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The shell in Vampyropoda (Cephalopoda): morphology,
functional role and evolution

\rvacheslav A. BIZIKOV

lll-Russian Research lryyjlyte of Fisherv and Oceanography (V\{IRO\, V.-Krasnoselskaya str.,
l'. Juloscow, 107110, RUSSIA; E-mail; bizikovQgvniro.ru

The sltell of mollusks is the part that determines the yvhole.

Adol fNaef ,  1921

. \BSTRACT. Comparative functional morphologl and mic-
r-rrstructurc of internal shel l  vestiges have been studied in l . l
)pecies of recent Vampvropoda including the single recent
representative of vampire squids. I hrzp_r,roteuthis infer nal is
t 'hun .  1903.3  spec ies  o fC i r ra ta  and l0  spec ies  o f lnc i r ra ta .
Rciat ionship betrveen the shel l  and the soft bodr rvas studied
irn totdl cross-sections ofthe mantle at dif ferent planes. The
studl' sho.,vs that the shell plal s different role in diff-erent
groups of eight-armed Coleoidea. and evolut ion of the shel l
rr as strpulatcd b1, evolut ion of i ts function. In I 'antptroteut-
irrs. an eari) evolutionan, offshoot of the Vampr ropoda. the
.hcl l  represents a q'pical gladius of the teuthoid tvpe thar
pror ides aftachment sites for the tlns. mantle. funnel and
nead retractors. and the r, isceral sac. In cirrate octopods the
-:iadius represents a remnant of cone flags. ri in-es and lateral
r lates of r ampvromorph gladius. * hich is transfbrnted mos-
: lr  ip16 , ' f in support ' .  In the Incirrata the shel l  is reduced
ro parred rods. sn lets. functioning as anchors support ing the
l irnuel retractors. In sereral adVanced I inea,ees of Incirrata
lhe shel l  has been lost completelr.

I iach l ineage of recent octopodilbrms - \ /ampvromorp-
hida. Cirrata and Incirrata - has i ts ou n characterist ic t \  pe
i, t  shcl l  structurc and shel l-sof ' t  bodr relat ionships \\r ide

INTRODUCTION

Octopods have the most unusual shell among
cephalopod mollusks. It differs greatl l frorn rhe
clrambered, coiled shell of the pearl,v Nattt i l trs.
t l 'om the calcareous buoyant sepion of cuttlefishes.
and from the cirit inous suppofiing pen (gladiusl of
teuthids. Reduction of the shell that occurs in all
groups of Coleoidea reaches its apex in the Octo-
poda. In finned octopods (suborder Cirratal the
shell is represented b1, a saddle-. butterflr.,- or U-
siraped structul'e lvhile in finless octopods (subor-
.ier Incirrata) it is reduced to a pair of u'idel) se-
parated spindle-l ike rods. or sl, lets. situated obli-
qLrely on the dorsal side of the rnantle [Naef.
19211231. Tl-re stylets are verv small: their mass

separation of stel late ganglia in al l  recent octopods presents
morphological er. ' idence that this group evolved from some
\ anipvromorph-l ike ancestor rvi th u' ide middle plate of gla-
dius proostracum. Tri  o crucial events took place in evolut ion
of the shel l  in octopodian l ineage: reduction of the middle
plate of proostracum and conus resulting in transformation
of vampvroteuthoid-l ike gladius into the gladius of the cirrate
t l  pe: and reduction ofthe transversal connection (saddle) in
the cirrate gladius resulting in its transformation into paired
sn lets of the Incirrata. In Incirrata the shell underrvent gra-
dual reduction unti l  i ts complete loss in several evoived
fbrms. This last e'"ent. complete disappearance of the shel l .
has occurred independentl l  in al l  three principal l ineages of
Incirrata: Octopodoidea. Bol i taenoidea and Argonautoidea.
In al l  cases the f inal loss of the shel l  rvas accompanied b1
the reduction of jet-suimming in connection *i th develop-
ment of a 'rvalking' habrt inr olving the arms (benthic Octo-
podoidea) or heavv rel iance on passir,e f loatat ion in pela_eic
Boli taenoidea and Argonautoidea. The f inal loss of the shel l
r  est iges in advanced Incirrata did not chanse their sol i-bod1
design. *hich remained general l l  the same as in primir ire
benthrc Octopodoidea.

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

Origin of octopod shell is obscure. Its morpho-
logical elements reveal no apparent homology to
an) 'paf i  o f the shel l  o fother  coleoids.  both recent
and fossil. There is no trace of a phragrnocone or
proostracum. The octopod shell is soft and cafi i la-
ge-like. w'hich differs fi 'om the hard. chitinous sub-
stance of  the teuthoid g ladius.  Naef  [1921/1923.
p.6571 noted.  ' i t  has to be assurned,  that  the shel l
(of octopods) consists rnainly' of a remnant of the
proostracum trith a flattered cone'. However. even
if Neaf is correct. ue do not know. u'hat oarls of
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Tabie L List of species examined in the -stud)

l-a6-'ruua L Cnucox Hcc.re-toBaHHbr\ Btr, loB.

ORDER
FAN,lILY
Spec ies

\"{NIPYRO}IORPHIDA
VA\ IPY RO I  EL THIDAE
I'dmp\)roteuthts infernalis Chun. 1903

CIRRATA
OPISTHOTEUTHIDAE
Oprstltoteuthis californiana Berry. l9-19
Grintporeuthis umbellara (Fisher. 1883)

CIRRO f  EUTHIDAE
Cirroreuthis muelleri  Eschricht. 1838

INCIR-R{TA
OCI'OPODIDAE
Enteroctopus do-f leini ( \ \rulker. l9l0)
Benthoctopus sibir icus Lolning. 1930
Bdth,tpollpus salebrostts (Sasaki. 1920)
Eledone messr,oe Voss. 196:l

AT,LOPOSIDAE
.-l l lopostts nrol1i.r  Verri l l .  1880

TREMOCTOPODIDAE
Trentoctoptts violaceus Chiaie. 1830

OCYTHOIDAE
Oc'.vthoe tuberculdto Rafinesque. 1811

ARGONAUI'IDAE
Argonauta nodosa Solander. 1786

BOLITAENIDAE
Japetel la diaphana Hoyle. 1885

AMPHII 'RLTIDAE
.lntphitretus pelagicus Hoyle. 1885

\umber ot '  specimens examined

f-emales

l

2

65  -  128

265 145 260
175 83 -  200

4'7 - 56
3 5

25

males

40 - 6'1

80

h range. mnr

females

5 3 - 7 0

l 9

1 6
l 6

14
49

7
z

8
9
I
I

1 3 5  -
6 0 -

63

6 3 . 6 7 57

5 7 . 6 0

96.  103

9 4 . 1 0 8

57

26

the coleoid proostracum evolved into the octopod
shell and why. We also do not know what the ho-
mology is betrveen the U-shaped shell of Opistho-
teuthidae. the saddle- or butterfly-shaped shell of
the Cirroteuthidae and the dorsal st1,lets of f inless
octopods. Possible clues for understanding the on-
gin and evolution of the shell in the Octopoda ma)'
come from its sister group. Vampy'romorphida Pic-
kford, 1939. The single l iving vamp\,romorph.
Vantpyrotetiltis infernalis Chun. 1903. has a set of
characters combining such 'teuthid' features as a
well-developed. chitinous gladius rvith a generall) '
octopod-like brachial crown fPickford. 1919].
Vampyromorphida and Octopoda have long been
united into a single taxon with different names. first
on the basis of general similarit l ' :  Octobrachia

fYoung. 1989]. later on the basis of morphological
and genetic cladistic anal,vses: Varnpvropoda [Bo-
letzky. 1992; i9991. Octopodiformes IBerrhold.
Engeser.  1987;  Young,  Vecchione.  1996;  Car l in i .
Graves. 1999; Haas. 20021. The name Varnpyropo-
da (Boletzky. 1992) seems to be the most approp-
riate and u,i l l  be used in the present paper. It alludes

to the vampvromorphs. on the one hand. and to the
cirroctopods and octopods. on the other hand.

Knorvledge of the highly variable morphologv
of the shell in the Octopoda is fragmentarr,. The
shell is befter knorvn in those finned octopods
u,here i t  is used in svstematic analysis [Aldred el
ql . .  1983: Nesis.  198211987 Col l ins. Henriques.
2000: Vi l lanueva e/ al . .20021.1n f inless octopods
details of the shell vestiges have been traditionalll '
absent from svstematic descriptions, and their ver,r,,
presence is rarell. mentioned [Akimushkin. 1963:
Voight. 19971. 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 parls serving as the attac-
hment sites for the fin bases fRobson,1932. Aldred
et al.. 19831. The function of stylets in finless oc-
topods is not clear. Akimushkin [963] considered
them as mere vestiges without any specific functi-
on .  Naef  Iq : I  1q23.  p .  6761 be l ieved rhe  s r r  le ts
'serve mainll as points of attaclmtent fbr the ret-
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ractors of funnel and cephalopodium'. The shell is
clearll, not a useless vestige. at least in species
rvhere it is verl '  large. If i t is a supporting structure.
horv can suppoft be provided when the shell disap-
pears completely.? While the general features of the
shell in the Vampvropoda is knorvn throughout the
rvork of Naef 11921119231. Pickford [1949] and or-
hers. no svstematic study has been attempted to
determine its structure. function and evolution.

The present paper describes morphology' of the
shell and its functional relationshin with the soft
body' in all n-rajor groups of the Vamplropoda. and
proposes hl,pothesis on possible evolution of the
shel l  in  Varnpr  ropoda.

MATERIAL AND METHODS

Foufieen species representing most farnil ies of
recent Vampvropoda. were studied. These include
the single vampyromorph. Varnptl.oteuthis inferna-
1r.r. 3 genera of cirrate octopods (Opisthoteuthis,
Grintpoteulhis and Cirrotetilhis) and 10 genera of
incirrate octopods (Octoptts, Benthoctopus, Bat/4'-
polypus, Eledone, Alloposus, Tremoctopus, Oct.-
rlne, Argonauta, Amphitretus and Japetella') (Table
1). Only two rare families u'ere beyond the scope
of my study: the Stauroteuthidae (Cirrata) whose
gladii rvere anal;-zed using l iterature data [Coll ins.
Henriques. 2000], and the Viterledonell idae (lncir-
rata) that lack the shell completely fNesis.
198211981 : Voight. 19971.

Abbreviations for the institutes and muse-
ums that housed the octopods examined here
are:  VNIRO -  Russian Federal  Inst i tu te of  F ishe-
lr and Oceanography. Moscow: SIORAN - P.p.
Shirshov Institute of Oceanologl,. Moscor.v: Atlan-
TNIRO - Atlantic Research Institute of Fisheries
and Oceanography;  ZMMU -  Zoological  Muse-
Lrrn of Moscorv State University: NSMT - Natio-
rral Science Museurn. Tok1,'o; TIFA - Tromso In-
stitLrte of Fisheries and Aquaculture. Norwa1.. Other
.rbbreviations used in the text are: ML - dorsal
rnantle length; TL - total length; GL - gladius
length; SD - standard deviation: R/V - research
r essel; F/V - f ishery vessel.

\bbreviation used on figures

l lC

:rfl

I t  n l

, l p l

; t u r

b c f

h n d

l' [)
l ) r n t

! i l f

axial cart i laginous core of the f ins
lateral funnel adductor
mantle arter\
apical l ine ( in stvlets of incirrate octopods
and in gladi i  of some squids)
auric le
basal carr i lage of the f ins
bend (morphologic pan of the st l  lets of
incirrate oclopods)
basal pockets
brachial hearr
ccphalrc cart i lage

central thickened part ( in the shel l  of
cirrate octopods
cone lla_qs
col lar folds
cartr laginous laver of the f ln base
collar fusion
cone
collar fusion
cartilage filling the scars left by the st1 lets
after their reduction
col lar pockets
crop
dermls
dorsal aorta
dorsal ,qroove on the mantle r.val l  ( in
.-lntphitretus)
digestive gland
ventral -qroove on the mantle rval l  ( in
.lntphitretus)
distal transversal muscles ( in f ins of cirrate
octopods)
dorsal longitudinal muscles ( in f ins of
cirrate octopods)
depressor ntuscles
anterodorsal mantle adductor
dorsal intermediate muscular laver of f ins
dorsal r idge of the saddle ( in the gladius of
crrrate octopods)
surface laver of dense muscular t issue of
f ins (dorsal)

eler ator muscle

funnel adductors
fin cartilage
flrst check del imit ing the postnuclear zone
(in the _sladius of cirrate octopods)
f ln base
fin cart i lague
1-ins
closer bond of the funnel
lunnel organ
funnel
funnel corner
g i l l s
brachial gland
gonad
dorsal groove ( in the shel l  of cirrate
octopocls)
stel lar -eanglia
hl drostatrc organ
h1 postracum
lst order increments in the shel l
2nd order increments in the shel l
ink sac
marginal asvmptote
knob-l ike surface sculpture ( in the sf l le1s of

ce caecufl

cen p

CF
cfold
c l
co l f
co
co l f
cont

cp
crop
d
d a
d g d

dg l
dgv

d is t l

d l m

d m
d m a d
d m l
d r

d s m

em
eye
fad
fc
fch

fb
fc
fin
fla
fo
fun
func
g l
b rg l
gon
gr

q s t

hy'dr
hvp
i nc  I
in c2
i n k
KA
kn

lnclrrate octopods)
LA lateral asl,mptote
lh lateral horns of the shel l  ( in cirrate

octopods )
l ig r isceral l igament connecting the funnel

retractor $ith the Visceral sac (rn
Tre illoct opus )
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mantle car i tr  dorsal
milnt lc ca\ i t \  \ 'entral
e r t raocu la r  e re  musc le
muscular lay er of the f in base
closer bond of the rnantle
mantle
dorsa l  mant le  na l l
ventral mantle nal l
lateral openines of the mantle apefture ( in
. lntphirretus )
rncdian pai l ial  arterr
f in nen c
nuchal muscles (anterior mantle adductor)
pa l l ia l  nene
Necdham sac
nuchal lusion of the visceral sac s i th the
mantle ( in . ' lnrphitretus)

oe esophagus
ost ostracunr
ot'a o\ ar\
ovi oviduct
per nephrrdial appendages
peri periostracum
pz postnuclear zone
Ra rac h is
rant anterior retractors of fins
rc cephalopodial (head) retractors
rfcart cafi i lage at the inncr rnargin of rhe funnel

rctractor

LP lateral plates
lrr latcral nings of the gladius
\IA median as\ mptote
mam \r 'ntral medran mantle adductor
mat  , in la r '1 r j I  c \ tensrons  o f  ren t ra l  med ian  mant le

adductor  n rusc lcs
mcar t  m i ln t l c  car t i lage  occup l  ing  pos t t ion  o f  thc

tormer sn lets

t 'en

l l m

v m I
Y p p
v S

vsm

\\'
\14

rreb
$?o

\  ena ca\ a

ren t ra l  long i tud ina l  musc les  ( in  t ins  o f
cirrate octopods)
ren t ra l  in te rmed ia te  muscu lar  la rc r  o1 ' f ins
postenor pal l ial  Yein
r isceral sac
surface lal er of dense muscular t issue of
f ins (r entral)
ri ings
antc r io r  par l i  o l -  the  *  ings  in  the  she l l  o f
crrrate octopods
interbrachial r ieb ( in cirrate octopods)
\\ ater pores

Vampyroteuthis infernalis Chun, 1903. Three speci-
mens \\ 'ere studied. T*o immature females (53 n'rm and
60 mm N, lL ;  *e re  k ind l l  p ro r ided b1  Dr .  K .N.  Nes is
(SIOR.A\) The specrmens \\ere sampled f iom a catch
of mid-r iater tra*I durin,e R.,V ' l1na: '  

cruise ,\ l  17 in
S\ \ '  Indran  Ocean.  9  December .  1988.  in  pos i t ion  32 '53 'S .
.1 .1 ' l2 'E .  Depth  o f  p lace :  1280 m:  f i sh ing  depth :  1260
m. The third specimen. maturing female. approx. 70 ntnr
N' lL. r ias kindl l  provided by Dr. T. Kubodera (NSMI )' fhe 

specirnen r ias caught in West Pacif ic Ocean. 28 Oc-
tober .  1988.  in  pos i t ion  31"03 'S .  133 '07 'E .  ?depth .  Isa-
aks-Kidd mid-nater tranl:  res. ,r tc NSMT-Mo66708.

Opisthoteuthis californiana Berry, 1949. 32 specr-
mens \\ere studied. Al l  specimens r.r 'ere col lected during
a surve) onboard FIY 

'Tenyu-.)Iartt 
Io 78' in the Western

Bering Sea in Jul1 . 1998. The specimens u,ere samplcd
from the catches of t*o commercial bottom tra*ls. 

' Ihe

traul Nr: I  r ias pertbrmed 29 Jul l ' .  1998 in posit ion
5q '58 ' \ .  167 '59 'E  ar  deprh  -150 m.  l r  r  ie lded l9  spcc in rens
including 2 mature t-emales (36 mm and 41 mm N,lt .) .
I  immature female 19 mm ML and 16 mature malcs
(12 .  -11 .  1 .1 .  +6 .  16 .  17 .48 .  '19 .  50 .  54 .  54 .  55 .  58 .  58 .
62 and 6"1 mm \4L), The tra"r, l  Nc 2 nas made the sanre
dar  in  pos i t ion  59 '57 'N.  167 '57 'E  a t  depth  ,100 m.  I r
l ie lded 13  spec i rnens  inc lud ing  2  mature  iemale  ( , l l  and
- l - l  mm iv IL ) .2  matur ing  l tma les  (35  and 36  mm Nl t_ )
and 9 mature males (.10. -12. .1.1. 17. 19.50. 51. 53 and
5-1 mm N'lL).

Grimpoteuthis umbellata (Fisher, 1883). Tuo rmma-
ture l'emales 1,19 and approx. 45 mm N,lL) ',r'ere stlrdred.
Both specimens r iere kindl. ,  granted b1' Dr, K.l .J. Nesis
(SIORAN). Ther *ere sampled and identi f led b1' Dr. Nesis
tiom the same boftom traul during R/V 'l'itla,- crulse
"\ 65. in Central Atlantic (Cape Verde Basin). 31 1\, larch.
19 '19 .  in  pos i t ion  -11 ' l -1 'N .  l - l ' 28 ' \V .  a t  depth  53  10  m.' fhe 

specimen ,19 mm \, lL *as in good condit ion *hi le
another specimen nas badlr damaged but r ias bel ieved
to belong to thc same species. Total cross-sections scre
made i iom one of the spccimens (49 nim N4L). and the
sladius \\as e\tracted l iont another.

Cirroteutltis muelleri Eschricht, 1836. Fire specimcns
(t\ \o samples) *ere studied. 

' l 'he 
l l rst sample ( l  mrruring

lemale :  78  mm ML)  r 'as  k ind l l  p ro r  ided  by  Dr .  K .N.
Nesis (SIORAN). The specimen nas sarnpled l iom a catch
of pelagic tranl ( 'Aeassiz'  t)pe) made onboard NY' f 'ct l tu'
Stenr'  (crurse ARK XL'1) in \orfh Atlantic. 10. Ar.reust.
1995.  in  pos i t ion  68"  l , l ' \ .  0 l '3 .1 ' \ \ r .  Depth  o f  p lace :  3050
nr: f ishine depth: 1200 rn l 'he second sample r ias krndlr
granted by Dr. H. S Bjorke (1 IFA). The sanple included
-l specrmens: I  rmmature f-emale 65 mm ML: 1\\o ntaturinc
females (105 and 128 mm I\4L) and l  maturin,q male 80
mrr \4L. Al l  specimens r iere col lected f iom the samc
pelagrc tra*l  during R'/V 

'G.O. 
Sars' cruise in thc Nor-

rr esian Sea. 2-1. Januarr ' .  1999. in posit ion 69"57'N.

m c d
m c v
m e
m l
m l a
m n
m n d
m n v
m o

m p a
nfin
n m  u s
n p
N S

n u f

ren
rec
r f

rm
RO
sant

sca

s d l

s lg
s post

s h
sh sac
s h i
soc
s t
stat
s u t
test
t u n
t u b

v d

rcnal appendages
l 'ectull l

funnel retractors (:  posterodorsal mantle
adductors in Octopodidae)
cart i lasinous r im of the shel l  sac
rosirum
antcrior shoulder of the snlet ( in incirrate
oc opods)
mantle scars ntarking posit ion of the former
shell  in some incirrate octopods
saddle (medial part of the gladius in cirrate
octopods)
sal ivarr glands
posterior shoulder of the str let ( in incirrate
octopo0s )
she l l
shel l  sac
init ial  shel l
spermatophonc organs compler
stomach
statoc\ sts
suture l inc of the l isceral sac
IESTES

col la-een tunic
tube- l i ke  e r tens ion  o f  ren t ra l  mant lc  sa l l
around the funnel ( in Cirroteuthis\
clermal ." ern
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t t t ) ' .10 'E  Depth  o f  p lace :  2800 m:  f l s l i i ns  depth :  1100
rr. Ciencral r, ierr u as drau n on imnratuie fernale (65
nrm 1\4L) from the second sample, The gladius \\as e\_
rracted and dra*n t iom trro maturing ftmales (65 and
l18 mm N4L). both f iom the second sample. Total cross-
sections ucre made from maturing i 'emale (78 mm i\ , l l )
l iom the f irst sample and maturing nale (80 rrm \,{L)
trom the second sample.

Enteroctopus dofleini (Wulker, l9l0). 21 specimens
ri ere studred. AII specrmens r i  ere sampled from the catches
o1' commercial bottorn trat Is during a sur\ e\ onboard
F Y 

'Teny,u-I laru 
.\b 78' in the \\ 'eirern Berins Sea in

. l u l r .  1 9 9 8 .  T h e  s a m p l e s  i n c l u d e d :  I  m a l e s  t 2 l 5  a n d  1 3 5
mm N{L)  captured  l3  Ju l l  .  rn  pos i t ion  60"57 'N.  17g"55 ' \ \ '
at depth 206 m: I  male (250 mrr N{L). and 1 female
t2 l0  mm ML)  captured  1 ,1  Ju l r .  in  posr t ion  61"0- l 'N .
178 '30 ' \ \ ' a r  deprh  150 m:  I  f ' emale  (260 mm lv IL )  cap_
tured  l5  Ju l r ' .  in  pos i t ion  61 .10 'N.  178"37 ' \ \ 'a t  dep ih
1 6 7  m :  , 1  m a l e s  ( 1 3 8 .  1 7 0 . 2 0 5  a n d  2 1 0  m m  M L )  a n d
2 f 'emales  (183 and 215 mm MI_)  captured  16  Ju l r .  in
pos i t io r r  o0 '5b ' \ .  179 16 '1 i  a t  dep lh  355 m:  I  ma l r ,s
(180 and 215 mm N, l t - )  cap turec i  2 l  Ju l l  .  rn  posruon
60"56 'N.  178 '55 ' \V  ar  depth  200 m:  3  males  (152.  190
and 253 mm N,l l .)  and I female (216 ntm N,IL) caprured
26 Ju ly .  in  pos i t ion  60 .32 'N.  172"15 'E  ar  deprh  .100 m:
I  f -emale  (192 mm MI_ t  caprured  26  Ju l r .  rn  posr t ron
60" '12 'N.  172 '13 'E  ar  deprh  310 rn :  3  ma les  i l -10 .  l -12
and 228 mm ML)  captured  27  Ju l l  .  in  posr t ion  59"11.N.
170 '15 'E  ar  deprh  400 rn :  I  ma le  126:  mm NIL)  and 2
f-emales (1.15 and 160 mm ML) captured 2g Jul l  .  in
pos i t ion  60 '02 'N.  168" l6 ' \ \ ,  a r  deprh  365 m.

Benthoctopus sibir icus Lovning, 1930. 25 specimens
*ere anahzed. Al l  of these ucre col lected from catches
of commercial boftont trari  ls during a sur\ ev onboard
FIY 'T'en,-u-] laru 

.\b 78' in the \Veirern Berine Sea ln
Ju l1  .  1998.  1 'he  samples  inc luded:  I  ma le  1 l7 l  inm \ , {L )
captured  l3  Ju ly .  in  posr t ion  60"57 'N.  179"55 ' \ \ ,  a r  deprh
206 m:  I  ma le  (150 mnr  NIL)  captured  l . l  Ju l l  .  in  posr r ron
61"10 'N.  178 '30 ' \ \ '  a r  deprh  230 n t :  2  ma les  (150 and
155 mm ML)  and 2  females  (130 and lg0  mm N, lL )
captured  l5  Ju l1  .  in  pos i t ion  61"10 'N.  178.37 'Ur  a r  depth
167 m:  I  f ' emale  (120 mm ML)  captured  l6  Ju l r .  in
p o s i t i o r r  6 0 ' 5 6 ' N .  I  ' q (  l 0 ' \ \  a r  d e p r h  3 5 5  n r .  I  m a l e s
( l l5  and 175 mrn  N, IL ;  cap turcd  l7  Ju l l  .  in  pos i t ion
6 l ' 1 0 ' N .  1 7 8 ' 3 1 ' W  a r  d e p r h  l 5 g  m :  2  m a l e s  i 6 0  a n d
160 mm IVIL)  caprured  l8  Ju ly  .  in  pos i t ion  61 .23 .N.
178 '09 ' \  t  a t  deprh  1 .18  m:  2  males  (155 and 175 mrn
N,lL) and I fcmalc (200 rnm N4L) captured l9 . lul t .  in
pos i t ion  61"27 'N.  177. -16 ' \ \ '  a t  depth  l50  m:  5  males
(103.  1 ,12 .  1 ,15 .  l -15  and l5 l  mrn  L fL )  and 3  f -emales
(115.  153 and 180 mm ML)  caprured  22  Ju l l  .  in  pos i t ion
6 l ' 2 5 ' N .  1 7 8 ' 0 9 ' \ t ' a r  d e p r h  1 5 5  m :  I  m a l e  i l 0 0  m m
MI- )  cap turcd  23  Ju l r .  in  pos i t ron  61"16 'N.  17g.07 ' \ \ '
at depth 150 m: I  fcmalc (90 mm ML) captured 2.1
J u 1 1 .  i n  p o s i t i o n  6 1 " 0 9 ' N .  1 7 8 . 3 8 ' \ \ ' a t  d e p t i r  1 7 0  m .
and I lemale (83 mm N,lL) captured 26 july. in polt ,on
60 '42 'N.  172"13 'E  ar  deprh  310 m.

Bathypol_y-pus salebrosus (Sasaki, 1920). The descriprion
is based on ,l specimens. collected lrom catches of commerctal
botlorr tratr ls during a suner onboard FN'Kar,o__l lant.\b
l8' in the \\ iestem Bering Sea in December. 1999: I  temale
(approx. ,17 mm ML) captured I December. in position
60"01 'N.  168 '01 'E  ar  depth  250 m:  I  female  (56  mm M.)
captured 4 December. in position 61"0-l'N. li,l"2l'F. ar denth
130 m: I lbmale (5,1 mrn iv{L) capturerl 05 December in
posit ion 6l '38'N. 175'01'E ar deprh 180 m. I  i 'emale (approx.
50 mm iVIL) caprured l0 December in posrt ion 61"10'\ .
17a"61 ' \ \  a r  deprh  230 nr .

Eledone messlae Voss, 1964. Tuo sDecimens *.ere

studied: maturrng female. 35 mm ML: and adult male.
63 rrrn \ ' lL. Both specimens uere kindlv granted br Dr.
Ch. \ '1. Nigmatul l in (AtlantNlRO). Thev r iere sampled
tionr a catch of the same bottom trar'"1 during R/V patriot
cruise ,\q .1. in SW Atlantic. 7 Ma1,. 1983: in posruon
-16"0.1'S. 60"02'\ \ ' .  Depth of place: 680 m.

