camka; 90 mm JIM). A. Cpe3 1, Ha ypoBHe
BopoHkHU. B. Cpe3 2, Ha ypoBHe HOpCaJbHBIX MaHTHUHHBIX ammykTopoB. C. Cpe3 3, mosamu IOpCaIbHBIX MaHTUITHBIX
annykropoB. D. Cpe3 4, Ha ypoBHe MNpKpEIUICHUS PETPakTopoB BopoHKHW. E. YBenuueHHblli (parmeHT Buma 'D\
MOKa3bIBAIOIIMI MPUKPEIJICHUE MaHTUM M peTpakTopa BOPOHKM K crtuiery. [lomoxkeHue cpe3oB Toka3aHo Ha Puc.
24. A-D: macmtab = 1 cm. E: macmrab = 1 mm.
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occupy minor part of the section. The knobs can be
traced on previously formed increments as radia
marks, forming a sector of about 60°.

EXTERNAL MORPHOLOGY. The body in Ben-
thoctopus is more gentle and less muscular than in
Enter octopus. The mantle is elongated oval. The
nuchal muscle is well developed spreading from the
mantle margin toward the bases of arms | (Fig.
24A). The mantle wall is the most thick in anterior
part, gradually becoming thinner posteriorly. The
dorsal and the ventral mantle walls are approxima-
tely equal in thickness. The mantle aperture is nar-
rower than in Enteroctopus, its lateral margins are
situated below the eyes (Fig. 24B). Posteroventral
margin of the funnel rests against the ventral mantle
adductor. The mantle cavity is occupied aimost en-
tirely by the visceral sac. Free space of the ventral
mantle cavity is greatly reduced as compared with
Enter octopus. The ventral median-mantle adductor
is wide. The anterodorsal mantle adductors are si-
tuated at some distance from posterior margins of
the collar folds. The funnel is narrow and long,
reaching the bases of the ventral arms. A funnel
locking-apparatus is absent. The funnel retractors
are narrower and longer than in Enteroctopus. They
attach to the stylets in a similar way as in Enteroc-
topus (Fig. 24C). The "fin" nerves start off the stel-
lar ganglia, run posteriorly toward attachment of the
funnel retractors and pierce the dorsal mantle wall
near anterior ends of the stylets.

CROSS-SECTIONS. The mantle and the funnel
consist of two surface muscular layers separated by
thick middle layer of vacuolated connective tissue
(Fig. 25). The dermal integument is smooth, thick
and gelatinous, especialy near the posterior apex of
the mantle. The mantle cavity is relatively small; its
ventral part is larger than the dorsal one. In the region
between anterodorsal and posterodorsal adductors the
dorsal and ventral parts of the mantle cavity merge
aongside the visceral sac (Fig. 25C).

The visceral sac is large at the level of the collar
folds, occupying most part of the mantle cavity
(Fig. 25A). Pallia nerves are situated on dorso-la-
teral sides of the viscera sac, between salivary
glands and the digestive gland (Fig. 25A). The rec-
tum and the vena cava are situated on ventral side
of the sac, projecting inside the funnel canal. The
ink sac is absent.

The head retractors make muscular walls of the
visceral sac at the level of the funnel (Fig. 25A).
The thickness of head retractors is less than in En-
teroctopus. The anterodorsal adductors differentiate
from the head retractors at the level of the stellate
ganglia (Fig. 25B). At this level the head retractors
become thinner, especially on the ventral side of
the visceral sac. The stellate ganglia are relatively
small. They are situated on the mantle wall, late-

rally from the anterodorsal adductors. Posteriorly
the head retractors extend to the level of the mantle
septum (Fig. 25C).

The median mantle septum consists of two thin
adductor muscles diverging in V-like pattern from
the ventral mantle wall to ventro-lateral walls of
visceral sac (Fig. 25B,C). Inner space between the
adductor muscles contains the vena cava and the
rectum. Anterior extensions of the adductors extend
anteriorly forming a part of the dorsal funnd wall
(Fig. 25A).

The muscular portion of the funnel in its ante-
rior part consists of a single muscular layer. In pos-
terior part of the funnel, boundaries between its
ventral and lateral walls are marked by the junction
of muscular fibers with different orientation (Fig.
25A). The muscular collar folds originate as exten-
sions of dorsolateral walls of the funnel and attach
to dorsolateral walls of the mantle.

The funnel retractors originate as posterior ex-
tensions of the dorsolateral walls of the funnel (Fig.
25B). They run obliquely alongside the visceral sac
and attach to the stylets embedded in the dorsola-
teral walls of the mantle (Fig. 25D). The funnel
retractors are wide and thick. Inner side of the fun-
nel retractors attach to the lateral walls of the vis-
ceral sac along their entire length.

At the levdl of attachment of the funnd retrac-
tors the stylets, like in Enteroctopus, provide sup-
port for the mantle, funnel retractors and gills (Fig.
25D). The visceral sac is the largest here, occupy-
ing the mantle cavity almost entirely. The funnel
retractors attach to the medial inner side of the sty-
lets (Fig. 25E). Mantle walls attach to dorsolateral
sides of the stylets, leaving narrow furrows over
them. The visceral sac attach to inner side of the
funnel retractors, while the gill bases attach to the
outer side of the funnel retractors.

COMMENTS. Relative size of stylets in Benthoc-
topus is much smaller than in Enteroctopus, comp-
rising in adults 7-14% ML and 20-31% ML, respec-
tively. Adhesion of the funnel retractors to the sty-
lets in Benthoctopus is weaker. If one tries to tear
the funnel retractors off the mantle in fresh animals,
in Enteroctopus they usually detach together with
stylets attached to them, while in Benthoctopus the
stylets as a rule remain inside the mantle wall. But
the most important sign of vestigial state of the
stylets in Benthoctopus is their high morphological
variability, especially variability between left and
right stylet of the same specimen. Such variability
could not be possible in functionally important
structure. It testifies that the stylets in Benthoctopus
are not anymore the subjects for stabilizing pressure
of natural selection. Thus, Benthoctopus represents
an example of octopod with greatly reduced shell,
which apparently was stipulated by the general dec-
rease of animal activity.
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FIG. 26. Stylets in Bathypolypus salebrosus (female; 47
mm ML). A. Ventral view of a pair of stylets; right
stylet is on the left; anterior end is up. B. Lateral
(outer) view of the right stylet (ventral side if on the
right; anterior end is up). Scale bar = 1 mm.

PUC. 26. Crunerbl Bathypolypus salebrosus (camxa; 47
MM [IM). A. Bun mapbl CTUIETOB C BEHTPAIbHOI CTO-
POHBI; TIpaBbI CTMJIET CJeBa; TEPEAHSsl CTOpOHA Ha-
Bepxy. B. Bum ¢ Ooky (cHapyxu) IpaBoro cTujeTa
(BeHTpasibHasi CTOPOHA CIMpaBa; TEpeNHUil KOHell Ha-
Bepxy). Macmrtab = 1 Mm.

Bathypolypus salebrosus (Sasaki, 1920)

HABITS AND HABITAT. B. salebrosus is a small
(up to 50 mm ML) deep-water benthic octopus that
is typically found at depths 150-600 m in the Ok-
hotsk Sea, Bering Sea, off the eastern coasts of the
Kurile Islands, Hokkaido and Honshu [Nesis,
1982/1987]. In the Bering Sea it mostly occurs on
mud bottom of the continental shelf and slope. Bi-
ology and ecology ofthis species are poorly known.

SHELL MORPHOLOGY. Stylets in Bathypolypus
are two cartilage-like chitin rods with prominent
thickened bend in anterior part (Fig. 26). They lie
on dorsolateral sides of the mantle at a sharp angle
to the body axis (Fig. 27A). The length of stylets in
adult octopuses comprises approximately 17% ML.
Distance between stylets at the level of their anterior
ends is about 52% ML. The bend between anterior
and posterior shoulders is very prominent, ranging
between 110° and 115°. Apex of the bend is thick,
dome-shaped, bearing distinct knob-like sculpture.
The greatest thickness of each stylet (at the level of
the bend) comprises approximately 14% of stylets
length. Anterior shoulder is about two times shorter
than posterior. Both shoulders are thick, smooth and
pointed. Posterior shoulder is faintly curved in zig-
zag pattern.

MICROSTRUCTURE OF THE STYLETS. The
growth pattern of stylets is similar to that in Enfe-
roctopus and Benthoctopus. The stylets grow by
concentric layers. The initial shell is situated in the
area of the bend. Apices of growth increments form
apical lines visible through semitransparent subs-
tance of stylets.

EXTERNAL MORPHOLOGY. The mantle is
wide, globular and covered by densely spaced der-
mal papillae (Fig. 27). It is the most thick in its
anterior part, gradually becoming thinner posterior-
ly. Dorsal mantle wall is the thickest in the region
of the dorsal mantle cavity; the ventral mantle wall
is the thickest in the region of the ventral mantle
adductor. Mantle aperture is wide. Its lateral mar-
gins are situated below the eyes. The ventral medi-
an-mantle adductor is thick, muscular and rather
narrow. Its anterior margin is at some distance from
ventral margin ofthe mantle (Fig. 27B). The funnel
is short, conical. It arises deep within the mantle
cavity, and its posteroventral margin rests against
the ventral mantle adductor. A funnel locking-appa-
ratus is absent. The posteriorlateral walls of the
funnel pass into muscular collar folds. The funnel
retractors are wide and ribbon-shaped. They run
obliquely from posterior corners of the funnel to-
ward the stylets embedded into dorsolateral walls of
the mantle. Visceral sac is very large. The antero-
dorsal mantle adductors are shifted anteriorly to the
level of collar folds (Fig. 27B). Each adductor un-
dergoes an 180° twist so that the anterior-most mar-
gin at the visceral sac becomes the posterior-most
margin at the attachment to the mantle wall.

CROSS-SECTIONS. The walls of mantle and fun-
nel consist of two layers of muscular fibers separa-
ted by thin median layer of connective tissue (Fig.
28). The mantle and funnel are more muscular than
in Benthoctopus. The lateral walls of the mantle are
slightly thicker than the dorsal and ventral walls.
The mantle cavity is approximately the same size as
in Benthoctopus; its dorsal part is smaller than the
ventral one. The dorsal mantle cavity is best deve-
loped in the area of collar folds, extending posteri-
orly to the level ofthe stylets (Fig. 28D). The ven-
tral mantle cavity is the largest immediately behind
the funnel (Fig. 28A,B) extending posteriorly to the
level of gonads. In the region between the antero-
dorsal and posterodorsal adductors the dorsal and
ventral parts of the mantle cavity merge alongside
the visceral sac (Fig. 28C). The visceral sac occu-
pies about ofthe mantle cavity reaching the greatest
size at the level of attachment of the funnel retrac-
tors (Fig. 28D). The pallial nerves are very large,
oval in cross-section and situated between salivary
glands and the head retractors (Fig. 28A). Between
the anterodorsal and posterodorsal adductors the
visceral sac is occupied mainly by large digestive
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FIG. 27. General anatomy of Bathypolypus salebrosus. A. Adult female (47 mm ML), dorsal view. The skin is
removed to show the outline of the mantle. Bold arrows with numbers indicate the planes of corresponding cross-sections
(shown in Fig. 28). B. Adult female (50 mm ML), lateral view after removal of the mantle wall and gill from

the left side. Scale bar = 1 cm.

PUC. 27. Crpoenne Bathypolypus salebrosus. A. B3pocnas camka (47 mm JIM), Bum c mopcainbHOU CTOpOHBI. KoxXXHbIE
TMOKPOBBI YAJIEHbI, YTOObI MOKa3aThb KOHTYPbl MaHTUU. CTpenku ¢ uudpaMu yKasblBalOT MOJOXEHUE COOTBETCTBYIOLIMX
cpe3oB (mokazaHel Ha Puc. 28). B. Bspocmas camka (50 MM [IM); Bua cOOKy Tociie yOaJeHUSI MaHTUM M KaOpbl

C JIeBOi CTOpOHBI. Macmrab = 1 cM.
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FIG. 28. Schematic cross-sections of the soft body in Bathypolypus salebrosus (adult female; 54 mm ML). A. Section
1, at the level of anterior part of the funnel. B. Section 2, at the level of anterior dorsal mantle adductors (posterior
part of the funnel). C Section 3, behind anterior dorsal mantle adductors. D. Section 4, at the level of attachment
of the funnel retractors. E. Enlarged fragment of figure 'D' showing attachment of the mantle and funnel retractor
to the shell. Position of sections is indicated on Fig. 27. A-D: scale bar = 1 cm. E: scale bar = 1 mm.

PUC. 28. Cpessl msarkoro Tena Bathypolypus salebrosus (B3pocnasi camka; 54 mm JIM). A. Cpe3 1, Ha ypoBHe mepemHeit
yacti BopoHKM. B. Cpe3 2, Ha ypoBHe TNEpeIHMX AOPCATbHBIX MAHTUUHBIX aqIyKTOPOB (3adHsII 4acTb BOPOHKM).
C. Cpe3 3, mo3amu gopcadbHBIX MAaHTUMHBIX ammykTopoB. D. Cpe3 4, Ha ypoBHE NPUKPETUICHUS PETPAKTOPOB BOPOHKHM.
E. VYBenuueHHblii (pparMeHT Buma 'D', ToOKa3bIBalOIIMIA TNPUKPEIUIEHWE MAHTUM W PETPakTopa BOPOHKW K CTUJIETY.
ITonmoxenne cpe3oB ykazaHo Ha Puc. 27. A-D: macmrab = 1 cm. E: macmTad = 1 MMm.



Shell in Vampyropoda 43

gland (Fig. 28C). The ink sac is absent. Posterior to
the stylets the visceral sac is fused with the mantle.

The head retractors make thick muscular walls
of the visceral sac at the level of the funnel (Fig.
28A). Posteriorly they gradually become thinner.
The anterodorsal adductors separate from the head
retractors at the level of the stellate ganglia (Fig.
28B). The stellate ganglia are larger than in Bent-
hoctopus. They lie on the lateral mantle walls ven-
trally from the attachment of anterodorsal adduc-
tors. The anterodorsal adductors are unusually thick
and run obliquely upward from ventrolateral sides
of the visceral sac to the dorsolateral walls of the
mantle. Each adductor is surrounded by thick ge-
latinous dermal integument. Posterior extensions of
inner layers of the head retractors can be traced
behind the anterodorsal adductors as thin muscular
envelope of the visceral sac (Fig. 28C).

The median mantle septum consists of two thick
adductor muscles diverging in a V-like pattern from
the midline of the ventral mantle wall (Fig. 28C).
Anterior extensions of the adductors extend anteri-
orly forming a part of the dorsal funnel wall and
the wall of the visceral sac (Fig. 28B).

The muscular portion of the funnel in its ante-
rior part consists of a single circular muscular layer
(Fig. 28A). In posterior part of the funnel, bounda-
ries between its ventral and lateral walls are marked
by the junction of muscular fibers of different ori-
entation (Fig. 28B). The collar folds originate as
extensions of the dorsolateral walls of the funnel
and attach to dorsolateral walls of the mantle. The
funnel retractors originate as posterior extensions
of dorsolateral walls of the funnel (Fig. 28B). They
run obliquely alongside of the visceral sac and at-
tach to the stylets embedded in the dorsolateral
walls of the mantle (Fig. 28D). Inner sides of the
funnel retractors attached to the lateral walls of the
visceral sac along their entire length.

The stylets are enclosed into thick cartilaginous
shell sac (Fig. 28E). The funnel retractors attach to
the ventral side of the stylets, while the mantle at-
taches to their lateral sides leaving wide break on
their dorsal surface. At the level of attachment of
the funnel retractors the gills attach to the funnel
retractors ventral to the stylets (Fig. 28D).

COMMENTS. The stylets in Bathypolypus fit well
into the row of gradual reduction of the shell in
Octopodidae occupying intermediate position be-
tween well developed stylets of Enteroctopus and
vestigial ones of Benthoctopus. Relative length of
the stylets in Bathypolypus (17%) is somewhere
between that of Enteroctopus (20-32% ML) and
Benthoctopus  (7.6—14%). Sculptured knob-like
surface of the bend in the stylets of Bathypolupys
indicate that these structures provide substantial
support for the funnel retractors, unlike soft and
smooth stylets in Benthoctopus. On the other hand,

FIG. 29. Stylets in Eledone messyae. A. Dorsal view
of a pair of stylets from adult male (63 mm ML),
anterior end is up. B. Lateral (outer) view of the
right stylet of the same specimen (ventral side if on
the right; anterior end is up). Scale bar = 1 mm.

PUC. 29. Crunetst  Eledone messyae. A. Bun c no-
pCaibHOI CTOPOHBI Maphbl CTUIIETOB 3pesioro camua (63
MM [IM); mepemHss ctopoHa HaBepxy. B. Bum cboky
(cHapyXu) IpaBOro CTUIETAa TOW Xe 0CoOM (BEHTpallb-
Hasl CTOpOHa CIIpaBa; MepeaHuil KOHell HaBepXy) Mac-
mrad = 1 mMM.

the stylets in Bathypolypus could not be as effective
supporting structures as in Enteroctopus due to their
small size and softer consistency.

Eledoninae Grimpe, 1921

FEledone messyae Voss, 1964

HABITS AND HABITAT. Little is known about
habitat and biology of E. messyae. According to
Nesis [1982/1987], it is a benthic species inhabiting
upper shelf of Brazil, Uruguay, Argentina and Tri-
nidad Island in depth range from 30 m to 160 m. It
is a small octopod, growing up to 75 mm in mantle
length [Roper et al, 1984].

SHELL MORPHOLOGY. The stylets are long, slen-
der and needle-shaped chitin rods lying on the dorso-
lateral side of the mantle (Fig. 29). They are set widely
apart from one another: distance between the stylets
at the level of their anterior ends is about 80% ML
(Fig. 30A). The length of stylets comprises approx-
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FIG. 30. General anatomy of Eledone messyae. A. Dorsal view of a maturing female (35 mm ML). The skin is
removed to show the outline of the mantle. Bold arrows with numbers indicate the planes of corresponding cross-sections
(shown in Fig. 31). B. Lateral view of an adult male (63 mm ML) after removal of the mantle wall and gill from

the left side. Scale bar = 1 cm.