Alloposus mollis Yerril, 1880. Three specimens u.ere
srudied: rmmature female. 57 mm ML: immature male. 6t)
mm N,lL and tmmafure male. 63 mm ML. Thev g.ere kindh
sranred br Dr. Ch. M. Nigmarul l in lar lantNIl iOl. Al l  thrce
speclmens uere sampled from a catch of the same pelasic
trarrl (BPT-50 t1 pe) during RN 'Gizhiga' 

cruise in \i\\'
A t lan t ic .25  Ma1 .  1983:  in  pos i t ion  1 l " l j 'N .64 .21 'W,  Depth
of place: 1200 m: tranl ing deptht unknonn.

Tremoctopus violaceus delle Chiaie, 1830. The des-
cript ion is based on the t\r 'o immature female (57 and
60 mm ML) obtained from cephalopod col lect ion of
ZN,IN4U. Both specimens lr 'ere sampled b1, prof. A.p. Bog_
danov rn the region of Nice (France) in Jul1. 1gg4.

Ocllhoe tuberculato Rafinesque, 1814. Trio immarure
fernales *ere studied: 103 mm ML and 96 mm ML. 

-fhe

tlrst female (103 mm ML) nas col lected from a catch
of pelagic tran I during RA/ 'Od1 ssel 

'  
cruise in the central

part of the Indian Ocean. 1,1 November. 198,1. in posit ion

??17 '5 .7 ,1 '30 'E .  Depth  o f  p lace :  4100 m:  t rau , l ing  depth :
100-0 m. The second female (96 mm ML) ,nu, iu.pl.d
t iom pelagrc tra*l  catch during R/V .Vozrozshdenie' 

cru-
ise in the SE Pacif ic Ocean 27 October. 19g9. in posit ion

l9  90 'S  
7-1"56 ' \ \ ' .  Deprh  o lp lace :  3640 m: r ra r i l i ng  deprh :

l0-0 m. Both females were kept in the cephalopod col_
Iec t ion  o l '  VN- lRO

Argonouta nodosa Solander, 1786. Tr.vo mature f'e-
males uere studied: 94 mm ML and 108 mm ML. Both
specimens were col lected from catches of pelasic trarvl
during R/V 'Vozrozshdenie' cruise in the SE Faci l ic ocean
in October-December. 1989. The f irst female (9,1 mm
ML) uas sampled 27 October. in posit ion 26"00,S.
7.1o5.1' '*r.  Depth of place 3900 m: traw.l ins deprh: l0_0
m.  The second female  (109 mm ML)  \ \ ; s  sampled  3
December. in posit icn 31"09'S. 84.55'W. Depth oi place
3850 m: trawling depth: l0-0 m. Both speCimen. ,uer.
kept  in  the  cepha lopod co l lec r ion  o f  \ rN IRO.

Japetella diaphana Hoyle, 1885. The description is
based on a sin_ele specimen. immature ttmale. 57 mm
\{L kindl l  granted b1 Dr. G.M. Vinogrador,. .  The specrmen
uas sampled f iom a catch of planctonic net during RrV'.-lkademic 

.ll Kel$'sch 'cruise 
Nc 49. in equatorial Eastern

Pacif lc. 8 September. 2003: stat ion N, 4630. in posuron
09"50 'S .  10 ' l ' l 5 ' \ \ r  Deprh  o f  p lace :  2500 ml  i ra rv l ing
depth  range:  2160-0  m.

.Amp,hitretus pelagicus Hoyle, 1885. The description
is based on a single specimen. immature male. 26 mnt
ML kindh granred br Dr. K.N. Nesis (SIORAN). The
sp_ecimen uas sampled from a catch of pelagic trau,l  durin-e
RN '. lkademic 

Kurchatoy'cruise Nc l l .  in SW Atlantic.
3l December. l97l:  stat ion ,\r  952: posit ion unkno*.n:
depth  o l  p lace  unknos n :  t ra \ \  l i ng  depth :  230 m.

Definitions of terms and measurements used
here follow Robson 11929; 19321, Roper. Voss
[1983] and Nesis 11982119871. The measurements
of fin length and fin width were made according
to Voss. Pearcy [1990]: fin width was the greatest
perpendicLllar distance between anterior and Dosre-
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. 11998] as the distance betu'een the
tips of the fins. Tri 'o basic measurements. lerrgtlt
and u'idth. r.vere made for the gladius of cirlate
octopods. The gladius width w'as measured as the
distance betu,een anterior rnargins of the ri in-ss.
while the length was measured as the distance from
poster ior  t ip  of  the g ladius to the l ine connect ing
anter ior  margins of  the u ings.  Cross-sect ions of  the
shells of octopods and varnpire squids uere made
according to the techniques elaborated b1 the aut-
ho r  fB i z i kov .  1990 :  1991 ] .  The  she l l s  we re  remo-
ved from fresh or forrnalin-preserved anirnals and
stored in ,l% buffered fonnalin. The inner structure
of the shell rvas studied on cross-sections. To make
cross-sections. the shell was squeezed by hand be-
tween two pieces of st.vrol foam and then cut lna-
nually r,rsing a microtome knit 'e. Relationships of
the sl-rell rvith the soft bodl' u'ere studied on anato-
mical preparations and entire cross-sections. E,ntire
cross-sectiorrs of octopods !vere made using the fbl-
lorving procedure: an intact folmalin-preserved
specimen rvas soaked in fi 'esh uater. then spread
on a flat surt'ace and fi 'ozen at -2.1oC fbr 3-6 hours.
depending on the animal size. After complete fi 'e-
ezing the specimen \\ 'as cross-sectioned marruallv
rvith a sharp heavy knife rvith strai_rht blade, The
sect ions (0. - t  r r r r  to  1.0 mrn th ick)  r iere thaued on
a glass plate r.vith rvater and drau n using a 'SZH- 10
O11'rnpLrs '  zoom-microscope.  In Varnpvromorphida
and Cirrata. the sections .,r'ere rnade at tlie tbllol.r ing
levels: the funnel. behind the funnel. attachrnent of
the funnel retlactors. greatest u idth of tl-re flns and
behind the f ins.  ln  Inc i r rata.  the sect ions nere made
at the level ofthe funnel. behind the funnel (ventral

adductor). anterior dorsal adductors and postefior
dorsal adductors (: funnel retractors).

RESULTS

Order Vampvromorphida Pickford, 1939
Vampyroteuthidae Thiele, in Chun, 19l5

Vumpyroteutltis infernalrs Chun, 1903

HABITS AIYD HABITAT. I-untptroteutlrl.r. or
varrp i re squid.  is  a bath l -  abyssopelagic species
inhabiting tropical and tenrperate \\ 'aters olall oce-
ans at depths fronr 800 rn to 2000 rn [Nesis.
1982 /1987 :  Young .  19981 .  Unde r \ \ a te r  obsena t i -
ons f }om submers ib les fHunt .  1996]  shor . red that
I"antpt'rotetrftrs can s*irn surprisinglr fast for a
gelatinous animal accelerating up to tu o bodr
lengtUsec in about 5 sec. Fast suimming consists of
quick movement of the fins tou'ard the funnel alterna-
ting rvith a-iet lrorn the mantle. Su imming in this rr ar .
the vanrpire takes a series of quick turns in an enatic
escape route [Hunt. 1996]. The varnpire appears to
olient r.nost comrnonlv in a horizontal attitLrde ri ith the

arrns spread fonvard to fonn. together with the i.veb.
an umbrella-like posfure [Hunt. -1996].

GLADIUS MORPHOLOGY. The gladius of farn-
p)l'oteltthis is a broad. chitinous. transparent plate
ly'ing along the dorsal surface of the body beneath
the skin and a thick layer of loose connective tissue
*ith a dermal netrvork of muscle fibers (Fig. 1). lt
is thin and flat anteriorly. gradually becoming thic-
ker and stronglv arched posteriorly. Posterior to the
tlns. the gladius encircles the body for about I 80o
of its circurnt-erence then terminates in a broacl
conus and rostrum. The structure of vampire gladius
is tvpicall l '  teuthoid: it is slightly longer than the
nantle (the mantle terrrinates on the anterior edge
of the conus). it consists of three morphological
parts - dorsal plate (proostracum). conus and ros-
trurn. and it is formed by three shell layers: middle
la1'er (ostracum). inner layer (hypostracum) and
outer layer (periostracum). Teminology of the gla-
dir,rs parls is given here according to Jeletzky [1966]
and Biz ikov [1996] .  The problem of  homological
correspondence between structural parts of the same
names in teuthoid and belemni to id shel ls  l ies be1-
ond the scope of the present study. The rnost deve-
loped layer rn Vampvroteuthis is ostracum. Being
corrposed of chitinous substance. it takes paft iu
formation of the dorsal plate and the conus. Hypos-
tracum and periostracum are somewhat cafti lagino-
us: the former is laid dorvn on the ventral side of
the ostracurn and provides the thickening of the
posterior part of the gladius: the later l ies dorsall; '
and posteriorl l '  and forms the small spine-sl-raped
rostrum situated apicall l '  on the conus. The base of
the rostrum forrns a shallow thin-walled cup. the
alveolus. over the apex of the conus and extends
forvn'ard along the cone flag.

The proostracum consists of f ive longitudinal
elements: the rniddle plate (rachis). two lateral pla-
tes.  and tvno u ' ings (F ig.  1A).  Al l  parrs of  proost-
racum are separated from each other by as)'mptotic
lines iormed by sharp bending of the gladius
gror,rth l ines: a pair of median asymptotes separates
the rachis from lateral plates. a pair of lateral asr nr-
ptotes separates lateral plates from wings. and a
pair of rnarginal as) mptotes separates the u'ings
from conus. The rachis is broad. uniformly rvidens
anteriorlr,. rvith a broad. blunt anterior end. The
dorsal surface of the rachis bears narro\\, parabolic
grou'th l ines repeating the shape of its anterior mar-
gin. The anterior parr of the rachis. the free rachis.
extends be1'ond the lateral plates. The free rachis
in llantprroteuthis comprises about 25% of the gla-
dius length (GL). The lateral plates are narro\\.
* ith concave anterior margins and densely spaced
hy'perbolic grorvth l ines. They are distinctly' deline-
ated from the rachis by median asymptotic l ines
but less clearll '  separated from the u'ings. as the
lateral as1 rnptotes. delirnit ing lateral plates fronr
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f ' lG I Cladius ol I 'antptroteuthis in/brnal is ( imniature ftmale: 53 mm ML). A. Ventral vieu. B
Cross-sec t ions  a t  d i f te ren t  le re ls  sho*n  br  a r ro t rs ,  Sca le  bar :  I  cn t .

Pl'lc- 1 I-"1-rr1yc I'antp,roteuthis irt./ernalis (He3pe.rar carrxa: 53 r^r !lvl). A. Bu: c neurpa-rsuoii
c5oxr. c. I lorepevurre cpe3br Ha )poBHr\. ixa:aHnsrr crpe.rKa\rf i .  Macrurad: I  crr.
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,  Lateral vierv. C.

cropoHbr. B. Bnr

the wings mav be indis t inct  in  some specimens
l  Pick iord.  l  9-19 1.  The r , r  ings arc more rhan t \ \  ice
as vvide as the lateral plates. uniforrnll '  convex (vi-
eu,ed dorsally'). and make the greatest w,idth of
vamprre gladiLrs. approrimatelr-" 31% of the GL.'fhe 

dorsal surface of the u ings bears convex ob-
liclr-re gror.l ' th l ines that are spaced more sparselv
then those on the lateral plates.

l -he cone is  a u, ide.  shal lou.  cup-shaped st ruc-
ture enclosing the posterior apex of the I ' iscera. It
is separated frorn proostracum b\ the pair of rnar-
ginal asl,mptotes. Junction of the conus u,ith the
u'ings is rnarked b1 slight constriction of the _ela-
dir,rs that separates tr.vo ahnost equal maximums of
the gladius width: anterior. lbrmed b1' wings. and
posterior. formed b1" the cone. The apical angle of
the cone is broad. No trace of a chambered phrag-
rnocone exis ts .  The ventra l  nal l  o f  the cone is  shon.

*'ith shallow incision in the middle. Dorso-lateral
walls of the cone. or cone fields, according to Naef
[192111923]. are long and wide. They project an-
teriorly along the proostracum and form the poste-
rior expansion of the gladius. The rostrum is a short.
laterally compressed. cartilage-like spine tapering
posteriol)' frorn the conus apex. Its length is about
5% ofthe proostracum length. The degree ofrostrurn
development is variable in Vampyroteuthis and it na,r
be absent in some specimens [Pickford. 1949].

RELATIONSHIP BETWEEN THE GLADIUS
AND THE SOFT BODY. Typically in coleoids. the
soft parls do not contact with the gladius directll,
bllt 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

,4>
oerl
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FlG. 2. Relationship benveen the shell and soli bodl in I'antpvroteuthis infernalis (immature female: 53 mm Mt,) A
Ventral viel .  the mantle cavitv is opened: the visceral organs are removed. B. Dorsal view'. the skin is sho*n
transparent. Arrous nith numbers indicate the posit ion oi corresponding cross-sections (shorvn on Fig. 3 and I- ig.
5). Scale bars - I  cm,

PI4C.2. B3aurroorHoueHr4e lrexJv rJaJH)coll H u.qrKnlr retott l'amptroteuthis infernalis (ue:pe.'rar cartxal 53 r'trt
nN'l) A BHg c reurpanruoii cropolrrr: vaHruiiHac no.rocrb BcKpblral BucueparbHbre opfaHbr )',larleHbr. B. Bnrr c
lopca.r lnol i  cropoHbri KoxHbre noKpoBbr noKa3aHbr npo3paqHbrM KoHr)poM. Crpe.rxu c uurppauu )Ka3brBarcr no.r-
oxer { } rs  coorBercrB) rou lux  cpe3oB (nora :asssrx  na  Puc ,3  u  Puc .5) .  MacuraS:  I  cn .
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intact. it adhers to the gladius so tightll' that attac-
hment of soft parts to the sac is functionally equal
to their attachment to the gladius itself.

In Vampvrr.tteuthis the mantle muscles follou
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 b1' carti lagino-
us rim first mentioned by Pickford [1949]. The
head attaches to the gladius b1' 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
carti lage is present in the head just under the ante-
rior pafi of the free rachis. On the dorsal surface
of the head there is complex nuchal rruscle 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 frorn the nuchal carti lage to the
base of the arms. The head retractors are thin she-
ets. They' pass from the cephalic carti lage. make a
thin muscular envelope around the visceral sac and
attach to the anterior rrarsins of the lateral olates.

The funnel retractors are shoft, ribbon-like. They'
originate from the ventral posterior comers of the
funnel. extend posteriorly along the visceral sac and
attach to the anterior margins of the wings (Fig. 2A).
The r.veakly-developed stellate ganglia appear as slig-
htly enlarged knots on the pallial neryes 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 of the gladius. near cone fields. The fin bases are
not fixed in their position rigidly, but are anchored
by muscles (Fig. 2B). Vedical adjustment of the fins
is accomplished by fin elevator and depressor musc-
les. Elevator muscles form thin muscular sheet, over-
laying posterior arial 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. tow'ard 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 antenor
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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i ; lG. 3. Schematic cross-sections of the sofi  body o1' I 'ampt,roteuthis rnfbrna,l is ( immature f-emale; 60 mm ML).
Section l .  at the level of the funnel. B. Section 2. imniediatel l  behind the funnel. C. Section 3. at the levi l
aftachment of the funnel retractors. Posit ion of rhe st-crions is indicated in Fie. 2. Scale bar - I  cm.

l'l.lC. 3. Cpelu :nr.rrxoro re-ta I'antpt'rotetrltis rnfernalts
B. Cpe: 2. nosa,fn BopoHrlr.  C. Cper 3. ui ypoaHe
vKa3aHo sa Puc. 2, N{acutraS : I  cv.

A .
of

(ue:pe"rar cavxa: 60 rnr !M), A. Cpe: l .  ua', ,ponue BopoHri[ .
frpuripcrr.teHHq BopoHorrHbrx perpaxTopoB, f loloxeuue cpe:oe
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FIG. 4. I 'antprroteuthis iry 'brnal is. Enlarged part of the section 3 (Fig 3C) sho*ing attachment of muscles to the
gladius margin. Scale bar :  1 mm.

PHC..l .  I-antprt 'oteuthis infernal is. Vse:uqeHHrri i  {parueur cpe:a 3 (Puc. 3). rroKa3blBatorl t{ i i  npuxpen.leHxe NI} 'cK}.roB
K KpaHl rJa.tu)ca. MacuraS : 1 rnr.

CRO,SS-SECTIONS (Figs, 3-5). Functional relati-
onships between the gladius and soft body in I"i
infernalis are best understood from entire cross-sec-
t ions of  the body (F ig.3-5) .  Posi t ion of  the sect ions
is shown by arrows in Fig. 28. Section 1 (at the
level of funnel) i l lustrates the attachment of soft
pafis to the fiee rachis (Fig. 3A). At this level the
rachis is u'ide. thin and nearly flat u'ithout prono-
unced ribs. It is composed of the ostracum onl1', The
visceral sac abuts the ventral side of the rachis. its
dorsal rvall being actuall,v fused u.ith the shell sac.
Dorsal and lateral walls of the visceral sac are for-
rred bv thin head retractor muscles and collagen
fibers. The ventral rvall 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 fiorn lateral walls of the funnel. Upper
margins of collar folds attach to the nuchal carti lage
and the shell sac anteriorly and to the visceral sac
posteriorl) ' . The collar folds confine a pair of spa-
cious cavities (collar pockets) on both sides of the
visceral sac. The rnantle attaches to the carli la-einous
rin of the shell sac fi 'orn the ventral side. The rialls
of the mantle. funnel and the collar. each consist of
tlvo thin muscular la,r,ers (inner and outer) separated
by a thick highly vacuolated gelatinous core.

On the section 2. behind the funnel (Fi-e. 3B).
the gladius is thicker. u'ider and slightly arched. Its
section consists of a thin axial parl corresponding
to the rachis. and thickened lateral parts correspon-
ding to the lateral plates on Fig. 1C. Margins of the
lateral plates are encased in carti lage to u'hich the
mantle and head retractors attach. The mantle at-
taches laterally' to the margins of the lateral plates
ivhile 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 f laps
attaching to the lateral rialls of the visceral sac.

Section 3. at the ler, 'el of attachment of t l-re fun-
nel retractors (Fig. 3C). shows the gladius at the
gfeatest ri idth of the uings. 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. Al l  muscles at  th is  level  at tach to the th ickened
late la l  rnarg ins of  the u ings (F ig.  4) .  The mant le
attaches to the dorsolateral side of the rvings rvl-ri le

the funnel retractors attach to their ventrolateral
side. The dorsal side of the wings provides attach-
ment for loose muscLtlar f ibers. These represent the

anterior loneitudinal retractors of the fins, shown
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FIG 5. Schematic cross-secrions of the sott bodl of I 'ctnptl .oteuthis tnl irnol is (contrnued f iom Fie. j  t  . \  See r ion 1.at the greatest r i idth of the f ins. B. Section-5. at the'middle pan bf the f in b;. i  a i ; ; t ioi  o. ar rhc posre..o;
parts of the f ln bases. D. Section 7. through posterior part of ihe rnantle bchind the f ' in basc:. Scale bar: - I  i r1

PHC 5. Cpe:r ' t  r t lnxoro -re:a I 'antptroteuthrs tnlbrntt l ts (f lpoloJxer{rrr '  Prrc. - i  )  .{ .  Cpr' ;  J. ua r poBsc Hasa)o-rLure i ilx l lpHHbl n' laBHuKoB B Cpe: 5. a cpc:neri qacrr L)cHOBasrrr"r rr.rasHnxna. C. Cpcr 6. r i  ;a:rr l i r  !{acrrr ocuoBarurrn' i IaBIIt lKoB. D Cpe: 7. e :a-tHer"t LIacru \raHnlr no3i l t l t  ocHOBarnri l  n-raeultnoe.- \ laculra6 - I  e rr
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also in Fig. 28. At the site of muscular attachnent.
the shell sac is reinforced by carti lage w'hich is
thicker on the lateral side of the gladius than on its
dorsal side. Inner structure ofthe visceral sac is not
shor.vn on this and the tbllou'ing 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 t'uvo-
lal 'ered: the hr:postracum 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
pafis correspond to the n'ings fused r.r'ith the lateral
plates. and sharp change in thickness between them
marks rnarginal as1'mptote. Tl-re ventral sides of the
cone fields serve for attachment of the rnantle. The
fin bases l ie on the dorsal side of the *ings and
cone fields. Sharp bends separate the base from the
rest of the fln. Each base consists of tu'o lay'ers.
approximatel;- equal in thickness: a ventral carti la-
ginous la1'er. near the gladius. and a dorsal muscu-
lar la1'er. Elevator muscles connect the inner mar-
gins of the fin bases and overlay the dorsal surface
of the gladius. Depressor muscles starl originate on
the ventral side of the fin bases and adhere to the
rnargins of cone fields. Additional f ixation ls ac-
cornplished by bundles of connective-tissue fibers
that bind tl-re fin bases rvith lateral mantle walls. A
pair of epithelial sacs (basal pockets). uhich rray'
represent separated porlions of the shell sac. are
situated betrveen the fin bases and the gladius. The
sac walls presurnably provide gliding surfaces du-
ring rnovernent of the fins. According to Bandel
and Boletzkl' U919). basal pockets develop during
embrvogenesis as a differentiation of the secondarl '
shell sac epitheliurn. At the level of greatest f in
rvidth the basal pockets occup)' onll '  part of the
space betrveen the gladius and fins bases. the rest
is f i l led b1' 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 u'hole dorsal surface of the
gladius (Fig. 5B). The posterior region of the fin
bases are roughly triangular in cross-section. with
carli laginous ventral and muscular dorsal compo-
nents. Thev occupy shallou'concavities on the dor-
sal side of the cone fields and are held in position
b1' elevator and depressor muscles. The elevator
muscles attach to the muscular dorsal side of the
fin bases u'hile depressor rnuscles attach to their
lateral side. Highl;" vacuolated connective tissue
fil ls the space betu'een the fin bases. The gladius
is thicker rvhere the hvpostracum extends to the
margins of the cone flags. The mantle attaches to
ventral side of cone flags.

In the posterior parl of the bodv. the gladius is
arch-shaped. occupy'ing dorsal half of the bodl cir-

cumference (Fig. 5C). The mantle aftaches to the
gladius ventralll'. along the margins of the cone
fields. The fins bases here are flat and wide and
consist entirely' of vacuolated cartilage. Basal poc-
kets are absent. Elevator muscles are separated
from one another in the arial region over the gla-
dius. Depressor muscles connect the lateral sides
of the fin bases rvith 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 longitudinal 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 ver"r delicate
circular muscle fibers and covers the apex of the
bodl' except for a srnall pore at the most posterior
point. The anterior edge of this muscle attaches to
the border of the conus ventrallv and the shell sac
dorsally.

COMMENTS. Attachment of fins to the gladius in
Vampyroteutlzis is different from the one reporled
earlier. Pickford [1940. p. 1761wrote that in Vant-
pvroteuthis "the fins rest directly on the shell sac
whose wall is thickened to form what appear to be
carli laginous support." Apparently Pickford missed
the basal pockets. which are diff icult 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 Vampvrotettthis
follows the same basic coleoid pattern described
ear l ier  in  teuth ids [Naef .  1921l1923:  f tg .66]  and
sepi ids [Naef .  1921/1923:  f rg.290l . l t  is  especia l ly
close to condition found in some oegopsid families,
for example. E,noploteuthidae. where the gladius
occupies superficial position and the fins bases rest
on its dorsal side. separated from the shell sac by'
basal pockets fNaef. 192111923: 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 ventral
incision ofthe conus, the presence ofa basal pockets.

Order Octopoda Leach, 1818

Suborder Cirrata Grimpe, 1916

Family Opisthoteuthidae Verrill, 1896

Opisthoteuthis califurniana Berry, 1949

GENER4L REMARK. Different terms are used in
cephalopod literature for the shell of cirrate octo-
pods: dorsal car l i lage [Hoyle. 1886; l j ima. Ikeda.
18951: internal shel l  [Appel lc i f ,  1899];  shel l  vest iee
fNaef.  1921/1923: Robson. 1932];  gladius [Nesis.
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1982/19871 or  f in  support  [A ldred er  a l  .  1983] .  I

frefer to r-rse 'gladius' to emphasize its origin frorr-r
. ' iongate internal shell of the early coleoids.

HABITS AND HABITAT. Opisthoteuthis califor-
tt iana. or Californian flapjack devilf ish. is a bentho-
pclagic cirrate octopod inhabiting near-bottom ua-
ters of the outer shelf and continental slope (front
115 m to 1100 m) in  the Norrh Paci f ic .  f rom the
Bering Sea to the Sea of Okhotsk to off central
Honshu in the northw'estern Pacific and to off sout-
hern California in the noftheastern Pacific [Nesis.
198211981;  Vecchione et  a l  .  20031.  Srv immin_q
rtrode and behaviour of f lapjack devilf ishes vr,ere
observed from a manned subrnersible in O. califor-
t t iana lA lexeev et  a | . .19891.  and in s i rn i lar  species.
( )  agassiz i .  IVecchione,  Roper.  1991] .  Observat i -
ons shorved that Opisthotettthis srvims mainll' by
contraction of the arm-web corrplex added b1, fre-
quent fin strokes (2-3 fin strokes per er,ery *eb
contraction). During swimming the posterior apex
of the mantle is oriented obliquely upward toward
the direction of the swimming, and the octopod
perfbrms gentle thrusts by' its arm-ueb complex.
rnoving along a sinusoidal trajectory .

GLADILTS MORPHOLOGY. The gladius of Opis-
r l torcf ih is  is  a th ick cani lage- l ike.  broadl .v  U-shaped
structure laf ing transversall l '  on the dorsal surface
of the mantle (Fig. 6). Its u'idth is much greater rhan
rts length. The gladius consists of a medial transver-
se paft (saddle) and enlarged. thickened. lateral
parls (wings). The r.vings terminate in pointed flex-
ible lateral horns that protrude from ventral region
of t lre wings in an anteroventral direction. Morpho-
logical parls of the gladius are not distincrl l sepa-
rated from one anothir. Ast,mptotic growth l ines are
absent. The saddle is rather thin. rounded in cross-
section. with deep groove on the dorsal side. Lolv
ribs are sometimes present on the dorsal convex side
of the saddle and extend onto the lateral u ings.
Lateral wings are thicker and rvider than the saddle.
The outer sides of t l-re wings are slightly' concave:
the inner sides are convex. strengthened b1,the lou
keels. The outer. concave sides ofthe rvings are not
parallel to one another but diverge torvard the tips.
The width of the gladius. measured bet'uveen the tips
of the horns. is 70-80 % of ML. The height of the
gladius is about 33 %. and the anterior-posterior
d imension of  the saddle is  6-15 %. Dur ing grou ' th
the gladius becornes relatively thicker. its lateral
horns become shorter. and the dorsal groove in the
saddle becomes nearlv flat.

MICROSTRUCTURE OF THE GLADILTS, Atthe
midl ine of  the g ladius.  cross-sect ion is  U-shaped.
r.vith the concave dorsal side corresponding to the
dorsal groove (Fig. 6D). Numerous regular concen-
tric increments of carli lage-like substance are seen
in the sections. Each increment consists of a r.vide

glass-like translucent zone and a peripheral narro\\'
opaque zone. The center of grorvth (initial shell) is
situated in the lor.ver part of the section. It is a srnall
flat body. 580-620 pm in width. 24-30 prm in height.
and composed ofan am orphous substance without any,
trace of grorvth increments. The initial shell is surro-
unded by' a postnuclear zone (890-900 prm in width:
290-3 I 0 prm in height) separated from the outer zone
bv prominent line or first check (Fig. 6F). From 12
to 19 faint uniform increments were observed r.vit-
hin postnuclear zone. each with a maximum rvidth
15-20 pm. Bey'ond the postnuclear zone the incre-
ments become more distinct and their width gradu-
allv increases toward periphery up to 25-30 ;.rm. In
the outer zone the increments were clearly grouped
into second-order cycles. from 7 to 25 increments
in one cycle. The outline of the growth increments
presumablv 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 ofthe inner shell layer.
the hypostracum. in the gladius of recent squids
[Arkhipkin. Bizikov. 1991].  ln contrast to squids.
horvever. the increments in the gladius of Opistho-
teutis are continuous and each increment makes a
closed envelop around the shell.

SOFT BODY MORPHOLOGY AIVD ITS RELA-
TIONTSHIP WITH THE GLADI{/S. The cephalo-
podian Bauplan is difficult to recognize in the pan-
cake-shaped body of adull Opisthoteuthis (Fig. 7 A).
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) rvas retrieved alive (trawl J\l 1), and
observed and pictured in a shipboard aquarium. The
main means of locomotions was swimming by rne-
dusoid contraction of the arm-web complex alterna-
t ing periodical l l  wi th shorr per iods of f in-swirn-
ming. Sirnilar behavior has been described for opis-
thoteuthids previously [Pereyra. 1965; Vecchione.
Roper.  1991 ;  Vecchione. Young .  1997; Vi l lanueva.
2000: Hunt.  19991. 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. 78). The
bodl' of young Opisthotettthis consists mainly of
long arrns 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-
25o/o of the total length. On the dorsal side, the
mantle is fused with the head. On the ventral side it
forms srnall mantle aperture closely surrounding the
funnel. The fins are relatively small, oar-shaped and
set obliquely on the lateral sides of the mantle in its
anterior part. The gladius lies obliquely in the man-
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FIG.6. Cladius of Opisthoteuthis cal i fornialo, A. Anterior r ieu ldorsal side is up). B. Lateral vien (anterior srdc is
on the ieft).  C. Dorsal r ies (posterior side is up). Bold arrows indicate the planes of the cross-section shori 'n in
D-F. D. Cross-section l .  through the middle part of the gladius (dorsal side is up: anterior side is on the lcl i) .
E. Cross-section 2. throrgh the'rniddle patt oi ' the lateral *rng (dorsal side is upi anterior side is on the r ight).
F. Enlareed fragment of I l -eure 

'D' (section 1). sho*in-e init ial  shel l  and postnuclear zone. A-C: scale bar: I  cm:
D-F: scalc bar - I  rnm.

PIIC 6. l  ,raJH) c Opist l totett thts caltJbrruana. A. Bu-r crrcpcJu (Jopca.rbHar cropoHa HaBep\\ ') .  B. Bnr c5oxl (nepelurr
clopoHa c:eea). c. Br: c -topca.rsuoi i  cropoHr,r (3a-tHcc cTopoHa HaBep\) ).  cTpe.rxu \ Ka3brBaroT froJ.roxeHHe cpe3oB.
I loKa3aHHbl\ Ha Bua\ D-F. D. Cpe: l .  ca|nlra"ruHrrir  cper B cpelHeti  qac.lu r ' .ra-tr l)  ca (topca:rrHar cropoHa HaBepx):
i lepeJHt,{ cropoHil c.reaa). E.. Cpe: 2. s cpe:uei i  qrcrH .rarepa-rbHoro KpLr.ra (:opca.rrHa.n cropoHa cBep\}: rrepeJHrt
cropoHa cnpana). F. Yne.rt j ' rett truri i  r lparrrenr slrJa 

'D' 
lCpera l) .  roxa3brBaH)ruHii  tapol lsruen_r xt (?) paxoer. iHv u
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o2
\
\
\

I
I
\

D

F
I l

::,
:}|
r"
;

t

I|

- !

8r



Shell in Vampyropoda t 7

N M U S

l(t T opisthoteuthis calijbrniana. A. Dorsal viev' of a. mature. male; 49 mm DML. B. Lateral view of a swimming
if,HlJS'i ff;"il. {|",T[.r"yi..Arro*s 

,,riih numbers inaicate-'trre ptun., or 
"*;.rp;;in;^'.rorr-r..tion. fi.E

'Ilc T opisthoteuthrs caliJbrniana A 3peruii .t"::^11? yy 4Yl' 
BHr co cnHHHoi cropoHrr. B. il,r'ayrqar He3peraq

::.'';:.1t4 )ttnflH;.t"1*fu:-i 
<t6ru c uuQpa'n 'Ka3hrBalor nonoxeHr,e coorBercrByrourrx cpe:on lnor;aH'

: le; its medial bridge is situated close to the aoex
rrhile the lateral wings envelope the mantle l ike a
norse-shoe r.vith the lateral wings underlying the fins
bases.

In adult Opisthotettl.tis the very thick gelatinous
rntegument disguises the outl ine of the body and
rrakes it appear flat. The anterior dorsal margin of
the mantle. rvhich is tongue-shaped, almost reaches
the bridge betw.een e1'es (Fig. 7A). The mantle is
connecred with the head b1 a pair of nuchal mus_
cles ri lnning from its anterior dorsal mantle marsin
tor iard the arm bases.

TOTAL C?O^SS-.SECTIONS. The secrion in sasrt_
tal plane (Fig. 8A.B) shows that adult OpisthotJut_
/ri.r is f lattened against its r.r idell ,pr"ud arms. lts
rnantle 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 oversrow it
tF ig.  7) .  The g ladius d iv ides the mant le dor ia l  (ao-
pearing anterior in the spread position) and ventral
t appearing posterior in the spread position) parts.
fhe long. tube-like funnel is turned 90o backward
and fuses rvith the bases of arms IV along 2/3 of its
length. The dorsall l.-positioned fins avJras.e 77yo

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 tt.,.
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 ihe posterioi
sides of the wings. The anterior mantle wall. in
contrast. is very thin. without distinct axial vacuo_
lated tissue. It covers the dorsal side ofthe visceral
sac and attaches to the anterior side ofthe eladius.
merging with the posterior mantle beyondlhe 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 dieestive
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FIG. 8. General anatom) of Opisthoteuthis cal i lbrnicura. A. Latcral rres of a maturing male (,17 mm DNIL) af ier
rcmoral of the skin. arnts. mantle *al l  and the gi l l  f iom thc lel i  side. B. Sections l .  in median sagittal plane
(ntaturing malc: J9 ntm D\' lL). C. Scction f:  transrcrsal section a1 the greatest l lns t i idth (rmmalurc f 'errale: -13

mnr  I ) \ ' {L ) .  The pos i t ion  o f  the  sec t ions  rs  ind ica ted  on  F ieure  7 .  Sca le  bar :  I  cn l .

PI,{C 8. ClpoeHue Oprsthoteutl t is cal i lbrnrarn. A. Bn.r c5oxy (co:pcnaxrutni i  carrcrt:  .17 rrrr , l l \4): c .retsoi i  eropurrbl

)Ja,leHbr KoxHbrc rror(poBbr. p\KH. crcHKa \taHTHH u xadpa. B. Cpe: l :carurra-rsustf i  cpe: g rre.fua-rsHoii  n. locKoerl l
(co3peBaHli l la.q carrxa: J9 rnr n\ l) .  C. Cpe: 2: nonepevuuir cpe: Ha \ poBHe ItauSo.rrruei i  uI lpHHbt I l . taBItt i l ioB
(co:penanutar carrna: J3 vrr ,{ \ '1). f lo.roxesue cpe3oB f ioKa3atto Ha Pnc. 7. Macrura6 : I  cr l .



Shell in Vampyropoda 1 9

mnd

,l land. The verrtral mantle cavity is reduced to a
srnall space between the visceral sac and the pos-
:erior mantle wall. The medium mantle sentum is
r ery thin. The funnel retractors are shoft and wide
Fig. 8). They originate from rhe inner wall of the

:unnel. pass along the visceral sac and attach to the
ateral horns of the gladius (Fig. 9A).

Tl-re frontal section (Fig. 8C. 9C) illustrates the
itructure of the fins and their relationship with the
: ladius. Each f in.  in this sect ion. consists of two
:ruscular layers (dorsal and ventral) separated by

f , , ^
/ t u t l

mno

axial cartilage. The fin carlilage is a flexible sup-
pofiing structure, thick and wide basally. gradually
tapering distally. The basal parr of rhe fin cafiilage
is separated from the rest of the caftilage as a more
dense and stiff basal carlilage, triangular in cross-
section. Apex of basal carlilage 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 absenr.
Elevator and depressor muscles are thin and weakly
developed. They originate on both sides of the fin

t1B

I iG 9 Relationship of the gladius rvith the soft bodf in , opisthoteuthis calforniana. A. Fragment of' the mediansagittal preparation. illustiating attachnent of the mantle and runrief to trr"tl"oirr t"ii..rii'orgun, and the leftlunnei retractor are cut:t .ar, l  onl l  r ight pa1 ol the giadius i i - i rr"*"1. e. r lagmeni ol i iunrr l . .r .  section at thcle'el of attachment of tunnel retractors to the l3tera_l 
-h;;n;- 

oi trr. grdoiur. c. T.ug-.nt 
-oT'iionru.rr. 

sectron atthe Ie'el of the grearest f ins r i . idth (section 2: Fig. gc). scate uai:-- l  .rn.

?11C 9' B:anr'toornortleHue r'laJuvca u MtrrKolo reJa v opisthoteuthis calforniana. A. <Dparvrenr carurrarbriofoflpeilapara' noKiBblBarou]'lii nphtipetl.let]He NraHruH r't BopoHror K r.la.tuvcv isucue_pa,rr,Hue bp.ar", u "reusrii nopo-Ho'lHbltl perpaKrop )'raiteHbl: rtoKa3aHa roJbKo [paBar r]o.roBaHa ."ouaryiuj. n opai*eut tion.p."ro.o cpe3a Ha
)'poBllc Kpen"[eHlJt BopoHorlllblx perpaKropoB K_ irarepatbHbr! porarr r.ra.lH1'ca. C.' (Dparr.reH.r norlepeqHoro cpe3aHa \poBHc sarSo--rsureH uHpHHhr n.traeHHr.loe (clpe: 2: pr.rc. gc). Macura6 
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I  cr,r,
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base and attach to the mantle above and belovv the
gladius. The function of these muscles is apparentll
to adjust position of the fins which otherr.vise is
l imited due to the absence of basal pockets and
tight fusion of f in basal carti lage to the shell sac.
The mantle attaches to lateral u,ings of the gladius
from their sidesi and the digestive gland adjoins it
from the inner side.

COMMENTS. Position of the gladius in Opisthote-
ezrlrls 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 Vampvroteutftis) and is. appa-
rently. needed for their f lapping. bird-l ike strokes
that differ from the undulatorl' fin rrotion seen ln
many decapodiforms and the more complex fin mo-
vement in VampyroteLtthis.

Grimpoteuthididae O'Shea, 1999

Grimpoteuthis umbellala (Fisher, 1883)

HABITS AND HABITAT. Most species of the
genus Grimpoteuthis are poorly known. Thev inha-
bit bottorn and near-bottom \\'aters of bathl'al and
ab1'ssal zones of ail oceans and rnostly occur at
depths belou, 1000 m fNesis. 1982119811. G. um-
bellata is knou,n from the tropical to temporal Norlh
Atlantic and the Caribbean Sea [Nesis. 1982119871.
Direct underr.vater observations shorv that although
Grimpoteuthis. l ike Opisthotetthis. is closell, asso-
ciated with the bottom. the forrner is a much better
srvimmer than the latter [Vil lanueva er al.. 1997;
Vecchione.  Young.  1997;  Vecchione et  a l . .1998).
Fin swimrning appears to be the dominant mode of
locomotion in Grintpoteurftis. rvhich is occasionallv
assisted b,v medusoid contraction of the arm/rveb
complex [Vecchione.  Young.  1997] .

GLADIUS MORPHOLOGY. The gladius of Grim-
poteuthis is thick. stout and deeply U-shaped (Fi_e.
10). Its rvidth is slightl l less than its length. The
saddle is thick. shoft. someu'hat compressed lateral-
ly'. Dorsal (outer) side of the saddle is nearlr f lat;
dorsal groove absent. Lateral vnings long. laterally'
cornpressed. tenninate in tu'o lobes r.vith small in-
distinct horns on ventral side. Outer f lattened sides
of t l ie wings are nearly parallel to one another.

MICROSTR(.CTLIRE OF THE GLADILTS in
Grirnpoteuthrs is essentialll' the same as in Opistln-
teuthis.

EXTERNAL MORPHOLOGY.Soft bodr of Grun-
potetthis ttmbellata (Fig. 1l) has the same gelati-
nous consistenc,v as in Opisthoteuthis but its fonn
more closeh' resernbles the typical cephalopod Ba-

FIG. 10. Gladius of Grimooteuthis umbellata ( immature
female: ,16 mm DML). A, Anterior r ier i  (dorsal side
donn): B. Lateral r, iew (anterior side r ight).  Scale
bar :  I  cm.

PHC 10. f.,ra,ru)c Grimpoteuthis umbellata (ue:pe"ra.r
carrxa: 46 rnr nM). A. Bu,r cnepeJn (.lopca"rurar
cropoHa nuu:y ):  B. Bnl c6on (nepe,rH.sr croporra
cnpana). Macrura6 - I  crr.

uplan. The mantle is bel l-shaped, wide and conflu-

ent rvith the head. Its length averages 36ok 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-
htlf inclined anteriorly) on the lateral sides of the
mantle in its anterior half. The fin length isll-15ok
ML and the fin width is about 45oh 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 u'eb
betrveen the arms in Grimpoteuthis is thinner than
in adult Opisthoteuthis. enabling a more fusiforn-r
shape during fin swimming [Villanueva et al..
19971. The gladius occupies subterminalposit ion on
the dorsal side of the mantle. its saddle is visible
through translucent skin between and posterior to
the f ins (Fig. l1B),  whi le the wings project antero-
ventally' along lateral sides of the mantle.

T OTAL CXO,S.S-S.ECTI ONS (F i gs. I 2. 1 3 ). Mantle
v,all of Grimpoteuthis is thicker. more muscular and
less gelatinous than in Opisthoteuthis. The relative-
11' 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 lvhole gladius but does not
cvergrow it (Fig. 13A-C). Contrary to the descrip-
tions by Vecchione and Young 119911. the posterior
end of the gladius in Grimpoteuthis does not coin-
cide with the posterior end of the mantle. but occu-
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pies a subterminal position as in all octopods. The
posterior extension of the thinning mantle surrounds
a gelatinous core (Fig. l3D). The dorsal manrle
cavitv 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 about2l3 of its circumference
(Fig. 12A). The ventral mantle caviw extends poste-
riorly to the levelof saddle of the 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 rvalls (Fig. 13C).
In the middle of the mantle cavity'. thick mantle
septlrm containing the mantle adductor muscle is
present (Fig, 13A). Posteriorl l, the sac is fused n'ith
the mantle and the shell sac (Fig. l3B). Betrveen
funnel and stellate ganglia. the visceral sac is sus-
pended in the mant le cavi ry  (F ig.  12B),

Structure of funnel is shown on the section 1
(Fig. 12A). Lateral rvalls of the funnel are rhick and
relativelv muscular. Their inner parts aftach to the
visceral sac while the outer parts continue into thin
collar folds and attach to the lateral rvalls of the
rnantle. At the sites of attachment of the funnel to

N o 1

/ N o 2

- J N O 3

ru
N o 5

N o 6

N o 7

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 l ined .,vith

the thin muscular extension of ventral median man-
tle adductor.

The shor1. ribbon-like funnel retractors extend
along ventra ls ide of  the v iscera lsac (F ig.  128)  and
attach to lateral mantle walls at the level of stellate
ganglia (Fig. 12C). Head retractors form the thin.
muscular envelope of the visceral sac (Fig. 12A-C)
and attach medially to the dorsal, ventral and ante-
r ior  margins of  the g ladius wings (F ig.  13A).

The structure of fins is similar with that of Opis-
thotettthis (Fi-q. 1a). The basal f in carli lage is thick.
but. unlike the carrilage in Opisthoteuthis. it is not
clearly differentiated from the axial carti lage. The
axial carti lage is thinner than in Opisthoteuthlr. Wi-
dened base of the fin carli lage tightly adheres to
the shell sac along outer f lat sides of gladius r,rings
(Fig. 13B). Epithelial basal pockets are absent.

A B
FIG. l l .  Grintpotettthis untbel lata ( immature female: .19 mm DML). A. Ventral vieu. B. Dorsal vierv. Arro1r's ' ,r ' i th

numbers indicate the posit ion of corresponding cross-sections shown in Fig. l2 and 13. Scale bar: I  cm.

FIG. l l .  Grintpoterihis umbe.l lata (ne:pe"rar carrxa: ;19 rnr,{M). A. Bn.r c neHrpansnofi  cropoHbr. B. Bul c,ropca-rrHoii
c ' l 'opoHbl. Crpe.lxu c uuQpaMH \(a3brBator rro.roxeHHe coorBercrBYrouHx cpe3oB. rroKa3aHHbrx na Puc. '12 u 13.
M a c u r a d  =  |  c v .

sh
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t lG. 12. Scherrat ic cross-sections of Grtntpoteuthis untbel lcttd sofi  bodl l immature female: ,19 mm ML) A. Secrion
l .  a t  the  le re l  o f  the  funnc l .  B .  Sec t ion  2 .  immedia te l r  heh ind  the  funne l .  C .  Sec t ion  3 .  a t  the  le re l  s te l la r  sans l ia .
t  hc  pos i t ion  o f  thc  :ec t rons  is  ind ieareJ  in  F ig .  I  I  Ser le  har  I  cm

PVC. 12. Cpe:u rtrrxoro rcta Grintpoteuthrs unbellato (He3pe.rar carrxa: '19 rnr . [ \1). A. Cpe: l .  Ha rponne BopoHKH.
B. Cpe: 2. no:a:u BopoHKH. C. Cpe: 3. sa rpoBHc 3Be3-tr{arbr\ raHr"rHeB. f lo.roxerrue cpe3oB froKa3aHo rra Prrc.
l l .  \ l a c L u r a 6  I  e r t .
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Ir lG. 13. Schematic cross-sections ol Grrntpoteuthis umbellata soft bod1, (same specimen as in Fig. 12). A. Section 4.
at the le\el of anterior mar-{ns of the gladius. B. Section 5. at the level of-the greatest nns-wiOttr.  C. Section 6.
behind the f ins. D. Section 7. in the posterior part of the mantle. The posit ion of the sections is indicated in Fig.
l l .  Sca le  bar  -  I  cnr .

PHC, 13. Cpe:lt rtrrxoro re:a_Grmpoteuthis untbellata (:x:enn;rrp ror xe, qro Ha Puc. 12). A. Cper 4, ua yponHe
[eperHHX KpaeB r.laJu\ca. B. Cpe: 5. na Iponue Hau6o.rnuefi uupr4Hbr n,]aBH]rKoB. C. Cpes 6, nosartu rllaBHuxoB.
D. Cpe: 7. sStuzu 3a.fHero aIIeKca l laHruu. f lo.roxeHue cpe:on lna:ano ua Pnc. l l .  Macrura6 : I  cpr.
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FIG. l-1. Grintpoteuthis unthel lata. section throu-sh the long aris of f in at the level of i ts greatest l idth. Scale bar -
I  c m .

Pl'IC. 14. Grintpoteuthis untbelldta. cpe3 BJo.rb npo-to.rbHoii ocH n.raBHHKa Ha vpoBHe ero Hal.r6o"uurefi uupunr,r.
Macurra6 - 1 crr.
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Muscles monitoring position of the fins on the man-
tle are weakl)' developed. E,levator and depressor
muscles consist of dispersed muscular bundles ori-
ginating on the fin base and attaching to the mantle
above and belou,the fins (Fig. 14). Anterior retrac-
tors spread alor-rg the mantle from the fin bases to
the level of the posterior end of the funnel (Fig.
12B.C). The muscular la1'ers in the fins of Grim-
potetnhis are rnorphologically differentiated into
proximal and distal pafts with different orientations
of the mr.rscle fibers (Fig. la). In the proximal parr.
the dorsal and ventral muscular la1'ers are compo-
sed predominantlv of longitudinal f ibers (parallel
to the long axis of the fin) and to a lesser extend
b;" oblique fibers. In the distal part of the fin. mus-
cular la1 ers consist mainlr, of transverse fibers ori-
ented perpendicular to the fin surface.

COMMENTS. The gladius rn Grintpoteuthis is
thicker and bulkier than in Opisthoteuthis; its dorsal
surface ofthe saddle is nearll f lat: the lateral rr ings
are relatively longer and lateralh con.rpressed: the
lateral horns shorl and indistinct. The differences in
gladius rnorphology reflect the differences in loco-
motion betu'een the t*o species. The fins \n Grint-
potetrthis are much larger than rn Opistltoteuthis.
The fin bases in Grimpotettt lt is are closer to one
another than in Opisthoteuthis. and this is reflected
in the shorler saddle of the fbrmer. The surfaces of
the fin bases are greater in Grimpoteurlris. u hich
corresponds to the larger outer surt-aces of the lateral
rvings. The larger fins. presurnabll . are responsible

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

Cirroteuthidae Keferstein, 1866

Cirroteuthis muelleri Eschricht, 1836

HABITS AND HABITAT. Cirroteuthis muelleri is
a benthopelagic cirrate octopod usually for-rnd in
association rvith the ocean floor at great depth in the
North Atlantic. Arctic Ocean fNesis, 19821198'71.
North Pacific [Guerra et al.. 19981 and off New
Zealand [O'Shea. 1999]. In the Norlh Atlantic it
occurs at depth between 700 and 4854 rn with the
peak abundance at 3000-3500 m [Coll ins et rzl..
2001]. Species of Cirrotetrt|t is are the largest repre-
sentatives of Cirrata reaching up to 1.5 m in length

[Nesis. 198211981]. They are often found in deep
uater su'irnming or drift ing near the ocean floor

[Vecchione.  Young.  2003a] .

GLADIUS MORPHOLOGY. The gladius is a mas-
sive. translucent structure vvith a short. thick rnedial
saddle and broad lateral rvings (Fig. 15). The saddle
has a uide 'u'entral base and a narro\!. dorsal longi-
tudinal ridge. The w'ings are expanded both anteri-
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Ir lG 15. dlacl irs of Cl irroteuthis rt t t tel ler i  (maturing female: 128 mm \, lL) A. Dorsal ,nie., i  (anterior side is up) B
Lateral r ien (antcrior side is on the left :  dorsal-side rs Lrp) C. Posterior vieu (dorsal side is up). Scale bai = I
cln.

Pt4(l  l5 i-"ra:nrc C' irroteuthis muelleri  (co:perarouar carrr.ra: 128 rnr !N{). A. Bu,r c lopca.rruoi i  cropoHbr (nepe.tHhH
KoHeu cBepx\ ') .  B. Bur cix) lnepe:Hnii  xoueu c.reBa: JopcarbHar cropoHa crep*1). c. Bu;r c3aJH (j topca-rbHa,
cropoHa cBepx\ ') .  \4acura5 - I  crr.

orlr, '  and posteriorlv. They are situated very close to
one another and their ventrolateral margins are al-
rnost parallel. The anterior and posterior edges of
the rvings are bluntly rounded. and the wings are
almost ell iptical in lateral vieu. Lateral surface of
each wing is slightly concave sloping downrvards at
an angle of  approximatel l .60o,

MICROSTRUCT(IRE OF THE GLADILTS.
Cross-section tl-rough the central parl of the gladius
is V-shaped. resembling the cross-sections of sorne
Ieuth id g ladi i  [B iz ikor , .  1996:  F ig.  t8C] .  Center  of
grorvth is situated in the rriddle of the saddle. The
growth increments are u'ide. united into second-
order cvcles. Microstructure of the gladius is sirnilar
to that of Opisthoteuthts.

EXTERNAL MORPHOLOGY. The body' is gelari-
nous. very fragile. with short sac-shaped mantle and
long arms (about twice the mantle length) embed-
ded into a deep rveb except for the shorl distal ends
tFig.  16) .  The head is  approximately  rhe same * , id th
as the mantle. with small inconspicuous e1,,es. The
rriantle length cornprises about 1/3 TL. Mantle aper-
ture is reduced to narro\\ ' semicircular slit around
the funnel. The fins are large. oar-shaped and set
\ er)' close to one another on the dorsal side in the
rniddle parr of the mantle. Fin length is approxrrna-
teN' equal to the mantle len-eth. and the fin span is
1.9-2.0 t imes the mant le length.  The anter ior  b lade
of each fln has a srnall lobe at the base. Lonq axes
, , f  f ins are not  para l le l  ro each other  but  t i l teJante-
riorly forming an angle about 135o betu,een them.-l 

he funnel projects anteriorlr. '  frorn 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. 168).

TOTAL CRO.SS-.SECTIONS. The most striking f'e-
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 cavitl
(F igs.  l7B.C:  l8A).  This  fus ion staf is  at  the level
near the collar folds (Fig. 178) and proceeds to the
level of the gladius (Fig. 18A). The manrle in C'ir.-
rotetlhis is rather thick anteriorll, and gradually. be-
comes thinner posteriorly. Part of the head extends
into the bodl'. so that its nuchal parl, including sta-
tocysts. is covered by dorsal mantle wall (Fig. l7A).
The mantle attaches to the gladius along the margins
of the r.r'ings. The fin bases attach to the outer sides
of the u'ings. On the dorsal side of the mantle.
anterior and posterior parts of the mantle are fused
over the dorsal  r idge of  the g ladius (F ig.  18C).  The
thickness of mantle u'all is approximately equal aro-
und its circumference except posterior to the gladiLrs
u'here the dorsal mantle rvall is about two tinres
thicker than the ventral rvall (Fig. 18D). SLrbcuta-
neous gelatinolls la),er is about the same thickness
as in Grimpoteutlt is.

The funnel consists of a single muscular laver.
Junctions of muscular lavers between ventral and
lateral ualls are absent. The anterior oart of the
funnel is sr-rppofted by paired funnel adductor mus-
cles that pass from head retractors tou'ard dorso-la-
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FlG. 16. Citoteuthis ntuel lert ( immature female: 65 mm DIVIL). A Ventral vieu. B. Dorsal vier.".  Arro*s rr i th numbers
indicate the planes of corresponding cross-sections (shonn in Figures l7 and l8). Scale bar: 1 cm.

PHC. 16. Cirroteuthis ntuel leri  (He:pe-:rar canxa: 65 rnr !M). A. Bur c neHrpa-rsnoi i  cropoHbr. B. Bu,t c. lopcarbHoii
cropoHbr. Crpe"rxu c uuQpalrr.r vKa3brBaror rro"roxeHHe coorBercrB)roruHx cpe3oB. rroKa3aHHLIX ua Pnc. l7 u 18.
Macurra6 - 1 cn.

teral rvalls 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). ln the posterior
pan of funnel the flaps disappear. and funnel canal
becomes triangular in cross-section (Fig. 178).
Collar folds are reduced to thin mLlscular strips ori-
ginating from the ventrolateral sides of the funnel
and attaching to the lateralwalls of the mantle (Fig.
l7B). Attachment sites of collar folds to the funnel
are marked by junctions formed by muscular fibers
with differing orientations. The funnel retractors
are shoft 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. ln their middle parl the funnel retractors are
muscular flaps hanging from the ventral wall of the
visceral sac into the mantle cavitl, (Fig. 17C). The

head retractors are thin. weak muscles. They form
an envelope around visceral sac (Fig. 178.C) and
attach from inside to dorsal. ventral and anterior
margins of  g ladius wings (F ig.  18B).

Mantle cavity' is verl '  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 ro Grimpoteuthis, venlral

mantle cavity extends posteriorly beyond the gla-

d ius  (F ig .  18D) .
At the level of greatest f in width the V-shaped

gladius is extremely thick and provides a rigid sup-
porl for the fins (Fig. 18C). The fins in Cirroteuthis

are larger than in Grimpoteuthis and Opisthoteut-
his. A thick axial f in carti lage forms the core of

each fin. The basal part of the fin carlilage is greatly

expanded into wide flat base that adheres tightl) to
the shell sac along the flat outer sides of the wings
(Fig. 18C). Elevator muscles originate on the dorsal
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l - lG. l7 Schematic cross-sections of Cirroteuthis nutel ler i  sof l  bodr (rraturing male: 80 mm N{L). A, Section l .  at
the level behind the e} es. B, Section 2. through the middle pati  of the I 'u"nnel. C. Section 3. 'behind the funnel.
The posit ion of the sections is indicated on Fig. 16. Scale bar = I cm.