PUC. 30. Crpoenue Eledone messyae. A. JlopcanbHblii Bum cospeBawineidi caMku (35 mm [AM). KoxHble MOKpPOBBI
yAajJeHbl, YTOObI IMOKa3aTh KOHTYp MaHTMM. CTpenku ¢ LudpaMu yKasbIBalOT IMOJIOXEHUE COOTBETCTBYIOIIUX CPE30B
(mokazanel Ha Puc. 31). B. Bum cboky (B3pociwii camerr; 63 MM JIM) mocie ymajaeHUs CTEHKHM MaHTHH UM KaOpbl

C JIeBoii CTOpoHBbl. MacmTab = 1 cM.

imately 17% ML. The bend is low, obtuse, ranging
from 125° to 130°. Surface of the bend is smooth, as
well as the rest of the stylets. Greatest thickness of
stylets is situated at the level of the bend comprising
about 7% stylet length. Anterior and posterior sho-
ulders are slightly arched inside the mantle. The
anterior shoulder is relatively long, approximately
40% of stylet length. The distal part of both shoul-
ders is straight, without zigzag curvature.

MICROSTRUCTURE OF THE STYLETS. Mic-

rostructure of the stylets is essentially the same as
in Benthoctopus. The stylets grow by concentric
layers of semitransparent chitin. The initial shell is
situated in the area of the bend. Growth increments
and apical lines are clearly visible inside both sho-
ulders in transmitting light.

EXTERNAL MORPHOLOGY. The mantle is
wide, globular and covered by thick gelatinous der-
mal integument with prominent papillae on the dor-
sal side (Fig. 30). It is the most thick in its anterior
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EIG. 31. Schematic cross-sections of the soft body in Eledone massyae (maturing female; 35 mm ML). A. Section 1,
at the level of anterior part of the funnel. B. Section 2, at the level of anterior dorsal mantle adductors (posterior
part of the funnel). C Section 3, behind anterior dorsal mantle adductors. D. Section 4, at the level of attachment
of the funnel retractors. E. Enlarged fragment of figure 'D' showing attachment of the mantle and funnel retractor

scale bar = 1 mm.

to the left stylet. Position of sections is indicated on Fig. 30. A-D: scale bar = 1 cm. E:

PUC. 31. Cpesbl msrkoro tena Eledone massyae (co3pesatoriast camka; 35 mm [IM). A. Cpe3 1, Ha ypoBHe TiepemHeit
yacti BopoHKHM. B. Cpe3 2, Ha ypoBHE IepeIHMX IOPCAIBHBIX MAHTHAHBIX AIIyKTOPOB (3amHSS YacTb BOPOHKH).
C. Cpe3 3, mozaay IOpcalbHBIX MaHTUAHBIX amaykTopoB. D. Cpe3 4, Ha ypoBHE KpEIUIEHHMsS] PETPAKTOPOB BOPOHKHU.
E. VBenmueHHbIl ¢parMeHT Brma ‘D', TIOKa3bIBAIONINIA KPETUICHNE MAHTHHM M PETPAKTOpa BOPOHKHU K JIEBOMY CTHJIETY.

[MonoxeHue cpe3oB mokazaHo Ha Puc. 30. A-D: macmrad = 1 cMm. E: macmrab = 1 mwm.
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part, gradually becoming thinner posteriorly. Late-
ral walls of the mantle are thicker than dorsal and
ventral walls. The mantle aperture is relatively
small: its lateral margins are situated well below the
eyes. The ventral median-mantle adductor is thick
and wide. It attaches to the visceral sac from the
level of the anterodorsal adductors to the level of
the stylets (Fig. 30B). Anterior margin of the ventral
median-mantle adductor is at some distance from
ventral margin of the mantle. The funnel is long,
tube-like, fused with the head approximately along
ofits length. The funnel arises deep within the man-
tle cavity, and its posteroventral margin rests against
the ventral mantle adductor. A funnel-mantle locking
apparatus is absent. The funnel retractors are long,
wide, ribbon-like. The anterodorsal adductors are si-
tuated at the level of posterior margins of the collar
folds. They have a shape of short ribbon-like muscular
ligaments twisted in the same way as in other Incirrata.
The visceral sac is fused with the mantle posterior
from the level ofthe stylets (Fig. 30B).

CROSS-SECTIONS. The walls of mantle and the
funnel consist of two thick surface muscular layers
separated by very thin layer of connective tissue
(Fig. 31). In anterior part of the mantle its lateral
walls are slightly thicker than dorsal and ventral
walls. The dermal integument is very thick. Its sur-
face bears prominent papillae covering the mantle
entirely. The mantle cavity is relatively small. At
the level of the funnel the dorsal mantle cavity is
larger than the ventral one. Posterior from the funnel
the dorsal mantle cavity is smaller than the dorsal
one. Between the anterodorsal and posterodorsal
mantle adductors both ventral and dorsal mantle
cavities are fused together alongside the visceral sac
(Fig. 31C). The visceral sac is relatively small in
anterior part becoming very large posteriorly. Be-
tween the anterodorsal and posterodorsal mantle ad-
ductors the visceral sac is occupied mainly by large
digestive gland (Fig. 31C,D). The ink sac is in unu-
sual position, deeply embedded inside digestive
gland from the ventral side.

Head retractors make thick muscular walls of
the visceral sac at the level of the funnel (Fig. 31
A). At this level they consist of thick inner and thin
outer muscular layers. The anterodorsal adductors
differentiate from the outer layer of the head ret-
ractors at the level of the stellate ganglia (Fig. 31B).
The anterodorsal adductors are unusually oriented
running obliquely downward from dorso-lateral
walls of the visceral sac to lateral walls ofthe man-
tle. The stellate ganglia are large, situated on lateral
walls of the mantle just below the sites of attach-
ment of the anterodorsal adductors. Posteriorly the
head retractors extend to the level of the median
mantle septum (Fig. 31C). The median mantle sep-
tum consists of two thick adductor muscles diver-
ging in a V-like pattern from the midline of the

mantle toward the visceral sac. Inner space between
the adductor muscles contains the duct of the ink
sac, vena cava and the rectum. Anterior extensions
of the median mantle adductor form a part of the
dorsal funnel wall (Fig. 31A,B).

The muscular portion of the funnel consists of
single circular muscular layer (Fig. 31A,B). The
collar folds originate as extensions of the lateral
walls ofthe funnel and attach to lateral walls of the
mantle. The funnel retractors originate as posterior
extensions of dorsolateral walls of the funnel. They
are thin, flat and ribbon-like in the middle part,
gradually becoming thicker posteriorly (Fig. 31C).
Inner side ofthe funnel retractors is attached to the
visceral sac. At the sites of attachment to the stylets
the funnel retractors are thick, wide and triangular
in cross-section (Fig. 31D). The wide medial side
of each base attaches to lateral side of the visceral
sac, while the narrow outer apex attaches to the
medial half of the stylet (Fig. 31D,E). The stylets
are embedded deep inside the mantle wall. Their
greatest diameter is about 1/3 the thickness of the
mantle wall. The mantle attaches to the dorsolateral
sides ofthe stylets while the funnel retractors attach
to the ventral side of the stylets (Fig. 31E). The
"fin" nerve is small, passing between the funnel
retractor and mantle wall, ventrally from the stylets.
The gills attach to the mantle wall ventral from the
stylets.

COMMENTS. Extremely narrow needle-like shape
differs the stylets in Eledone from those in other
octopodids studied. At the level ofthe greatest dia-
meter the stylets in Eledone comprise less than 1/3
of the mantle wall thickness. Weak expression of
the bend, relatively small size and smooth surface
ofthe stylets in Eledone indicate to the reduction of
supporting role ofthe stylets in this species. On the
other hand, the stylets in Eledone apparently retain
their role of structural centers uniting the mantle,
funnel retractors, visceral sac and the gills. Widened
inner bases ofthe funnel retractors apparently ensu-
re strong connection between the visceral sac and
the mantle. Reduction of supporting role of stylets
in Eledone may be caused by decrease of its swim-
ming activity in the course of adaptation to benthic
(crawling and hiding) behaviour.

Alloposidae Verrill, 1881

Alloposus mollis Verrill, 1880

HABITS AND HABITAT. A. mollis is a benthope-
lagic octopod, inhabiting near-bottom waters of
continental slopes in all oceans, from tropical to
high latitudes [Young, 1996]. Body tissues are ge-
latinous. Females are very large, reaching 400 mm
ML or a total length up to 2 m [Nesis, 1982/1987].



Shell in Vampyropoda 47

Males are much smaller than females, but they are
no dwarfs like in other representatives of argonau-
toid families [Young, 1996]. According to Nesis
[1975], the deep umbrella formed by the arms and
web serves Alloposus as its main organ of locomo-
tion. Ability for the jet-swimming is apparently lost.
Recently this was confirmed by direct submersible
observations of Alloposus swimming with slow me-
dusoid motion of its umbrella just above the ocean
floor [Young, 1995].

SHELL MORPHOLOGY. Stylets in Alloposus
were first discovered by Voight [1997] who descri-
bed them as 'gelatinous masses', situated 'in the
dorso-lateral mantle'. Stylets in Alloposus are unu-
sual in their shape and structure (Fig. 32). They are
relatively small, wide and thick drop-like bodies of
soft consistency embedded in the lateral walls of the
mantle. In formalin-stored specimens stylets are
transparent, soft and flexible, like water-filled bal-
loons. The lengths of stylets comprises about 10%
ML. As the stylets lie on the lateral sides of the
mantle, the distance between them equals the man-
tle width at that level, comprising about 54% ML.
In each stylet the anterior and posterior shoulders
form an obtuse angle of about 135°-145° between
them. The shorter anterior shoulder is rounded and
wide; its length comprises about 33% of the stylet
length. The posterior shoulder attenuates to a point.
The bend is low and dome-shaped; its surface is
smooth. The greatest width of the stylets (at the
level ofthe bend) comprises approximately 46% of
stylet length. The inner side of each stylet bears a
prominent ridge ending in a prominent dome just
above the nucleus (Fig. 33C). The surfaces of the
stylets are smooth. Dorsal side of each stylet bears
a shallow groove between the anterior and posterior
shoulders.

MICROSTRUCTURE OF THE STYLETS. As in
other incirrates, the stylets in Alloposus are compo-
sed of concentric layers growing around an initial
shell. The latter is visible in transmitting light within
the bend. However, all attempts to make cross-section
ofthese structures failed, as the stylets lost their shape
and released water when their surface is broken.

EXTERNAL MORPHOLOGY. The body is smo-
oth and with gelatinous integument concealing the
underlying musculature (Fig. 33). The mantle is
short, wide and cup-shaped; its length averages 38 %
TL. Dorsal margin of the mantle forms wide
tongue-like process projecting anteriorly. Ventral
margin of the mantle is shallow concave. The man-
tle aperture is wide; its lateral margins are situated
at the level ofeyes. The long, wide, tube-like funnel
is completely embedded in the head. Its wide nozzle
opens anteroventrally to the eyes (Fig. 33B). A
weak funnel locking-apparatus is present. It consists
of hook-like muscular folds on the funnel corners

c D

FIG. 32. Stylets of Allopos mollis (immature male; 60
mm ML). A. Inner lateral view of the left stylet (an-
terior end is up; ventral side is on the right). B.
Inner lateral view of the right stylet (anterior end is
up; ventral side if on the left). C Dorsal view of
the right stylet (anterior end is up; inner side is on
the left). D. Inner lateral view of the right stylet (same
orientation as in 'B'). A,B - the stylets are drawn
naturally transparent to show their growth increments.
CD - the stylets are drawn opaque to reveal their
surface. Scale bars = 1 mm.

PUC. 32. Crunert Allopos mollis (He3penbiii camerr; 60
MM JIM). A. Bum neBoro ctuiiera cOOKy (M3HYTpH);
TIepeIHUIT KOHEI[ HaBepXy; BEHTpaJbHas CTOPOHA CIpa-
Ba. B. Bum mpaBoro crunmera cOoKy (M3HYTpH); Iie-
pPEemHMI KOHEl[ HaBepXy; BEHTPaJbHAsl CTOPOHA CJeBa.
C. Bun mpaBoro crtuiieta ¢ JOpCaIbHON CTOPOHBI (Tie-
pemHMI KOHEel[ HaBepXy; BHYTPEHHss CTOpOHA CJIeBa).
D. Bun mpaBoro crunmera cOOKy (M3HYTpH); OpHEHTa-
1Mst Ta ke, yto Ha 'B'. A,B - cTuieThl M300paxkeHbI
€CTeCTBEHHO IPO3payHbIMU, YTOOBI TMOKA3aTh UX CJIOU
HapactaHusi. C,D - cTtunethl M300paxkeHbl HEMpO3pau-
HBIMH, YTOOBI MOKa3aTh pefibed MX MoBepXHOCTH. Mac-
mrab = 1 mMM.
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FIG. 33. General anatomy of Alloposus mollis. A. Dorsal view (immature male; 60 mm ML). B. Same specimen;
lateral view. Bold arrows with numbers indicate the plane of corresponding cross-sections (shown in Fig. 34). C
Lateral view of a immature male (63 mm ML) after removal of mantle wall and gill from the right side. Scale

bars = 1 cm.
PUC. 33. Crpoenue Alloposus mollis. A. Bum c¢ mopcanbHOil cTopoHbl (Hedpenblii camerr; 60 mm JIM). B. Tor xe

aK3eMIUIAp; BUI cOOKy. CTpesiku ¢ 1udpaMy yKas3bIBalOT TMOJIOKEHUE COOTBETCTBYIOIIMX CPe30B (IMOKa3aHbl Ha Puc.

34). C. Bung cboky mociie ymajieHus CTEHKM MaHTHM M XaOpbl C IpaBOil CTOPOHBI (He3penbiil camel; 63 mm JIM).

Macmrad = 1 cMm.
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FIG. 34. Schematic cross-sections of the soft body in Alloposus mollis (immature female; 57 mm ML). A. Section
1, at the level of anterior dorsal margin of the mantle. B. Section 2, at the level behind the funnel. C Section
3, at the level of anterior dorsal mantle adductors. D. Section 4, behind anterior dorsal mantle adductors. E. Section
5, at the level of attachment of the funnel retractors. F. Enlarged fragment of figure 'E' showing attachment of

the mantle and funnel retractor to the left stylet. Position of sections is indicated on Fig. 33. A-E: scale bars =
1 cm. F: scale bar = 1 mm.

PUC. 34. Cpesbt wmsrkoro tena Alloposus mollis (Hespenas camka; 57 mm JIM). A. Cpe3 1, Ha ypoBHE IEpeaHEro
nopcaibHOTO Kpass MaHTuu. B. Cpe3 2, mosamu BopoHKu. C. Cpe3 3, Ha ypoBHE IMEpEeqHUX JOPCATbHBIX MaHTUIHBIX
agayktopoB. D. Cpe3 4, mo3amu mopcalbHbIX MaHTMIHBIX anmykTtopoB. E. Cpe3 5, Ha ypoBHE NMPUKPEIUICHUSI PETPAKTOPOB

BopoHkU. F. YBenmmdeHnslil ¢parmeHT Buna 'E', mokasbiBarommil IpUKpETUIeHNe MAaHTUM M PETPAKTOPa BOPOHKU K JIEBOMY
ctunery. IlomoxeHue cpe3oB moka3aHo Ha Puc. 33. A-E: macmitab = 1 cm. F: macmrad = 1 mwm.
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and corresponding ridge/groove system on the man-
tle. Visceral sac is rather small. Ink sac is present.
The median mantle septum is wide but feebly mus-
cular. Its anterior margin is at the anterior ventral
margin of the mantle. The funnel retractors pass
nearly longitudinally along lateral sides of the vis-
ceral sac. The anterior dorsal mantle adductors are
long and narrow, running almost parallel to the fun-
nel retractors (Fig. 33C).

CROSS-SECTIONS. The walls of mantle and fun-
nel are thin and weakly muscular. Dorsal wall of the
mantle projects further anteriorly than the ventral
wall, so that the latter is absent on the section at the
level of the funnel (Fig. 34A). The dorsal mantle
wall that confines the dorsal mantle cavity is cons-
picuously thinner than lateral and ventral walls con-
fining the ventral mantle cavity (Fig. 34C,D). The
mantle cavity is spacious; the dorsal part is larger
than the ventral one. The dorsal mantle cavity is best
developed in the area of collar folds, while the ven-
tral part reaches the greatest size immediately be-
hind the funnel (Fig. 35C,D). Viscera sac occupies
about 2/3 of the mantle cavity. Posterior part of
digestive gland is divided into left and right lobes
(Fig. 34C,D). The ink sac is embedded between the
two lobes of the digestive gland. An elongated hyd-
rostatic organ lies in the middle part of the visceral
sac, along its dorsal midline, next to digestive gland
(Fig. 34C,D). Numerous folded and branched mem-
branes project inside the organ from its walls.

Head retractors are thin, short and weak. They do
not form a complete muscular envelope around the
anterior part of the visceral sac, like in octopodids,
but run along lateral sides of the visceral sac as a pair
of thin muscular bands. Posteriorly the head retractors
gradually become thinner and disappear by the level
of stellate ganglia (Fig. 34A-C).

The anterodorsal mantle adductors are peculiar
in shape and structure. They separate from the head
retractors very early, at the level of the funnel. Here
they have the shape of low ridges on the ventrola-
teral sides of the visceral sac (Fig. 34A). Each ridge
consists of a series of muscular bundles surroun-
ding a pallial nerve. The latter occupies unusual
position in Alloposus, lying external to the head
retractors. At the level of collar folds, the bridges
containing the anterior adductors increase in size
and their lateral sides fasten to the inner sides of
the collar folds by thin ligaments thereby dividing
the collar pockets into dorsal and ventral parts (Fig.
34B). Further posteriorly the bridges attach to the
outer sides of the funnel retractors and the separa-
ted adductor bundles merge into single muscular
layers that attach to the lateral mantle walls behind
the stellate ganglia (Fig. 34C). They are situated so
low in relation to the visceral sac that should be
termed more correctly the 'anterolateral adductors'.

The median mantle septum consists of two thin

adductor muscles running along the lateral sides of
a gelatinous core containing the rectum, vena cava,
mantle artery and the duct of the ink sac (Fig.
34B,C). Anterior extensions of the adductors form
a low ridge that extends anteriorly forming part of
the dorsal funnel wall and the ventral side of vis-
ceral sac (Fig. 34A).

The muscular portion of the funnel consists of
one ventral and two dorsolateral muscular walls
(Fig. 34A). Boundaries between these walls are
marked by the junction of muscular fibers of dif-
ferent orientation. The collar folds originate from
the lateral walls of the funnel, pass alongside the
visceral sac and attach to dorsolateral walls of the
mantle. The funnd retractors are thick and wide.
They attach to the visceral sac along their dorsal
margins, while the ventral margins hang free inside
the mantle cavity (Fig. 34C,D). At the sites of at-
tachment to the stylets, the funnel retractors are
oriented obliquely from dorsolateral sides of the
visceral sac to the dorsomedial sides of the stylets,
which are situated low on lateral walls of the man-
tle (Fig. 34E). The stylets are much thicker than
the muscles attaching to them. The mantle attaches
to the dorsal and ventral sides of the stylets leaving
wide break on their outer surface (Fig. 34F). The
gills attach to the mantle wall ventral to the stylets.