PLIC 17_. Cpe:sr rrrrxor-o re-ta Citoteuthis nnrelleri (co3peBaroutui.l catreu: g0 rrrr [M). A. Cpe: l. no:aJu r.;ra:.
B C--pe:,2. n cpe:nei i  qacrH BopoHKu. C. Cper 3. nora-tn BopoHKH. I lo"roxeuue cpe3oB ),Ka3aHo ua pnc. 16.
MacruraS:  I  c r r .
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FIG. 18. Schematic cross-sections of Cirroteuthis muelleri  sof i  bodl (same specimen as in Fig. 17) A. Section'1.
at the lercl of anterior margrn of the f ins l lerel of stel lar ganglia) B. Section 5. at the level of anterior sinqs
of the gladius. C. Section 6. at the lerel of the greatest l lns sidth. (The sl i t  beflreen t lns bases and gladrus on
this seci ion is an anifact of sectionrng). D. Section 7. behind the gladius. The posit ion of the sections is indicated
on F ig .  16 .  Sca le  bar  -  I  cm.

PI4C 18. Cperrr rr l lxoro re.ra Cirrotetthis muelleri  (rn3elrn.rsp ror xe. qro Ha Puc. l7). A. Cpe: - i .  ua rpoaHc
nepeJHefo Kpar n.taBHHKoB () poBeHb 3Be3.tqarbr\ r 'aHr-rHeB). B. Cpe: 5. Ha r poBllr- nepe-tHH\ KpaeB Kpbl.t l ,eB
r., la{Hvca. C. Cpe: 6. Ha l  ponHe HauSo.rsurei l  uHpHHbr n.raBHHKoB. (Ll le:t l  r tex:1 ocHoBaHfirI \1H n.taBHt' lKoB u
r-na.1n1 corr apieSart.  so.tHuriulr l i i  nprr petxe). D. Cpe:7. no:a:u r.ralulca. f lo.roxeHne cpe3oB )Ka3atto t la Prtc.
16 .  \ lac r ,u ra6 :  I  c r r .
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surface of f ins in their basal part and attach to
the g ladius wings in  the region of  media l  dorsal
r idge.  Depressor  muscles or ig inate on the ventra l
surface of the fins in their basal part and attach
to the g ladius wings below the f ins.  The muscular
lavers in the fins of Citoteuthis are more com-
plex than in Grimpoteuthis and Opisthoteuthis.ln
the proximal part of the fins. both dorsal and ven-
t la l  muscular  layers consist  of  two layers each:
an inner  la1,er  of  longi tudinal  muscles,  adher ing
to the ax ia l  car t i lage.  and an outer  layer  of  obl i -
que muscles cover ing dorsal  and ventra l  s ides of
f in  (F ig.  18C).  In  the d is ta l  par t  of  the f in ,  the
rnuscles consist  main ly  of  t ransverse f ibers.  as in
Grimpoteuthis.

COMMENTS. Prominent expansion of lateral
rvings 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 irnpor-
tant change in the attachment of the fins to the
gladius.  In  Cir roteut l r is ,  the f ins are set  t ransver-
sal lv  on the wings and thei r  bases are brought
c lose together  whi le  in  the other  c i r rates studied
(.Opisthoteuthis and Grimpoteutlzis) the fins at-
tach a long the length of  the wings and thei r
bases are set  wide apart  (compare Figs.  16.  I  I
and 7) .  On one hand,  the change in f in-at tach-
ment  changed the angle of  the f ins wi th respect
to the body ax is :  in  Opisthoteuth is  the f ins
bases at tach to the wings at  some angle to the
body axis  (F igs.  7.  8A),  whi le  in  Cir roteuth is
thev at tach a long the body ax is  (F ig.  16) .  On
the other  hand.  the g ladius in  Cir roteut f t is  a lso
changed i ts  or ientat ion:  the ax is  f rom the saddle
to anteroventra l  t ips of  the wings makes a stee_
per angle r .v i th  the body ax is  than in other  c i r -
rates studied.  The depth of the saddle appears to
be t ied to the depth of  the broad wings.  Narro-
rv ing of  the saddle and i ts  increased denth t ran-
sformed the middle par t  of  the g ladius in to stout
support ing beam. V-shaped in cross-sect ion,  wi th
the f in  at tached to i ts  s ides (F ig.  l8C).

Although the fins bases are fused with the
shel l  sac.  thei r  posi t ion on the wings appears to
be adjustable, perhaps through some elasticity in
the shel l  sac.  The possib i l i ty  of  adjustment  is  sug-
gested by the vertical din-rension of lateral wings,
rvhich is greater than the thickness of the fins
bases attached to then-r. The flat, carti laginous
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 abil ity for anterior/posterior undulation. The
gladius in Cirroteutl l is has no special adaptations

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

Suborder Incirrata Grimpe, 1916

Octopodidae Orbigny, 1845

Octopodinae Orbigny, 1845

Enteroctopus dofleini (Wulker, l9l0)

GENERAL REMARK. The shell in the Incirrara
consists of a pair of narrow spindle-shaped carlila-
ge-like rods embedded in the muscle tissue on dor-
solateral side of the mantle. Although this unusual
shell is terrned sometimes 'gladius' 

[Nesis,
19821198'71, it differs from the typical teuthoid gla-
dius in many aspects and deserves a special 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 inrertidal pools
to lower continental slopes down to 800 m fNesis,
1982/19871. They inhabit all 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
fNorman et al., 1998]. Species of the genus Enle-
roctopus primarily move via two methods: fl)
crawling over the substrate using the arms, and 2)
jet propulsion using the mantle-funnel complex
[Norman et al., 19981. E. dofleini is the largest rep-
resentative of Octopodinae, reaching up to 5 m in total
length (60 cm ML) and up to 150 kg in weight [Nor-
man et al., 19981. E. do/leini is found in the North
Pacific, from the Bering Sea in the norlh to the Ok-
hotsk Se4 the Sea of Japan and the yellow Sea in the
southwest and to Califomia in the southeast fNesis,
1982119871. The maximum depth of its occurrence is
about 400 m [Filippova et a\.,19971.

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. 19,A; 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 20.4Yo to 3I.B%
ML (mean length is 24.3o/o; SD=3.4). Each stylet
is surrounded by a shell sac with dense connective
tissue on the outer side of the sac and shell eoit-
heliurn on the inner side. Each stylet has a bend
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FIG. 19. St1 lets of Etteroctopus dofleini.  A. Ventral
vicu of a pair of snlets from adult f-emale (21 cm
N{L): rrght snlet is on the left :  anterior end is up.
The stvlets are shonn opaque to rereal their surlace.
B. Lateral r ieu of the r ight st1 let from the same
specimen (r 'entral side i l  on the r i_sht).  The str let is
sho*n natural ly transparent to rereal i ts gro\\th ln-
crements and the rnit ial  shel l  (shi).  Bold arro* s indicate
the  p lane o1 ' the  c ross-sec t ion  shonn in  

'C ' .  
C .  Cross-

section throu_qh the angle of the sqlet (rentral side
is  up :  ou ter  s ide  is  on  the  le l t ) . . \ .B :  sca le  bar  -  I
cm.  C:  sca le  bar  -  I  mm.

PHC. 19. CrH.rersr Erteroc'topus dqfleint.  A. l lapa cru-
relon :pc.roi i  carrxu (21 crr INI):  nu.f c neHrpa-rsHoii
croponLr (rrpaeuii  crHrer c.reBa: nepe.tH.cq cropolra
uanepry). Cru.rersr u:oSpaxeHu Henp03palrHhr\1.r.
qro6sr uoxa:aru pe.rsetlr u\ ttoBep\HocrH. B. Bu:
cSoxv npaeoro crH-lera roii xe ocodu (acurpa-rrHa.r
cropoHa cnpana). Cru.rer n:odpaxeH ecrecrBeHHo
npo3paqHbr\r.  qroSsr noralarb efo -rr ' lHHu uapacraHnt
u 3apoJLIueB\rc paKoBHH\ (shi).  Crpe.rxn \Ka3brBar.or
no"rroxeHue cpe:a. u:oSpaxeHHoro Ha 

'C'.  
C. f lone-

pevru,rf i  cpe3 Ha vpoBHe \ r.ra crH.tera (BeHrpatbHat
cropoHa HaBep\): BHeurH.sr cropoHa c.resa). A.B: rrac-
ttrra6 = I crr.  C: rraculaS : I  rrrr.

in its anterior part that forms an obtuse angle ( I 30'-
145") (Fig. 19B). At the bend the stylet  reaches i ts
greatestthickness that ranges from 5.1o/o to 8.4Yo of
stylet length (ca.6.6%o; 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
st)'lets. 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 pattem. 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 grorvth of stylets is negatively allometric. Their
relative length decreases from28-32oh ML at 13-17
cm ML to 20-260/o ML at 24-21 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 28o/o to 43o/o of the
stylet length. averaging 35.2% (SD:3.4). Sty'let
thickness varies from 5.loh ro 8.4Vo of the st1'let
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
mal, differ up to 9% (average 4.3%: SD:4.1): the
length of the shoulders may differ up to 1lo/o (ave-
rage 4.8%: SD=1.5).  and the thickness of stylets
rnal' differ up to 33o/o (average 11.5%; SD=9.6).
Hou'ever. there is no consistent difference between
left and right st,""let: the average size of the left and
right st1'lets is the same.

MICROSTRLTCTIIRE OF THE STYLETS. The
grorvth of stvlet  occurs in layers that are laid
dow'n on the outer surface of the previous layer.
As a result .  the shape of stylet  at  ear l ier stages
rnay be reconstrllcted from its grolvth increments
visible on intact stylet  in transmit ted l ight.  The
apices of previously formed layers form tu'o thin
apical  l ines diverging from the bend along the
axes of both shoulders (Fig. 19B). In some stylets
one or both apical  l ines becomes u'hi t ish and opa-
que. apparentll due to some injury in the past. fhe
stl let bend thus represents the center ofgrou'th and
contains the earl iest increments. including the em-
brl  onic shel l .

A cross-section through the angle apex is roug-
hl1 oval in shape (Fig. 19C). I t  is composed of
numerous regular concentric increments. Tlie
uidths of increments are 7-12 prm. averaging 9.2
prn. Each increment consists of a glass-like trans-
lucent zone confined b., a distinct refractine border.
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I ' l-re u'idth of each increment is approximatelv
equal along its perimeter. The center of gro*th (ini-
t ia l  shel l )  is  s i tuated c lose to the middle of  the cross-
jcction. It is an amorphous. opaque. oval bod1, 1 70-
190 prm in length. about 100 pun in u'idth. The
rr idth of the growth increments does not vary sig-
nit ' icantlv from the center toward periphery'. The
growth zones. sirnilar to those described in stato-
l i ths.  are absent  [Clarke.  1978;  Arkhipk in.  Biz ikov.
1991]. Prirnar,u- increments are clearl;- grouped into
second-order cycles. marked by prominent borders
apparentlv reflecting some events in the animal's
l if-e. fhe number of f irst-order increments in one
second-order c1'cle varied from 7- I 5 near the center
to 25-33 in periphery. The minute knobs are located
on the ventral (inner) side of the bend. rvhile the
tiorsal (outer) side is smooth. The knobs can be
traced on previously formed lavers: their marks
tbrm twisted l ines radiatins from the center of
growth.

EXTERNAL MORPHOLOGY. As E. dofleini is
the first incirrate octopod to deal rrit lr in this study.
this species u'i l l  be used as an exarnple in descrip-
tion of the general morphological Bauplan of the
I nc irrata.

' fhe 
mant le in  E dof le in i  is  muscular .  u , ide.

sac-shaped and broadll '  fused rvith the head on
the dorsal  s ide (F ig.  20A).  Anterodorsal  margin
of  the mant le can be seen af ter  removal  of  the
skin f rom dorsal  s ide.  The margin is  near l l ,  s t ra-
ight  and reaches the poster ior  edge of  the ey 'es.
A rv ide nuchal  muscle fastens the dorsal  mant le
wal l  to  the head.  This rnuscle extends f rom the
dorsal  mant le margin to the bases of  arms I .  Man-
t le  is  the rnost  th ick in  i ts  anter ior  par t .  Ventra l
rnant le is  th ickest  in  the region of  g i l ls :  the dorsal
rnant le rval l  is  th ickest  in  the region of  the dorsal
rnant le cavi ty  (F ig.  21A).  Posrer ior lv  the mant le
becornes th inner  and reaches i ts  rn in imum th ick-
ness at  the poster ior  apex.  The mant le aper ture
is  u ' ide.  extending la tera l ly ,  to  the level  of  e-v-es.
The mant le cavi ty '  is  re lat ive ly  spacious;  the ven-
t ra l  par t  of  the mant le cavi t r  is  d is t inct lv  larger
than the dorsal  one.  The f ins are absent .  The st1 -
le ts  1 ie on the dorsolatera l  s ides of  the mant le in
i ts  poster ior  hal f .  The anter ior  shoulder  of  each
stv let  l ies superf ic ia l ly  on the exter ior  sur face of
the mant le muscle.  rvh i le  i ts  poster ior  shoulder  is
ernbedded in the mant le muscle.

The funnel is fused rvith the head and parth
cmbedded in it (Fig, 20C). The rniddle par-t of the
funnel is fastened to the head by a pair of lateral
adductor muscles. The posterolateral r.valls of the
firnnel pass into muscular collar folds. The collar
fblds surround visceral sac l ike a rvide bell-rnouth

.jar and aftach to the dorsal mantle riall. The funnel
arises deep lvithin the mantle cavity. and its poste-
loventral margin rests against the ventral mantle

adductor (Fig. 21A). A funnel locking-apparatus is
absent. but the posterior corners of the funnel bear
small cup-like depressions caused by contraction of
funnel w'all over the head of the funnel retractors.
The funnel retractors are thick and stout. They'ori-
ginate as r.vide posterior extensions of the dorsal
wall of the funnel (Fig. 20C). run alongside visceral
sac and adhere to the ventral sides of the sty,' lets
(Fig.  21A).  Muscle f ibers of  ax ia l  par t  of  funnel
retractors attach to the stylet in the region of its
angle. while peripheral f ibers diverge in a fan-like
fashion and attach along the anterior and posterior
shoulders of  the sty lets  (F ig.21B).

Attachment of the visceral sac in the Incirrata
is  unique among cephalopods (F ig.20B;21A).  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 rnantle 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 rnantle adductors are formed
b1' the outer layer of the head retractors that bran-
ches off at the level of stellate ganglia. Each ad-
ductor undergoes an 180o twist so that the anteri-
or-most margin at the visceral sac becomes the pos-
terior-most margin at the attachment to the mantle
wal l  (F ig.  20 B.C).  The ste l la te gangl ia  are s i tua-
ted on the inner surface of the mantle just lateral
to the attachment of the anterodorsal adductors.
Among numerous nerves passing to and f rom the
ste l la te gangl ia .  two are re levant  to  th is  s tud1, :  a
pal l ia l  nerve passing f rom the bra in to each ste l -
late ganglion through the anterodorsal adductors.
and a "fin" nerve passing from each stellate gan-
gl ion poster ior ly  a long the inner  mant le wal l  to
the sty lets  (F ig.  20C) and beyond.  Ar  rhe sty  le t .
the " f in"  nerve penetrates the mant le wal l  near
the p lace of  at tachment  of  funnel  ret ractor  (F ig.
2 l  B) .  Pers is tence of  the ' ' f in"  nerves in  inc i r rate
octopods is  qui te remarkable.  as they reta in thei r
or ig inal  posi t ion in  re lat ion the shel l .  thus indi -
cat ing the posi t ion of  former f ins.  The postero-
dorsal adductors are formed by the funnel retrac-
tors.  The ventra l  median-mant le adductor  is  a
th ick.  rv ide muscular  septum extending f rom the
ventra l  mant le rval l  to  the v iscera l  sac (F ig.  21A).
I t  is  u ' ide at  the mant le r .va l l  and becomes prog-
ressivel l  narrower toward the v iscera l  sac.  The
median mant le adductor  d iv ides ventra l  mant le
cavity into left and right parts. Posterior to the
adductor .  the mant le cavi ty '  is  undiv ided.

CRO.SS-.SECTIONS. A section at the level of the
funnel shou's 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 anatomv tn Enteroctopus and Octopus. A. E. dofleini.  dorsal viel ( female: 2l cm N4L). The skin
is removed to sho* thc outl ine of the mantle and posit ion of the shel l  vestiges. Bold arrons with numbers indicate
the planes. of correspondin-e cross-secl ions (sho*n in Fieure 22). B. O. vulgaris: dorsal r, ieu of a hal l ' -gro\\n
animal. The muscular mantle is cut ofT from the dorsal side riithout changing natural topographl [from Naef.*1923:
modified] C. E dolleini. rentral vre*. The mantle is open at the inserlion of ihe median mantte 

-aOOucror 
and spread.

The gills i'u-rd lisceral or,sans (e\cept the dieestive gland and stomach) are removed. Scale bar - I cm.

Pl4C. 20. Crpoenue Enteroctopus u Octopus. A. E. dofleini:  BHJ c.topcarsHoii  cropoHu (carrna: 2l crr IJM). Koxa
)JareHa. qro6tr noxa:arb KoHTvp ttaurui inr,rx lrbrr lu H no.toxeHue pvJH\leHToB paKoBHHbr. Crpe.rxu vxa3btBarcT
no"roxeHne coo'rBercTBvtottIHX cpe3oB (noxa:ausr Ha Puc. 22). B. O tulgaris: BH;l \to.toJoro xuBorHoro c .topca_tblrot"l
cropoHbr. ; i lopca-rrsal creHxa lrarrrnH \. taieHa 5e: u:rrcnesur ro.toxeHHr BHvTpeHHHX opraHoB [u: Naet-. 1923:
c n:rteHeHuli [r ] .  C. E. JoJlt int.  er: . '  *.-urpanrHoii  clopoHu. \{aHrHq BcKpbrra c BeHlpa-rbHoii  ctoporrsr elo.rr
cpeJHet . l l lHHu. orfe"leHa o1 \ lefHa"turroi i  cenrsr H pacnpaB.reHa. rentral rre$. Xadptr H Bucuepa-tblrr,re opfaHbr
)Ja, 'reHbr (Kpo\re nuueBapHre.tbHoir xe.te:sr rr xe.lJxa). \ , faculraS - I  crr.
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rnd along ventral rnidline. Pall ial nerves are situated
on dorsolateral sides of the visceral sac. betvr,een
:alivarl '  glands and the head rerractors (Fig. 22A).
fhe mantle r.vall consists of tr.vo lavers of muscular
l ibers separated b.u" thin median laler of connective
:issue. Ventrolateral walls of the mantle are slightly,
: ir icker than the dorsal uall. The funnel consists of
:hree muscular folds: a ventral fold formine the

ventral l lal l of the funnel. and a pair of lateral folds
forming the dorsolateral u,alls of the funnel (Fi_e.
22A). Boundaries betrveen ventral and lateral *'alls
of the funnel are marked by'the junction of muscular
fibers of different orientation. The inner margins of
dorsolateral rvalls 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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I t i  2l  Correlat ion of the shel l  restt-ses *i th the sofi  parts in Enteroctopus t lof leini (mature male: lg0 mm \, lL).
Lateral vieu. The skin. muscular mantle and trre -si l l  are remored irom the left  side. B. Enlargcd l iagment
f igure 

'A' 
sho*in-e af iachment of muscles to the siel l .  Scale bar :  I  cm.
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' i lc 2l.  B:aurtoorHott leHue \re;+i-t)  ocrarKa\If i  pa(oBHHbr l  \rqrKu\r retoy Enteroctopus dofleini ( : :pe"rsri i  cayeu: lg0
rnr !M). A. Bn: c5oxr' .  C .renoi cropoubr \ . ta-reHbr KoxHbre f lor ipoBbr. rra*, inq u xadpli  
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FIG 22. Schematic cross-sectrons of Enteroctopus do.l leini ( l trnale. 21 cm N4L). A. Scction l .  at the lerel ol thc
lunnel. B. Sectton 2. at the lerel of anterior dorsal rnantle adductors. C. Section i .  at the level o1- at lachmcnt of '
the funnel retractors. D. E.nlargcd i iagment of f igure 

'C' 
shori ing attachment of mantlc and funnel retractor to the

she l l .  The pos i t ion  o f  the  sec t ions  is  ind ica ted  on  F ig .  20  Sca le  bars  -  I  cm.

PI4C.22.  Cpe; r , r  r r r r r .o ro  rc . ra  Er i le roc t t ry tus  d t t l le in i  (ca \ rNa:  2 l  c r r  I \ ' 1 ) .  A .  Cpe:  l .  Ha rpoBHc BoponKrr .  11 .  C 'pe . r
2. Ha r poBHc [epc.tnlr\  - ]opca.rbHur rraurrr irusr\ arl ]  r({opoB. C. Cpe; 3. lra y poBHe Kpen,teHtt,{ BopoHOqHt't \
pc fpaKtopoB.  D.  \ ' se . r r j . rc r r ru , r i r  {par \ renr ' t sn ta 'C ' .  nor :a ;s rgarcu tu i t  t rpHxpen. reHne uaut t t t ' i u r t r  \ rLu I Iu  r l  BopoHot tHofo
perpaxropa K crn.rer).  f lo,roxeslte cpe3oB IIoKa3atto rta Pttc. 20. \ lacuta6 - I  c: '1.
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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 l ined with a thick, 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 fiom the head retractors. The anterodorsal
adductofs 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 parlly fused with ventrolateral walls of the
visceral sac.

At the level of attachment of the funnel retrac_
tors the mantle reaches its greatest diameter. Vis_
ceral sac is relatively small here and occupies ap-
proximately half of the volume ofthe 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 rerractors
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
st1,.let is f i l led with dense connective tissue. Each
"fin" nerve penetrates the mantle wall near the an-
terior shoulder of a stylet. The gil l  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 suppor.t of the
funnel retractors. During contraction of the funnel ret-
ractors the bends of the stylets sustain the major load
fi'om the contraction forces. Visceral sac also ieceives
indirect suppoft from the sg,lets through the funnel
retractors. The mantle attachment to the stylets appa_
rently helps maintain some positioning betrveen the
vlscera and the mantle.

Bathypolypodinae Robson, 1928
Benthoctopus sibiricus Loyning, 1930

HABITS AND HABITAT. Genus Benthoctopus in_
c l t rdes  about  26  spec ies  o f  deep- l i v ing .  benrh ic  oc-
topods inhabiting continental shelf and slope of all
oceans, frorn Arctic to sub-Antarctic [Nesis.
1982119811. Species of this genus occur at depths
below zl00 m in tropic and subtropic zones, while
in the Arctic seas they ascend to the shelf and littoral
[Nesis, 1982119871. Species of Benthoctopus are
generally more fragile and less active animals than
Octoptts. B. sibirictrs is the most cold-water and
shallolv-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. 19821198]1.

SHELL MORPHOLOGL Stylets in Benthoctopus
are shofter. 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 13% ML (Fig. 23A). Similar with En-
teroctopus, the stylets consist of semi-transparent
cafiilage-like chitin laid down in concentric layers.
The length of stylets ranges from j .6oh to l4%o ML
(mean length is 10%; SD:1.5). that is about trvo
times smaller than in Enteroctopu.r. Each stylet has
a bend in its anterior parl that forms an obtuse angle
(120'-130') .  The bend is very prominent,  thick. ei t -
her dome-like or crest-shaped. At the bend the stylet
reaches its greatest thickness that ranges frorn 8%
to 30oh of stylet length (mean ca. 16Yo: 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%o to 46Yo 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-
pzzs. 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- l ike bend and long ne-
arly straight anterior shoulder comprising 31% _
46oh of stylet  length (mean ca. 38oh; SD:3.1)
(F ig .  23D,E) .  The second in  abundance (9  spec i -
mens) were thick stylets with massive dome-l ike
bend and short anterior shoulder rangins from
25%o to 35%o of stylet  length lmean-cai 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%o Io lSoh of stylet  length (Fig. 23C).
Taxonomic status of above described morpholo-
gical  types is unclear.  Accordins to Nesis
[198211987]  and Kondakov  e t  a l .  l t98 t l .  the
genus Benthoctoplts needs a revision, and B. si-
bir icus in the western Bering Sea may combine
2-3 undescribed species.

Variability between the left and the right sty,lets
in Benthoctopl.s was also higher than in Enteroc-
Ictpus. Although the average size of the left and the
right stylets (in relation to the mantle length) rvas
equal, the difference in length between them could
reached up to 20%o, difference in thickness - up
to 2l%o. and difference in the length of anterior
shou lder  -  up  to  5 l%.

MICROSTRUCTURE OF THE STYLETS. Cross-
sections of stylets at the level of the bend are roug-
hly oval or slightly triangular in shape. consisting
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FIG 23. N{orphological rariabi l i ty of sqlets in Benthocroptts. A. B. sibir icus. Ventral vierr of a pair of st1lets fronr

mature male (1,15 mm \, lL) (r ight st1 let is on the left :  anterior end is up). Note curvature of the st l lets and
conspicuous ventral angle in a shape of bul_eing dome. Dark init ial  shel l  is r isiblc through semitransparent substance
of the st1 let.  B. Left st l  let frorr the same specimen: lateral r ier i  form the inner side (r 'entral side is on the r ight).
C. Benthoctoprs sp.: adult malc (150 mm l\4L), \ 'entral r ieu of a r ight st l let.  D-F. Right st l let l iom Benthocropus
sp. adult male (173 mm N,lL). D.Ventral r ier i  (anterior end rs up: outer side is on the left).  E. Lateral vieu f ionl
the inner side (ventral side is on the left),  Bold arroris indicate the plane of the cross-section shoun in 'F' .  F.
Cross-section through the angle of the st l let (dorsal side is up: outer side is on the left).  Scale bar: I  mm.

PHC. 23. Ir{optpo.roruuecnar f i3veHquBocrb cri l"reroB Benthoctopus. A. B. sibir icus. BHg c neHrpa"rrnoi i  cropoHsr
naphr crH.reroB 3pe.rofo carrua (1-15 rrrr , [N'{):  npaarri i  crH.rer c.rcBa: rtepefHqr cropoHa HaBepx)' .  Yro. 'r  clu.rela
Hlreer BHJ lrllpoKofo BbrnrqHBarcuefocq K) no.ra. B ueHipatbuoil qacrn cru.rera lpocBequBaer re]\'rHarr 3apoJbrileBaq
paKoBHHa. B.,r lesrr i i  cru-rer rof i  xe ocodu: sH: cSori) c nHrrpenueii  cropoHbr (BeHrparsHat c'ropoHa cnpaea). C.
Benthoctopussp.. B3poc.rbri i  carrert (150 lrr r I lNl),  Bu.r npanoro crr i-rera c BeHrpa.:rbHoii  cropourr. D-F. l lpanui; i

cru"rer 3pe-roro ca\{qa Benthoctopus ry (173 rnr r l l \ {) .  D. Bur c BeHrparLHoii  cropoHbr (nepe:uri i  KoHeu HaBep\):
BHeurHsq cropoHa crena). E. Bu: c6oxr c aHvrpeHHeii  cropoHbr (neurpa-rruar croporra c.-reaa). C'r 'pe.rKI4 \ 'Ka3brB?uor'
lo"iroxeHue cpe:a. u:odpaxeHHoro Ha BH.te 

'F' .  
F. I lorrcpevHuii  cper Ha \poBHe )f.ra cru"rera (:opca,rsuar cropolra

HaBep\\:  BHeruH.s.q cropoHa c.resa). ! lacrr lra6 - I  rrrr.
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of numerous regular transparent concentric incre-
ments (Fig. 23F). Contours of previousll, formed
increments are similar to the outer contour of the
section. indicating that the stvlet profile does not
change significantll ' during growth. Microstructure
of the increments is similar throughout the section.
The grorvth zones are absent. Gror.vth incrernents
range in ri ' idth frorn 6 to 14 pm. averaging 1i pun.
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The center of grorvth (initial shell) is situated close
to the middle of the cross-section. It is round or oval.
ranging from 80 to 160 1xn in greater diameter. First-
order increments are grouped into second-order cvc-
les. from 8 to 35 increments in one cycle. Ventral side
of the bend (in the bottom of the section) is covered
b1' minute indistinct knobs. The knobs in Benthocto-
pt$ are less pronounced than in Enteroctopra and

B cfold
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_ | i *:__l
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\ ,.nfin
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FIG 2 ' i .  Genera l  anatomr^o f  Benthoc topus ,s tb i r i cus .  A .  Adu l t  ma le  ( l l5  mm ML) .  dorsa l  . " ien .  The skrn  is  remoredto shori the outl ine of the mantle. bold arroits r i i th numbers inbicate tr ' r .  pLn..-oi.o.r ' .rponoing cross-sections(sho$n in Fig 25). B Same^specimen: lateral r ieu after removal of the mantle r ial l  and'the grl l  l iorn lhe leftside. C Enlarged fragment of f igure 
'B' 

shonins attachment of muscles to the left  snlet.  A and B: scale bar -I  c l n .  ( : s c a l e  b a r  =  I  m m .