COMMENTS. The stylets in Alloposus are unique
among octopods in being soft, gelatinous and unu-
sually large. Such structures could not provide sup-
port for the funnel retractors and apparently serve
as a hydroskeleton, variable in shape but constant
in volume, between the major muscles of the body.
Reduction of the stylets in Alloposus was apparently
stipulated by the loss of jet-swimming. However,
the presence of a well-developed funnel locking
apparatus in Alloposus suggests that it is derived
from a more muscular ancestor.

Another characteristic feature of Alloposus is
the presence of a hydrostatic organ, which is repor-
ted here for the first time. Until now, hydrostatic
organ of similar structure was reported only for
Ocythoe [Packard, Wurtz, 1994]. The presence of
hydrostatic organ implies that Alloposus can attain
neutral or near-neutral buoyancy passively. Deve-
lopment of a new septum between anterior dorsal
adductors and the collar folds may support the an-
terodorsal adductor bridge.

Tremoctopodidae Tryon, 1879

Tremoctopus violaceus Chiaie, 1830

HABITS AND HABITAT. Tremoctopus, or blan-
ket octopus, is an epipelagic octopod inhabiting tro-
pical and subtropical surface waters of al oceans
[Thomas, 1977; Nesis, 1975; 1985]. Females are
large, up to 500 mm ML; the males are dwarf, about
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15 mm ML. Direct underwater observations showed
that this animal can jet-swim [Young, 1995]. In
other cases Tremoctopus was found swimming near
the shallow ocean floor with its long dorso-lateral
arms and web spread wide apart [Mangold ef al,
1996a].

SHELL MORPHOLOGY. The stylets are straight,
thick and relatively stiff sausage-shaped rods with
slightly pointed ends (Fig. 35). They lie on the la-
teral sides of the mantle (Fig. 36A). Distance be-
tween the anterior ends of the stylets is about 45%
ML. The stylets consist of cartilage-like chitin that
is laid down by concentric layers. The center of
growth (initial shell) is situated in anterior 1/3 of the
stylets. Length of the stylets is about 16 ML. Each
stylet is slightly compressed in its middle part and
somewhat swollen in its anterior and posterior parts
(Fig. 35A). The bend is absent. The surface of sty-
lets is smooth. The greatest width is situated in the
posterior 1/3 and comprises approximately 18% of
their length.

MICROSTRUCTURE OF THE STYLETS. Cross-
sections in the middle part of stylets are roughly
oval in shape and consist of numerous regular, con-
centric, translucent layers (Fig. 35C). The center of
growth is situated approximately in the middle of
the section. Contours of the growth increments are
similar throughout the section, indicating that the
stylet shape does not change significantly during
growth. Growth zones are absent. The width of
growth increments ranges from 7 urn to 15 urn,
averaging 9 urn. First-order increments are grouped
into second-order cycles, from 5 to 32 increments
in one cycle.

EXTERNAL MORPHOLOGY OF FEMALES.
Body is dense, muscular and smooth. Mantle is
elongated, rounded posteriorly (Fig. 36A). Anterior
dorsal margin ofthe mantle forms wide tongue-sha-
ped process, projecting to the level of eyes. Ventral
anterior margin of the mantle is even. Mantle aper-
ture is wide; its lateral margins are situated above
the level of eye pupils (Fig. 36B). The position of
the stylets is visible on intact animal as a pair of
longitudinal grooves on lateral sides of the mantle.
Dorsal arms I and II are very long (more than 2
times the mantle length) and connected by a large
interbrachial web. Ventro-lateral arms I1I and 1V are
much shorter than the dorsal ones and not united by
the web. A pair of water pores is situated at the
bases of dorsal and ventral arms leading into large
subcutaneous cephalic cavities. Funnel is long and
tube-like, embedded in the head dorsally. The noz-
zle of the funnel is free, narrow and situated ante-
roventally from the eyes. Funnel corners are folded
outward and form funnel locking-apparatus that fits
into corresponding pocket-like slits in the mantle.

Left Right

B

FIG. 35. Stylets in Ttremoctopus violaceus. A. Dorsal
view of a pair of stylets from immature female (60
mm ML); anterior end is up. B. Lateral view from
inner side of the right stylet (ventral side if on the
left; anterior end is up). Arrows indicate the plane
of the cross-section shown in 'C. C Cross-section
of the right stylet (dorsal side is up; outer side is
on the left). Scale bars = 1 mm.

PUC. 35. Crunetsl Ttremoctopus violaceus. A. Bun c
JOPCATbHOI CTOPOHBI MApbl CTUJIETOB HE3PETON CaMKu
(60 MM IM); mepenHsisi cropoHa Hasepxy. B. Bun
cOOKy C BHYTPEHHEW CTOPOHBI TPaBOTO CTHJIETa (BEH-
TpajibHasl CTOPOHA CJieBa; MepeAHUN KOHElLl HAaBEepXy).
CTpenky yKas3blBalOT MOJNOXEHHE Cpe3a, H300paxeH-
Horo Ha Buae 'C. C. IlomepeuHsblil cpe3 IpaBoro CTu-
JieTa (mopcaibHasi CTOPOHA HaBepXy; BHEIIHSSI CTOPOHA
cneBa). Macmrab = 1 MM.

CROSS-SECTIONS OF FEMALES. The mantle
wall is thick and muscular. Its outer and inner mus-
cular layers are separated by a thin layer of connec-
tive tissue (Fig. 37). The lateral walls ofthe mantle
are slightly thicker than the dorsal and ventral walls.
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FIG. 36. General anatomy of Tremoctopus violaceus (immature female; 57 mm ML). A. Dorsal view. B. Lateral view.
Bold arrows with numbers indicate the planes of corresponding cross-sections (shown in Fig. 37). Scale bar = 1 cm.

PUC. 36. CtpoeHue Tremoctopus violaceus (He3penasi camka; 57 mm JIM). A. Bun ¢ gopcanbHoit cTopoHbl. B. Bum cOoky.
Crpenku ¢ HugpaMy yKa3blBAlOT IMOJOXKEHHWE COOTBETCTBYIOILMX Cpe30B (MokazaHbl Ha Puc. 37). Macmrad = 1 cm.

Dermis is thin and smooth. The mantle cavity is
relatively small; the dorsal part is larger than the
ventral one. The visceral sac occupies about 2/3 of
the mantle cavity. Digestive gland is not divided
posteriorly and occupies most of the visceral sac
anteriorly. Ink sac is large, triangular in cross-sec-
tion, embedded deep into the digestive gland from
ventral side (Fig. 37B-D). A hydrostatic organ is
present in the middle part of the visceral sac on its
dorsal side. It is situated posterior to the digestive
gland and above the stomach and has the shape of
a wide, flattened, muscular sac with numerous bran-
ched membranes projecting inside from its walls
(Fig. 37E).

The head retractors are thin and wide. They
form the muscular lateral walls of the visceral sac
and almost merge dorsally and ventrally (Fig.
37A,B). Posteriorly the head retractors gradually
become thinner and finally disappear at the level
of the stellate ganglia. In the region of the funnel
the head retractors consist of inner and outer layers
with different orientation of their muscular fibers

(Fig. 37A). The pallial nerves occupy position be-
tween layers of the head retractors on the lateral
sides of the visceral sac. At the level of the collar
folds, the outer muscular layer of the head retrac-
tors branches outward and forms anterior the ante-
rodorsal mantle adductors containing the pallial
nerve (Fig. 37B). Unlike Alloposus, anterodorsal
adductors in Tremoctopus are not connected with
the collar folds. Anterodorsal adductors attach to
the mantle immediately behind the funnel (Fig.
37C). At the sites of attachment they are thicker
and more muscular. The lateral end of each ante-
rodorsal adductor attaches to the lateral mantle wall
while the medial end attaches to the ventrolateral
side of the visceral sac, close to the funnel retrac-
tors. The stellate ganglia are situated below and
posteriorly the sites of attachment of the anterodor-
sal adductors.

Ventral median mantle septum is thick, muscu-
lar and Y-shaped in cross-section (Fig. 37B,C).
Ventrally the septum is composed of a single, thick
adductor muscle that attaches to the mantle wall.
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FIG. 37. Schematic cross-sections of the soft body of Tremoctopus violaceus (immature female; 57 mm ML). A.
Section 1, at the level of the funnel. B. Section 2, behind the funnel. C Section 3, at the level of anterior dorsal
mantle adductors. D. Section 4, behind dorsal mantle adductors (level of the stellar ganglia). E. Section 5, at the
level of attachment of the funnel retractors. Position of sections is indicated on Fig. 36. Scale bars

=1 cm.

PUC. 37. Cpesnl msirkoro tena Tremoctopus violaceus (Hespenast camka; 57 mm [IM). A. Cpe3 1, Ha ypoBHE BOPOHKHU.
B. Cpe3 2, nozamu BopoHku. C. Cpe3 3, Ha ypOBHE IEpeIHMX MOPCATbHBIX MaHTUHHBIX amgnykropoB. D. Cpes 4,

T03aIy JOPCATbHBIX MAaHTUIMHBIX aIIyKTOPOB (Ha ypoBHe 3Be3myarbix raHmmeB). E. Cpe3 5, Ha ypoBHe TNPUKpETUIEHUS
peTpakTopoB BopoHKH. IlomoxeHue cpe3oB ykazaHo Ha Puc. 36. Macmrab = 1 cm.
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FIG. 38. Schematic sections showing attachment of mus-
cles to the shell in Tremoctopus violaceus. A. Lon-
gitudinal section of the mantle along the left stylet.
Anterior end is on the left; dorsal side is up. B.
Transversal cross-section through the right stylet (en-
larged fragment of Section 5; Figure 37E). Dorsal side
is up; outer side is to the right. Scale bar = 1 mm.

PUC. 38. KperieHue MBIl K pakoBuHe —Tremoctopus
violaceus. A. TIpomoJbHBINM cpe3 MAHTUU BIOJb JIEBOTO
cruneta. [lepenHuii KOHell ClieBa; T0pcaibHas CTOPOHA
HaBepxy. B. IlomepeuHslii cpe3 yepe3 IMpaBblil CTUIET
(yBenmuueHHbII parmeHT cpe3a 5; Puc. 37E). Jopcanb-
Hasl CTOpOHA HaBepXy; BHEIIHsIS CTOPOHA cripaBa. Mac-
mrad = 1 Mm.

This muscle extends along the mantle wall both
anteriorly and posteriorly from the region of attac-
hment to the visceral sac. Dorsally the adductor
divides into two layers that diverge onto the sides
ofthe visceral sac. The space between the diverging
muscles is occupied by the rectum and vena cava.
Anteriorly the adductor muscles extend into the
funnel as a thin muscular layer covering the rectum,
vena cava and the duct of the ink sac (Fig. 37A).

The funnel consists of single circular muscular
layer; its ventral and lateral walls are fused together
without boundaries (Fig. 37A). Collar folds origi-
nate from the dorsolateral walls of the funnel, pass
along the sides of the visceral sac and attach to
dorsolateral walls of the mantle. A funnel locking-
apparatus in Tremoctopus is well developed and

consists of cartilage-strengthened hook-like folds
of the funnel corners and corresponding pockets in
the ventral mantle wall (Fig. 37B).

Funnel retractors are wide, thick, muscular
bands on the lateral sides of the visceral sac (Fig.
37D). They fuse with the visceral sac along the
dorsomedial of their width, while the ventral quar-
ter hangs freely inside the mantle cavity. At their
sites of attachment to the stylets the funnel retrac-
tors are thick and triangular in cross-section (Figs.
37E; 38B). The wide medial side of each base pro-
jects into the mantle cavity, while the narrow outer
apex attaches to the medial half of the stylet. The
dorsal side of each retractor base connects to the
visceral sac by a membrane (Fig. 37E). The gills
attach to the mantle wall ventral to the attachment
of the funnel retractors.

Attachment of the muscles to the stylets in 7re-
moctopus is unusual. Longitudinal preparation sho-
wed that each stylet is obliquely oriented in the
animal body; its posterior part is embedded in the
mantle muscle, while the anterior part projects into
the funnel retractor (Fig. 38A). Compared to Ocfo-
pus, the stylets are thick in relation to the mantle.
The mantle muscles form a break over the stylets,
that is clearly visible on both longitudinal and tran-
sversal sections (Fig. 38A,B).

COMMENTS. Straight stylets in 7remoctopus are
not anchored in the mantle as effectively as stud-
like stylets of benthic octopods. Instead, they are
inserted in the mantle wall like obliquely knocked
nails (Fig. 38A). The smooth surface of the stylets
and the absence of the bend suggest that muscles
attachment is weaker. This reduction is compensa-
ted, at least partly, by the special, well-developed
funnel locking-apparatus, which eases the role of
the funnel retractors in holding the funnel during
jet-swimming. Obviously, Tremoctopus cannot
swim, like Alloposus, with medusoid movement of
its arm crown, as its interbrachial web is incomplete
(absent between arms III and IV). Since jet propul-
sion is its only means of locomotion and it possesses
a large, muscular mantle and well-developed stylets
we assume that Tremoctopus is capable of relatively
strong jet-swimming.

The hydrostatic organ that is reported for Tremoc-
topus for the first time represents an important adap-
tation for pelagic life and implies that the octopus can
attain neutral or near-neutral buoyancy passively.

Ocythoidae Gray, 1849

Ocythoe tuberculata Rafinesque, 1814

HABITS AND HABITAT. Llittle is known about
the life style and ecology of Ocythoe tuberculata.
This pelagic octopod occurs in near-surface waters
in subtropical to temperate regions ofall oceans and
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FIG. 39. General anatomy of Ocythoe tuberculata. A. Dorsal view after removal of the skin from the mantle and head
(immature female; 96 mm ML). Bold arrows with numbers indicate the planes of corresponding cross-sections
(shown in Fig. 41). B. Lateral view after removal of the mantle wall and gill from the left side (immature female;

103 mm ML). Scale bars = 1 cm.

PUC. 39. Crpoenue Ocythoe tuberculata. A. Bun ¢ nopcanbHOil CTOPOHBI MOC/HE YAaJeHUsT KOXHBIX MOKPOBOB C MAaHTUU
u ronoBbl (He3penmast camka; 96 MM JIM). Crpenku ¢ mudpamMu yKasbiBalOT TMOJOXEHHE COOTBETCTBYIOIIMX CPE30B
(mokazansl Ha Puc. 41). B. Bum cOoky mocne ymajgeHus CTEHKM MaHTMM M XaOphl C JIEBOM CTOPOHBI (He3penast

camka; 103 mm JIM). Macmrab = 1 cm.

has often been caught by drift nets and pelagic
trawls in upper 10 m of water at night [Roper, Swe-
eny, 1976; Mangold et al, 1996b]. The daytime
habitat is unknown. Females reach about 30 cm ML,
while the adult males are dwarf, approximately one
tenth the length of the females. The mantle is mus-
cular and the octopod, presumably, is an excellent
swimmer [Mangold ef al., 1996b]. Males and young
females are often found residing inside the tests of
salps [Nesis, 1982/1987]. Females have unusual
hydrostatic organ, which is located in the middorsal
region of the visceral mass [Packard, Wurtz; 1994].

EXTERNAL MORPHOLOGY OF FEMALES.
The stylets are absent completely, and only muscu-
lar scars on the dorso-lateral sides of the mantle with
the "fin" nerves penetrating them indicate the for-

mer position of the shell (Fig. 39). The mantle is
ovoid, dense and muscular. The mantle length com-
prises about 25% TL; the mantle width is approx-
imately 75% ML. Anterior dorsal margin of the
mantle is fastened to the head by wide nuchal mus-
cle. Arms are long (about 1.8 ML), ventral and
dorsal arms are much longer than lateral arms. The
web between arms is completely reduced. A pair of
water pores is situated at the bases of ventral arms.
Funnel is very long, projecting beyond the arms
bases. Proximal ofthe funnel is fused with the head.
Funnel locking-apparatus is very strong, formed by
rigid cartilage-like corners of the funnel that coil
outward like a spiral hooks and insert firmly into
corresponding depressions in the mantle wall (Fig.
40B). The distal parts of the funnel corners are
swollen where they reside inside the mantle ensu-
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Ocythoe tuberculata. A. General lateral view of an adult female. Note tubercles on ventral surface of the

mantle. B. Ventral view of an adult female; ventral part of mantle removed to show the structure of mantle cavity
and funnel locking-apparatus [from Naef, 1921/1923; modified]. Scale bars = 2 cm.

PUC. 40. Ocythoe tuberculata. A. 3penasi camka; BuI cOOKy. BeHTpasbHasi CTOpOHA MAHTUU TIOKPHITA CETYATOUN CKYIb-
nrypoii. B. 3penasi camka; BUA C BEHTP&IbHOI CTOpOHBI. BeHTpasibHasi CTeHKa MaHTUM YyAajeHa; BUAHO CTPOEHUE
MaHTUITHO-BOPOHOYHOTO 3aMbIKaTeabHOTro ammaparta [u3 Naef, 1921/1923; ¢ usmeHenusimu|. MacmTab = 2 cMm.

ring permanent, solid connection between the fun-
nel and mantle. The mantle aperture is wide; its
lateral margins are situated well above the level of
eyes (Fig. 39B). The visceral sac is small. The an-
terodorsal mantle adductors have the shape of twis-
ted, wide bands. The median mantle septum is wide
and muscular. Its anterodorsal margin is well ante-
rior to anteroventral mantle margin (Figs. 39B;

40B). Funnel retractors pass obliquely from the cor-
ners of the funnel alongside the visceral sac and
attach to dorso-lateral walls of the mantle.

CROSS-SECTIONS. The mantle wall consists of
the inner and outer muscular layers separated by a
thin sheet of connective tissue (Fig. 41). The outer
muscular layer is thicker than the inner one and the
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FIG. 41. Schematic cross-sections of the soft body of Ocythoe tuberculata (same specimen as in Fig. 39A). A. Section
1. at the level of the funnel. B. Section 2, at the level of anterior dorsal mantle adductors. C. Section 3, at the
level of attachment of the funnel retractors. E. Enlarged fragment of Section 3, showing attachment of the funnel

— =1

retractor to the mantle. Position of sections is indicated on Fig. 39. A-D: scale bars = 1 cm. E: scale bar
mm.