Pl4C 2l CTpoeuue Benthoctopus sibirtcus. A. B:poc.rsrE carreu (115 rnr Tl ivl) :  nu.r c :opca*rruoi i  croporrBr. Koxsr,renoKpoBLI )JalcHbl. ' i ro6rt noxa3arb](oHT\pbt \ taHTHti .  Crperxn c uuQparlr \Ka3brBallr  rro-ToxeHHe coorBercrB\K)tuqx
cpe3oB (l IoKa3aHLI Ha Puc. 25). B. Bu: c5onr roir xc ocodu lcreHxa'rraHlHH u xadpsr c -reaofi  cr.opoHr,r )Ja.rcHbr).C. Vse-tuqeHHsrfr -r lpar rreHr su:a 

'B'.  
' tof iaiorsarcruui i  Npen.teHHe \ lblrru K .teBolr\  crH-terr.  A H B: rracurad :I  cn. Cl: rracurra6 - I  rrrr.
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FIG. 25. Schematic cross-sections of the soft bodl in Bentlnctopus srbir icus (matunng ttmale: 90 mm \{1.) . \ '
Secr ion  l .  a t  the  lc re l  o f  the  1unne l .  B .  Scc t ion  2 .  a t  the  le re l  o f  dorsa l  rnant le  adduc tors .  C .  Sec t ion  3 .  bchrn t l
anterior dorsal adductors. D. Section J. at the lercl of attachment of the tunncl rctractors. E. Enlargcd fragment
of f igure 

'L) '  
shori ing attachment of thc ntantle and funnel rctractor to the shel l .  Posit ion of sections is indicatcd

on Fig. 2-1. A-D. scale bar - I  cnt. E: scal. '  bar - I  nlnl.

PHC. 25. Cpe:rr rrrrxor-o re, ' ta ISenthoctopus sibtrtctts (co3peBarcuat carl t ia: 90 rrrr ,{ \ '1). A, Cpe.] l .  Ha lponuc
uopoHxrr. B. Cpe: 2. na r poBHe .topca-rr,nbt\ \ laHTllr luL,l \  rJ-t\  r \ lopoB. C Cpe:_3. no3a.lu - lopca.rsttr ' t t  t t : lutt t i i t t t ' t r .
iut. ' l )  KropoB. D. Cpe: 1. '  i r tr  l  poBue npKpcn,reHrrr pclpariropoB BopoHxlt.  I-1. \ 'se-rnqcrtrt l tr"t  Sparrtctt l  eft- la 

'D'.

rroria3brBaruulrx l lpl lNperr, ' reHue \raHll l l r  r1 pe lpar\fopa BLrporrKIt K crt i-rer).  f lo.toxeulte cpc30B nol ia3auo t la Pttc.
21. A-D: rtaculaS = I crr.  E: r lacutraS - I  rnt.
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occllp\ minor pafi of the section. The knobs can be
traced on previouslr.' formed increments as radial
rnarks. forming a sector of about 60o.

EXTERNAL MORPHOLOGY. The bodv in Berz-
tltctctctpus is more gentle and less rnusculir than in
Enteroctopu.s. The mantle is elongated oval. The
nuchal rnuscle is u'ell developed spreading from the
rnantle margin to\\ 'ard the bases of arms I (Fig.
IJA). The mantle n,all is the most thick in anreflor
part. graduall l '  becoming thinner posteriorl\.. The
dorsal and the ventral mantle u,alls are approxima-
telv equal in thickness. The n-rantle apefiure is nar-
rorver than in Enteroctoplrs. its lateral margins are
situated belou' the e1'es (Fig. 2,18). poster.oventral
rnargin of the funnel rests against the ventral mantle
adductor. The mantle cavitl, '  is occupied almost en-
tirely bl the visceral sac. Free space ofthe ventral
rnantle cavity' is greatlv reduced as compared il ' i th
Enteroctopus. The ventral median-mantle adductor
is rvide. The anterodorsal mantle adductors are si-
tuated at some distance frorn 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 narro\\'er and longer than in Enteroclopus. They,
attach to the st1,' lets in a similar wav as in Enteroc-
roptrs (Fig.24C). The "fin" nerves start off the stel-
lar ganglia. run posteriorly tou ard attachment of the
tunnel retractors and pierce the dorsal rnantle u,all
near anterior ends of the stvlets.

CRO.SS-.SECTIONS. The rnanrle and the funnel
consist of trvo surface muscular la1,.ers separated by,
thick middle laver of vacuolated connective tissue
tFig.  25) .  The dennal  in tegurnent  is  smooth.  th ick
and gelatinous. especiallv near the posterior apex of
the mantle. The mantle cavitv is relatively, small; i ts
ventral parl is larger than the dorsal one. In the region
betw'een anterodorsal and posterodorsal adductors the
dorsal and ventral parts of the rnantle cavin' meroe
alongside the visceral sa. (pi-e. 25C;. 

-

The visceral sac is large at the level of the collar
tblds. occupy'ing most part of the mantle cavitv
(Fig.  25A).  Pal l ia l  nerves are s i tuated on dorso- la-
teral sides of the visceral sac. betueen salivarv
s lands and the d igest ive g land (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 rnake muscular u,alls of the
visceral sac at the level of the funnel (Fi-e. 25A).
The thickness of head retractors is less than in En-
t er oc I ctpus. The anterodorsal adductors differentiate
fiom the head retractors at the level of the stellate
ganglia (Fig. 25B), At rhis level the head retracrors
becorne thinner. especially on the ventral side of
the visceral sac. The stellate ganglia are relativelv
srnall. Thel are situated on the mantle rvall. late-

rallv from the anterodorsal adductors. Posteriorll,
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
anteriorlv forming a part of the dorsal funnel rvall
(F ig .  2sA) .

The muscular portion of the funnel in its ante-
rior pafi consists of a single muscular laver. ln pos-
ter ior  pan o1 '  the funnel .  boundar ies betueen i ts
ventral and lateral walls are marked by the junction
of muscular f ibers with different orientation (Fig.
25A). The muscular collar folds originate as exten-
sions of dorsolateral walls of the funnel and attach
to dorsolateral rvalls of the mantle.

The funnel  ret ractors or ig inate as posler ior  ex-
tensions of the dorsolateral rvalls of the funnel (Fig.
25B). They run obliquely alongside the visceral sac
and attach to the stylets embedded in the dorsola-
teral rvalls 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 level of attachment of the funnel retrac-
tors the stylets. l ike in Enteroctopus. provide sup-
porl for the mantle. funnel retractors and gil ls (Fig.
25D). The visceral sac is the largest here. occup1,,-
ing the mantle cavitv almost entirelv. The funnel
retractors attach to the medial inner side of the stv-
lets (Fig. 25E). Mantle w,alls attach to dorsolateral
sides of the sty' lets. leaving narrow furrows over
them. The visceral sac attach to inner side of the
funnel retractors. while the gil l  bases attach to the
outer side of the funnel retractors.

COMMENTS. Relative size of stylets in Benthoc-
toptts is much smaller than in Enteroctopu.s. comp-
r is ing in  adul ts  7-  11%ML and 20-3 lo /oML. respec-
tivell ' . Adhesion of the funnel retractors to the str,,-
lels in Bentltoctoplts is weaker. If one tries to tear
the funnel retractors off the mantle in fresh animals.
in Enteroctopus thel' usually detach together with
stvlets attached to them. r.vhile in Benthoctopus Ihe
st;-lets as a rule remain inside the mantle rvall. But
the most important sign of vestigial state of the
str lets in Benrlrcctopzrs is their high morphological
variabil it l . especiallr variabil it l '  between left and
right stl, let of the same specimen. Such variabil ity
could not be possible in functionally, important
structure. It testif ies that the stylets in Benthoctopus
are not an) more the subjects for stabil izing pressure
of natural selection. Thus. Benthoctopus represents
an example of octopod rvith greatly, reduced shell.
uhich apparently rvas stipulated b1,the general dec-
rease of animal activit\ .
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FIG.26.  Sq le ts  in  Bat lnpohpus s t t lebrosus  ( iemale :  -17
mm \{L). A. Ventral l ie* of a pair of sn lets: rte.hl
stylet is on the let i :  antcrior end is up. B. I-ateral

/ ,  (ou ter )  r ' i e *  o f  the  r igh t  sn le t  ( \cn l ra l  s ide  i f  on  thc
right: anterior end is up1. Scale bar - I  mnt.

PI4C. 26. C lr ' r .relrr BathtpolT l :us salehrosus (cartna. J7
urr ANI). A, Bn.r napbr crn.reroB c BeHrpa*tbHoii  cro-
poHbr: npaBr,r i i  crH-rer c.reBa: I Iepe.tHtt cropoHa Ha-
neprr. B. Bu: c Soxy (orap);. t iH) npaBoro crrr.rera
(BcHTpa*rbHat cropoHa ci lpaBa: nepetHHit l i r) l teu Ha-
Bepx\ ).  lV1acrrrra5 - I  rnr.

Bathypolypus salebroszs (Sasaki, 1920)

HABITS AM HABITAT. B. saiebrosus is a srrall
(up to 50 mm ML) deep-uater  benth ic  octopus that
is  t1 'p ica l l l '  found at  depths 150-600 rn in  the Ok-
hotsk Sea. Bering Sea. off the eastern coasts of the
Kr-r r i le  Is lands.  Hokkaido and Honshu [Nesis.
\982119871.  In the Benng Sea i t  rnost l l  occurs on

rnud bottom of the continental shelf and slope. Bi-

o logl 'anC ecologl  of  th is  species are poor l l  knoun.

SHELL MORPHOLOGY. Stl lets in Batln'polvpus
are two carli lage-like chitin rods uith protninent

th ickened bend in anter ior  pan (Fig.  26) .  Thel  l ie

on dorsolateral sides of the mantle at a sharp angle

to the body '  ax is  (F ig.  27,A) .  The length of  s t l  le ts  in

adul t  octopuses compr ises approximatel l  lT% ML.

Distance betlveen sty lets at the level of their altteriof

ends is  about  52% ML. The bend betueen anter ior

and poster ior  shoulders is  verr  pro ln inent .  rangine

betrveen 110'  and I  15 ' .  Apex of  the bend is  th ick.

dome-shaped.  bear ing d is t inct  knob- l ike sculpture.

The greatest thickness of each st1 let (at the level of

the bend) comprises approximatell 14% of stl lets

length. Anterior shoulder is about tuo times shofier

than posterior. Both shoulders are thick. smooth and

pointed. Posterior shoulder is faintl l curved in zig-

zas Dattern.

^TIICROSTRL"CTU'RE OF THE STYLETS. The

grouth pattefn of st1 lets is similar to that in Ente-

t'octopus and Benthoctopus. The stylets gro"l b1

concentr ic  lar  ers.  The in i t ia l  shel l  is  s i tuated in  the

area of the bend. Apices of grou'th increments fol 'tr l
apical l ines visible through semitransparent subs-
tance of  s t l  le ts .

EXTERIIAL MORPHOLOGY. The mantle is
u ide. globular and covered b1 densell spaced der-
rnal  papi l lae (F ig.  27) .  I t  is  the most  th ick in  i ts

anterior pafi. gradually' becoming thinner postefiot-
l r .  Dorsal  mant le u 'a l l  is  the th ickest  in  the region

of the dorsal mantle cavity: the ventral mantle riall

is the thickest in the region of the ventral mantle
adductor. Mantle aperture is wide. Its lateral mar-
gins are situated belorv the e1'es. The ventral medi-
an-n.rantle adductor is thick. muscular alld rathel'
narrow. Its anterior margin is at some distance fi 'om
ventral margin of the mantle (Fig. 27B). The fitnnel

is shor1. conical. It arises deep within the ntantle
cavitr. and its posteroventral margin rests against
the ventral mantle adductor. A funnel locking-appa-
ratus is absent. The posteriorlateral rvalls of the
funnel pass into muscular collar folds. The funnel
retractors are uide and ribbon-shaped. Thel run
obliquell from posterior corners of the funnel to-
u ard the stl lets embedded into dorsolateral rvalls of
the mantle. Visceral sac is very' Iarge. The antero-
dorsal mantle adductors are shifted anteriorl) '  to the
ler' 'el of collar folds (Fig. 27B). Each adductor Lrn-
dergoes an 180o trvist so that the anterior-most mar-
gin at the visceral sac becomes the posterior-ntost
margin at the attachment to the mantle \\all.

CRO,SS-,SECTIONS. The rvalls of mantle and fun-
nel consist of tu'o layers of muscular f ibers separa-
ted b1 th in rnedian layer  of  connect ive t issue (Fig.

28). The mantle and funnel are more muscular than
in Benthoctopu.s. The lateral rvalls of the mantle are
slightl l thicker than the dorsal and ventral u'alls.
The mantle cavitl is approximatell. ' the sarne slze as
in Benthoctopr.i: i ts dorsal parr is smaller than tlte
r, 'entral one. The dorsal mantle cavity' is best dele-
loped in the area of collar folds. extending posteri-

or l l  to  the level  of  the sty ' le ts  (F ig.  28D).  The ven-

tral r.nantle cavitf is the largest immediately behind

the funnel (Fig. 28A.B) extending posteriorly to the

level of gonads. In the region bet*'een the antelo-
dorsal and posterodorsal adductors the dorsal ancl
ventral par-ts of the mantle cavity merge alongside

the v iscera l  sac (F io.  l8C).  The v iscera l  sac occLt-
p ies about  of  the mant le cavi tv  reaching the greatest

size at the ler el of attachnrent of the funnel l 'etfac-

tors (F ig.  l8Dt .  The pal l ia l  nerves are ver ; '  large.

oval in cross-section and sitr-rated between salivarl
g lands and the head ret ractors (F ig.  28A).  Bet i ieer l

the anterodorsal and nosterodorsal adductors the
viscera l  sac is  occr :p ied main l r  by large d igest i re
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FI(l  2T General anatomr', .of Barhrpolvpus salebrosus. A. Adult female (-17 mm ML). dorsal vieg. The skin isremored to sho* the outl ine of the maniie. Bold arro*s *i th numbers indicate *re franei oTcoii .r fonolng cross-secrions(shorin in Fig 28) B Adult female (50 mm 1r'1L). lateral r lre*l  i iai  . .*ori t  of the mantic *.al l  and gi l l  f iomthe lelt  side. Scale bar :  I  cnr

PLLC.27. Clpoeulie Bathpohpus salebrostts. A. B:poc.ra.a carrxa (_17 rnr nivl).  BHJ c JopcatbHoii  cropourr. KoNHrreIlo^poBbl )ra-leHI' l '  q 'o5rr noxa:arb KoHr\Dsl rraHiurt,  c-rpe.rrH g,ryir lpalru )Ka3brBaror no.roxeH'e coorBercrBlRrr 'rJ\cpe3oB (rro*a3aHl'r  Ha Prrc. 28)..13. B:poi.rar carrxa (50 vrr ,qri i i : - i ;r  . '6o^, noir.  i ; ; i ; ; ; ;  \raHrHH u xaopsrc -reBoii  cropoHr,r.  \4acura6 - I  crr.
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Ir lG. 28. Schcmatic cross-sectrons of the sol i  bodl in Bathtpoltpus salebrosus (adult t 'emale: 5'1 mm lvl l)  A. Sectiorr
l .  at the lerel of anterior part of thc funnel. B. Section 2. at the lerel of anterior dorsal mantle adductors (posterior
part of the funnel).  C Seit ion 3. behind anterior dorsal mantle adductors. D. Section ,1. at the level of attachment
bf the tunncl retractors. F-. Enlarged t iagmcnt of f igure 

'D' 
shosing aftachment of the mantle and tunnel retractor

to  the  she l l .  Pos i t ion  o f  sec l rons  is  indrca ted  on  F ig  27 .  A-D:  sca le  bar  =  1  cm.  E :  sca le  bar :  I  mn l .

PI,IC. 28. Cpe:u rr l |xoro reta Bathrpoltpus salebrosrrs (B3poc.rac cartra: 5-l  r .1\r n.M). A. Cpe: l .  ua rpoaHe nepe:Heir
rracrl i  BopoHKu. B. Cpe:2. Ha ypoBHc nepeJHH\ -topca-rbHhrr rrasrui iuux ar ' t) 'KropoB (:a{ul l . lacrb BopottKH).
C. Cpc: 3. no:laLl Jopca.tbHbt\ rrarrrni iusrr a.1t) KropoB. D. Cpe: -1. ua vponne npHxpen"reHxq perpaxropoB BopollKu.
E. ) 'se-r lqeHrluit  (rparrrcur su:a 

'D'.  
noria3brBaHrLrHii  npnxpen.reHHe \ laHTHH H perpaKTopa BopoHKH K crr l ler\.

f lo"roNeHne cpe3oB ) Ka3aHo ua Pttc. 27. A-D: rtacutra6 : I  crt .  E: rtacura6 : I  rnt
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gland (Fig. 28C). The ink sac is absent. Posterior ro
the stylets the visceral sac is fused r.vith the mantle.

The head retractors make thick muscular rvalls
of the visceral sac at the level of the funnel (Fig.
28A). Posteriorly thel' gradually become thinler.
I'he anterodorsal adductors separate from the head
fetractors at the level of the stellate ganglia (Fig.
28B). The stellate ganglia are larger ihan in Bent-
Itoctopus. The,v l ie on the lateral mantle ',valls ven-
trallv from the attachment of anterodorsal adduc-
tors. The anterodorsal adductors are unusually thick
and nrn obliquely upward from ventrolateral sides
of the visceral sac to the dorsolateral r.valls of the
rnantle. E,ach adductor is surrounded b;- thick ge-
latinous dermal integurnent. Posterior extensions of
inner la1'ers of the head retractors can be traced
behind the anterodorsal adductors as thin muscular
cnvelope of  the v iscera l  sac (F ig.  28C).' lhe 

median mantle septum consists of two thick
adductor muscles diverging in a V-like pattern from
the midline of the ventral rnantle r.vall (Fig. 28C).
,Anterior extensions of the adductors extend anteri-
orlv forming a part of the dorsal funnel w'all and
the 'uvall of the visceral sac (Fig. 28B).

The muscular portion of the funnel in its ante-
rior parl consists of a single circular muscular la1,er
tFig. 28A). In posterior part of the funnel. bounda-
ries betrveen its ventral and lateral u'alls are marked
b1' the junction of muscular f ibers of different ori-
entation (Fig. 288). The collar folds originate as
extensions of the dorsolateral w,alls of the funnel
and attach to dorsolateral u,alls of the mantle. The
tunnel retractors originate as posterior extensions
of  dorsolatera l  wal ls  of  the funnel  (F ig.  288) .  They
rLrn obliquely alongside of the visceral sac and at-
tach to the st;-lets embedded in the dorsolateral
*a l ls  of  the rnant le (F ig.  28D).  Inner  s ides of  the
lirnnel retractors attached to the lateral walls of the
r isceral sac along their entire length.

The stylets are enclosed into thick carti laginous
shell sac (Fig. 288). The funnel retracrors anach ro
the ventral side of the st1,' lets. r.vhile the mantle at-
taches to their lateral sides leaving wide break on
their dorsal surface. At the level of attachment of
the lunnel retractors the gil ls atlach to the funnel
fetractors ventral to the stvlets (Fig. 28D).

COMMENTS. The stvlets in 3o7/11;pol,pas fit u'ell
irrto the row of gradual reduction of the shell in
Octopodidae occupy ing inrermediate position be-
t\\een well developed stl, lets of Enteroctopas and
\ estigial ones of Benthctctopus. Relati l,e lengrfi sf
ihe st),lets in Bathvpoltpus 117%) is somewhere
betr.r'een tl-rat of Enteroctopus (20-32% ML.1 and
Btnthoctopus (7.6-11%). Sculptured knob-like
.urface of the bend in the stvlets of Bathpolttpts
indicate that these structures provide substantial
)Llppoft for the funnel retractors. unlike soft and
srnooth sty' lets in Benthoctopus. On the other hand.

FIG. 29. Stylets in Eledone nrcssyae. A. Dorsal vreu
of a pair of sq lets from adult male (63 mm ML):
anterior end is up. B. Lateral (outer) vieu of the
right str let of the same specimen (ventral side i f  on
the r ight: anterior end is up). Scale bar :  I  mm.

PVC. 29. Cru.rerst Eledone messyae. A. Bul c ro-
pcalr,Hofr cropoHbr rrapbr crHneroB 3penofo canua (63
rr: ' r  !M): nepe.tHqr cropoHa HaBepx). B. Bnl c6oxr
lcHapvxn) npaBoro cruiera roi i  xe oco6u (nertrpa.r i-
Hac cropoHa cnpaBa: nepelHH)i KoHeu HaBepxr ) Mac-
i l 'rao - I \1\1.

the stvlets in Bathypolypas could not be as effective
supporting structures asin Enteroctopus due to their
small size and softer consistency.

Eledoninae Grimpe, 1921

Eledone messloe Voss, 1964

HABITS AND HABITAT. Liltle is known aboul
habitat and biology of E. messyae. According to
Nesis [1982/1987].  i t  is a benthic species inhabit ing
upper shelf of Brazil. Uruguay, Argentina and Tri-
nidad Island in depth range from 30 m to 160 rn. It
is a small octopod. growing up to 75 mm in mantle
length [Roper et al.. 1981].

SHELL MORPHOLOGY.The sfylets are long. slen-
der and needle-shaped chitin rods lying on the dorso-
lateral side of the mantle (Fig. 29). They are set widell
apaft from one another: distance between the stvlets
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 anatom)' of Eledone messyae. A. Dorsal vierv of a maturing female (35 mm ML). The skin is
removed to show the outl ine of the mantle. Bold arrows r." i th numbers indicate the planes of corresponding cross-sections
(shor.vn in Fi-e. 3l).  B. Lateral vierv of an adult male (63 mm ML) after removal of the mantle r.val l  and gi l l  from
the lef i  side. Scale bar - I  cm.

PI4C. 30. CrpoeHue Eledone messyae. A. flopca-rsurrii sur co:pesarcuteii cauxu (35 vv [M). Koxsue noKpoBbr
y,la"rreHbr..{ro5sr noxa3arL KoH'r}'p MaHTurr. Crpe,rrrl c uur}palrn )'Ka3brBarcT flo.roxeHne coorBercrBy]oulux cpe3oB
(norasauu Ha Puc.31). B. Bl,r c6on1'(n:poc"rsri i  calreul 63 nrr lM) noc.re ) ' .raJeHu.f,  creHKr.r MaHr[n u xa6pu
c Jeeofi cropoHbr. Macuna6 - I crr.

g'x

fun
!, soc
mcvB

imately 11% llL. 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 lYo styiet length. Anterior and posterior sho-
ulders are slightly arched inside the mantle. The
anterior shoulder is relatively long, approximately
40o/o of stylet length. The distal parl of both shoul-
ders is straight.  without zigzag curvature.

MICROSTRUCTURE OF THE SZYZEZS. Mic-

rostructure of the stylets is essentially the same as
in Benthoctopas. 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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FIG. 31. Schematic cross-sections of thc soft bodl in Eledone nrctssrae (rraturing f 'emale: 35 mm ML). A. Secrion l .
at the level of antcrior part.  01' the funnel. B. Section 2. at the ielel 'of anterlor dorsal ntantle adductors (posterior
part.  of thc funnel).  C. Section 3. behind anterior dorsal mantle adductors. D. Section ,1. at the level of at iachrncnt
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to the left  shlet.  Posit ion of seci ions i i  indicated 6n Fig. 30 A-D: scale bar :  I  cm. E: scale bar :  I  mm.

PLIC 3l Cpc:rr rltlxofo teta Eledone massrde (co:penarouar car,rxar 35 ulr !M). A. Cpe: l. Ha l,poane nepe:rueriqacrf i  BopoHKu. B. Cper 2. ua IponHe f lepe.tnu\ -]opcarbHblx naurui luslx a1:I] ,K.ropoB (:agrur qacrb Bopo]rKfi) .
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part. gradually becoming thinner posteriorly. Late-
ral rvalls of the mantle are thicker than dorsal and
ventral u'alls. The mantle apefture is relatively
srnall: i ts lateral margins are situated well below the
e;'.es. The ventral median-mantle adductor is thick
and rvide. It attaches to the visceral sac from the
level of the anterodorsal adductors to the level of
the stvlets (Fig. 30B). Anterior margin of the ventral
median-mantie adductor is at some distance from
ventral margin of the mantle. The funnel is long,
tube-like. fused with the head approximately along
of its 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.
rvide. 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.
Tlre visceral sac is fused with the mantle posterior
from the level of the stylets (Fig. 30B).

CRO^SS-.SECTIONS. The walls of mantle and the
funnel consist of two thick surface muscular layers
separated bv ver1, thin layer of connective tissue
(Fig.3 l ) .  In  anter ior  par l  o f  the mant le i ts  la tera l
walls are slightly thicker than dorsal and ventral
rvalls. The dermal integument is very thick. Its sur-
face bears prominent papil lae 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 cavitl, 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 v iscera l  sac is  re lat ive ly  smal l  in
anterior parl becoming very large posteriorly. Be-
tween the anterodorsal and posterodorsal mantle ad-
ductors the visceral sac is occupied mainly by large
digest ive g land (Fig.  3 iC.D).  The ink sac is  in  unu-
sual position. deeply embedded inside digestive
gland from the ventral side.

Head retractors rnake thick rnuscular walls of
the visceral sac at the level of the funnel (Fig.31
A). At this level they consist of thick inner and thin
ollter muscular layers. The anterodorsal adductors
differentiate from the outer layer of the head ret-
ractors at the level of the stellate ganglia (Fig. 318).
The anterodorsal adductors are unusually oriented
running obliquel,v downward from dorso-lateral
r.valls of the visceral sac to lateral walls of the rnan-
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 septlrm (Fig. 31C). The median rnantle sep-
tl lm 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 extenslons
of the median mantle adductor form a parl of the
dorsal  funnel  wal l  (F ig.  3 lA,B) .

The muscular portion of the funnel consists of
s ingle c i rcu lar  muscular  layer  (F ig.  3 iA.B) .  The
collar folds originate as extensions of the lateral
walls of the 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. f lat and ribbon-like in the middle par1.
gradually becoming thicker posteriorly (Fig. 3lC).
Inner side of the 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-sect ion (F ig.  3 lD) .  The wide media l  s ide
of each base attaches to lateral side of the visceral
sac, while the narrow outer apex attaches to the
media l  hal f  o f  the sty let  (F ig.  3 lD,E).  The sty lets
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 of the 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 gil ls attach to the mantle wall ventral from the
sty I ets.

COMMENTS. Extremely narrow needle-like shape
differs the stylets in Eledone from those in other
octopodids studied. At the level of the greatest dia-
meter the stylets in Eledone comprise less than l/3
of the mantle wall thickness. Weak expression of
the bend, relatively small size and smooth surface
of the stylets in Eledone indicate to the reduction of
supporting role of the 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 gil ls. Widened
inner bases ofthe funnel retractors apparently ensu-
re strong connection between the visceral sac and
the mantle. Reduction of supporling role of stylets
in Eledone may be caused by decrease of its swim-
rning 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 fYoung, 1996]. Body tissues are ge-
latinous. Fernales are very large. reaching 400 mrn
ML or a total length up to 2 m [Nesis. 1982/19811.
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Males are much smaller than fernales. but thel are
no dr.vartt like in other representatives of argonau-
to id fami l ies [Young.  1996] .  According to Nesis

!9751. the deep umbrella formed by' the arms and
rveb serves Alloposus as its main organ of locomo-
t ion.  Abi l i t l ,  for  the je t -sw immins is  apparenth lost .
Recentll '  this was confinned by' direct submersible
obserr, 'ations of Alloposus su'imming n ith slou me-
dusoid motion of its umbrella just above the ocean
f ' Ioor  fYoung.  1995] .

SHELL MORPHOLOGY. Sn'lets in Alloposus
rrere f l rs t  d iscovered b i '  Voight  119971uho descr i -
bed tl-rem as 'gelatinous masses'. situated ' in the
dorso-lateral mantle'. Stvlets in ,l l lctpctsus are unll-
sual in their shape and structure (Fig. 32). Ther are
re lat ive lv  smal l .  wide and th ick drop- l ike bodies of
soft consistencl' ernbedded in the lateral rl,alls of the
rnantle. In forrnalin-stored specimens st) lets are
transparent. soft and flexible. l ike rvater-fi l led bal-
loons. The lengths of st,v-lets comprises about l0%
VL. As the srylets l ie on the lateral sides of the
rnantle. the distance bet'uveen thern eouals the man-
tle u'idth at that level. cornprisin-e about 54% ML.
In each st,vlet the anterior and posterior shoulders
fbrm an obtuse angle of about 135o-145o betrveen
thern. The shorter anterior shoulder is rounded and
uide; its length comprises about 33%o of the stl let
length. The posterior shoulder attenLlates to a point.
I 'he bend is low and dome-shaped: its surface is
snrooth. The greatest u'idth of the stl, lets (at the
level of the bend) corrprises approximatelr 46% of
:ty let length. The inner side of each stl let bears a
prominent ridge ending in a prominent dome jLlst
above the nucleus (F ig.  33C).  The sur faces of  the
-it\ lets are smooth. Dorsal side of each st1 let bears
a shallow groove betu'een the anterior and posterior
shoulders.

UICROSTRLTCTLTRE OF THE S?YZEZS. As in
other incirrates. the st;-lets in Allopostts are compo-
sed of concentric layers growing around an init ial
.hell, fhe latter is visible in transrnitring l ight uithin
ihe bend. However. all attempts to make cross-section
ot'these structures failed. as the srylets lost their shape
lnd released r.vater r.vhen their surface is broken.

EXTER IAL MORPHOLOGY. The bodr. is smo-
.rth and u'ith gelatinous integurnent concealing the
rLnder l l , ing rnusculature (F ig.  33) .  The mant le is
.hor1. rvide and cup-shaped: its length averages 380%
I L. Dorsal rnargin of the mantle fonns *ide
:ongue- l ike process pro ject ing anter ior ly .  Ventra l
;nargin of the rnantle is shallovv conca\/e. The man-
:le apefture is u,ide: its lateral rnargins are situated
rt the level of ey'es. The long. ri ide. tLrbe-like funnel
:s completely ernbedded in the head. Its u ide nozzle
opens anteroventrally to the e1'es (Fig. 33B). A
n eak funnel locking-apparatus is present. It consists
rf hook-like muscular folds on the funnel corners

Left

FIG. 32. St1 lets of . ' l l lopos nuol/ is ( immaturc male: 60
rnm 1\{L). A. Inner lateral vie* of the lcft  str let (an-
tc r io r  end is  up :  r  en t ra l  s ide  is  on  the  r i lh t1 .  e .
Inner lateral vieu of the r ieht str let (anterior end is
up: r entral side i f  on the 

- left1. 'C. 
Dorsal r res o1

the r ight sn lct (anterior end is up: inner side is on
the left).  D. Inner lateral vie* of the r ight st\  let (samc
orientatron as in 

'B').  
A.B the sn lets are drari  n

natural lr  transparent to sho* their grosth increments.
C.D the st\ lcts are drann oDaoue to rereal their
:u r l ' r ce .  Sca l . i  b l rs  I  mm.

PI,IC. i2. Cru.reru ,- l l lopos nrol/rs (He:pe.rtr i i  carreu: 60
rrrr ,1\1). A. Bn: . teBofo crH.tera c6oxr'  (u:r lr  lpH):
f IepeJHHi{ KoHcr] HaBepx]: BeHTpiLtbHar cropoHa cf lpa-
aa. B. Bnr npaBofo cru"tera c6oxy (u:u1rpr): l re-
pe-tHuii  KoHeu HaBep\\ ' :  BeHTpa-tbHar cropoHa c"leBa.
C. Bu-r npaBolo cru.tera c :opca-rsuoi i  cropoHrr (nc-
pc.tHHil KoHeu rraBep\\:  BH\rpeHrJrr cropoua c.rentr).
D. Bu: npaBolo crn.tera c5oxr (HrHvrpu): opueHra-
uurr ra xc. qro sa 

'B'.  
A.B - crn.rerrr u:o6paxeHrr

ecTecTBellrlo ilpo3paqHhr\tti. rtToobr rroKa3aTb il\ c.toH
ruapacraHHr. C.D crH.terbr u:odpaxeurr Henpolpaq-
Hurru. qlo6rr noKa3arb pe-rretp HX noBepxHocru. N4ac-
nra6 : I  rnr.
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FIG. 33 General anatoml of , l l loposus moll is. A. Dorsal r ier i  ( immature male: 60 mm ML) B Sam: specimel:

lateral r icg. Bold arro*s *i th numbers indicate the plane of correspondin-e cross-sections (shorvn in Fig. 31I q

Lateral \ ieg of a immature male (63 mm \{L) altef removal of mantle *al l  and gi l l  from the r ight side. Scale

bars = I cm.

PI,{C. 33. Crpoenye , l l loposus moll is. A. Bnl c:opcanruoi i  cropoust (He:pe,rslf i  carreu: 60 vrr nM). B. Tor xe

,*aaynr"p, su-t c5ori. .  Crpe"rror c urrspatrn ) Ka3brBaKlr no.roxeHue coorBcrcrB)lotuu\ cpe3oB ([oxa3aHbl Ha Pnc

3-l).  C. dn,r cdonl , io..-re y-ta-r."uq crcHKr.r \raHrHH u xadpsr c npaBorr cropoHbl (ne:pe-rsri i  carteu: 63 r l :r t  t l l \ ' I )
Nlacura5 = I crt.
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5. at thc level of attachnlcnt of the funnel rerractors..  F Enlarged t iaernent of t l_eure 
t l t  

i i roir in-s unacl1nrcni o1the mantle and funnel retractor to the lel i  sr l  let.  Posir ion of sict ions " is 
rndicated-o" r ie 1:.  A-E: scale bars -I  cn t .  F :  :ea le  bar  =  I  nun.

: ' l lC. 3'1. Cpe:st rt l rxoro re-ta_ . l l loposus rrol lrs (ue:pe.rar ca\rKa: 57 rnr i l lM). A. Cpe: l .  sa r poBrre repeJHcro
Jopcarr,Hofo Kpa.s \ laHrHH. B, Cpe: 2. no:alu BopoHxrl.  c. cpe:3. ua rpoage rrepe.rHu\.-ropcarLHbrx rrasrurissrr
al:1 xropoe -D Cpel -1. no3aln .topca-tust'tx rtaHruirshr\ r-LrlKropon E. Cfir 5. Ha rponHc npnuip.n.,.rtu" plTparil-opoB
BopoHKH. F. Yee,rrl.rerrrmrii (rparrrerrr B[:Ia'E'. nor(a3brBanorulfi npurpen.rcHue \taHrHH u perpah-ropa BopoHKn K _teBo\r\
cru'r ler\.  f lo 'roxeuue cpe3ou rtoxa3aso ua Puc.33,;\-E: rracurla6 I I  crt .  F: rracurrad':  I  rrrr l
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and corresponding ridge/groove s)'stem on the man-
tle. Visceral sac is rather small. Inli sac is present.
The median rnantle septum is rvide but feebly' rnus-
cular. Its anterior margin is at the anterior ventral
margin of the mantle. The funnel retractors pass
nearl,v longitudinall l '  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-.SE'CTIONS. The rvalls of mantle and fun-
nel are thin and rveakh' muscular. Dorsal rvall of the
mantle projects furlher anteriorN than the ventral
r.vall. so tl-rat the latter is absent on the section at the
level of the funnel (Fig. 3aA). The dorsal mantle
wall that confines the dorsal mantle cavit,v is cons-
picuously' thinner than lateral and ventral 

"valls 
con-

fining the ventral mantle cavity (Fig. 34C.D). The
rnantle cavitf is spacious: the dorsal part is larger
than the ventral one. The dorsal mantle cavitv is best
developed in the area of collar folds. while the ven-
tral parl reaches the greatest size immediatell be-
h ind the fumel  (F ig.  35C.D).  Viscera l  sac occupies
about 2/3 of the mantle cavity'. Posterior part of
digestive gland is divided into left and right lobes
(Fig. 3aC,D). The ink sac is enbedded between the
two lobes of the digestive gland. An elongated h,vd-
rostatic organ lies in the rniddle part of the visceral
sac. along its dorsal midline. next to digestive gland
(Fig. 3aC.D). Numerous folded and branched mem-
branes project inside the organ from its walls.

Head retractors are thin. shoft and rveak. They do
not fonn a complete muscular envelope around the
anterior part of the visceral sac. like in octopodids.
but run along lateral sides ofthe 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. 3aA-C).

The anterodorsal mantle adductors are peculiar
in shape and structure. They'separate from the head
retractors verv early. at the level of the funnel. Here
they' have the shape of lou' ridges on the ventrola-
teral sides of the visceral sac (Fig. 3'1A). Each ridge
consists of a series of muscular bundles surroun-
ding a pal l ia l  nerve,  The lat ter  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 l igaments therebv dividing
the collar pockets into dorsal and ventral pafts (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 rnantle ri 'al ls behind
the stellate ganglia (Fig. 3aC). Thel are situated so
lorv in lelation to the visceral sac that should be
termed more correctly' the 'anterolateral adductors'.

The median mantle senturr consists of tr.ro thin

adductor muscles running along the lateral sides of
a gelatinous core containing the rectum, vena cava.
mantle arlery and the duct of the ink sac (Fig.
34B.C). Anterior extensions of the adductors form
a lorv ridge that extends anteriorly forming part of
the dorsal funnel wall and the ventral side of vis-
cera l  sac (F ig.  3aA).

The muscular portion of the funnel consists of
one ventral and two dorsolateral muscular walls
(Fig. 3aA). Boundaries between these walls are
marked by the junction of muscular f ibers of dif-
ferent orientation. The collar folds originate from
the lateral rvalls of the funnel, pass alongside the
visceral sac and attach to dorsolateral walls of the
mantle. The funnel retractors are thick and wide.
The;" attach to the visceral sac along their dorsal
margins. while the ventral margins hang free inside
the mantle cavit;- (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 ofthe stylets leaving
rvide break on their outer surface (Fig. 34F). The
gil ls 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 bod;,.
Reduction of the stylets in Allopostts was apparently
stipulated by the loss of jet-swimming. However.
the presence of a rvell-developed funnel locking
apparatus in Alloposus suggests that it is derived
from a more muscular ancestor.

Another characteristic feature of Allopostts rs
the presence of a hydrostatic organ. which is repor-
ted here for the first t ime. Until now. hydrostatic
organ of sirnilar structure was repofied only for
Oct'thoe IPackard. Wurtz. 1994]. The presence of
hydrostatic organ implies Ihat Alloposus can attain
neutral or near-neutral buoyancy passively. Deve-
lopment of a nerv septum between anterior dorsal
adductors and the collar folds may suppoft 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 all oceans

[Thomas.  1977:  Nesis.  1975:  1985] .  Females are
larse. up to 500 nrm ML:the males are drvarf. about
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15 mm ML. Direct underw,ater obseruations showed
that this animal can jet-swim [Young, 1995]. In
other cases Tremoctopts was found swimming near
tl-re shallow ocean floor with its long dorso-lateral
arms and web spread wide apart [Mangold e/ a/.,
1996a1.

SHELL MORPHOLOGY. The stylets are straight,
thick and relatively stiff sausage-shaped rods with
slightly pointed ends (Fig. 35). They lie on the Ia-
teral sides of the mantle (Fig. 36A,). Distance be-
trveen the anterior ends of the stylets is about 45%
ML. The stylets consist of carlilage-like chitin that
is laid down by concentric layers. The center of
growth (initial shell) is situated in anterior l/3 of the
stylets. Length of the stylets is about l/6 ML. Each
stylet is slightly compressed in its middle pafi 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
sirnilar 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 pm to 15 prm,
averaging 9 pm. First-order increments are grouped
into second-order cycles. from 5 ro 32 increments
in one cy'c le.

EXTERNAL MORPHOLOGY OF FEMALES.
Body is dense, muscular and smooth. Mantle is
elongated, rounded posteriorly (Fig. 36,4). Anterior
dorsal rnargin of the rnantle forms wide tongue-sha-
ped process. projecting to the level ofeyes. Ventral
antefior margin of the mantle is even. Mantle aper-
ture is wide; its lateral margins are situated above
the level of  eye pupi ls (Fig. 368).  The posit ion of
the stylets is visible on intact animal as a pair of
longitudinal grooves on lateral sides of the mantle.
Dorsal arms I and ll are very long (n-rore than 2
times the mantle length) and connected by a large
interbrachial web. Ventro-lateral arms III and IV are
much shofter 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 anre-
roventally from the eyes. Funnel corners are folded
outward and form funnel locking-apparatus that fits
into corresponding pocket-like slits in the mantle.

B
FIG. 35. St1 lets in Ttremoctopus violaceus. A. Dorsal

vier.v of a pair of stylets fiom immature feniale (60
mm ML); anterior end is up. B. Lateral vier.v from
inner side of the r ight stylet (ventral side i f  on the
lelt ,  antenor c-nd is up) Arrows indicate thc plane
of the cross-section shor.vn in 'C'.  C. Cross-sectron
of the r ight sf ' let (dorsal side is up: outer side is
o n  t h e  l e l t , 1 .  S c a l e  b a r s  l m m .

PHC. 35. Clulersr Ttremoctopus virtlaceus. A. Bur c
,to-pcanbHoti cropoHbr napbr crilJeron ne:pe;oii cauxH
(6_0 nr,r [M): nepe,ruu cropoHa uaaepxy. B. Br.,t
c6ox1' c auvrpeuneil cropoHbr rrpaBoro crn.'rera (eeH-
r_panLHa.f, cropoHa cneBa; rlepe,IHHfr Korreu uanepxr.).
LTpe,rKH vKa3r,rBaror no.rroxeHue cpe:a. n:odpaxeu_
Horo Ha sul le 'C'.  C. f lonepeuHsui cpe: rrpaBofo cru-
,rera (nopcanbHar cropoHa HaBepx); BHeilHrr{ cropoHa
c;reea). Macmra6: I  I ,rrvr.

CRO.S,S-SECTIONS OF FEMALES. The mantle
wall is thick and muscular. Its outer and inner mus-
cular layers are separated by a thin layer ofconnec-
tive tissue (Fig. 37). The lateral walls of the mantle
are slightly thicker than the dorsal and ventral walls.

c

Right
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FIG.36. General anatomv of Trentoctopus tlolaceus (immature female: 57 mm lt'll-). A, Dorsal vieu. B. Lateral
Bold arro*s *i th numbers indicate the planes of conesponding cross-sections (shown in Fig. 37). Scale bar - I

vle\\
clTl.

PI4C. 36 C'rpoeuue Trentoctopus tiolaceus (He3pe.rar carrira: 57 rnr I|\,l). A. Bru c .ropcansHofi cropoHbr. B. Bur c6ox1
Crperxu c un$parlr )Ka3brBarcr rro.roxeHue coorBercrB\roruu\ cpe3oB (noxararrsr rra Puc. 37). Macmra6: I clr.

Dermis is thin and smooth. The mantle cavit\ is
relativell '  small: the dorsal part is larger than the
ventral one. The visceral sac occupies about 2/3 of
the rrantle cavitl ' .  Digestive gland is not divided
posteriorl) '  and occupies most of the visceral sac
anteriorl) ' . Ink sac is large. triangular in cross-sec-
tion. embedded deep into the digestive gland from
ventra l  s ide (F ig.  378-D).  A hvdrostat ic  organ is
present in the middle pafi 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. f lattened. muscular sac u ith numerous bran-
ched membranes pro ject ing ins ide f rom i ts  ual ls
(F ig .  37E) .

The head retractors are thin and u ide. Thev
form the muscular lateral ualls of the visceral sac
and almost merge dorsalh and ventrall l  (Fig.

37A.8). Posteriorl l the head retractors graduall l

become thinner and final11 disappear at the level
of the stellate ganglia. In the region of the funnel
the head retractors consist of inner and outer lay ers
rvith different orientation of their muscular f ibers

(Fig. 37A). The pall ial nerves occup)' position be-
tueen lavers of the head retractors on the lateral
s ides of  the v iscera l  sac.  At  the level  of  the col lar
fblds. the outer muscular layer of the head retrac-
tors branches outuard and forms anterior the ante-
rodorsal mantle adductors containing the pall ial
nerve (F ig.  37B).  Unl ike Al loposus.  anterodorsal
adductors in Tremoctoprls are not connected with
the collar folds. Anterodorsal adductors attach to
the mantle imrnediately behind the funnel (Fig.

37C). At the sites of attachment they are thicker
and more muscular. The lateral end of each ante-
rodorsal adductor aftaches to the lateral mantle $all
uhile the medial end attaches to the ventrolateral

side of the visceral sac. close to the funnel retrac-

tors. The stellate ,eanglia are situated below and
posteriorlr the sites of attachment of the anterodor-
sal adductors.

Ventral median mantle septum is thick. muscLl-
lar  and Y-shaped in cross-sect ion (F ig.  378.C).
Ventra l l r  the septum is  cornposed of  a s ingle.  th ick

adductor muscle that attaches to the mantle uall.
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i r lG 3T Schematic cross-sections of the soti  bodl ^ot '  .Trenoctopus t ' tolacetts ( immature female: 57 mm ML) A.Section 1. at the level of the funnel. I l .  Secriori  : .  ueir inJ ine"i; ; ; .1."b Secrion 3. ar rhe ler.el of anrerior dorsalmantle adductors l) .  Section'1. behind dorsal mantle 1,1i"; i ;r t lGi:; i  "r 
tr ' . ' r t .rr . ;  i" ' igir .r 'e. Secrion 5. ar rhelevel of af iachment of the lunnel retractors. Posit ion of sections' is indrcateo on Fig, 36. Scale bars : I  cm.

I ' l '1c 37 cpe:rt r tr l  xoro re.ta Trenoctopus t ' iolacetLs (He3pe.rar car.rxa: 57 rrrr , i l \ {) .  A. cpe: l .  ua r ponrre BopoHKH.B. Cper 2. ro:a-tu BopoHriu. C Cpe: 3. sa rpoBHe rrepeJHu\ . topca_tbt{brr rrasrnl isr ix a-Lt}. I(ropoB. D. Cpe.r :1.no3al ' ' lopca"rruux tt ' t t t t t t i i r : ] : .Ti l1:!"8 {Ha \poBHe 3Be3rqarbr\ raHr.rnt-e).E. 4;. ,-5. r i i l 'poo,,.  npu.perr.reHH,perpaKrop0B BOpOHKU.  l lo . roxesr . re  cpe3oB \K iuaHo Ha puc .36 .  \ lacur - rao :  I  c \ { .
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tr lG. 38. Schematic scctions shoning attachrnent of urus-
cles to the shel l  in Trentoctoptts t ' iolaceus. A. Lon-
gitudinal section of the mantle along the lef i  sn let.
Anterior end is on the let i :  dorsal sidc is up. B.' fransversal 

cross-sectior.r through the r ight st) let (en-
larged l iagment of Section 5: Figure 37E). Dorsal sidc
is up: outer side is to the rrght. Seale bar - |  mnt.

Pl lC.38. Kperr.rcnnc \rhrr lu K paKoBr. inc 7i 'entoctopus
violaceus. A. ilpo:o,rsuuii cpe: rtaHrun B.lo.tb .teBofo
crr{.Tera. Ilepe:uuii KoHeu c.reBa: .topca.rbHat clopoHa
uaBep\\ ' .  B. f lonepeurrut i l  cper veper npeasti i  cru.rer
(r ne.nrvcrrrr,rr i  r l rparrreHr cpera 5: Puc. 37E). ! ,opca-rr-
Haq cropoHa HaBep\): BHeuHt.q cropoHa cnpaua. N'Iac-
U T A O  :  I  \ I \ I ,

This rnuscle extends along the mantle u'all both
anteriorl) '  and posteriorl l from the region of attac-
hment to the visceral sac. Dorsall l '  the adductor
divides into t*o la1'ers that diverge onto the sides
ofthe visceral sac. The space betrveen the diverging
muscles is  occupied b1 the rectum and vena cava.
Anteriorl l the adductor muscles extend into the

funnel as a thin muscular lal er covering the rectunt.
vena cava and the dr- rc t  of  the ink sac (F ig.  i7A).

The funnel  consis ts  of  s ingle c i rcu lar  muscular
layer: its ventral and lateral ualls are fused together
wi thout  boundar ies (F ig.  37A).  Col lar  fo lds or ig i -
nate from the dorsolateral *alls of the funnel. pass

along the sides of the visceral sac and attach to

dorsolateral u'alls of the mantle. A funnel locking-

apparatus in Tremoctopzrs is rvell developed and

consists of car-ti lage-strengthened hook-like folds

of the funnel corners and corresportding pockets in

the ventra l  mant le rval l  (F ig.  37B).
Funnel retractors are rvide. thick. tnuscular

bands on the lateral sides of the r isceral sac (Fig.

37D). They fuse with the visceral sac along the
dorsornedial of their rvidth. rvhile the ventral quar-

ter hangs freely' inside the tnantle cavitr '. At their
sites of attachment to the stylets the funnel retrac-
tors are thick and triangular in cross-section (Figs.

37E: 388) .  The u ide media l  s ide of  each base pro-
jects into the mantle cavitl ' .  rvhile the narl 'ow outer
apex attaches to the rnedial half of the stylet. The
dorsal side of each retractor base connects to the
viscera l  sac by a rnembrane (Fig.  378) .  The g i l ls

attach to the mantle r'vall r.'entral to the attachment
of  the f r rnnel  le t rac lors.

Attachment of the muscles to the stylets in Tre-
ntoctopus is unusual. Longitudinal preparation sho-
ned that each stylet is obliqueiy oriented in the
animal body': its posterior parl is embedded in the
mantle muscle. rvhile the anterior paft projects into
the funnel retractor (Fig. 38A). Compared ro Octo-
prs. the sty' lets are thick in relation to the mantle.
The mantle muscles forrn a break over the stylets.
that is clearly visible on both longitudinal and tran-
sversal  sect ions (F ig.  38A.8) .

COMMENTS. Straight stylets in Tremoctopus are
not anchored in the mantle as effectively' as stud-
like sti ' lets of benthic octopods. Instead. thev are
inserled in the mantle rvall l ike obliquely knocked
nai ls  (F ig.  38A).  The smooth sur face of  the sty lets
and the absence of the bend suggest that muscles
attachment is r.r 'eaker. This reduction is compensa-
ted. at least parrly. bl the special, well-developed
funnel locking-apparatus. rvhich eases the role of
the funnel retractors in holding the funnel during
jet-sn'imming. Obviousll,. Tremoctopus cannot
srvim. l ike Allopostts. rvith medusoid movement of
its arm crown. as its interbrachial web is incomplete
(absent  betrveen arms I I I  and IV) .  Since je t  propul-

s ion is  i ts  onl l '  means of  locomot ion and i t  possesses
a large. muscular mantle and r.vell-developed st1'lets
\\ 'e assume thatTremoctopus is capable of relativelr,
s t rong jet -su imrning.

The hi drostatic organ that is reporled for Tremoc-
topu.s for the first time represents an important adap-
tation for pelagic life and implies that the octopus can
attain neutral or near-neutral buol'anc;' passivel1,.

Oc1'thoidae Gra.v, 1849

Ocythoe tuberculata Rafinesque, 1814

HABITS AIVD HABITAT. Little is known about
the life stl le and ecology' of Ocythoe tuberculala.
This pelagic octopod occurs in near-surface waters
in subtropical to temperate regions of all oceans and
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FIG 39 General anatonlY of oct 'rhoe tuberculata. A. Dorsal r ieu after removal of the skin from the mantle and head(immature female: 96'm Mr-). sota ai.oi i ls rt i tn numbers indicate the p. lanes of corresponding cross-sections(sho*'n in Fig ' l l )  B. l-ateral r l ie* af ier remolal of t i -re mantte^":rrr '""4 gi l l  from the left  i ide lrmmature temale;103 mm ML) .  Sca le  bars  -  I  cm.

PI'1c' 39 c'poeulle oclthcte ltrberctlatct, A. Bnr c:opca-rsHo.ii cropoH'r .,oc"re ]-ra-reHu.s KoxHbrx noKpoBoB c NraH.'rrll ro-jloBhl (lJe3pe-lat cartxa: 96 r^r nNI) crne-rxu c ur0par'i \ Ka3brBaro'r [o]oxeHue coorBercrByrorqxx cpe3oB
::i,lfitlb! 1?r,ti'n;i'i0"3;j$t:'?"1, 

fiocre ]rareH'.s creHKH \raHrH' N xa6prr . ..,."oii 
-.ropoHu 

(Herpe.rar

\  mcv

has often been caught by drift nets and pelagic
trawls in upper 10 m of water at night fRoper. Swe_
eny. 1976; Mangold et al.. 1996b1. The dayrime
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 fMangold et al .1996b1. Males and young
females are often found residing inside the tests of
salps [Nesis. 198211987]. Females have unusual
hydrostatic organ, which is located in the rniddorsal
region of the visceral mass fpackard. Wunz: 1994].

EXTERNAL MORPHOLOGY OF FEMALES.
The stl,lets are absent completely,. and only rluscu_
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_
imatell' 75% ML. Anterior dorsal marsin of the
mantle is fastened to the head by wide n,i.hrl Inrr-
cle. Arms are long (about 1.8 ML), ventral and
dorsal arms are rnuch longer than lateral arms. The
rveb 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 of the funnel is fused with the head.
Funnel locking-apparatus is ver), strong. forrnecl b1
r igid cart i lage-l ike corners of the funnel thar coi l
outuard l ike a spiral  hooks and insen frrmlr rnro
correspondin_u depressions in the manrle ual i  1Fig.
:l0B). The distal parrs of the funnel corners are
suol len r ihere thel  reside inside the rnant le ensu_
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Ir l t i .  -10. Oc't ' thoe tuberculattt .  A. Gcncral lateral vie* of an adult lemale. Note tubercles on ventral surlace of the
mantlc. I l .  Vcntral vieu o1- an adult female: ventral parl  of mantlc rcmolcd to shori thc structure of mantlc car i tr
and l i rnncl lockine-apparatus [f iom Naet. l92l l19231 rnodif icd]. Scalc bars - 2 cm.