PUC. 41. Cpesbl msrkoro Ttena Ocythoe tuberculata (3k3eMIuisip TOT Xe, uto Ha Puc. 39A). A. Cpe3 1, Ha ypoBHe
BopoHku. B. Cpe3 2, Ha ypoBHe TepemHUX AOPCaTbHBIX MaHTUIHBIX ammykTtopoB. C. Cpe3 3, Ha ypoBHe MpPUKPETUICHUS
peTpakTopoB BOpPOHKM. E. YBenmueHHBIH (parMeHT cpe3a 3, MOKa3bIBAIOIIMI MPUKpPEIUIEHNWE PEeTPAKTOpa BOPOHKU K
maHtuu. [lonoxeHue cpe3oB mokaszaHo Ha Puc. 39. A-D: macwtab = | cm. E: macmrad = 1 MMm.
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dorsal mantle wall is slightly thinner than the vent-
ral and lateral walls. The dermis is thin and smooth
on the dorsal side of the mantle, gradually becoming
thicker and ridged toward the ventral side. The man-
tle cavity is large; its dorsal part is much smaller
than the ventral one.

Visceral sac is relatively compact in anterior
and posterior parts (Fig. 41A,C), swollen in the
middle part (Fig. 4IB). Digestive gland occupies
most part of the visceral sac in its anterior and
middle portions. Ink sac is large, triangular in
cross-section, embedded into the digestive gland
from ventral side. The hydrostatic organ is larger
than in Alloposus and Tremoctopus, but similar in
structure (Fig. 41A-C). It is an elongated thin-walled
muscular sac situated in the middorsal region of the
visceral sac, above the digestive gland. The interior
of the hydrostatic organ in its anterior part is partly
filled by branching membranes projecting inside from
the ventral wall (Fig. 41 A). The posterior part of the
organ is occupied by loosely comb-like, membranous
tissue not seen in the other two genera (Fig. 41B,C).

Head retractors are thin, wide and muscular.
They form a muscular envelope of the visceral sac
and spread from the head to the level of stellate
ganglia. Near the base of the funnel the head ret-
ractors consist of two layers (inner and outer) with
different orientation oftheir muscle fibers. The pal-
lial nerves lie inside the inner layer of the head
retractors, lateral to the visceral sac. Posterior to
the collar folds, the outer head retractors branch
outward from the visceral sac and form the antero-
dorsal adductors that attach to dorsolateral walls of
the mantle (Fig. 41B). Anterodorsal adductors in
Ocythoe are thick and muscular, with the pallial
nerve passing in their middle part. Their unusual
shape in Fig. 41B is a result of the section passing
through the twisted mid-portion of the adductors.
The stellate ganglia are situated posterolaterally to
the attachment site of the anterodorsal adductors.

Ventral median mantle septum is thin and V-
shaped in cross-section (Fig. 4IB). It is formed by
two very thin adductor muscles that diverge from
the midline of the ventral mantle wall and attach
to the ventral side of the visceral sac, in the region
of the ink sac. The space between the ventral ad-
ductors contains the rectum, vena cava and the me-
dian pallial artery embedded in vacuolated connec-
tive tissue. The anterodorsal extension of the ven-
tral adductor spreads into the funnel as a thin mus-
cular layer covering the rectum and vena cava.

The funnel is very wide and semicircular in cross-
section (Fig. 41 A). It consists oftwo dorsal walls and
wide, arc-like ventrolateral walls, the latter are fused
with the collar folds into single muscular layers. The
junctions of muscular fibers of different orientation
mark the sites of attachment ofthe dorsal walls to the
ventrolateral walls of the funnel. The collar folds are

wide and muscular. They originate from the vent-
rolateral wall of the funnel and attach to the dorsal
wall of the mantle, forming spacious collar pockets
on both sides of the visceral sac.

The funnel retractors are thick, wide, muscular
ribbons attached to the visceral sac along their me-
dial margins (Fig. 41B). The usual position of sty-
lets at the sites of attachment of the funnel retrac-
tors is occupied by dense cartilage, probably the
remnant of the shell sac, which is wedged into the
mantle wall on its inner side (Fig. 41C,D). A break
in the mantle muscle occurs over the cartilage. The
medial side of the cartilage together with the adja-
cent mantle wall form a shallow groove for attac-
hment of the funnel retractors. At their attachment
each retractor is irregularly triangular in cross-sec-
tion, with a long, ventral apex projecting inside the
mantle cavity, a short inner dorsal apex facing the
visceral sac, and an outer dorsal apex inserting into
the mantle wall. The gills fasten to the mantle wall
ventral to the funnel retractors.

COMMENTS. Although there are no reports of in
situ observations on the swimming mode of Ocyt-
hoe, the adult females are undoubtedly good jet-
swimmers as indicated by the muscular mantle, the
strong funnel locking-apparatus and the spacious
ventral mantle cavity. On the other hand, the pre-
sence of well-developed hydrostatic organ or
"swimbladder" in Ocythoe females indicate that this
species apparently does not need to swim constantly
to maintain position in the water.

There is an apparent contradiction between the
absence of stylets and the ability for jet-swimming
in Ocythoe. The loss of stylets means that the at-
tachment of the funnel retractors to the mantle is
weaker. The main function of the funnel retractors
is to hold the funnel during jet propulsion. Appa-
rently, the funnel retractors have partially relinqu-
ished their role in Ocythoe to the strong funnel
locking-apparatus that prohibits movement be-
tween the mantle and the funnel. This is confirmed
by the thin structure of the retractor muscles. A
comparable situation is seen in some strong-jetting
ommastrephids where the retractors are small and
the funnel and mantle are permanently fused toget-
her. Otherwise reduction of stylets did not induce
major morphological changes in Ocythoe. In gene-
ral, this species retained the same octopodian Ba-
uplan, though without the shell.

Argonautidae Tryon, 1879

Argonauta nodosa Solander, 1786

HABITS AND HABITAT. Argonauts, or paper na-
utiluses, are muscular epipelagic octopods inhabi-
ting subtropical and tropical surface waters of all
oceans, but only rarely encountered nearshore [Nesis,
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FIG. 42. General anatomy of Argonauta. A. Adult female of Argonauta argo in normal swimming position [from
Naef, 1923]. B. Mature female of A. nodosa (108 mm ML); dorsal view. Bold arrows with numbers indicate the
planes of cross-sections (shown in Fig. 43). C. Mature female (94 mm ML); lateral view after removal of the
mantle wall and the gill from the left side. Scale bars = 1 cm.

PUC. 42. Crpoenue Argonauta. A. B3pocnas camka Argonauta argo, TUIBIBYIIAash B €CTeCTBEHHOM Imo3e [u3 Naef,
1923]. B. 3penast camka A. nodosa (108 mm [AM); Bum c mopcanbHOli cTOpoHBbl. CTpenku ¢ 1udpamMu yKa3blBalOT
MOJIOXEHUE COOTBETCTBYIOIIMX cpe3oB (mokazaHsl Ha Puc. 43). C. 3penas camka (94 mm JIM); Bum cOoky mocie
yHajeHus] CTeHKM MaHTUM W KaOpbl C JIeBOil CTOpoHbl. MacmTad = 1 cMm.

1982/1987]. Females reach 10 cm ML and build the EXTERNAL MORPHOLOGY OF FEMALES.
'shell' up to 30 cm in length. Males are dwarf, approx- The stylets are entirely lacking. A pair of breaks in
imately one tenth the size of females, and have been the muscular tissue on the dorso-lateral sides in the
reported living within salps [Banas ef al, 1982]. Argo- posterior 1/3 ofthe mantle indicates the former po-
nauts are poor swimmers, at least females. sition of the shell (Fig. 42). Although the true shell
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FIG. 43. Schematic cross-sections of A. nodosa (mature female; 108 mm ML). A. Section 1, at the level of the
funnel. B. Section 2, at the level of dorsal mantle adductors. C Section 3, at the level of attachment of the funnel
retractors. D. Enlarged fragment of figure 'C showing attachment of the funnel retractor to the mantle. Position

of the sections is indicated on Fig. 42. Scale bars = 1 cm.

PUC. 43. Cpe3nl A. nodosa (3penast camka; 108 mm JIM). A. Cpe3 1, Ha ypoBHe BopoHku. B. Cpe3 2, Ha ypoBHe
nepeaHux mopcaibHbIX amaykropoB. C. Cpe3 3, Ha ypoBHE MpPUKPEIUIEHUS] PETPAKTOPOB BOPOHKM. D. YBeauMueHHBII
dparmenT Buma 'C, IMOKa3bIBAIOIIMI TPUKPEIUICHUE DPEeTpakTopa BOPOHKM K MaHTUU. [loloxeHue cpe3oB IMOKa3aHO

Ha Puc. 42. Macmrtab = 1 cMm.
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is absent, females secrete athin external calcareous
shelter, often called the 'shell’, in which they live
and brood eggs [Nesis, 1982/1987]. This 'shell’ is
a planispiral, laterally compressed, boat-shaped
structure with paper-thin, ribbed walls. The web
between arms I1- 1V is distinct but shallow. Dorsal
arms of females have large sail-like webs. The inner
surface of the web is covered with glandular tissue
and is responsible for secretion and shaping of the
'shell'. Typically the female sits in the 'shell' with
the beak facing outward, its dorsal arms curved back
with the web expanded over the 'shell' and all other
arms inside the 'shell' holding onto it (Fig. 42A).

The mantle is muscular, smooth, elongated and
ovoid. Posterior part of the mantle is curved dor-
sdly, while its middle part forms distinct dorsal
swelling giving the animal hampback appearance
(Fig. 42A). The mantle length is ca. 27% TL; man-
tle width is about 47% ML. Anterior dorsal margin
of the mantle has a shallow incision in the middle
separating two anteriorly projecting lobes. Each
lobe is connected with the head by a narrow and
long nucha muscle (Fig. 42B). The head is slightly
narrower than the mantle. Water pores are absent.

Funnel is very broad and long, projecting well
beyond the arm bases. Its distal half is free from
the head for about of its length. Proximal part of
the funne is fused with the head and fastened to
the bases of ventral arms by a pair of long, strip-like
lateral funnd adductors (Fig. 42C). The funnel loc-
king-apparatus is similar to that of squids: it con-
sists of oval depressions on the funnel corners and
corresponding cartilage-like knobs on the mantle.
The mantle aperture is very wide; its lateral mar-
gins are situated well above the level of eyes. The
anterodorsal mantle adductors are twisted long
bands. Ventra median mantle septum is narrow.
Anterior margin of the septum at its ventral attac-
hment is at some distance from the anteroventral
margin of the mantle. The mantle wall adjacent to
the ventral adductor bears deep transversal groove,
which looks as conspicuous constriction on longi-
tudinal section (Fig. 42C).

CROSS SECTIONS. The mantle wall is muscular;
its inner and outer muscular layers are approxima-
tely equa in thickness and separated by a very thin
layer of connective tissue. Where the anterodorsal
adductors attach to the mantle, the mantle walls are
dlightly thicker than the dorsal and ventral walls
(Fig. 43B). In posterior half of the mantle, its wall
is thinner and approximately uniform in thickness
around its circumference (Fig. 43C). The dermis is
thin and smooth. The mantle cavity is large. Ante-
riorly the mantle cavity is somewhat larger dorsally
than ventrally (Fig. 43A,B). Posteriorly this propor-
tion is reversed (Fig. 43C). Anterior part of the
visceral sac is amost entirely occupied by large
digestive gland. The hydrostatic organ is absent.

Head retractors are very thin and narrow. They
do not form a complete muscular envelope around
the visceral sac, but run along its sides as a pair of
thin muscular bands (Fig. 43A). Posteriorly they
gradually become thinner and disappear by the
level of stellate ganglia. Posterior to the collar
folds, the external of the two head retractors sepa-
rates and forms anterodorsal mantle adductors (Fig.
43B). The latter are long and very thin. They are
oriented obliquely and pass from the ventrolateral
sides of the visceral sac to the dorsolateral walls of
the mantle. The pallial nerves are small and indis-
tinct. Anteriorly they are situated on the inner sides
of the head retractors. Posteriorly they pass through
the anterodorsal adductors and into the stellate gan-
glia at the sites of attachment of the anterodorsal
adductors to the mantle.

Median mantle septum is thin and weakly mus-
cular (Fig. 43B). It is formed by two very thin
adductor muscles, which originate on the midven-
tral mantle wall, pass amost parallel to one another
and attach to ventral side of the visceral sac. Space
of the adductors is very small, containing solely the
median pallial artery. The rectum, ink sac and vena
cava are shifted toward the visceral sac. The me-
dian adductor muscles do not extend anteriorly into
the funnel.

The funnd is semicircular in cross-section (Fig.
43A). Its ventrolateral walls are fused with the col-
lar folds into thick muscular layers. Dorsal walls
of the funnel are less muscular, than the ventral
one. The parts of the dorsal walls close to the vis-
ceral sac are membranous. They attach to the ven-
trolateral sides of the visceral sac, in the region of
the head retractors. The lateral parts are more mus-
cular. They adhere to the ventrolateral wall of the
funnel and disappear on its inner surface. The collar
folds are thick and muscular. They originate from
the ventrolateral wall of the funnel and attach to
the dorsal wall of the mantle, forming spacious col-
lar pockets on both sides of the visceral sac.

The funnd retractors are thick, muscular rib-
bons fused to the visceral sac along their inner mar-
gins (Fig. 43B). The funnd retractors are highly
modified as compared with other octopods: anteri-
orly they attach to the visceral sac by thin connec-
tive-tissue membrane; posteriorly they attach thro-
ugh special supporting cartilages, oval in cross-sec-
tion. Inner side of each supporting cartilage is em-
bedded in the connective-tissue envelope of the vis-
ceral sac, while its outer side attaches to the funnel
retractor. At the site of attachment to the mantle,
each funnel retractor is triangular in cross-section,
with the low outer apex inserted into the mantle,
the long dorsal apex connected with the viscera
sac, and the long, ventral apex hanging fredly into
the mantle cavity (Fig. 43C). Breaks in the mantle
muscle at the sites of attachment of the funnel ret-
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ractors mark the normal position of stylets. Each
break is filled by cartilage, probably the remnant
of the shell sac (Fig. 43D). The lateral sides of the
cartilage attach to the mantle walls, while inner
concave side ofthe cartilage together with the man-
tle wall, form a shallow concavity, in which the
funnel retractors are inserted. Thus, the funnel ret-
ractors attach to the inner side of the cartilage the
same way they attach to the stylets in other shell-
bearing incirrates. The gills fasten to the mantle
wall below the attachment of the funnel retractors.

COMMENTS. General morphological design of
Argonauta shows many features of adaptation to
epipelagic mode of life. This species does not have
a hydrostatic organ like Ocythoe, Tremoctopus and
Alloposus, but it is known to trap air in its 'shell’
for buoyancy [Young, 1960]. Comparing with Ocyr-
hoe, muscular components in all adductors in Argo-
nauta are much weaker indicating its less reliance
on strong jet-swimming. The funnel retractors are
connected with the visceral sac through thin con-
nective-tissue membrane (anteriorly) and unusual
cartilage (posteriorly) (Fig. 43A,B). Ventral median
mantle adductor at the site of attachment to the
visceral sac is thin and narrow (Fig. 43C) and does
not extend very far (Fig. 43C). Anterodorsal mantle
adductors are very weak as they consist partly of a
thin membrane (Fig. 43B). Reduction of muscle
tissue makes the animal body fragile and unable to
produce rapid jet thrusts.

Reduction of stylets in Argonauta, similarly
with Ocythoe, is compensated by the development
of a strong funnel locking-apparatus of teuthid type
and by unusual strengthening of the attachment of
the funnel retractors to the visceral sac. As with
Ocythoe, reduction of stylets in Argonauta did not
induce any major morphological transformation.

Bolitaenidae Chun, 1911

Japetella diaphana Hoyle, 1885

HABITS AND HABITAT. Japetella diaphana is a
meso-bathypelagic octopod inhabiting tropical and
temperate zones of the world oceans [Nesis,
1982/87]. Adults occur at depths from 600 m to
1050 m and apparently do not perform diurnal mig-
rations [Young, 1978]. This octopod grows up to 10
cm ML.

EXTERNAL MORPHOLOGY. The body is weak-
ly muscled and jellylike (Fig. 44). Dermal integu-
ment is gelatinous and thick, especially on the dor-
sal side ofthe head between the eyes, where it forms
hood-like cover. Eyes are relatively large (about
15% ML) and located at the dorsolateral sides of the
head. The funnel is short, embedded dorsally in the
head along nearly its entire length. A funnel loc-

Bizikov

FIG. 44. General anatomy of Japetella diaphana (im-
mature female; 57 mm ML). A. Dorsal view. B. Lateral
view. Bold arrows with numbers indicate position of
t{le cross-sections (shown in Fig. 45). Scale bars =

cm.

PUC. 44. Crpoenue Japetella diaphana (He3penasi camka:
57 mm IIM). A. Bun ¢ mopcanbHoit cTopoHbl. B. Bun
cooky. Crpenku ¢ 1mMdpaMM YKa3blBalOT ITOJOXEHUE
COOTBETCTBYIOIIMX Cpe30B (ToKazaHel Ha Puc. 495).
Macmirab = 1 cm.

king-apparatus is absent. Arms are shorter than the
mantle. The web is relatively deep, connecting all
arms for about 2/3 of their length. The mantle is
elongated-ovoid, comprising approximately 55%
TL. The stylets are absent, and breaks in the mantle
musculature are barely visible on the posterolateral
mantle. Mantle aperture is wide, reaching laterally
the level of eyes (Fig. 44B).

INTERNAL STRUCTURE. The walls of mantle
and funnel are thick, but gelatinous and highly va-
cuolated. The mantle consists of two very thin lay-
ers of circular muscle separated by a thick gelatino-
us layer containing thin trabeculae of radial fibers
(Fig. 45). Both ends of the trabeculae branch as they
approach toward inner and outer surfaces of the
walls of mantle and funnel. The dermal integument
is thick. Mantle cavity is very large and almost
reaches the posterior end ofthe mantle. Middle part
ofthe visceral sac is occupied almost entirely by the
digestive gland while the anterior part is filled by a
gelatinous, watery core containing the esophagus,
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FIG. 45. Schematic cross-sections of Japetella diaphana (immature female; 57 mm ML). A. Section 1, at the level
of the funnel. B. Section 2, at the level of dorsal mantle adductors. C Section 3, between dorsal mantle adductors
and funnel retractors. D. Section 4, at the level of attachment of the funnel retractors. Position of sections is
indicated on Fig. 44. Scale bars = 1 cm.