Pl4C. 10 Ocythoe luberculdta. A, 3pe;ar ca\rKa: BH! c6ox1 . BeHrpa"rbHaq cropoHa \raHrnu froxpbrra ceruarorl  cxl .ru-
rrrlpoii. B. 3pe:ar ca\IKa: Bu.t c BeHrpa-rr,Hoii c'ropouu. BeH'rparsHar creHKa \{aHrHu )'.fareHa: Bx.tHo crpoeHue
rraurHriHo-sopollorrrroro 3a\lr ,rKafe.rblrolo arrrrapara [u: Nael-.  l92l l1923: c n3\relrerrHqNrn], MacuraS : 2 cr 'r .
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ring permanent. solid connection betrveen the fun-
nel and mantle. The mantle apefture is wide: its
lateral margins are situated well above the level of
e) 'es (Fig. 398).  The visceral  sac is smal l .  The an-
terodorsal mantle adductors have the shape of twis-
ted. wide bands. l 'he median mantle septum is wide
and muscular. Its anterodorsal margin is rvell ante-
rior to anteroventral mantle margin (Figs. 398;

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

CROSS-^SECTIONS. The mantle wall consists of
the inner and outer muscular layers separated by a
thin sheet of connect ive t issue (Fig. al) ,  The outer
muscular layer is thicker than the inner one and the
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FIC. 11. Schematic cr.oss-sections of the sofi bodl of Oc:,,-thoe -ttrberctrlatn lsame specrmen as in Fig. 39A). A. Sectionl '  at the lerel of the funncl B. Section 2. i t  the r.u.r or antei ior"Jorrut mantle adductors. c. section 3. at thelerel of attachment of the lunnel t . t .oi tori .  o p"JuGq i;g.;"; t iecrion 3. showing anachment of.the funnelretractor to the mantle. Posit ion o1'sections is indicied 
""-Fle. ' :U. 

t-D, ; ; .- ' ; ; ; ; :  i ; .  E: scale bar :  I

Pl4c l l  cipe:sr \rqfKoro re-la ocvthoe tt tberc'tr lata ( l^3c'rnirrp ror xe. qro Ha ?uc 39A). A. cpe: l .  Ha ypon'eBopollr ir '  B Cpe: 2'  rra.1 ponHe nepe-IHHX -lopca"t,Hhrx rra'rH*s'x a,, lJ)Kropots. c. cpe. 3. ua 'pouue rrp,Kpe,'"rreH',,pcrparir'opoB sopoHKH.. 1.. yae:rilqeHrr;rii rpp_ar-rre_rr cpc.rl 3. noi"ri,"ii"u,ru npuKpen.reHue pel.panropa BopoHriu nrraurnn. l lo.roxeurle cpc3oB roKa3aHo na-puc. 39 A_D: .,"; ; ; ;-6-^_' i  c]I .  h: Nracrurad : I  16r.
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dorsal mantle wall is slightlv 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 pan is much smaller
than the ventral one.

Visceral sac is relativelv compact in anterior
and posterior parts (Fig. alA.C), srvollen in the
middle par t  (F ig.  41B).  Digest ive g land occupies
most pafi of the visceral sac in its anterior and
rniddle portions. Ink sac is large. triangular in
cross-section. embedded into the digestive gland
frorn ventral side. The hydrostatic organ is larger
than in Alloposus and Trentoctoptts. but similar in
structure (Fig. alA-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 hy,'drostatic organ in its anterior paft is paftl)'
filled by branching membranes projecting inside from
the ventral wall (Fig. 4lA). The posterior parl of the
organ is occupied by loosel,v" comb-like. membranous
tissue not seen in the other two genera (Fig. alB.C).

Head retractors are thin. wide and muscular.
The1, forn-r 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 t lvo layers (inner and outer) u'ith
different orientation of their muscle fibers. The pal-
l ial nerves l ie inside the inner layer of the head
fetractors. lateral to the visceral sac. Posterior to
the collar fblds. the outer head retractors branch
outrvard from the visceral sac and form the antero-
dorsal adductors that attacl.r to dorsolateral u'alls of
the mant le (F ig.  ,1  1B).  Anterodorsal  adductors in
Oc1ll1rrc are thick and muscular. uith the pall ial
nerve passing in  thei r  middle par1.  Their  unusual
shape in F ig.41B is  a resul t  o f  the sect ion passing
through the tu'isted rnid-portion of the adductors.
The stellate ganglia are situated posterolaterall l , to
the attachrnent site of the anterodorsal adductors.

Ventral median rnantle septum is thin and V-
shaped in cross-sect ion (F ig.  418) .  I t  is  forrned b1
t\\ 'o verv thin adductor muscles that diverge from
the nidline of the ventral mantle uall and attach
to the ventral side of the visceral sac. in the region
of the ink sac. The space betrveen the ventral ad-
ductofs contains the rectum. \ 'ena cava and the me-
dian pall ial after) embedded in vacuolated connec-
t ive t issue.  The anterodorsal  er tension of  the Ien-
tral adductor spreads into the funnel as a thin rnus-
cular lay'er covering the rectum and vena cava.

The firnr-rel is l 'er1 uide and semicircular in cross-
sect ion (F ig.  a lA) .  I t  consis ts  of  tuo dorsalual ls  and
wide. arc-l ike ventrolateral ualls. the lafter are fused
rvith the collar folds into single muscular lalers. The
junctions of muscular f ibers of different orientation
mark the sites of attachment of the dorsal u alls to the
r,entrolateral *alls 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. a1B). The usual position of sty-
lets at the sites of attachment of the funnel retrac-
tors is occupied by dense carti lage. 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 carti lage. The
medial side of the carti lage 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. rvith a long. ventral apex projecting inside the
mantle cavity. a short inner dorsal apex facing the
visceral sac. and an outer dorsal apex inserling into
the mantle rvall. The gil ls fasten to the mantle wall
ventral to the funnel retractors.

COMMENTS. Although there are no reports of ir
.sitrz observations on the swimming mode of Ocyt-
hoe. rhe 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 abil ity for jet-srvirnming
in Ocvthoe. The loss of stylets means that the at-
tachment of the funnel retractors to the rnantle is
u'eaker. The main function of the funnel retractors
is to hold the funnel during jet propulsion. Appa-
rentl) '. the funnel retractors have partially relinqu-
ished their role in Oc-,-thoe to the strong funnel
locking-apparatus that prohibits movernent be-
tueen the mantle and the funnel. This is confirmed
b1 the thin structure of the retractor muscles. A
comparable s i tuat ion is  seen in some st rong- jening
ommastrephids where the retractors are small and
the funnel and mantle are permanently fused toget-
her .  Otheruise reduct ion of  s ty lets  d id not  induce
major  morphological  changes in Oct , thoe. ln gene-
ral. this species retained the same octopodian Ba-
uplan.  though u ' i thout  the shel l .

Argonaut idae Trvon,  1879

Argonauta nodosa Solander, 1786

HABITS AND HABITAT. Argonauts. or paper na-
ut i luses.  are muscular  epipelagic  octopods inhabi-
ting subtropical and tropical surface waters of all
oceans. but only rarely' encountered nearshore [Nesis.
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FlG, 12. Cenerir l  anatoml of . . l rgoncura..\ .  .Aduit fbmale of . l rgorrcntta Ltrgo jn
Naef .  19231.  B .  l \ la tu re  l tma le  o f  .1  nodosu (108 nr rn  \ {L ) :  d i i rsa l  r ie*  

'Bo ld

planes of cross-sections (shos n in Fig, .{3 ).  Cl.  \ , lature lemale (9J mn \ lL ):
mant le  *a l l  and  the  g i l l  f ) 'o rn  the  le f t  s ide .  Sca ie  bars  -  l cm.

PHq ^^-l^2: Crp^oeuue ..lrgonoutct. .{. B:poc:a-r carrna 'lrgonauta .z/g.o. n"lblB\ iltaq
19231. B. 3pe-rar carrxa .,1. nodosa (108 rnr I \{):  srr j  c :opcanuuoil  cropoHbr.
no-roxeHHe coorBercrB\ roiuH\ cpe3oB (nona:laHut sa Puc. 13 t.  C 3pc.ral carrxa
)la,reHnn creHKl \raHruu u xa6psr c .resoi i  cropoHu. \ lacurrad - ' l  

crr.

1982119811. Females reach l0 cm ML and build the
'shell' up to 30 crn in length. Males are duart approx-
imatell' one tenth the size of females. and have been
reported living n itlln salps fBanas et a/.. 1982]. Argo-
nauts are pool s\\'irrlrners. at least fentales.
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Fl ( j .  -13 .  Schenra t rc  c ross-scc t ions  o f  .1 .  noc l r :s t t  (n la tL l re  l tma lc :  108 nr r r  \11- ) .  - { .  Sec t ion  l .  a t  the  le le l  o f  thc
l i rnnc l .  l l .  Scc t ion  2 .  a t  thc  l c rc l  o t 'dorsa l  n ran t le  a t l c iuc to rs .  C .  Scc t ion  i .  a t  thc  l c rc l  o f  a t tachment  o f  thc  funnc l
rc t rac to rs .  D .  En la reed l iasment  o1 ' I ' i eurc 'C  shor i ing  a t tachnrc 'n t  o f  thc  funne l  re t rac to r  to  the  mant le .  Pos i t ion
o l  the  sec t rons  is  in t l i ca ted  on  F ie .  l l .  Sca lc  bars  -  I  cnr .

PI4[ ' .  -13. Cpe:u ,] .  nct,: losu (3pe.rar carrna: 108 rrrr J\1r. - \ .  Cpe.r l .  ua y poBrrc BopoHKu. [3. C.pc.l  2. ua r ponHe
rrepeJHri\  - topca-rbHbr\ a-f l \  KTOpoB. C. Cper i .  rra r poBlre nprlNpen,reHnr pcrpaKTOpoB BOpoHKn. D. \ 'Bc.rr lrcHHrri i
( tpa i r rc r r r  s r r la ' ( - ' .  i ruKa lbnar i ) rnn i  rn rKf r ! 'n . reHne perp l lKropa tsopoHKr l  K  \ raHTn l l .  f lo - roxeHt te  cpe loB [oKa]an( )
Ha Pr lc .  -12 .  \ lac r r l ra6  -  l c r r .
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is absent. f-emales secrete a thin external calcareous
shel ter .  o f ten cal led the 'shel l ' .  in  u 'h ich rhe1, '  l ive
and brood eggs fNesis.  1982119871.  This .shel l '  is
a planispiral. laterall l  compressed. boat-shaped
structure lrith paper-thin. ribbed u,alls. The rveb
betrveen arms I I -  IV is  d is t inct  but  shal low.  Dorsal
arms of fernales have large sail-l ike vu'ebs. The inner
surface of the rveb is covered uith glandular t issue
and is responsible for secretion and shapins of the' she l l ' .  T l p i ca l l l ' r he  f ema le  s i t s  i n  t he : she ] l '  , r i t h
the beak facing or-rtu ard. its dorsal arms curved back
u ith the n eb expanded or,'er the 'shell '  and all other
arms ins ide the 'shel l '  ho ld ing onro i t  (F ig.  a2A).

The mant le is  muscular .  smooth.  e lonsated and
ovoid. Posterior parl of the rnanrle is cuived dor-
sal l l ' .  r ih i le  i ts  middle par l  forms d is t inct  dorsal
sn 'e l l ing g iv ing the animal  harnpback appearance
(Fig.  42A).  The manr le length is  ca.2 lo/o TL:  man-
t le  u idth is  about  41%ML. Anter ior  dorsal  rnarg in
of  the mant le has a shal lo* ,  inc is ion in  the middle
separatin_e tu o anteriorly projecting lobes. Each
lobe is connected rvith the head b1' a narror.v and
long nuchal  muscle (F ig.  a2B).  The head is  s l ight ly
narro\\ier than the mantle. Water pores are absent.

Funnel is ver.u br.oad and long. projecting rvell
bevond the arm bases. Its distal half is free from
the head for about of its length. proxirnal part of
the funnel is fused rvith the head and fastened to
the bases of ventral anns by a pair of long. strip-l ike
Iateral funnel adducrors (Fig. a2C). The funnel loc-
king-apparatus is similar. to that of squids: it con-
sists of oval depressions on the funnei corners and
corresponding carti lage-like knobs on the mantle.
The rnantle apeftLlre is very rvide: its lateral mar-
glns are situated rvell above the level of eves. The
antelodorsal mantle adductors are tu isted long
bands. Ventral median rnantle septum is narror,r..
Anterior margin of the septurn at its ventral attac_
hment is at some distance from the anteroventral
margin of the n-rantle. The mantle rvall adiacenr ro
the ventral adductor bears deep transversal groove.
which looks as conspicuous constr ic t ion on longi -
tudinal  sect ion (F ig.  a2C).

CRO.SS-.SECTIONS. The mantle wall is muscular:
its inner and outer muscular layers are approxima-
tely' equal in thickness and separated by a very thin
Iayer of connective tissue. Where the anterodorsal
adductors attach to the rrantle. the mantle rvalls are
slightl l '  thicker than the dorsal and ventral walls
(F ig a3B) In poster ior  hal f  o f  the mant le.  i ts  u.a l l
is thinner and approxirnately unifonn in thickness
around i ts  c i rcumference (Fig.  43C).  The dermis is
tl-rin and slnooth. The mantle cavitv is large. Ante-
riorlv the rnantle cavity, is somewhat larger dorsallr
than ventrall l '  (Fig. 43A.B). posteriorlr,. ihis propor-
tion is reversed (Fig. a3C). Anrerior parr of the
visceral sac is ahnost entirel-r ' occupred br 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. a3A). 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 seDa-
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 pall ial nerves are small and indis-
tinct. Anteriorly they are situated on the inner sides
ofthe 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 rnus-
cular  (F ig.  438) .  I r  is  fonned by two very th in
adductor muscles. which originate on the midven-
tral mantle wall, pass almost parallel to one another
and attach to ventral side ofthe visceral sac. Space
of the adductors is very small, containing solely the
rnedian pall ial ar1er1 . The rectum, ink sac and vena
cava are shifted toward the visceral sac. The me_
dian adductor muscles do not extend anteriorlv into
the funnel .

The funnel 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. Thev 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 rvall of the mantle. forming spacious col-
lar pockets on both sides of the visceral sac

The funnel retractors are thick. muscular rib-
bons fused to the visceral sac along their inner mar-
gins (Fig. 438). The funnel 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 carti lages. oval in cross-sec-
tion. Inner side of each supporling car-ti lage is ern-
bedded in the connect ive- t issue envelope of the vrs-
ceral sac. while its outer side attaches to rhe funnel
retractor. At the site of attachment to the rnantlc.
each funnel  ret ractof  is  t r iangLr lar  in  cross-scct io l t .
u i th  the lor i  outer  aper  inser led in to the l lanr lc .
the lone dorsal  apex connected r i  i th  thc-  r  i :cera l
sac.  and the lons.  rentra l  aper  hanuinc l iec l - r  in t r r
the mant le car  i t l  (F ig.  - l lCt .  Breaks in  the rnanr le
nruscle at  the s i tes of  af tachrnent  of  the t i rnnc. l  rer-
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ractors mark the normal position of st1 lets. Each
break is f i l led by carti lage. probably' the remnant
of the shell sac (Fig. ,13D). The lateral sides of the
carti lage attach to the mantle ualls. u'hile inner
concave side of the carti lage together u ith the man-
tle u'all. fbrm a shallou concar,' i tr ' . in rihich the
funnel retractol's are inserted. Thus. the funnel ret-
ractors attach to the inner side of the carti lage the
salne wav thel' attach to the st1'lets in other shell-
bearing incirrates. The gil ls fasten to the rnantle
wall belorv the attachment of the funnel retractors.

COMMENTS. General rr-rorpl-rological design of
Argctnauta shorvs manl' features of adaptation to
epipelagic rnode of l i fe. This species does not have
a lr1'drostatic organ like Oct' lhoe. Trentoctopus and
, l l loposus,  but  i t  is  knoun to t rap a i r  in  i ts  'shel l '

fbr buoy ancy' fYoung. 1960]. Comparing u ith Ocr't-
irr.,e. muscular components in all adductors in,lrgo-
ncttio are much r.veaker indicating its less reliance
on strong jet-srvirnming. The furtnel retractors are
connected rvith the visceral sac through thin con-
nect ive- t issue membrane (anter ior l l  )  and unusual
car t i lage (poster ior l l  )  (F ig.  a3A.B).  Ventra l  median
nrantle adductor at the site of aftachment to the
r  iscera l  sac is  th in and narrou (F ig.  a3C) and does
not extend very far (Fig. -+3C ). Anterodorsal mantle
adductors are verv u'eak as thel' consist paftl) of a
th in mernbrane (Fig,  43B).  Reduct ion of  muscle
tissue rnakes the animal body' fragile and unable to
produce rapid jet thrusts.

Reduction of st1'lets tn Argr.nauta. sirnilarly
rtith Octthoe. is compensated b1' the development
of a strong funnel locking-apparatus of teuthid t) pe
and b1'' unusual strengthening of the attachment of
the funnel retractors to the visceral sac. As r^,' i th
Ocythoe, reduction of stvlets in Argornuta did not
induce an1' major morphological transformation.

Bol i taenidae Chun,  l9 l l

Japetella diaphanu Ho1'le, 1885

HABITS AND HABITAT. Japerella diaphun is a
meso-bathy'pelagic octopod inhabiting tropical and
ternperate zones of the u orld oceans [Nesis.
19821811. Adults occur at depths from 600 rn to
1050 rn and apparentll '  do not perfonn diLu'nal rnig-
rat ions [YoLrng.  1978] .  This  octopod grou 's  up to 10
cm NIL.

EXTERIVAL MORPHOLOGY. The bodl is u'eak-
ly  muscled and je l ly ' l ike (F ig.  aa) .  Dermal  in tegu-
ment is gelatinous and thick. especiall l  on the dor-
sal side of the head betrveen the e1'es. u here 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 dorsallf in the
head along nearlv its entire length. A funnel loc-

a
I 12 13

FIC. -11. Gcneral anatoml of Japetella diaphana (irtt-
mature female: 57 mn'r N'IL). A. Dorsal vicn. B. l .ateral
vies. Bold arroris with numbers indicate posit ion ot '
the  c ross-sec l ions  (shor in  in  F ig . ;15) .  Sca le  bars :
1 crr.

Pl-lC. ll. CrpoeHue Japetella diaphana (He3pc-'rat ca\tKa:
57 rnr ;rlN'l). A. Bu.r c Jopca-rruoii cropollLt. B. Bu:t
c6ox1 . Crpe"rxu c rtuQpartH vKa3brBarcT no.roxeHile
coorBercrBlroruHX cpe3oB (nona:ausr ua PHc. .15).
Nlacrura6 : I  crr.

king-apparatus is absent. Arms are shorter than the

mantle. The web is relat ively deep. connecting al l

arms for about 2/3 of their length. The nantle is

elon-eated-ovoid. corrpl ising approxirnatel,v 55%

TL. The st l  lets are absent. and breaks in the mantle

rnusculature are barel l '  visible on the posterolateral

rnantle. Mantle aperture is rvide. reaching lateralh.

the level of  e1'es (Fig. aaB).

I^ITERNAL STRUCTLTRE. The walls of mantle
and funnel are thick. but gelatinous and highll' va-
cuolated. The mantle consists of tll 'o ver-u- thin lar-
ers of circular muscle separated by a thick gelatino-
us la1 er containing thin trabeculae of radial fibers
(Fig. a5). Both ends of the trabeculae branch as thel' '
approach touard inner and outer surfaces of the
ualls of mantle and funnel. The dermal integument
is thick. Mantle cavity is very large and alrnost
reaches the posterior end of the mantle. Middle part
of the visceral sac is occupied almost entirel)' b) the
digestive gland u'hile the anterior parl is fil led b1' a
gelatinous. water)' core containing the esophagtts.

l , l
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FIG '15. Schernatic cross-sections of Japetel la diaphana lrmmature temale: 57 mm \ '1L) A Section l .  at thc lerel
of the l i rnnel. B. Section 2. at the ler:el of dorsal mantle adductors, C. Section 3. benreen dorsal mantle adductors
and l irnnel retractors. D. Section -1. at the lerel of attachment of the funnel retractors. posrt ion of sections is
rndicated on Fig. - l-1. Scalc bars = I crr.

Ptiqr l_i  cpe:sr rr.rrxo'o re-ra Japetel la dictphana (Heipe.raq carrxa: 57 rrrr , l !11. .A. Cpe: l .  sa r poBHc BopoHKrj.
B .  Cpe:2 .  na  Iponue nepe- tH l \ . topca, tbHbt \  r raHru i iu in  a r " . t lK ropoB.  C.  Cpe:  3 .  r rex- t r ' :opca- tbHbr \n i  r rauu l ius r ru r
alJ)t iropa\If i  r l  pcrpaKropa\I l l  ,BopoHKtl,  D. Cpe: -1. ua rpoaHe i lpuKpen.terulr perpax'ropoB tsoporif i l .  I Io-roxenrrc
cpe3oB noxa3aHo ua Pric. l . l .  \ lacura6 - I  crr.
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dor . . i ,  . i . .11a and a pai r  of  large pal l ia l  nerves (F ig.
l-< \ \ hr drostatic organ is absent.

i lcr.l retractors are thin and barelv visible in the
cr ' . : : - )e c t ions.  Thel  do not  form complete ent 'e lo-
pe . t r . r . \ : inJ the r iscera l  sac but  run as a pai r  of  th in
bar- , . i :  t r r . r  i ts  la tera l  s ides (F ig.  .15A).  Behind col lar
lblJ: the head retractors give origin to the antero-
dorsal  rnant le adductors (F ig.  a5B).  The lat ter  are
shr)r1. leebl\ muscular and extend bettveen the dor-
solat.-rl l  sides of the visceral sac and the lateral
ual l :  o1- the rnant le.  The ste l la te gangl ia  l ie  on the
lrantle ualls just ventral to the attachment sites of
anterodorsal adductors

'l 'he 
nredian rnantle septurn is relativeh thick.

but  r ieakl r  rnuscular .  I t  is  formed b1 tuo th in ad-
ductor rnuscles that diverge from the middle l ine
of the rentral mantle u,all touard ventral side of
the v iscera l  sac (F ig.  458.C).  

' lhe 
rectum. vena

cava and the ink sac are situated betrveen and are
embedded  i r r  c .e la t i nous  connec l i r  e  t i s sue .

The funnel is broad and its ventral and dorso-
latera l  ual ls  luse in to a s ingle muscular  la1 er  (F ig.
'15 A). The fi-rnnel rvalls attach to the ventrolateral
sides of the visceral sac just ventral to the head
retractors. The w'alls here are approximately' trt ice
as thick as the ventral rvall of the funnel. Collar
folds originate from lateral nalls of the funnel. run
alongside the visceral sac and attach to dorsal rvall
of the mantle. Muscular la;'ers of the collar folds
and funnel are fused and the boundaries bet'ul 'een
them are apparent onlv in the orientation of the
radia l  muscles.

The firnnel retractors in Japetella are unusual in
shape. Thel are ver) u'ide. thick. long and broadll
t irsed u'ith the viscelal sac along their entire length
(Fig.  46C.D).  Despi te large s ize.  the funnel  ret rac-
tols are rveakll, muscular. their nearly' rvhole volu-
rne is occupied by' gelatinous tissue ri ith sparse.
thin. r 'adial muscle-fibers crossing into it. The
cross-sections of the funnel retractors remind me
of  a pai r  of  huge bal last  tanks in  a subrnar ine (F ig.
15C). The gil ls are srrall and fragile: thel fasten
to the lateral mantle rl 'al ls b1' thin l i-earnents.

Attachrnent of the funnel retractors to the man-
tle occurs unusuall l, far posterior. in the posterior
quar ler  of  the mant le (F ig.  a5B).  At  the s i te  of
attachment the funnel retractol's extend horizontal-
11, .  to  the la tera l  s ides of  the v iscera l  sac (F ig.  ; l5D)

and form an unusual horizontal pafi it ion of the
rlantle cavitl ' .  The funnel retractors are slightl l '
th icker  than the mant le rnuscle.  The mant le muscles
and funnel retractors are fused together u'it l iout irt-
telnal boundaries other than provided b1 the orren-
tation of the radial muscles. Supponing canila,qes
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
shel  l .

COMMEI,ITS. Soft body anatomy of Japetella ex-
hibits a number of features indicating that this spe-
cies evolved mainh' as passive deep-rvater f loater.
Its funnel fuses with the head along its enti le length
(Fig,  aaB).  Mant le musculature is  great ly  reduced
and consists  main l l  o f  radia l  t rabeculae (F ig.  45) .
The u'eak nature of virtually all musculature indi-
cates reduction in animal activity. On the other
hand. the presence of huge vacuoles in nearll '  all
muscle tissue suggests that this gelatinous tissue is
positively buol'ant and acts as a floating device. The
funnel retractors therefore. may truly be ballast
tanks. Attachment of the funnel retractors to mantle
is verv rveak. It is not supported either by shell or
by' connective tissue.

Reduction of sty' lets in Japetella did not induce
an,l '  major transformation in its general morpholo-
gical design. Despite some specialized characters.
Japetella retained ty'pical incirrate Bauplan. Unlike
representatives of Argonautoidea clade. reduction
of st1'lets in Japetella r.vas not coupled rvith deve-
iopment of an1 functional substitutes (funnel loc-
king-apparatus. mantle cafti lages etc.). replacing
the stylets. Such a reduction was apparentll '  caused
bv general decline in animal activity. associated
ivith pelagic l i fe in the deep ocean.

Amphitretidae Hoyle, 1886

Amphitretus pelagicus Hoyle, 1885

HABITS AND HABITAT. Lirle is known about
biologl' and ecology' of Arnphitretus. lI is a rare
rneso-bathl pelagic octopod inhabiting tropical and
subtropical \\ aters of the u'orld oceans [Nesis.
1982119871. It has transparent. gelatinous and near-
lv colorless bod1, and reaches up to 90 mm ML

[Nesis. 198211987]. Young Amphitretus occur in
upper mesopelagic depths dr"rring the day. judging

by a fer.r captures fYoung et al.. 1996]. There is nrr
report on observations of this species from submer'-
sibles. but it has been observed in shipboard aquaria

[Young er al.. 19981.

EXTERNAL MORPHOLOGY. Bod,r" is rveakl;-
rnuscular. jell l  l ike. semitransparent and nearll '  co-
lourless. The dermal integument forms a ver)' thick.
gelatinous cover over the body disguising its outl ine
(Fig. 46). The stl, lets are absent. and the breaks in
the mantle are not visible. The arms are long. about
1.5 ML and are connected b;' a deep transpal'ent
ueb for approximately' 2/3 of their length. Anterior
r,entral ualls of the mantle fuse r.r ' i th the funnel and
head. As a result of this fusion. the mantle aperlure
is reduced to t$o small openings on the lateral sides
of the head through rihich the rl 'ater can be punped
inside the mantle cavitl . The funnel is verl long.
tube-like and fused dorsall l uith the head for about
of  i ts  length.  The eyes are s i tuated on dorsal  s ide of
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FIG 16 Laleral Vier'" of Amphitr,etus pelagicus (immature male: 26 mm DML). Bold arror.vs rvith numbers indicateposit ion of the cross-sections shou,n onTig. 47. Scalc bar - I  cm.

PIAC. 16. BHI c6ox) Arnphitretus p-elagicus (He:pe.ruii cavcu: 26 lrrv [M). Crpcrxu c quQpayH vxa3brBaror rro,'roxeHue
coorBerc'fBvrorr lxx cpe3oB. u:o6paxeHurrx ua pl.rc. 47. Macurr.a6 : I  crr.

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

CROSS-SECTIONS. A striking feature in Amphit-
retl$ anatonly 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.
47 A) and between the posterolateral pafts of the
collar folds and the visceral sac (Fig. 478). 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. 12,A; Cirroteuthis, Fig.
178,C) but differs in n-raintaining lateral openings
to the mantle cavity. The fusion between the funnel
and mantle has the effect of eliminating the mantle
wall beneath the funnel, lvhich forms a deeo incisi-
on  in  the  ren t ra l  mant le  \ \a l l .