PUC. 45. Cpesbl Mmsarkoro Tena Japetella diaphana (Hespenas camka; 57 mm JIM). A. Cpe3 1, Ha ypoBHE BOPOHKH.
B. Cpes 2, Ha ypoBHEe IEpeIHMX AOPCATBHBIX MaHTUHHBIX ammykTopoB. C. Cpe3 3, MeXIy mopcaJbHBIMA MAaHTUHAHBIMU
aIyKTOpaMK ¥ peTpakropaMu BopoHku. D. Cpe3 4, Ha ypoBHe NPHUKpPEIUICHUSI PETPaKTOPOB BOpOHKU. [lonoxkeHue
cpe3oB mokazaHo Ha Puc. 44. MacmTab = 1 cwm.
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dorsal aorta and a pair of large pallial nerves (Fig.
45A). A hydrostatic organ is absent.

Head retractors are thin and barely visible in the
cross-sections. They do not form complete envelo-
pe around the visceral sac but run as a pair of thin
bands on its lateral sides (Fig. 45A). Behind collar
folds the head retractors give origin to the antero-
dorsal mantle adductors (Fig. 45B). The latter are
short, feebly muscular and extend between the dor-
solateral sides of the viscera sac and the latera
walls of the mantle. The stellate ganglia lie on the
mantle walls just ventral to the attachment sites of
anterodorsal adductors.

The median mantle septum is relatively thick,
but weakly muscular. It is formed by two thin ad-
ductor muscles that diverge from the middie line
of the ventral mantle wall toward ventral side of
the visceral sac (Fig. 45B,C). The rectum, vena
cava and the ink sac are situated between and are
embedded in gelatinous connective tissue.

The funnel is broad and its ventral and dorso-
lateral walls fuse into a single muscular layer (Fig.
45 A). The funnel walls attach to the ventrolateral
sides of the visceral sac just ventral to the head
retractors. The walls here are approximately twice
as thick as the ventral wall of the funnel. Collar
folds originate from lateral walls of the funnel, run
alongside the visceral sac and attach to dorsal wall
of the mantle. Muscular layers of the collar folds
and funnel are fused and the boundaries between
them are apparent only in the orientation of the
radial muscles.

The funnel retractors in Japetella are unusual in
shape. They are very wide, thick, long and broadly
fused with the visceral sac along their entire length
(Fig. 46C,D). Despite large size, the funndl retrac-
tors are weakly muscular, their nearly whole volu-
me is occupied by gelatinous tissue with sparse,
thin, radiad muscle-fibers crossing into it. The
cross-sections of the funnel retractors remind me
of a pair of huge ballast tanks in a submarine (Fig.
45C). The gills are small and fragile; they fasten
to the lateral mantle walls by thin ligaments.

Attachment of the funnel retractors to the man-
tle occurs unusually far posterior, in the posterior
quarter of the mantle (Fig. 45B). At the site of
attachment the funnel retractors extend horizontal-
ly, to the lateral sides of the visceral sac (Fig. 45D)
and form an unusua horizontal partition of the
mantle cavity. The funnel retractors are dlightly
thicker than the mantle muscle. The mantle muscles
and funnel retractors are fused together without in-
ternal boundaries other than provided by the orien-
tation of the radial muscles. Supporting cartilages
are absent. The mantle does not have a break at the
site of attachment, but its outer side bears distinct
indentation indicating the normal position for a
shell.

COMMENTS. Soft body anatomy of Japetella ex-
hibits a number of features indicating that this spe-
cies evolved mainly as passive deep-water floater.
Its funnel fuses with the head along its entire length
(Fig. 44B). Mantle musculature is greatly reduced
and consists mainly of radial trabeculae (Fig. 45).
The weak nature of virtually all musculature indi-
cates reduction in anima activity. On the other
hand, the presence of huge vacuoles in nearly all
muscle tissue suggests that this gelatinous tissue is
positively buoyant and acts as afloating device. The
funnd retractors therefore, may truly be ballast
tanks. Attachment of the funnel retractors to mantle
is very weak. It is not supported either by shell or
by connective tissue.

Reduction of stylets in Japetella did not induce
any magjor transformation in its genera morpholo-
gical design. Despite some specialized characters,
Japetella retained typical incirrate Bauplan. Unlike
representatives of Argonautoidea clade, reduction
of stylets in Japetella was not coupled with deve-
lopment of any functional substitutes (funnel loc-
king-apparatus, mantle cartilages etc.), replacing
the stylets. Such a reduction was apparently caused
by general decline in animal activity, associated
with pelagic life in the deep ocean.

Amphitretidae Hoyle, 1886
Amphitretus pelagic us Hoyle, 1885

HABITS AND HABITAT. Little is known about
biology and ecology of Amphitretus. It is a rare
meso-bathypelagic octopod inhabiting tropical and
subtropical waters of the world oceans [Nesis,
1982/1987]. It has transparent, gelatinous and near-
ly colorless body and reaches up to 90 mm ML
[Nesis, 1982/1987]. Young Amphitretus occur in
upper mesopelagic depths during the day, judging
by afew captures [Young et a., 1996]. There is no
report on observations of this species from submer-
sibles, but it has been observed in shipboard aquaria
[Young € al., 1998].

EXTERNAL MORPHOLOGY. Body is weakly
muscular, jellylike, semitransparent and nearly co-
lourless. The dermal integument forms a very thick,
gelatinous cover over the body disguising its outline
(Fig. 46). The stylets are absent, and the breaks in
the mantle are not visible. The arms are long, about
15 ML and are connected by a deep transparent
web for approximately 2/3 of their length. Anterior
ventral walls of the mantle fuse with the funnel and
head. As aresult of this fusion, the mantle aperture
is reduced to two small openings on the lateral sides
of the head through which the water can be pumped
inside the mantle cavity. The funnd is very long,
tube-like and fused dorsally with the head for about
of its length. The eyes are situated on dorsal side of
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FIG. 46. Lateral view of Amphitretus pelagicus (immature male; 26 mm DML). Bold arrows with numbers indicate

position of the cross-sections shown on Fig. 47. Scale bar

=1 cm.

PUC. 46. Bun cboky Amphitretus pelagicus (Hespenbiii camerr; 26 MM JIM). Crpenku ¢ mudpaMu YKa3biBaloT MOJOXEHHE
COOTBETCTBYIOIIMX CpPe30B, M300paxeHHbIX Ha Puc. 47. Macmrad = 1 cm.

the head, their bases being in direct contact. They
are unusual in shape and oriented dorsally.

CROSS-SECTIONS. A striking feature in Amphit-
retus anatomy is the presence of broad fusion be-
tween the anteroventral margins of the mantle, the
collar folds and the lateral sides of the funnel (Fig.
47A) and between the posterolateral parts of the
collar folds and the visceral sac (Fig. 47B). Amphit-
retus is the only incirrate octopod having such a
fusion which is strikingly similar in position and
structure with the collar fusion found in cirrates
(e.g., Grimpoteuthis, Fig. 12A; Cirroteuthis, Fig.
17B,C) but differs in maintaining lateral openings
to the mantle cavity. The fusion between the funnel
and mantle has the effect of eliminating the mantle
wall beneath the funnel, which forms a deep incisi-
on in the ventral mantle wall.

Funnel is wide but thin-walled. Its ventral and
lateral walls are formed by single muscular layer
that differs from the dorsal walls in the orientation
of muscle fibers (Fig. 47A). The collar folds rep-
resent dorsolateral extensions of the dorsal walls of
the funnel. They pass alongside the visceral sac and
attach to the dorsal mantle wall forming spacious

collar pockets on both sides ofthe visceral sac. The
lateral sides of the funnel and adjacent parts of the
collar folds are fused with the mantle. Posteriorly
the collar folds fuse both with the mantle and with
the visceral sac (Fig. 47B). Here the fusion between
the collar and the visceral sac is very thick and
consists of an outer thin muscular layer and a thick
inner vacuolated, gelatinous core. The core is pier-
ced by radial muscle-bundles running from the
outer layer to the visceral sac (Fig. 47B).

The walls of mantle and funnel are thin, gelati-
nous and weakly muscular. The mantle bears a
wide longitudinal groove on its dorsal side and a
narrow groove on its ventral side defined by the
mantle thickness in these areas (Fig. 47C-E). The
mantle wall in the dorsal groove is approximately
half as thick as the adjacent areas. The thickness
of the dermal integument is roughly equal to or
greater than that of the mantle. Mantle cavity is
very large but the visceral sac is rather small. The
digestive gland is elongated vertically, so it looks
disproportionately large on cross-sections. The an-
terodorsal part of the visceral sac is fused with dor-
sal mantle wall (Fig. 47A). The stomach occupies
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FIG. 47. Schematic cross-sections of Amphitretus pelagians (immature male; 26 mm DML). A. Section 1, at the level
of anterior margin of the mantle. B. Section 2, at the level of the posterior part of the funnel. C Section 3, at
the level of dorsal mantle adductors. D. Section 4, behind dorsal mantle adductors. E. Section 5, at the level of
attachment of the funnel retractors. Position of sections is indicated on Fig. 46. Scale bars = 1 cm.

PUC. 47. Cpesbl Mmsarkoro tena Amphitretus pelagiciis (He3pensiii camerr; 26 mm JIM). A. Cpe3 1, Ha ypoBHe IepeIHero
kpast mantuu. B. Cpe3 2, Ha ypoBHe 3amHeil yactu BopoHKU. C. Cpe3 3, Ha ypoBHE MEPEeIHUX TOPCATbHBIX MAaHTUMHBIX
agnyktopoB. D. Cpe3 4, mozamu mopcalbHBIX MaHTMHBIX ammyktopoB. E. Cpe3 5, Ha ypoBHEe MpPUKPEIUIEHUS pET-
pakTopoB BOpPOHKHU. [lojoxeHue cpe3oB mokaszaHo Ha Puc 46. Macmrad = 1 cm.
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aposition on the dorsal side of digestive gland (Fig.
47B,C). A hydrostatic organ is absent.

The head retractors are very thin and barely vi-
sible in the cross-sections. They run along the la
teral sides of the visceral sac as film-like muscular
bands (Fig. 47B). Posterior to the funnel they
branch outward forming anterodorsal adductors
(Fig. 47C). The latter are thick but weakly muscular
consisting mainly of gelatinous connective tissue.
They extend obliquely between the visceral sac and
the dorsolateral walls of the mantle. Anteriorly the
small pallia nerves are situated on dorsolateral
sides of the visceral sac. The nerves pass through
the collar muscle and the anterodorsal adductors
and enter the stellate ganglia. The latter occupy the
typical position adjacent to the attachment sites of
anterodorsal adductors to the mantle.

The median mantle septum is thick, broadly tri-
angular in cross-section, and weakly muscular (Fig.
47C,D). It is formed by two very thin adductor
muscles, that diverge from the mid-line of the ven-
tra mantle wall toward ventral side of the visceral
sac. Between the adductors are the ink sac, intestine
and vena cava embedded in gelatinous connective
tissue.

The funnel retractors occupy unusua positions:
they originate from the dorsal walls of the funnel,
pass along lateral sides of the visceral sac to its
dorsal side where they merge together forming a
single muscular layer over the visceral sac to their
attachment sites on the mantle (Fig. 47E). The man-
tle wall exhibits no modifications where the retrac-
tors attach. Supporting cartilages are absent.

COMMENTS. General morphological design of
Amphitretus shows a unique set of adaptations to
planctonic life in deep ocean waters. Watery con-
sistency of the body and the loss of heavy muscu-
lature apparently contributes greatly to buoyancy.
However, the structure that provides some positive
buoyancy is unknown. The mantle cavity is more
complex in Amphitretus due to the fusion of the
collar folds with the mantle and visceral sac and
vertical orientation of the digestive gland (Fig.
47A,B). The latter is achieved by special muscles
that actively maintain the digestive gland in vertical
position in different postures of the animal [Young
et ai, 1998]. Functiona meaning of the fusion be-
tween the ventra mantle wall with the funnel and
collar folds is unclear. It may help to optimize res-
piration flows at low energy costs and/or fix positi-
on of the funnel. Presumably the primary locomo-
tion for Amphitretus is slow swimming with medu-
soid contraction of its deep umbrella.

Despite many specialized characters, Amphitre-
tus retained typical incirrate plan of structure and,
according to Nesis [2002] and Voight [1997], evol-
ved apparently from benthic incirrate octopods, all
of them having open mantle aperture. Fusion of the

mantle and funnel means that there was no more
need to anchor the funnel retractors in the mantle
by stylets, and the latter became redundant and was
lost. The role of the funnel retractors changed from
support of the funnel to support for the visceral sac.
This new role is the most obvious at the level of
attachment of the funnel retractors to the mantle,
where the funnel retractors fuse together making
muscular 'roof above the visceral sac (Fig. 47E).
Like in other shell-lacking incirrate octopods, po-
sition of the former stylets in Amphitretus may be
spotted by attachment of the funnel retractors. Ge-
nera morphological design of mantle complex in
Amphitretus represents the most specialized state
among the species described in the present study.
The means by which the peculiar funnel mantle
fusion occurs is described for the first time.

DISCUSSION

Look around and see all thejellyfish.
You say in' flotation is groovy, baby.
Jmi Hendrix, 'Power of soul'

Variation of the shell structure
and shell-soft body relationship
in Vampyropoda

In order to determine the evolution of the shell
in octopodiforms, the species with the most primi-
tive shells in each group will be selected and its
pertinent characters listed.

Vampyromor phida

A single representative exists. The charac-
teristics of the vampyromorph that are considered
to be primitive and pertinent to this study are the
following (Table 2):

1. The length of the gladius is about equal to
the mantle length.

2. The gladius consists of three morphological
parts (dorsal plate, conus and rostrum), is built of
three shell layers (ostracum, hypostracum, and pe-
riostracum), and its dorsal plate (= proostracum)
consists of five longitudinal elements: middle plate
(rachis), a pair of lateral plates and a pair of wings.
All elements of the proostracum are delimited by
asymptotic borderlines. | cal this combination of
characters the 'teuthoid plan'.

3. The middle plate (rachis) is wide and tongue-
shaped. It is the longest part of gladius proostra-
cum. Lateral plates of proostracum are much nar-
rower than the wings.

4. The growth of the gladius occurs by adding
layers to each of the three shell layers. The middle
layer (ostracum) grows by increments added from
the anteroventral side and arranged in tile-like pat-
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Table 2. Characteristic features of the shell and its relationship with the soft body in Vampyropoda.

Tabnuua 2. XapakTepHble YepPThl CTPOCHMS DAKOBUHBI M €€ B3aMMOOTHOLIEHUS C MSTKMM TeloM y Vampyropoda.

Character Vaitipyromorphida Cirrata Incirrata
Shell condition and structure:
Presence of the inner shell present present present or absent

Condition of the shell

Shell length
Shell structure

Structural parts: proostracum,
conus and rostrum

The shell layers (ostracum, hy-
postracum and periostracum)

Shell growth pattern

Position of shell in the body

longitudinal chitinous plate
(gladius)

approx. equal to the ML
entire

present

all three shell layers are
present

tile-like pattern (ostracum
and hypostracum) and
concentric pattern
(periostracum)

superficial, terminal

transversal cartilage-like U-
shaped plate

less than the ML
entire

absent

one shell layer is present
(hypostracum?)

concentric pattern

superficial, subterminal

a pair of cartilage-like
rods (stylets)

less than the ML
divided in the median part

absent

one shell layer is present
(hypostracum?)

concentric pattern

superficial, subterminal

Muscle attachment:

Funnel retractors

Head retractors

Upper margins of the collar
folds

attach to the wings

attach to the lateral plates

attach anteriorly to lateral
sides of the nuchal
cartilage

attach to anteroventral
parts of the wings

attach from inside to
anterior, dorsal and
ventral margins of the
wings

posteriorly to the shell sac
and the visceral sac

attach from inside to
anterior half of the stylets

attach to the mantle

attach to the mantle

Soft body morphology:

Nuchal fusion between the
mantle and the head

Stellate ganglia

Dorsal mantle cavity
Anterodorsal mantle adductors
Number of fins

Articulation of the fins

Ventral median mantle adductor

Funnel locking-apparatus

fused in young and adults

closely situated in
paralarvae

absent
absent
two pairs

fin bases are separated
from the shell sac by
epithelial basal pockets

absent

present, primitive

free in paralarvae

widely separated in adults

present
absent
one pair

fin bases are fused with
the shell sac. Basal
pockets absent

present

absent

fused at all stages

widely separated

present
present

fins absent

present

absent in primitive forms

tern: each next increment is shifted anteriorly aga-
inst the previous increment. As a result, the thick-
ness of the ostracum gradually increases with
growth, while the earlier regions of the ostracum
lose contact with the shell epithelium and stop gro-
wing. Growth ofthe inner layer (hypostracum) oc-
curs by adding of cartilaginous-like material to the
ventral surface in the posterior half of the proost-
racum. The increments of the inner layer are slig-
htly shifted forward against each other, and every
newly secreted layer overlaps the anterior margin

of the previous layer while posteriorly it gradually
wedges in the region ofthe cone flags. Outer layer
(periostracum) grows by concentric layers of coni-
cal shape that are laid down on the outer surface
of the previous layer. Center of growth of all three
layers (initial shell) is situated in the apical part of
the conus [Bizikov, 1996].

5. The gladius occupies a superficial position:
the mantle muscles attach to the ventral (inner) side
of the gladius along its entire periphery, except for
the anterior margin of free rachis.
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6. The funnel retractors attach to the anterior
margins of the wings.

7. The head retractors attach to anterior margins
of the lateral plates.

8. The visceral sac is fused with the shell sac
aong its entire length. Dorsal mantle cavity and
anterodorsal mantle adductors are absent.

9. The head originally is not fused with the man-
tle. In adults the head is fused; however, in para-
larvae, anterior dorsal margin of the mantle is not
fused with the head in the nuchal region [Young,
Vecchione, 1999].

10. The shell sac is fused with the visceral sac
throughout its length (i.e., a dorsal mantle cavity is
absent).

11. The stellate ganglia are situated on both side
of the gladius at the level of lateral plates and in
adults are widely separated.

12. Two pairs of fins are present: a paraarval
pair that is eventually resorbed and ajuvenile/adult
set that develops later and more anteriorly [Pick-
ford, 1940; 1949]. Paralarval fins, which are con-
sidered the primitive fins, lie over the wings of the
gladius and attach to the shell [Young, Vecchione,
1996]. The adult fins are separated from the shell
sac by epithelial basal pockets.

13. Upper margins of collar folds attach to la
teral sides of the nuchal cartilage and the shell sac
anteriorly and to the visceral sac and the shell sac
posteriorly.

COMMENTS. Pickford [1949] found that develop-
ment of fins in Vampyroteuthis is unique among
cephalopods. In this species early paraarvae
(Pickford's "stage 1 larvae") have one pair of fins.
Then the second pair of fins develops anteriorly of
the first pair, and the number of fins reaches four
("stage 2"). As development proceeds, the first pair
of fins gradually resorbs and finaly disappears,
while the second pair increases in size ("stages 3
and 4"). The first pair of finsis proved to be homo-
logous to the fins of other cephalopods [Young,
Vecchione, 1996]. Our data show that articulation
of adult fins with the shell and mantle in Vampyro-
teuthis follows the same basic coleoid pattern des-
cribed earlier in teuthids [Naef, 1921/1923; Fig. 66]
and sepiids [Naef, 1921/1923; Fig. 290]. It is espe-
cialy close to condition found in some oegopsid
families, for example, Enoploteuthidae, where the
gladius occupies superficial position and the fin
bases rest on its dorsal side, separated from the shell
sac by basal pockets [Naef, 1921/1923: Fig. 664].
Apart from the fin structure, Vampyroteuthis pa-
ralarvae are very similar to adults in other respects.
On the contrary, the hatchlings look very different,
exhibiting a number of archaic features that disap-
pear during later development. Y oung and Vecchi-
one [1999] described recently hatched Vampyrote-
uthis (8 mm ML) that had large funnel, which was

not embedded in the head, no fusion of the mantle
and head, no thick gelatinous integument covering
the body, short arms, no web between arms, thick
filaments that were approximately equal to the arms
in length and situated in one circle with the other
arms, and the gladius with 'somewhat narrower
median field' (Fig. 48). The gladius of Vampyro-
teuthis hatchlings deserves a special attention. In
contrast to adults, it has narrow rachis (median
plate), which has long anterior free part. The lateral
plates and wings are short, weekly developed and
fused with the cone flags forming posterior exten-
sion of the gladius. The rostrum seems to be very
small. Position of wings in posterior half of the
gladius means that the funnel retractors in hatch-
lings should be much longer than in adults. The
structure of gladius in Vampyroteuthis hatchling is
surprisingly similar to the gladii of some recent
oegopsid squids.

Another remarkable feature of Vampyroteuthis
is that its stellate ganglia are weakly developed and
apparently shift their position during ontogeny. Po-
sition of stellate ganglia is different in teuthoids
and octopodiforms. Being situated laterally of the
shell in al coleoids [Naef, 1921/1923], the stellate
ganglia in teuthoids are located extremely close to
one another and are connected by an interstellate
connective [lvanov, Strelkov, 1949]. In octopods
they are set widely apart and are not connected. In
Vampyroteuthis the interstellate connective is ab-
sent, and the stellate ganglia apparently shift their
position during ontogeny in accordance with onto-
genetic widening of the gladius. In hatchlings they
are apparently situated closer to each other, like in
teuthoids, while in adults they are set widely apart,
like in octopods (Fig. 2A).

Thus, ontogenetic data show that recent Vam-
pyroteuthis apparently evolved from some ten-
armed four-finned coleoids with free funnel and
free anterodorsal mantle margin. In general,
Vampyroteuthis exhibits basically the same pat-
tern of gladius-soft body relationship as the one
described earlier in some egopsid squids [Bizi-
kov, 1996; Bizikov, Arkhipkin, 1997]. Obvious-
ly, it is very close to the ground coleoid pattern
of shell-soft body relationship. In Oegopsida the
muscle arrangement is the most close to Vampy-
roteuthis with retractors of the head and the fun-
nel attaching correspondingly to the lateral plates
and wings of the gladius, and the fins lying over
the wings of the gladius and attaching to it thro-
ugh the epithelial basal pockets [Bizikov, 1996;
Fig. 40]. In Myopsida the muscle arrangement is
similar except for the fins that do not contact with
the shell but lie over the mantle wall and attach
to it through the basal pockets [Bizikov, 1996;
Fig. 39]. Thysanoteuthids have unique pattern of
muscle arrangement, with the head retractors at-
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infernalis hatchling illustrating position and shape of its gladius

Ra

[redrawn from Young, Vecchione, 1999]. A. Lateral view from right side. B. Dorsal view. C Ventral view of the

gladius.

PUC. 48. Buewnuii Bum nuuuHkd  Vampyroteuthis

infernalis HeMOCPEACTBEHHO IIOCJE BBHIKIEBA, WIUTIOCTPUPYIOIINI

dopmy M monoxenue raagmyca [u3 Young, Vecchione, 1999]. A. Bum ¢ mpaBoii cropoHsl. B. Bum ¢ mopcaibHOi

croponbl. C. Bupi rmammyca ¢ BEeHTpaJbHOM CTOPOHBI.

taching to extremely wide anteriorly protruding
'wings' and long funnel retractors attaching to the
‘cone fields' [Bizikov, 1966; Fig. 38]. The fins in
Thisanoteuthidae attach to the mantle the same way
as in Myopsida.

Cirrata

Of the genera examined, Opisthoteuthis appears
to be the most primitive in respect to the shell as
it is the only taxa that has the funnel retractors
attached to the shell. The characteristics of the Cir-
rata that are considered to be primitive and perti-
nent to this study are the following (Table 2):

1. Gladius is thick cartilage-like U-shaped struc-
ture without asymptotic lines lying transversally on
dorsal side of the mantle.

2. Gladius grows by concentric increments of
cartilage-like substance. The center of growth (ini-
tial shell) is situated in the medial part of the gla-
dius.

3. The gladius occupies superficial subterminal
position. The mantle attaches to the gladius along
its entire periphery, including anterior middle part.

4. The funnel retractors attach to anteroventral
parts of the wings that sometimes may be extended
into flexible 'horns'.

5. The head retractors attach from inside along
periphery ofthe wings (dorsal, anterior and ventral
margins of the wings).

6. A dorsal mantle cavity is present. It is a nar-
row slit between the visceral sac and the dorsal
mantle wall that extends posteriorly between stel-
late ganglia almost to the level of the shell and
connects laterally to the ventral mantle cavity. An-
terodorsal mantle adductors are absent.

7. The stellate ganglia are set widely apart lying
at the junction of the visceral sac and the lateral
mantle walls.

8. The anterior dorsal mantle margin fused with
the head.

9. The fins bases adhere tightly to the shell sac
over flat outer surface of lateral wings of the gla-
dius. Basal pockets are absent.

10. Upper margins of collar folds attach to the
mantle.

COMMENTS. In recent Cirrata, primitive wide U-
shaped gladii with relatively long and narrow lateral
wings are found in Opisthoteuthis, Grimpoteuthis,
Cirroctopus, Luteuthis and Stauroteuthis (Fig. 49).
Among the genera listed, Cirroctopus deserved spe-
cial attention as it includes the species with the
gladii exhibiting transitional features between Cir-
rata and Incirrata. For example, C. antarctica (Ku-
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FIG. 49. Morphological variability of gladii in Cirrata (not in scale). A, B - Opisthoteuthis californiana Berry, 1949.
C, D - Grimpoteuthis umbellata (Fischer, 1883). E, F — Cirroctopus hochbergi O'Shea, 1999. G, H - Luteuthis
shuishi O'Shea et Lu, 2002. 1 - Cirroctopus antarctica Kubodera et Okutani, 1986. J, K - Stauroteuthis syrtensis
Verrill, 1879; L, M — Cirrothauma murrayi Chun, 1911. N, O - Cirroteuthis muelleri Eschricht, 1838. A, C,
E, G, I and J — anterior view (dorsal side is up). L, N - dorsal view (anterior end is down). B, D, F, H, K,
M and O — lateral view (anterior end is on the left; dorsal side is up). [A-D, L and M - figures of the author;
E-H - after Vecchione, Young, 2003b; I - after Kubodera, Okutani, 1986; J, K - after Collins, Henriques. 2000;
L, M - after Aldred et al., 1983].

PUC. 49. Mopdomornueckoe pazHOOOpa3ue TIIaguycoB ILMPPATHBIX OCBMMHOTOB (Maciutab He cobOmomeH). A, B -
Opisthoteuthis californiana Berry, 1949. C, D - Grimpoteuthis umbellata (Fischer, 1883). E, F — Cirroctopus
hochbergi O'Shea, 1999. G, H - Luteuthis shuishi O'Shea et Lu, 2002. 1 - Cirroctopus antarctica Kubodera et
Okutani, 1986. J, K - Stauroteuthis syrtensis Verrill, 1879; L, M — Cirrothauma murrayi Chun, 1911. N, O,
- Cirroteuthis muelleri Eschricht, 1838. A, C, E, G, I u J - Bun cnepenu (mopcanbHasi cTopoHa HaBepxy). L, N
- BUO C JOpcajbHON CTOpoHBI (mepenHsisi cropoHa BHM3y). B, D, F, H, K, M and O - Bum cOoky (mepemHsist
CTOpPOHA cJieBa; OopcajibHas cTopoHa HaBepxy). [A-D, L m M - pucynku aBtopa; E-H - u3 Vecchione, Young,
2003b; I - u3 Kubodera, Okutani, 1986; J, K - u3 Collins, Henriques. 2000; L, M - u3 Aldred et al., 1983].
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Table 2. Principal morphological characteristics of stylets in Incirrata (average values).

Tabmma 2. OcHOBHBIE MOpPGhOMETPUYESCKHE XapaKTePUCTUKM CTWIETOB Incirrata (cpemHume 3HAYEHUS).

Enteroctopus | Benthoctopus | Bathypolypus Eledone Alloposus Tremoctopus
Stylets length (in % 24 10 17 17 10 17
of ML)
Distance between sty- 50 43 52 80 54* 45%
lets (in % of ML)
Thickness of stylets 6.6 16 14 7 46 18
(in % of stylet length)
Anterior shoulder 33 33 33 40 33 33
length (in % of stylet
length)
Angle between shoul- 140° 125° 112° 127° 135° 180°
ders
Surface of angle sculptured smooth sculptured smooth smooth smooth
Consistency stiff soft moderately soft gelatinous moderately

soft soft

Remarks: asterisk (*) marks position of stylets on lateral side of the mantle. In these cases distance between stylets

is equal to the mantle width.

an/IMe‘{aHI/IeZ (*) TTOMEYCHBI CTUJIETBI, PACIIOJOKCHHLIC Ha OOKOBBIX CTOpOHAaX MaHTHUMU. B atux cliyqgasgax pacCTOSHUE

MCXIY HHUMMU COOTBETCTBYET HIMPUHE MAHTUM.

bodera et Okutani, 1986) has the gladius with mar-
kedly weakened medial part and thickened sigmoi-
dal lateral wings (Fig. 49 I). Such a shape of the
gladius is unique among recent octopods, but it is
strikingly similar to the gladius of fossil Palaeoco-
pus newboldi (Woodward, 1896), the earliest incir-
rate octopod from the late Cretaceous (Fig. 55E.F).
Another congeneric species, C. hochbergi O'Shea,
1999, has the gladius with long rod-like lateral
wings, which diverge in a V-like pattern and are
distinctly bent in their distal parts (Fig. 49E,F). The
bend ofthe wings in C. hochbergi apparently marks
the places of attachment ofthe funnel retractors and
corresponds to characteristic bend in incirrate sty-
lets. Gladii of C. antarctica and C. hochbergi illus-
trate how the transformation of cirrate gladius into
incirrate stylets could happen in evolution.

Butterfly-like gladii of Cirroteuthis and Cirrot-
hauma represent the most evolutionary advanced
stage of the shell in Cirrata. Flared lateral wings
providing support for the fins, become the most
prominent element of the gladius. The saddle is
very narrow and deep. The funnel retractors do not
contact with the gladius, but attach to the mantle
wall.

Incirrata

Of the genera examined, Enteroctopus appears
to be the most primitive in respect to the shell as
it is the genus with the most well-developed shell
and associated muscles; the shells of all other ge-

nera appear to be derived via reduction. The char-
acteristics of the Incirrata that are considered to be
primitive and pertinent to this study are the follo-
wing (Table 2):

1. The shell is reduced to a pair of stylets each
with a shell sac. The stylets are thin cartilage-like
rods with pointed ends lying on dorsolateral side
of the mantle at sharp angle to longitudinal axis.
Each stylet is bent in its anterior part into obtuse
angle with the apex directed inside the mantle.

2. The stylets grow by concentric increments of
cartilage-like substance with the center of growth
(initial shell) for each stylet in its bend.

3. The stylets occupy subterminal position. The
mantle attaches to the stylets along their entire pe-
riphery. Both anterior and posterior ends of each
stylet are embedded inside the mantle wall, while
the middle part occupies a superficial position.

4. The funnel retractors attach to the inner sides
in the anterior half of the stylets. At the sites of
attachment the stylets may be bent inward.

5. The head retractors are thick and muscular
anteriorly, but become thinner posteriorly. At the
level of stellate ganglia, the outer layers ofthe head
retractors branch off the visceral sac forming the
anterodorsal mantle adductors. Each adductor ex-
hibits a twist of about 180°.

6. A dorsal mantle cavity extends from the nuc-
hal region to the level of posterior margins of the
stylets. Dorsal and ventral mantle cavities are bro-
adly confluent on lateral sides of the visceral sac
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FIG. 50. Morphological variability of the shell remnants (stylets) in Incirrata. A, B - Enferoctopus dofleini (Wiilker,
1910). C, D - Benthoctopus sibiricus Loyning, 1930. E, F - Bathypolypus salebrosus (Sasaki, 1920). G, H -
Tremoctopus violaceus delle Chiaje, 1830. IJ - FEledone messyae Voss, 1964. K - Alloposus mollis Verril, 1880.
A, C, E and G — ventral view of a pair of stylets (anterior end is down). I - dorsal view of a pair of stylets
(anterior end in down). K - inner lateral view of a pair of stylets (ventral sides of both stylets face inside; anterior
end is down). B,D,F, H and J - lateral view (anterior end is down; ventral side is on the right). A,B: scale bar
=1 cm. C — K: scale bar = 1 mm. All figures made by the author.

PUC. 50. Mopdosoruyeckoe pazHOOOpasue MapHbIX CTUIETOB (PYAMMEHTOB PAKOBUHBI) MHLIMPPATHBIX OCbMUHOTOB. A,
B - Enteroctopus dofleini (Wiilker, 1910). C, D - Benthoctopus sibiricus Loyning, 1930. E, F - Bathypolypus
salebrosus (Sasaki, 1920). G, H - Tremoctopus violaceus delle Chiaje, 1830. 1J - FEledone messyae Voss, 1964.
K - Alloposus mollis Verril, 1880. A, C, E mu G - Bum ¢ BEHTpaJlbHOM CTOPOHHI (IepemHsisi CTOpoHa BHHU3Y). I -
BUI C JOPCalIbHON CTOPOHBI (IepeaHsisi cropoHa BHM3Y). K - Bum mapbl CTWIETOB COOKY (M3HYTPM); BEHTpasibHast
cTOpoHa O0OOMX CTWJIETOB oOOpaleHa BHYTpb; mepenHsss ctopoHa BHu3y. B,D,F, H m J - Bum cboky (mepemHsist
CTOpOHa BHM3Y; BEHTpaJibHasi cTopoHa cripasa). A,B: macmrad = 1 cm. C — K: macmrab = 1 mMm. PucyHku asropa.
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anteriorly and posteriorly to the anterodorsal ad-
ductors.

7. The stellate ganglia are set widely apart lying
on the inner surface of the mantle just lateral to the
attachment sites of the anterodorsal adductors.

8. The anterodorsal mantle margin is fused with
the head.

9. The upper margins of the collar folds attach
to the mantle.

10. The fins are absent.

COMMENTS. Relatively long, stiff, moderately
thick and distinctly bent stylets of Octopodidae ap-
parently represent the most primitive condition of
incirrate type of shell. Such stylets could be evolved
directly from primitive gladius of cirrate type thro-
ugh reduction of median transversal connection
(saddle). In benthic shallow-water Enteroctopus the
stylets are stiff, with well-developed sculptured
bend (Fig. 50A,B). The stylets in Enteroctopus are
the largest among Incirrata reaching up to 30 % ML
(Table 3). In deep-sea octopodids the stylets decre-
ase in size, become softer and sometimes smooth.
In Benthoctopus they retain considerable thickness
(ca. 16% of stylets length; Table 3; Fig. 50C,D) and
well-developed bend, but lack sculpture and beco-
me soft. Stylets of Bathypolypus occupy intermedi-
ate position between well-developed stylets of En-
teroctopus and reduced ones in Benthoctopus (Fig.
50E,F). The stylets in FEledone are very narrow
(their greatest width is about 7% of their length),
soft, smooth and almost straight (Fig. 501,J).

Among pelagic octopods of Argonautoidea
clade the stylets are found in two primitive families
only: Alloposidae and Tremoctopodidae. In both
cases they show signs of deep reduction. In Allo-
posus the stylets lost stiffness and became gelati-
nous, water-rich and inflated (Fig. 50K). As a re-
sult, width of the stylets in Alloposus reaches 46%
of their length, the greatest value among Incirrata.
In Tremoctopus the stylets are straight, moderately
soft and smooth (Fig. 50G,H). Attachment of the
funnel retractors shifted toward anterior end of the
stylets, resulting in reduction of the bend. In Ocyt-
hoe and Argonauta the stylets disappear, leaving
just small mantle cartilages in places of attachment
of the funnel retractors. Pelagic octopods of Boli-
taenoidea clade also lost the stylets. Remarkably,
reduction of stylets in both pelagic clades (Argo-
nautoidea and Bolitaenoidea) did not result in tran-
sformation of their muscular arrangement, which
remained generally the same as in benthic Octopo-
didae.

Homologies of the shell among
Vampyropoda

The only evidence available for determining the
homologies of the shells among these taxa rests with

the position ofthe fin and the sites of attachment of
the mantle muscle and the head and funnel retrac-
tors to the shell sac (Fig. 51). Since the ancestral
incirrates had fins as testified by the presence of fins
in Palaeoctopus newboldi (Woodward 1896), we
assume that recent fin-bearing cirrates have a shell
that is closest to the ancestral octopod shell.

The paralarval fin in Vampyroteuthis lies over
the wings ofthe gladius. We can assume, therefore,
that the wings and the region of the shell (rachis)
between them evolved into most of the cirrate shell
as the cirrate fins occupy much of the dorsolateral
surfaces in the cirrate wings. In Vampyroteuthis the
mantle muscle attaches around the periphery of the
shell (rachis, lateral plates, wings and conus) except
for the anterior free end of the rachis (Fig. 51A).
In the primitive cirrate the same situation occurs
although without a gap to represent the free end of
the rachis. Presumably, all of these regions contri-
buted something to the cirrate shell. In Vampyro-
teuthis the head retractors attach to the lateral plates
ofthe gladius and the funnel retractors attach to the
anterior regions of the wings.

In cirrates the head retractors attach to the pe-
riphery ofthe wings and the funnel retractors attach
to the anteroventral edges of the wing horns (Fig.
51B). This confirms the homology with the lateral
plates and anterior wings of Vampyroteuthis, but
since the muscle attachments to the cirrate shell do
not maintain the same positional relationships, further
refinement of areas of homology is not possible.

The evolution of the incirrate shell from the cir-
rate-type shell involved the loss of the saddle (pre-
sumably mostly rachis-homologue) and a general
decrease in the size of the remaining parts. In the
incirrate stylets, the funnel retractors attach to the
bend and anterior shoulders of the stylets which,
presumably, are the homologues of the horns in the
cirrate gladius, while posterior shoulders, which are
embedded in the mantle, represent the remnants of
lateral wings (Fig. 51C).

The octopod shell may be mostly the homolo-
gue of the gladius hypostracum as the cirrate shell
has thickness and consistency similar to the hypos-
tracum in some teuthoids.

The process of shell transformation

Here we explore the stages in the transformation of
the shell and the formation of the dorsal mantle
cavity in Vampyropoda. The gladius in Cirrata ap-
parently evolved through the reduction of the free
rachis and conus and the loss of the rostrum. The
anterior loss of the free rachis would expand dorsal
space between the free mantle margin and the nuc-
hal cartilage to form a nuchal cavity. Such a cavity
presently exists in Spirula due to the loss of its
proostracum and the expansion of the muscular
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FIG. 51. Scheme illustrating attachment of main muscles to the shell in Vampyropoda. A. Vampyroteuthis. B. Opisthoteuthis.
C. Octopus.
Left column: A,C - ventral view (anterior end is up); B - dorsal view (anterior end is up).
Right column: lateral view from the left side (dorsal side is on the right).

PUC. 51. Cxema, WUTIOCTpUpYIOIIasl MPUKPEIUIEHUWE MBI K pakoBuHe Vampyropoda. A. Vampyroteuthis. B. Opisthoteuthis.
C. Octopus.
JleBast komonka: A.C - BHMI C BEHTpPaJbHOW CTOPOHBI (MEpemHMid KOHEll HaBepxy); B - Bum ¢ mopcaibHOI CTOPOHBI
(repeqHUil KOHell HaBepxy).
IlpaBasi KojOHKA: BMA COOKY C JIEBOW CTOPOHBI (IOpcajlbHas CTOpOHA CIIpaBa).
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FIG. 52. Diagram showing attachment of the head retractors in different groups of Vampyropoda. A.

V. A. Bizikov

Vampyroteuthis.
Dorsal view (the mantle is shown transparent). Arrows indicate direction of hypothetical transposition of inner
anterior margins of the head retractors during reduction of the middle plate of the gladius. B. Grimpoteuthis. Dorsal
view (the mantle is shown transparent). C Octopus. Dorsal view (the muscular mantle is cut off to show attachment
of the visceral sac to the mantle). Abbreviations: IA, inner anterior margins of the head retractors; OP, outer
posterior margins of the head retractors; sh - shell (gladius or stylets); dmad - anterior dorsal mantle adductors.

PUC. 52. IlpukperuieHue peTpakTOpPOB TOJIOBBHI B Pa3IMYHBIX rpyrmax Vampyropoda. A. Vampyroteuthis. Bum ¢ mopcaibHOi

CTOPOHBI (MaHTUSI M300paxkeHa Tpo3pavHoit). CTpeNKW yKa3bIBAIOT HAMpaBIeHWE TMITOTETMYECKOTO CMEILCHHUSI TepeIHEero
Kpasi peTpakTOpOB TOJIOBbI TpPW PEIyKUMM MeIUabHOM TUIaCTMHKM [iamuyca. B.  Grimpoteuthis. Bum ¢ nopcaibHoi
CTOpOHBI (MaHTHSI M300paxkeHa mpo3pauyHoii). C. Octopus. Bum ¢ mopcanbHOI CTOPOHBI (IOpcajibHasi CTeHKAa MaHTUU
yiajieHa, 4TtoObl TOKa3aTh KperyieHWe BUCLIEPATbHOTO MellKa). YC/IOoBHbIe 0003HaueHUs:: IA, BHYTpeHHHE TMepeaHue Kpast
perpakTopoB TonoBhl; OP, BHelIHMe 3amHMe Kpasi peTpakKTOpOB TOJIOBHI;, sh - pakoBWHBI (ITagMyc WiIM CTWiIeTh); dmad
- MepefiHue NOpCaTbHble MAHTHIHBIC AITyKTOPHI.

mantle dorsally to form an anterior muscular cylin-
der [Chun 1910-1915]. In octopods, fusion of the
dorsal mantle margin and head would create the
dorsal mantle cavity. Reduction of the conus resul-
ted in the development of posterior mantle wall that
forms the dome-shaped posterior apex of the body.
This development resulted in U-shaped circular
muscle fibers with ends attached to the cirrate shell.

Further clues to the transformation of the shell
and the formation of the dorsal mantle cavity are

found in the characteristic twisting of anterior dor-
sal adductors in Incirrata (Fig. 52). The inner mar-
gins of the head retractors in Vampyroteuthis attach
to the gladius anteriorly to their outer margins (Fig.
52A). In Cirrata, reduction of the middle plate in
the gladius caused transposition of the attachment
sites ofthe head retractors to inner surface of lateral
wings of V-shaped gladius (Fig. 52B). As a result,
the attachment of the head retractors became inver-
ted: their inner margins attach to the gladius pos-
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teriorly from the outer margins. Finally, in Incirrata
head retractors formed the anterodorsal adductors,
which attach to the mantle wall anterior to the shell
remnants (Fig. 52C). But orientation of the attach-
ment of these adductors remained as in the Cirrata:
the inner margins of the adductors attached to the
mantle wall far posteriorly from the outer margins
giving the adductors nearly a 180° twist in a cloc-
kwise (left adductor) or counter — clockwise (right
adductor) direction. It seems like the anterodorsal
adductors in Incirrata, having lost connection with
the shell, retained the former orientation as if they
are still attached to the gladius of cirrate type.

Apparently at some stage of incirrate evolution
expansion of dorsal mantle cavity resulted in for-
mation of two dorsolateral epithelial septa passing
from the stellate ganglia toward the sites of attac-
hment of the funnel retractors. As the expansion
continued, these septa were perforated, and dorsal
and ventral parts of mantle cavity merged together
in the branchial region isolating the anterodorsal
adductors. According to Naef [1921/1923: p. 658],
repetition of this process can still be traced during
ontogenetic development of young Octopus.

Radical reduction ofthe gladius ofteuthoid type
into a U-shaped structure is not unique for Cirrata.
Similar reduction of the gladius occurred in recent
mesopelagic oegopsid squid Bathothauma lyromma
Chun, 1906 (family Cranchiidae). In Bathothauma
the rachis separated from the conus and reduced to
a narrow and feeble needle-like rod embedded in
anterior dorsal part of the mantle (Fig. 53). Ventral
part of the conus lost completely and the dorso-la-
teral parts unfolded into U-shaped plate providing
support for the fins on posterolateral sides of the
mantle (Fig. 53C). At the first glance, the general
morphological design of Bathothauma does not dif-
fer from that of Cirrata. However, the principal dif-
ference is a position of the stellate ganglia that are
set close and connected to each other in Bathotha-
uma and widely separated in Cirrata. The fact that
all other representatives of family Cranchiidae have
typical teuthoid gladii indicates that transformation
of gladius into U-shaped transversal plate in Bat-
hothauma apparently was a result of a single struc-
tural mutation rather than a gradual evolutionary
trend.

Palaeontological evidences

According to the opinion currently accepted by
many paleontologists, extant Vampyromorphida
and Octopoda origin from "Fossil Teuthids": a pri-
mitive group of Triassic — Cretaceous coleoids,
which had gladii with partly decalcified five-partied
proostracum [Berthold, Engeser, 1987; Engeser,
Bandel, 1988; Doyle ef al. 1994; Haas, 2002]. Re-
markable diversity of the morphology of the gladii

FIG. 53. Pelagic squid Bathothauma lyroma Chun, 1906
(adult female; 192 mm DML). A. Dorsal view. B.
Dorsal view of the gladius showing its separation into
two parts: anterior axial rod (rachis) and posterior
transversal band (unfolded) representing the remnant
of conus and conus fields). C Posterior part of the
mantle from the lateral side. Scale bar = 1 cm.

PUC. 53. Ilemarmueckuii xaneMmap Bathothauma lyroma
Chun, 1906 (B3pocnmas camka; 192 mm IM). A. Bun
¢ jopcanbHOi cTopoHbl. B. Bum rmammyca ¢ mopcaib-
HOii CTOpOHBI. [naguyc pasfeneH Ha JBe 4acTu: Iie-
PEIHIO OCEBYI0 ITUIACTMHKY (paxuc) W 3amHIoK TI0-
TepeYHYI0 TUIACTMHKY (pa3BepHyTa), TPEACTABIAIO-
Iy co0oil pynmMMeHT KoHyca u ero ¢uaros). C. Bun
3amHell yacth MaHTMM cOoky. Macmrab = 1 cm.

in "Fossil Teuthids" indicate a great variety of life
styles (Fig. 54). Phylogenetical affinity of "Fossil
Teuthids" to either Octobrachia or Decabrachia has
been controversially discussed for many years.
Some authors assigned some of these forms to ten-
armed Teuthida on the basis of similarity of their
gladii with those of recent squids and indistinct im-
prints interpreted as tentacles [Naef, 1921/1923; Je-
letzky, 1966; Donovan, 1977; 1983; Vecchione et
al. 1999]. Others assigned all "Fossil Teuthids" to
ancient eight-armed Vampyromorphida on the basis
of rare and indistinct imprints interpreted as the eight
arms united by interbrachial web, uniserial sessile suc-
kers without horny rings, two rows of cirri along la-
teral edges of the oral surface of the arms and two
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FIG. 54. Gladii of Jurassic and Cretaceous "Fossil Teuthids". A. Geoteuthis simplex (Voltz 1840) from late Jurassic

(Tithonian). B. Paraplesioteuthis sagittata (Miinster 1843) from late Jurassic (Tithonian). C Boreopeltis sagittata
(Naef. 1921) from late Jurassic (Tithonian). D. Plesioteuthis prisca (Riippell 1829) from late Jurassic (Tithonian).
E. Maioteuthis morroensis Reitner et Engeser, 1982 from early Cretaceous (Barremian). F. Loligosepia aalensis
(Zieten, 1830) from early Jurassic (Toarcian). G. Mastigophora brevipinnis Owen, 1856 from middle Jurassic (Callovian).
H. Trachiteuthis hastiformes (Riippell, 1829) from early Jurassic (Toarcian). 1. Teudopsis subcostata (Miinster, 1843)
from early Jurassic (Toarcian). J. Leptoteuthis gigas Meyer, 1834 from early Jurassic (Toarcian). K. Celaeno conica
Miinster 1842 from early Jurassic (Toarcian). T. Palaeololigo oblonga Wagner (1860) from early Jurassic (Toarcian).
M. Marekites vinarensis (Fritsch, 1910) from early Cretaceous (Barremian). N. FEoteuthoides caudata (Fritsch, 1910)
from early Cretaceous (Barremian). The gladii marked by asterisks represent possible ancestors of resent Vampy-
romorphida and Octopoda. The rest gladii belong to representatives of other coleoid lineages. A, B, D, F, H, I,
J, K and L - after Naef, 1922; C - after Engeser, 1986; E - after Reither, Engeser, 1982; G - after Donovan,

1983; M, N - after Kostak, 2002.
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FIG. 55. Reconstructions of fossil octopods and vampyromorphs. A,B —

from middle Jurassic (Callovian). C,D —
(Callovian). E,F —

Paleoctopus newboldi (Woodward

Proteroctopus ribeti Fischer et Riou 1982

Vampyronassa rhodanica Fischer et Riou 2002 from middle Jurassic
1896) from late Cretaceous (Campanian). A, C - lateral

view. B,D, F - dorsal view. E - shell remnants (stylets). A,B - after Fischer, Riou, 1982. C,D - after Fischer,

Riou, 2002. E,F - after Haas, 2002.

PUC. 55. PekOHCTpyKIIMM HCKOMAaeMbIX OCbMMHOTOB W Bammupomopd. A,B —
1982 wu3 cpemneit FOpsr; Kemnmoseiickmit Bek. C,.D —

Proteroctopus ribeti Fischer et Riou

Vampyronassa rhodanica Fischer et Riou 2002 u3 cpenHeit

Ops1; Kennoseiickuii Bek. E,F —  Paleoctopus newboldi (Woodward 1896) u3 mosaHero Mena; KammaHckuii Bek.
A, C - Bun cooky. B,D, F - Bua ¢ mopcanbHoli cTopoHbl. E - pymumeHTbl pakoBuHbl (cTwietsl). A,B - u3 Fischer,
Riou. 1982. C,D - u3 Fischer, Riou, 2002. E,F - uz Haas, 2002.

pairs of fins [Bandel, Leich, 1986; Doyle efal. 1994;
Donovan er al. 2003; Fuchs et al. 2003].

The present study of the shell-soft body relati-
onship in recent vampire squid and octopods pro-
vide new data for phylogenetic comparison be-
tween extant and fossil coleoids. Reduction of the
middle plate in the gladius of pre-octopods did not
change position of the stellate ganglia that remai-
ned lying on lateral sides of the mantle posteriorly
from the funnel folds. Wide separation of the stel-
late ganglia in all recent octopods represents con-
clusive evidence that this group evolved from some
vampyromorph ancestors with wide middle plate
of proostracum. The forms with narrow middle
plate of proostracum like Plesioteuthis, Celaeno,

Palaeololigo, Foteuthoies and others could not pos-
sibly be ancestors of recent Octopoda, as all of
them apparently had the stellate ganglia set close
to each other. The forms with wide middle plate of
proostracum (Loligosepia, Trachiteuthis, Teudop-
sis, Leptoteuthis, etc.) could possibly belong to oc-
topodian evolutionary stem. Among these, the
forms like Teudopsis Mbnster, 1842 (family Teu-
dopseidae) from the early Jurassic (Toarcian), in
my opinion, seems to be the most likely ancestors
of recent Octopoda, as they had wide thick gladius
with partly reduced medial plate (Fig. 54 1).

The fossil records of undoubted octopods and
octopod-like vampyromorphs are extremely rare.
Only three fossil octopod species, Proteroctopus

PUC. 54. I'magmychl IOPCKMX M MEJOBBIX "HMCKOMaeMbIX KaiabMmapoB". A. Geoteuthis simplex (Voltz 1840); mosmusisi lOpa;
Turonckuit Bex. B. Paraplesioteuthis sagittata (Miinster 1843); mosmnsst lOpa; Turonckuit Bek. C. Boreopeltis sagittata
(Naef, 1921); nozmusis FOpa; TutoHckuii Bek. D. Plesioteuthis prisca (Riippell 1829) mnosansist KOpa; TutoHckuit
BeK. E. Maioteuthis morroensis Reitner et Engeser, 1982; pannuit Men; Bappemckuii Bex. F. Loligosepia aalensis
(Zieten, 1830); panusiss FOpa; Toapckuit Bek. G. Mastigophora brevipinnis Owen, 1856; cpennsii KOpa; Kemnnoseitckuii
BeK. H. Trachiteuthis hastiformes (Riippell, 1829); panusis FOpa; Toapckuit Bex. 1. Teudopsis subcostata (Miinster.
1843); pannsas lOpa; Toapckuii Bek. J. Leptoteuthis gigas Meyer, 1834; panusas lOpa; Toapckuii Bek. K. Celaeno
conica Miinster 1842; pannsisi KOpa; Toapckuii Bek. L. Palaeololigo oblonga Wagner (1860); panusast FOpa; Toapckuit
BeK. M. Marekites vinarensis (Fritsch, 1910); pannuit Men; Bappemckuit Bek. N. Foteuthoides caudata (Fritsch,
1910); pannumit Men; bappemckuii Bek. ['mammycel, OTMEUEHHbIE 3BE3IOYKOIN, MOTYT SIBJISITCS BO3MOXHBIMU TPEIKaMU
coBpeMeHHbIX Vampyromorphida and Octopoda. OcrtajibHble TIaauychl TpUHAIIEXKAT K WHBIM 3BOJIOIMOHHBIM JIMHUSIM.
A, B, D, F, H I, J, K u L - uz Naef, 1922; C - u3 Engeser, 1986; E - u3 Reither, Engeser, 1982; G - u3
Donovan, 1983; M, N - u3 Kostak, 2002.
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"Trachyteuthimorpha"
and Vampyromorpha
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FIG. 56. Diagram showing the reduction of the gladius
in Vampyropoda [after Haas, 2002].

PUC. 56. CxeMa, WLITIOCTpUPYIOLIAs PEAYKIIUIO Iaguyca
y Vampyropoda [no Haas, 2002].

riberti Fischer et Riou, 1982, Vampyronassa rho-
danica Fischer et Riou, 2002 and Palaeoctopus
newboldi (Woodward, 1896), have been described
(Fig. 55). The first two species are known from the
Middle Jurassic (Callovian) of France [Fischer,
Riou, 1982; 2002]; the latter was reported from the
Late Cretaceous (Campanian) of Lebanon [Wood-
ward, 1896; Naef, 1922]. All three forms were pre-
served by organic casts that reflect many important
features of their soft body but conceal completely
the structure of gladius. Proteroctopus had gene-

rally octopod-like habitus with short sac-shaped
mantle fused with the head on dorsal side, well-de-
veloped triangular terminal fins, long free funnel
and very long arms without interbrachial web (Fig.
55A,B). Each arm bore a single row of suckers
without stalks and rings. According to Fischer and
Riou [1982], the morphology of Proteroctopus de-
notes a necto-epipelagic mode of life. Vampyronas-
sa exhibited characteristic vampyromorph features,
including eight arms and two filaments (modified
second pair of arms), deep interbrachial web, uni-
serial sucker with bordering cirri on each arm, elon-
gated mantle that was fused with the head on dorsal
side and two oar-like subterminal fins (Fig. 55C,D).
Basing on general morphology, Fischer and Riou
[2002] tentatively suggested that Vampyronassa
was a mesopelagic animal. Palaeoctopus newboldi
from the late Cretaceous of Lebanon is commonly
considered to be the earliest representative of In-
cirrata [Engeser, 1988]. This animal had wide al-
most spherical mantle, fused with the small head
on the dorsal side, very long arms with uniserial
suckers, two small triangular fins and no interbrac-
hial web (Fig. 55F). The most striking feature of
Palaeoctopus is the structure of its gladius that was
recently described by Haas [2002]. The gladius
consisted of two sigmoidal—lanceolate conchyolin
plates separated from each other in the middle (Fig.
55E). Separation of lateral halves in the gladius of
Palaeoctopus clearly testifies its affinity to Incirra-
ta. It presents conclusive evidence that divergence
of octopod stem into Cirrata and Incirrata had al-
ready occurred by the late Cretaceous.

Evolution of the shell in Vampyropoda.

Basing mainly on paleontological data, Haas [2002]
proposed the origin of the shell of recent octopods
from the gladii of "Fossil Teuthids" (Trachyteuti-
morpha) through reduction of the median field of
proostracum and conus (Fig. 56). He suggested that
the step-wise reduction of the gladius in Octopodi-
form lineage was probably stipulated by increasing
swimming activity. Sagittal interruption of the gla-
dius in Palaeoctopus, according to Haas, has impro-
ved the capability of its muscular mantle for more
vigorous inflation and deflation during swimming
and breathing.

In my study the general scheme of evolution of
the shell in Vampyropoda was made on the basis
of broad comparison of the shell structure and
shell-soft body relationship in recent vampire squid
and octopods (Fig. 57). This scheme supports the
conclusion of Haas [2002] on origin of Vampyro-
poda from 'Fossil Teuthids' with wide middle plate
of proostracum and partly reduced conus. However,
in my opinion, reduction of the gladius in Octopoda
did not improve their swimming and breathing per-
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FIG. 57. Scheme illustrating possible ways of evolution of the shell in Vampyropoda. Symbol 'x' means complete
reduction of the shell in corresponding phyletic line.

PUC. 57. Cxema, WILTIOCTpUpPYIOIIAs BO3MOXHBIE ITyTH 3BOJIONMM pakOBUHBI y Vampyropoda. CuMBOJIBI 'X' O3HA4YaloT
MOJIHYIO PEIYKIMIO PAaKOBUHBI B COOTBETCTBYIOIIMX (DUICTUYECKUX BETBSIX.
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formance and apparently was determined by other
reasons.

Two crucial events took place in evolution of
the shell in Octopodian lineage:

1. Reduction of the middle plate of proostracum
and conus in the gladius of vampyroteuthoid type
resulting in its transformation into the gladius of
cirrate type;

2. Reduction of transversal connection (saddle)
in gladius of cirrate type resulting in its transfor-
mation into paired stylets of Incirrata.

The first event was the most important as it
predetermined the whole following evolution of
octopods. It seems surprising, how typical teut-
hooid gladius of ancient vampyromorphs could
transform into a bizarre U-shape gladius of cir-
rate type lacking distinctive structural elements.
What were the possible causes of such transfor-
mation? What advantages got an animal having
ridden of medial part of proostracum? To answer
these questions let us consider the possible sequ-
ences of such reduction. Reduction of the medial
part of proostracum meant that the mantle ceased
to have fixed length, its anterior margin lost sup-
port, but the body plasticity enhanced. Such a
transformation could happen (and be supported
by natural selection) only in slow-swimming
forms, in which dorsal anterior mantle margin
had already been fused with the head, and the
fins (not the mantle) were the main means of
locomotion. Reduction of median plate of proos-
tracum could not happen in ajet-swimming nek-
tonic coleoid, because it transformed the animal
from ajetting torpedo into soft sausage. Thus, it
seems very likely that hypothetical ancestors of
Octopoda swam slowly using the fins and had the
mantle fused with the head on dorsal side. Ap-
parently, these animals evolved toward pelagic
(bentho-pelagic?) life form, and the presence of
wide heavy gladius of vampyroteuthoid type be-
came an obvious obstacle on this evolutionary
pathway.

Gladii of "Fossil Teuthoids" were built by thick
dense chitin that apparently had substantial negati-
ve buoyancy. Such gladii were adequate for active
necto-benthic forms but were too heavy for pelagic
forms. Lightening of the gladius could be achieved
either through general reduction of the weight or
through reduction of some morphological parts.
Apparently both ways were explored in evolution.
The first way (general lightening of the gladius) led
to recent Vampyroteuthidae. The gladius in Vam-
pyroteuthis decreased in thickness and its dense
heavy modification of chitin was substituted by its
loose water-rich modification with nearly neutra
buoyancy. Lightening of the gladius in vampyro-
morphs resulted in decrease of its mechanical
strength and corresponding decrease of its suppor-

ting function. The general plan of gladius structure
was conserved and did not change considerably du-
ring subsequent evolution of this group. As a result,
the gladius in recent Vampyroteuthis is strikingly
similar to the gladii of some "Fossil Teuthids" from
the Lower Jurassic. Despite its apparent fragility,
the gladius of Vampyroteuthis has most of the mus-
cular attachments found in decapodiforms. It pro-
vides support for fins that have become the main
organ of locomotion in this animal and can propel
it a surprisingly fast speeds. It also serves as a
'backbone' of the soft body but less as arigid sup-
port than as a structure that provides support thro-
ugh its resistance to stretching. Another important
function of vampire gladius is strengthening the
attachment of the head and mantle. The rostrum
underwent radical reduction in Vampyroteuthis. Its
absence in some individuals suggests that it no lon-
ger has a function. Lightening of the gladius of the
ancestral teuthoid plane together with other adap-
tations enabled vampyromorphs to evolve pelagic
forms, as testified by a single living representative.
However, this evolutionary line turned out to be a
dead end. When the finfishes entered the seas in
the Jurassic-Cretaceous, vampyromorphs apparent-
ly could not compete with them and survived only
in bathy-pelagic refuge.

Another means of lightening the shell, its radi-
cal reduction, was realized in evolution of octo-
pods. In course of this reduction, the media part
of proostracum (rachis and, probably, lateral pla-
tes), conus and rostrum were lost. The ostracum
and periostracum were also reduced and the gladius
transformed into the shell of cirrate type: a cartila-
ge-like U-shaped structure, composed by concent-
ric layers of hypostracum. As a result of such re-
duction the gladius lost the role of 'backbone' for
the mantle musculature but retained its function of
the fin support. Reduction of proostracum, apart
from lightening the shell, greatly increased flexibi-
lity of the body, which was an important preadap-
tation for the settlement on the ocean floor. The
habit to explore large objects with the arms was
another preadaptation that predetermined an oral-
end-down approach of "pre-octopod" to the bottom
[Young et al, 1998].

As testified by the fossil evidences (Palaeocto-
pus), the divergence of pre-octopod lineage into
Cirrata and Incirrata occurred before the Late Cre-
taceous. Ancestors of cirrates continued to evolve
mainly as bentho-pelagic forms relying on swim-
ming with fins. The gladius in cirrates evolved ma-
inly as the structure supporting the fins and con-
necting the mantle, fins and the visceral organs.
Reduction of basal pockets in this lineage was pro-
bably stipulated by development of a new bird-like
way of swimming with fins, that required stronger
connection between fin bases and the gladius. Two
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evolutionary lineages may be traced within Cirrata.
In one lineage the animals adapted to quasi-benthic
life acquiring oral-end-down orientation and flat
cake-like body (Grimpoteuthis and Opisthoteuthis).
The gladius in this lineage remained wide and re-
tained some primitive ancestral characters: the pre-
sence of lateral horns serving for attachment of the
funnel retractors and the presence of dorsal groove
on the saddle serving for attachment of the mantle.
Another lineage of cirrates led to bentho-pelagic
forms like Cirroteuthis and Cirrothauma. Evoluti-
on in this line was associated with swimming with
fins, and the gladius evolved exclusively as the fins
support. The lateral wings of the gladius came clo-
ser together and greatly expanded to provide effec-
tive support for increasing fins. Axial part of the
gladius became very thick and rigid. Evolving in
this way, the gladius transformed into perfect fin
support. It allowed pelagic cirrates virtually to fly
in the water by powerful fin stroke, like the birds
fly in the air.

Ancestors of incirrates descended to the bottom
in oral-end-down position and began to adapt to
cryptic benthic life associated with crawling move-
ment with the use of the arms. Apparently first
incirrates were shallow-water forms with wide U-
shaped gladius and well-developed oar-like fins.
However, it seems that the life on the bottom was
not easy in Cretaceous seas where the key positions
were gradually taken by new evolving predators,
the finfishes. For animals unprotected by the shell,
adaptation to benthic environment required enhan-
cement of the body flexibility to hide in every pos-
sible minute shelter on the bottom. The fins and
supporting it rigid U-shaped gladius became an ob-
stacle and had to be reduced. These reasons stipu-
lated the second major event in evolution of the
octopodian shell: reduction of the transversal fusion
in U-shaped gladius and its separation into paired
lateral rods, stylets.

The first known representative of incirrate line-
age, Palaeoctopus newboldi, ill exhibited some
characteristic features of Cirrata: presence of fins,
thick gladius and cirri on the arms [Haas, 2002].
However, the fins in Palaeoctopus showed distinct
signs of reduction: they were relatively small and
lacked solid support as the gladius had already se-
parated in the middle. In course of evolution of
incirrate octopods the fins reduced completely, and
the gladius changed its function from the fin sup-
port to support for the funnel. The reduction of the
shdl in Incirrata appears to significantly affect their
capability for jet-swimming. Reduction of entire
shell prohibits octopods from fixing their mantle
length and streamline shape during swimming.
When inhaling, Octopus decreases its length by 12-
14% [Zuev, 1965]. Thick ventral mantle adductor
diminishes the volume of ventra mantle cavity

considerably. Unique pattern of attachment of the
visceral sac to the mantle by means of five adductor
muscles found in octopods is much weaker than
complete fusion of the visceral sac to the shell as
found in vampyromorphs. However, this pattern
ensured incredible mobility of the visceral sac in-
side the mantle cavity that was an important adap-
tation to the benthic way of life. Together with the
absence of fins, it made octopod body virtually sha
peless. It alowed the animals to hide in narrow
cracks and dlits in rocks and to squeeze oneself
'part by part' through chinks with the width just
110 of the animal mantle length [Akimushkin,
1963]. Reduction of the median connection in the
gladius and deep reorganization of the body plan
predetermined the evolution of Incirrata. On the
one hand, it prohibited this group to evolve active
nektonic life forms. On the other hand, it opened
for ancient incirrates new possibilities to evolve
benthic and later bentho-pelagic life forms and laid
down the basis for contemporary biological success
of this group.

Evolution of Incirrata was associated with prog-
ressive reduction of the shell until its complete loss
in some lineages. Benthic shallow-water Octopodi-
dae retained the most primitive stylets reaching so-
metimes up to 24% ML (Enteroctopus). Gradual
reduction of the stylets in deep-water Octopodidae
was apparently stipulated by the general decline of
their activity. In Benthoctopus, Bathypolypus, Ele-
done, Pareledone, Tetracheledone, Velodona the
stylets decreased in size and became softer while
in Eledonella and Graneledone the shell has been
lost completely [Voight, 1997]. Some muscular
shallow-water Octopodidae (Ameloctopus, Hapa-
lochlaena, etc.) have also lost the stylets [Voight,
1997]. Together with stylets, these forms apparen-
tly lost ability for jetting swimming as testified by
decreased size of their mantle in relation to the
arms.

At least two independent lineages of Incirrata
re-invaded the pelagic realm: Bolitenoidea (Cte-
noglossa) and Argonautoidea. In both lineages de-
velopment of pelagic forms was accompanied by
complete loss of the gladius. Bolitaenoidea repre-
sents a more specialized pelagic lineage than Ar-
gonautoidea. The stylets in this lineage are missing
already in primitive forms (Japetella), while in the
advanced form (Amphitretus) even the breaks in the
mantle musculature marking location of the former
shell have been lost. In Argonautoidea gradual re-
duction of the stylets can be traced in Tremoctopus
and Alloposus until compete loss of the shell in
Ocythoe and Argonauta. In this clade reduction of
the shell was accompanied by development of
strong funnel locking-apparatus of teuthid type that
substituted the shell functionally.

Thus, the last event in evolution of the shell in
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Vampyropoda, its complete loss, repeatedly and in-
dependently occurred in Incirrata. In benthic Octo-
podidae  (Ameloctopus, Hapalochlaena)
of the stylets was caused by abandonment of the
jet-swimming and development of crawling habit
with the use of arms. In pelagic clades (Bolitaeno-
idea, Argonautoidea) the main causes of the com-
plete loss of stylets were either the loss of ability
for jet-swimming (Alloposus, Amphitretus) or de-
velopment of strong funnel locking-apparatus/fusi-
on between the funnel and the mantle (Ocythoe,
Tremoctopus). Remarkably, loss of stylets in all pe-
lagic octopods did not result in transformation of
their muscular arrangement, which remained gene-
rally the same as in benthic Octopodidae.

reduction
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PakoBrMHa BOCBMHPYKMX T'OJJOBOHOTHUX MOJIIIOC-
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BU3UKOB BsuecnaB A.
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zikov@vniro. ru

PED®EPAT. HccnemoBaHa cpaBHUTEIbHAsT MOPMOIOTHS,
MUKPOCTPYKTYpa U (DyHKIIMOHAJIbHAS POJIb BHYTPEHHETO Py-
JIMMEHTa PAaKOBUHBI Y 14 BUIOB COBPEMEHHBIX BOCBMUPYKUX
TOJIOBOHOTUX MOJUTIOCKOB (H/OTp. Vampyropoda), B TOM
YuciIe y eAMHCTBEHHOTO COBPEMEHHOTO MPEACTABUTENSI BAM-
mpoB, Vampyroteuthis infernalis Chun, 1903; 3 BumoB mias-
HUKOBBIX ocbMUHOTOB (0Tp. Cirrata) u 10 BumoB OecIiiaB-
HHUKOBBIX OCBMUHOTOB (11/0Tp. Incirrata). B3aumooTHomIeHIE
MEXIy PaKOBUHON M MSITKUM TEJIOM MOJLTIOCKOB MCCJEI0-
BaHO IO TOTAJbHBIM Cpe3aM, CHETaHHBIM Ha Pa3TUYHbIX
ypoBHsix. [lokazaHo, 4TO paKOBMHA BBITIOJHSIET Pa3IMUHYIO
pOJIb B Pa3HbIX TPYIIAax BOCBMUPYKUX TOJIOBOHOTHMX, W 3BO-
Jmolus ee popMbl IO-BUAMMOMY OblTa 00YCIOBJIEHA IBOJIIO-
mueit ee ¢dyakuun. Y Vampyroteuthis (orp. Vampyromorp-
hida), Hanbosee apxaldHOTO TIpeacTaBUTEIsT Vampyropoda,
pakoBMHA TIPENCTABIACT COOOW TUIMYHBIA TJIAINYyC TEyTO-
WIHOTO TUIaHA CTPOGHMS M CIYXUT OMOPOM MaHTMM, TLIaB-
HHUKaM, MyCKYyJIaM-pETPaKTOpaM BOPOHKH U TOJIOBBI, a TAKXKe
BUCHepaTbHOMY MemKy. HeoOwraubrit U-,V- mm W-o0paz-
HBII XPSIIETTONOOHBIN TJIaAMyC TUIABHUKOBBIX OCbMWHOTOB
(otp. Cirrata) mpeacTaBisieT co00i pyIuMeHT (DJlaroB KOHY-
ca, KPbUIBEB U JIaTePAIbHBIX IJIACTUHOK MpoocTpakyma. Ero
IaBHasT (PYHKIIMST — OIOpa IUIaBHUKaAM. Y 0eCITaBHUKOBBIX
ocbMHUHOTOB (OTp. Incirrata) pakoBMHa peayLMpoOBaHa IO

napbl XpSIIEMOAO0HBIX MaJoYeK, CTUJICTOB, IJIaBHas (PyHK-
LIMSI KOTOPBIX — OIOpa peTpakTopaM BOPOHKM.

Kaxnas rpymmna coBpeMeHHBIX BOCBMUPYKUX TOJIOBOHO-
rux: Vampyromorphida, Cirrata u Incirrata — xapakrtepu-
3yeTcs crieliuruIecKrM CTPOSHUEM PaKOBUHBI U €€ B3auMO-
OTHOILICHUEM C MSTKUM TeJloM. PacroyioskeHue 3Be3a4aThiX
TaHIJIMEB, IIMPOKO PACCTaBJICHHBIX HAa BHYTPEHHE CTOpOHE
JOPCaIbHOM CTEHKM MAHTUHM y BCEX COBPEMEHHBIX Vampy-
ropoda, CBUIETEIbCTBYET O TOM, YTO OCbMUHOTH TIPOU3OLILTU
OT BaMITMPOINONOOHBIX TMPEIKOB C IIMPOKOW MeIUaTbHOMN
IUTACTUHKOM Tiaguyca. B 3BOJIOIMU PaKOBMHBI BOCBMUPY-
KMX TOJOBOHOTHX IPOCJIEXMBACTCS IBa KIIOYEBBIX COOBI-
TUst: 1) peayKius MeauaabHOM MJIACTUHKUA TPOOCTpaKyMa 1
KOHYCa, B pe3y/ibTaTe KOTOPO# Iaauyc BaMIIMPOTEYTHUAHO-
ro IUlaHa CTPOEHUSI TPEBPATWICS B IJIaAMyC LIMPPATHOTO
THTA; 2) PeayKIIYs ITOMEePeIHON MepeMBIYKM (ceia) B [Up-
paTHOM TJIanuyce, B pe3yJbTaTe KOTOPOM OH TpaHChHOpMU-
poBajicsl B TapHble 00pa30BaHuUsl (CTUJIEThI) WHIMPPATHBIX
OCBMUHOTOB. Y Incirrata BomoLMsI paKOBUHBI 1IIJ1a 110 ITyTH
ee PeAyKUUHU BIUIOTh IO TMOJIHOTO MCYE3HOBEHUS, KOTOPOE
LIJI0 TIapauTeNIbHO B KaXIOM M3 Tpex HaacemencTs: Octo-
podoidea, Bolitaenoidea u Argonautoidea. Bo Bcex ciydasix
OKOHUaTeJbHasi peayKLMs PAaKOBUHBI OblTa CBsI3aHa C TOTe-
peii CroCOOHOCTH K PeaKTMBHOMY TLIaBAHMIO M COMPOBOX-
nmajach JIMOO pa3BUTHEM CBOEOOPA3HOro cIrocoba "Xoxme-
Hus" Ha pykax mo maHy (y moHHbIx Octopodoidea), mmbo
MPUCTIOCOOIEHNEM K MAaCCUBHOMY TApeHMIO B TOJIILE BOJBI
y TpeacTtaBuTeneil memarmaeckux Bolitaenoidea m Argonau-
toidea. IlonHas yTpata pakOBHUHBI y 3BOJIIOLIMOHHO TMPOIBUHY-
TBIX MpeacTaBuTeseil Incirrata He MmoByeksia 3a co0Oi M3MeHe-
HUIA UX TUTAHA CTPOEHMsI, KOTOPBIi OCTaJICS B LIEJIOM TaKUM XKe,
KaK U y IPUMUTHBHBIX MPENCTaBUTENEH TOrO OTpsiia.
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