Funnel is wide but thin-walled. Its ventral and
lateral walls are forrned by single muscular layer
that differs from the dorsal rvalls in the orientation
of rnuscle 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 par-ts 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. ,17C-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 verlically, so it looks
disproporlionately large on cross-sections. The an-
terodorsal parl of the visceral sac is fused with dor-
sal mantle wall (Fig. 47A). The stomach occupies
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FIG.  17 .  Schenra t ic  c ross-scc t ions  c t l  , ln tp l t i te t t t s  l te lL tg tcus  ( in rmature  r ra le :  f6  mm D\ l l - ) .  .A . .  Sec t ion  l .  a t  the  le re l
o f  an ter io r  marg in  o f  the  mant le .  B .  Scc t ion  2 .  a t  the  le re l  o f  the  pos ter io r  par r  o f  the  funne l .  C .  Sec t ion  i .  a t
lhe lerel of dorsal mantle adcluctors. D. Sectron -1. behrnd dorsal mantle adductors. Fl.  Section 5. at the lcrel of
attachment of the lunnel retractors. Posit ion of sections rs rndrcated on Fi_e. -16. Scale bars: I  cm.

PhC. -17. Cpe':u rt .rrnoro re-ra -tr i lpl i i t retus pel0giurr '(He3pe.'rbrr"r caveu: 26 rnr. i l \ l ) . , \ .  Cper l .  ua rposrrc i lcpcJHcro
xpat \raltruu. B. Cpe: 2. Ha r poauc ratrrcl"r .racrlr BopoHKrr. C. Cpe: - i .  Ha r poeue nepeJHr\ . fopca,rbHbl\ \ l i lul l l l rbr\
a.] , t \  KropoB. D. Cpe: -1. nora:u lopca.rbHbr\ rrasrrr irHsrr a. l t \  KropoB. I : .  Cpe: 5. Ha I poaHe upHKperr" leHfiq pcr -
paxropoB BopoHKrr. f lo.roxeune cpc3oB rroria3auo Ha Prrc 16. \ lacuLra6 : I  crr.
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a position on the dorsal side of digestive gland (Fig.
+7B.C).  A hrdrostat ic  orsan 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 fi lrn-l ike muscular
bands (Fig. ,17B). Posterior to the funnel they
branch outrvard forming anterodorsal adductors
(Fig. a7C). The latter are thick but weakly muscular
consist ing main l l '  o f  gelat inous connect ive t issue.
Thel' extend obliquely, betr.veen the visceral sac and
the dorsolateral walls of the mantle. Anteriorlv the
srnal l  pa l l ia l  nerves are s i tuated on dorsolatera l
sides of the visceral sac. The nerves pass through
the collar muscle and the anterodorsal adductors
and enter the stellate ganglia. The latter occup,r' the
typical position adjacent to the attachment sites of
anterodorsal adductors to the mantle.

The rnedian rnantle septum is thick. broadlv tri-
anguiar in cross-section. and rveakly muscular (Fig.
,17C.D). It is formed b1. two verv thin adductor
rnuscles. that diverge from the mid-line of the ven-
tral mantle rvall tou'ard ventral side of the visceral
sac. Between the adductors are the ink sac. intestine
and vena cava embedded in gelatinous connective
ti ssue.

The funnel retractors occupy unusual positions:
they originate from the dorsal walls of the funnel.
pass along lateral sides of the visceral sac to its
dorsal side Lvhere the1,, merge together forming a
single muscr,rlar layer over the visceral sac to their
attachment sites on the mantle (Fig. 47E). The man-
tle wall exhibits no modifications u'here the retrac-
tors attach. Supporting carlilages are absent.

COMME|\,ITS. General rnorphological design of
Amphitretus shows a unique set of adaptations to
planctonic l ife in deep ocean waters. Watery con-
sistencv of the body and the loss of heavv rnuscu-
lature apparently contributes greatly to buoyancl,.
However. the structure that provides some positive
buoyancl, is unknown. The mantle cavity is more
complex in Amphitrelzzs due to the fusion of the
collar folds with the mantle and visceral sac and
verlical orientation of the digestive gland (Fig.
47A.B). The latter is achieved by special muscles
that activell '  maintain the digestive gland in verlical
position in different postures of the anirral fyoung
et al.. 19981. Functional meaning of the fusion be-
tween the ventral mantle lvall with the funnel and
collar folds is unclear. It rnay help to optimize res-
piration flows at low energy costs and/or f ix positi-
on of the funnel. Presumablv the primary locomo-
tion for Amphitretus is slow swimming with medu-
soid contraction of its deep umbrella.

Despite many specialized characters. Amphitre-
lzs retained typical incirrate plan of structure and.
according to Nesis L20021and Voight  [1997] .  evol -
ved apparently from benthic incirrate octopods. all
of them having open mantle apefture. Fusion of the

mantle and funnel means that there was no more
need to anchor the funnel retractors in the mantle
by st1'lets. and the latter became redundant and was
lost. The role ofthe funnel retractors changed from
support ofthe funnel to support for the visceral sac.
This nerv 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 v iscera l  sac (F ig.  47E).
Like in other shell-lacking incirrate octopods, po-
sit ion of the former stylets in Amphitretas mal be
spotted b; attachment of the funnel retractors. Ge-
neral morphological design of mantle complex in
Amphin'etus 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 t ime.

DISCUSSION

Look around and see all the jelllfish.
You sayin'.flotation is groovy, baby.

J imi  Hendr ix .  '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  octopodi forms.  the species wi th the most  pr imi-
tive shells in each group wil l be selected and its
perlinent characters l isted.

Vamplromorphida

A single representative exists. The cnarac-
teristics of the vampyromorph that are considered
to be prirnit ive and pertinent to this study are the
fo l lowing (Table 2) :

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

2. The gladius consists of three rnorphological
parts (dorsal plate. conus and rostrum). is built of
three shell lay'ers (ostracum. hypostracum. and pe-
riostracum). and its dorsal plate (= proostracurn)
consists  of  f ive longi tudinal  e lements:  middle p late
(rachis). a pair of lateral plates and a pair ofuings.
All elements of the proostracum are delimited by
asymptotic borderlines. I call this combination of
characters the 'teuthoid plan'.

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

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 ti le-l ike pat-
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Table 2. Clharacterist ic l tatures of the shel l  and i ts relatronshrp *i th the sofi  bodl in Vamplropoda.

TaS"ruua 2, XaparirepHbre qeprbr crpoeHur paKoBHHbl H ec B3au\roorHoueHut c \ l .qrKH\l re"lolt  )  Vampvropoda

Character Vam p.v - ' romorph ida Ci r ra ta In c irrata

Shel l  condi t ion and structure:

Presencc of  the inner shel l  present present

Condit ion of the shel l  longitudrnal chit inous plate trans\ersal cani lage-l ike U- a pair of cart i lage-l ike
{ g l a d i u s  t shaped plate rods 1st1 lets.;

Shell length appror equal to the NIL less than the ML less than the N{L

Shel l  s t ructure er t t i re ent i re d iv ided in the median pan

Structural pafts: proostracum. present absent absent
conus and rostrunr
' l 'he 

shel l  layers (ostracum. h1- a l l  three shel l  la lers are one shel l  la ler  is  present one shel l  la ler  is  prescnt

postracunl and pe riostracum) present (hl postracum?) (hl postracum?)

Shel l  gro$1b pat tem t i le- l ike pat tem (ostracunr corrcentr ic  pat tem concentr ic  pat tem
and hrpostracurn) and
concentric pattern
(perrostracum )

Position o1- shell in the body superficial, terminal supert-rcial. subterminal superficial. subten.ninal

\ Iuscle at tachment:

Funnel retractors attach to the \ings attach to anteroventral attach liom inside to
parts of  the uings anter ior  hal f  of  the st l le ts

Head retractors attach to the lateral plates attach lrom inside to attach to the mantle
anterior. dorsal and
ventral  margins of  the
\\tngs

Upper margins of the collar attach anteriorl) to iateral posteriorll to the shell sac attach to the mantle
fb lds s ides of  the nuchal  and the v isceral  sac

caftllage

Soft  bodl  nrorphologl :

Nuchal  fusion between the f lsed in roung and adul ts f iee in paralarrae fused at  a l l  s tages
mantle and the head

Stel late gangl ia c losel l  s i tuated in u idel l  separated in adul ts wideh separated
paralan ae

Dorsal  nrant le cavi ty absent prescnt  present

Anterodorsal nralitle adductors absent absent present

\ u r r r be r  o l  l i n s  t \ \ u  nc i r s  one  pa i r  l l n s  absen t

Articulation of the flns fin bases are separated fin bases are fused uith
l iom the shel l  sac b1 the shel l  sac.  Basal
epi thel ia l  basal  pockets pockets absent

Ventral  median mant le adductor  absent prescnt  present

I"unnel  locking-apparatus present.  pr inr i t i re absent absent in pr in i i t ive fomis

tern: each next increment is shifted anteriorl) 'aga- of the previous la)er while posteriorly it gradllallv

inst the previous increment. As a result. the thick- wedges in the region of the cone flags. Outer layer

ness of the ostracum graduall) '  increases rvith (periostracurn) grows by concentric layers of coni-

grou'th. r.vhile the earlier regions of the ostracum cal shape that are laid dorvn on the outer sltrface

lose contact with tl-re shell epithelium and stop gro- of the previous la)'er. Center of growth of all three

wing. Growth of the inner la1'er (hypostracurn) oc- lal,ers (init ial shell) is situated in the apical paft of

clrrs b) adding of carti laginous-like material to the the conus fBizikov. 1996].
ventral surface in the posterior half of the proost- 5. The gladius occupies a superficial position:

racllm. The increments of the inner la1'er are slig- the mantle muscles attach to the ventral (inner) side

htly shifted forward against each other. and everv of the gladius along its entire periphery, except fbr

newh' secreted lay'er overlaps the anterior margin the anterior margin of free rachis.

present or absent



Shell  in Vanipyropoda

6. l'he funnel retractors attach to the anterior
rnarg ins of  t l re  wings.

7. The head retractors attach to anterior marsins
of  the la tera l  p lares.

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

9. The head originally is not fused rvith rhe 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 fyoung.
Vecchione.  19991.

10. The shell sac is fused with the visceral sac
tl-rroughout its length (i.e.. a dorsal mantle cavitv is
absent . ; .

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

12. Tu'o pairs of f ins are present: a paralarval
pair that is eventualh' resorbed and a juvenile/adult
set that develops later and more anteriorly,, fpick-
ford. 1940: 1949]. Paralarval f ins. rvhich are con-
sidered the primitive fins. l ie over the u.ings of the
gladius and attach to the shell fyoung. Vecchione.
19961. The adult f ins are separated lrom the shell
sac by epithelial basal pockets.

13.  Upper margins of  co l lar  fo lds at tach to la-
teral sides ofthe nuchal carti lage and the shell sac
anteriorlv and to the visceral sac and the shell sac
posteriorlr ' .

COMMENTS. Pickford [1949] found rhat develop-
ment of f ins in Vampvroteutl l is is unique among
cephalopods. In this species earlv paralarvae
(Pickford's "stage I larvae") have one pair offins.
Then the second pai r  of  f ins develops anter ior l l  o f
the first pair. and the number of f ins reaches four
("stage 2"), As development proceeds. the first pair
of f ins graduall l '  resorbs and finally disappears.
u'hile the second pair increases in size ("stages 3
and 4' '). The first pair of f ins is proved to be homo-
logor"rs to the fins of other cephalopods [young.
Vecchione.  1996] .  Our data shou that  ar t icLr lat ion
of adult f lns Lvith the shell and mantle in [/antpt,ro-
teutlt is follou,s the same basic coleoid pattern des-
c r i bed  ea r l i e r  i n  t eu th ids  [Nae f .  192 ] / l 9 l j :  F i g .66 l
and  sep i i ds  fNae f .  192111923 :  F ig .290 ] .  I t  i s  espe -
c ia l l l  c lose to condi t ion found in some oesoosid
families. for example. Enoploteuthidae. uhJre the
gladius occupies superf ic ia l  posi t ion and the f in
bases rest on its dorsal side. separated from the shell
sac b l  basal  pockets [Naef .  192111923:  F ig.  66a] .

Aparr f iom the fin structure. I 'antpt.roteutlt is pa-
ralarvae are verv siuri lar to adults in other respects.
On the contrar\ '. the hatchlings look r,erv different.
exhibit ing a nurnber of archaic features that disap-
pear during later development. Young and Vecchi-
one [999] described recentlr hatched llamptt.ote-
tutlt is (8 mrn ML) that had large funnel. rrhich uas

not embedded in the head, no fusion of the mantle
and head. no thick gelatinous integument covenns
the body. short arms. no web between arms. thick
filaments that rvere approximately equal to the arrrrs
in length and situated in one circle with the other
arms. and the gladius with 'somewhat narro*er
median field' (Fig. 48). The gladius of Vcnnpt,ro-
teuthis hatchlings deserves a special attention. ln
contrast to adults, it has narrow rachis (median
plate). which has long anterior free par1. The lateral
plates and wings are shoft, 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-
sit ion of stellate ganglia is different in teuthoids
and octopodifonns. Being situated laterally of the
shel l  in  a l l  co leoids fNaei  l92 l l1923] .  rhe ste l la te
ganglia in teuthoids are located extremely close to
one another and are connected by an interstellate
connective Ivanov. Strelkov. 1949]. In octopods
they' are set u'idely apart and are not comected. In
Vantpvrotetillls the interstellate connective is ab-
sent. and the stellate ganglia apparently shift their
position during ontogeny in accordance with onto-
genetic rvidening of the gladius. In hatchlings they
are apparently situated closer to each other. l ike in
teuthoids. r.vhile in adults they are set widely apart.
l ike in  octopods (F ig.  2,A) .

Thus. ontogenetic data show that recenl Vam-
plroteuthis apparently evolved from some ten-
armed four- f inned coleoids wi th f ree funnel  and
free anterodorsal  mant le margin.  In  general .
[/ampvroteurlis exhibits basically the same pat-
tern of  g ladius-sof t  bodl '  re lat ionship as the one
desc r i bed  ea r l i e r  i n  some  egops id  squ ids  [B i z i -
kov .  1996 :  B i z i kov .  A rkh ipk in .  19911 .  Obv rous -
l1 ' .  i t  is  ver l '  c lose to the ground coleoid pat tern
of  shel l -sof t  body re lat ionship.  In  Oegopsida the
muscle arrangement is  the most  c lose to Vuntpt : -
roteut l t is  * i th  ret ractors of  the head and the fun-
nel  at taching correspondingly to the la tera l  p lates
and u ings of  the g ladius.  and the f ins ly ing over
the u ings of  the g ladius and at taching to i t  thro-
ugh  the  ep i t he l i a l  basa l  pocke rs  IB i z i ko r , .  1996 :
F ig .  aO l .  l n  M1 'ops ida  rhe  musc le  a r rangemenr  i s
s i rn i lar  except  fcr  the f ins that  do not  contact  \ \  i th
the  she l l  bu t  l i e  ove r  t he  man t l e  r i a l l  and  a t t ach
to  i t  t h rough  the  basa l  pocke ts  IB i z i ko r .  1996 :
Fig.  39] .  Thr  sanoteuth ids have unique parrern L) t
mLlsc le arrangement.  r . r , i th  the head ret ractors at -
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FIG. 48. Schen.rat ic dra*ings of I 'antptroteuthis infernal is hatchl ing i l lustrat ing positron and shape of i ts gladius

[redra*n from Young. Vecchione. 1999]. A. Lateral r ien f iom right side. B. Dorsal vien. C. Ventral vie"r of the
gladius.

PHC. 48. Bseuuuil BH.f .tHrrHHKti I'antpt rotettthis infernalis HelocpelcrBeHHo IIoc.re BbtKreBa. u.rrrccrpHpl HrLttuii
r fopvl H fro. 'roxeHue rra, lr l)ca [u: Young. Vecchione. 1999] A. Bu: c npanoii  cropoHbr. B. Bu.r c, ' topcarbrroi i
cropoHLr. C. Bu: r" 'raJhlca c BeHrparbHoil  cropourt.

taching to extremely u'ide anteriorly protruding
'wings' and long funnel retractors attaching to the
' cone  f i e l ds '  IB i z i kov .  1966 :  F ig .  38 ] .  The  f i ns  i n
Thisanoteuthidae attach to the mantle the same u'a", '

as in  M.vopsida.

Cirrata

Of the genera examined. Opisthoteuthis appears
to be the most primitive in respect to the shell as
it is the onh' taxa that has the funnel retractors

attached to the shell, The characteristics of the Cir-
rata that are considered to be prirnit ive and perri-
nent to this studv are the follorving (Table 2):

1, Gladius is thick carti lage-like U-shaped struc-
ture without asy rnptotic l ines 11 ing transversall l on
dorsal side of the mantle.

2.  Gladius grou 's  br  concentr ic  increments of

carti lage-like substance. The center of grouth (ini-

t ial shell) is situated in the medial part of the gla-

d ius.
3. The gladius occupies superficial subterrninal

position. The mantle attaches to the gladius along

its entire peripherl. including anterior rniddle parr.
4. The funnel retractors attach to anteroventral

parls of the rvings that sometimes ma1 be extended

into f lex ib le 'horns ' .

5. The head retractors attach from inside along
periphery' of the 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' aparl h ing
at the junction of the visceral sac and the lateral
mant le wal ls .

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

9. The fins bases adhere tightl l '  to the shell sac
over flat outer surface of lateral rvings of the gla-

dius. Basal pockets are absent.
10. Upper margins of collar folds attach to the

mantle.

COMMENTS.In recent Cirrata. primitive rvide U-
shaped gladii rvith relatively' long and narrow lateral
rrings are found in Opisthoteuthis. Grimpoteuthis.
Cirroctoptrs, Ltrettthis and Stauroteuthis (Fig. 49').

Among the genera l isted. Cirroclopzrs deserved spe-
cial attention as it includes the species with the
gladii exhibit ing transitional features between Cir-
rata and Incirrata. For example. C. antarctica (Ku-
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FIG .49 N{orphological.rariabj l i t r  of gladi i  in Cinata (not in scale). A. B Opisthoteuthis cal i fornianct Berrl  .  19.19
C' D ^Grintpoteuthis lntbellata (Fischer. 1883) E. F Cirroctopus hc,c'hberg, O jh.u. i0'0t. C. H --'l.,r,tnlr,,t,i,
'rlrrzlsii O'Shea et Lu. 2002. I Cirroctopus antarctica Kubodera et Okutani. 1-SSO. :. K - Staurotetihis st,rtensts
Verri l l .  1879: L. M Ciryothauma nnirat i  Chun. lgl l  \ .  O - Ci.roreuthis muelleri  Eschncht. lg3g. A. C.
E.  G.  I  and J  -  an ter to r  r ie r i  ldorsa l  s ide  is  up) .  L .  N  dorsa l  v ieu  (an ter io r  end is  donn) .  g .  O. "F .  f i .  (
N' l  and O - lateral r ie* (anterior end is on the' lett :  dorsal sidc is up') [ ,+-D. I- and M ] ' f igur.,  of ihe author:
E-H after Vecchione. Y.oung.- 2003b: I  after Kubodera. Okutani. iSSO: t.  K - afrer Coll ini .  Henriques. 2000:
f-.  N{ - al ier Aldred et al. .  19831.

PHC_ '19 lloptlo.roruuecxoe pa-:uoo6pa3ue f-raJulcoB_unpparHbl\ ocb\rHuoroB (rracl-rra6 ue cod.rrcJeu) A. B -

?1,1,!:l:i,!::,.,calrtbrniqrn^Berrr. 19,19 C. D - Grinryoteurhis un$ellatct lFischer. iSSjl. E.'F - 
'Cirrioirot,r,

hoL'hbergi O'Shea. 1999. G. H - Luteutl t is slrr isl i i  O'Shea et Lu. 2002. I  -  Cirroctopui antorct ica Kubodcra et
Okutani. 1986. J. K Stauroteuthis s,r ' r tarzsis Verri l l .  1879: L. \1 - Cirrothauna i turrat i  Chun. l9l  I  N. O.( ' i ' roteuthis nuel let. i  Eschricht. l8j8 , \ .  C. E. G. I  u J BH-t cnepe_lu tropi i , i ru". ibpo"u rraaeprr).  L. N

Bll . l  c . lopca"lbHoii  cropol lbl (nepe:Hlr cropoHa auu;y ).  B. D. F. H. K. \4 and O - eHJ cSoxr'  
' (nenc-rHq.q

cropoHa c-leBa: JopcathHaq.cropoHa Haaeprl) [A-D^ L_. u \ ,1 - pHc\HKrl aBropa: E-H - u: Vecchione. young.
2003b:  I  u r  Kubodera .  Okutan i .  1986:  j .  i (  - -n :  Co l l ins .  Henr rque.s .  2000:  1 . .  M -  n :  A ld red  e t  a l . .  19831. '

N
tu \

\ . l  l  t l l l t . l :  1 1 1 1 : i  : l-\+;+ j:-
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Table 2. Principal morphological characterist ics of st l  lets in Incirrata (average values),

Ta5;rnua 2. OcrjoeHrre voptporrerpuvecKfie xapaKTepr'{crnxtl crH.teroB Incirrata (cpe,ruue 3Ha'{eHHq).

St)'lets length (in %
of ML)

Distance between st1'-
lets ( in % of N{L)

Thickness of stl lets
(in 7o of st1'let length)

Anterior shoulder
length (in 7o of st1'let
length)

Angle betrveen shoul-
ders

Surface of angle

Consistencv

..t<*

1 8

33

I  80'

i , .1 *

3 310

52

33

+-l

l 6

33

6 6

33

l.+

1'10'

sculptured

stiff

I  2 5 "

smooth

soft

112"

sculptured

moderately
soft

121"

smooth

soft

1  3 5 0

smooth smooth

gelatinous moderatell
soft

Remarks: asterisk (*) marks posit ion of st l  lets on lateral side of the mantle. In these cases distance betrveen snlets
is equal to the mantle uidth.

flpurreuaHue: (*) norreveuul crfiJerbl. pac|Io"toxeHHbte Ha 5oxoertx cropoHax ]IaHTul4. B lrnx c,l)'qatx paccrotHHe

Irex.I) ' HHN,Ilr COOTBeTCTB]eT [IHpHHe ]laHTHH.

bodera et Okutani. 1986) has the gladius with mar-

kedly weakened medial parl 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 nev,boldi (Woodward. 1896). the earliest incir-

rate octopod from the late Cretaceous (Fig. 55E.F).
Another congeneric species. C. hochbergr O'Shea.

1999. has the gladius with long rod-like lateral

wings. rvhich diverge in a V-like pattern and are

distinctly' bent in their distal parls (Fig. 49E.F). The

bend of t lre wings in C. hochbergi apparently' marks

the places of attachment of the funnel retractors and

corresponds to characteristic bend in incirrate sty'-

lets. Gladii of C. antarctica and C. hochbergi i l lus-

trate hou the transforrration of cirrate gladius into

incirrate sty' lets could happen in evolution.
Butterfl l- l ike gladii of CirroteLttft is and Citot-

hatnta represent the rnost evolutionarl ' advanced

stage of the shell in Cirrata. Flared lateral \\ ines

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 rvith the gladius. but attach to the mantle

rvall.

Incirrata

Of the genera examined. Enteroctoptrs appears

to be the most prirnit ive in respect to the shell as

it is the genus rvith the most u'ell-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 perlinent to this study are the follo-

wing (Table 2) :
1. The shell is reduced to a pair of stylets each

u'ith a shell sac. The stylets are thin carli lage-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 grorv by concentric increments of

carti lage-like substance with the center of grorvth

(init ial 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

sty'let are embedded inside the mantle wall, rvhile

the middle part occupies a superficial position.
zl. The funnel retractors attach to the inner sides

in the anterior half of the stylets. At the sites of

attachment the st-vlets may' be bent inu'ard.
5. The head retractors are thick and muscular

anteriorly. but become thinner posteriorly'. At the

level of stellate ganglia. the outer layers of the head

retractors branch off the visceral sac forrning the

anterodorsal mantle adductors. Each adductor ex-

h ib i ts  a t rv is t  of  about  180".
6. A dorsal mantle cavity extends from the nuc-

hal region to the level of posterior margins of the

st1,lets. Dorsal and ventral mantle cavities are bro-

adly' confluent on lateral sides of the visceral sac
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FIG .5.0-. NIorp-hological rariabi l i ty of the shel l  remnants -(st l  le!) in Incirrara. . \ .  B - Enterocropus t lof leini ( \ \ , i j lker.
l9 l0 ) .  C .  D -  Bent l to ' rop t ts .s tb r r i cus^Lorn in -e .  1930.  E .  F  -  Bath tpohpus t " t ro i i i , t  i s r " iu r i .  rszo t .  c .  H  -
Trentoctopus t ' iolaceus del lc Chia. ie. l83U i.J -- Eledone i lpsstae rroi i .  iSO+ K - .1tt ;p;; ;s nrol l is Verri l .  lgg0.A. C. E and G - rentral r- ier i  of a pair of sr- i lets lanterroi end is donn). I  -  dorsal 'r l ier i .of u pul1- oi r t1, i . t ,(anterlor end tn do$n). K tnner lateral r ie$ o1--a pair of str lets (rentral sides of both str lets face inside: anterior
end is doun) B.D.F. H r ind J lateral rrerr lantei ior cnd is dori  n: renrral side is on ihe i igtrt) .  A.B: scale bar- I  crn. C - K: scale bar - I  ntrr.  Al l  l igures madc b1 the author.

Pl lC-. 50. ;L1op(to.torH,reglgc 
fTi.9g,"pa3He .napH^br\_crH-rcrots (prfurrerrros paxoBuHbr) uHuupparHLr\ ocsrrHHoroe. A.

B ,  Enteroc top .us  do1/e t r t t  ( \ \u lker .  l9 l0 ) .  C .  D_ ,Benth ' 'o i topus .s ib i r i cus-Lo1 n ing .  fS jd .  E .  r -  Ba t l *po l tp tLs
salebrosus (Sasaki- 1920). G- H^-. Trenroctopus t iolotetts del le Chia.;e. 1830 I:J -- Eleclone nlessrae voss. 196.1.K ' l l lopostts ntol l is Yerri l .  1880. A. C. E u G BH-r -c BeHrpa.rbHoii  cropoHsr (neperur.r cropoHa nHnry.).  IBH.l c . lopca-]Ll lol l  cropoHt' l-(nepe-lHtt cropoHa BIIn3) ).  K - snl napbr c-rH.teros c5oxr (n:H1 rpn): BeHrpa-lr,Ha,
cropoHa oSoux cru-reron oSpaueHa BH) rpb: rrepefrrqq cropoHa sHn:lr.  B.D.F. FI s J'  

'  

"r^r 
.Oirn1 tniper"r,cropoHa I lHlJ3\ ' :  BeHTpa.lbHat cropoHa crtpaaa). A.B: rracurra6 = I crr.  C - K: rracurraS : I  rrrr.  PHciuxu iuropa.

:\\\
S - ' \ . r r \ \
2))))l)\)l
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anteriorly and posteriorly to the anterodorsal ad-
ductors.

7. The stellate ganglia are set uidely' apaft l l  ing
on the inner surface of the mantle just lateral to the
attachment sites of the anterodorsal adductors.

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

Q Tl re " .^o '  ' -a .o inS Of the COl lar  fOldS at taCh
to the mantle.

10. The fins are absent.

COMMENTS. Relativell' long. stiff. moderatell'
thick and distinctly' bent sty' lets of Octopodidae ap-
parently represent the most primitive condition of
incirrate t, ' ' 'pe of shell. Such stylets could be evolved
directly' frorn primitive gladius of cirrate type tlx'o-
ugh leduction of median transversal connection
(saddle). In benthic shallorv-rvater Enteroclopus the
stylets are stiff. rvith r.vell-developed sculptured
bend (Fig. 50A.B). The stylets in Enteroctopus are
the largest among Incirrata reaching up to 30 o/oN4L

(Table 3). In deep-sea octopodids the sty' lets decre-
ase in size. become softer and sometimes smooth.
In Benthoctopus they retain considerable thickness
(ca.16oh of  s t l  le ts  length;  Table 3:  F ig.  50C.D) and
rvell-developed bend. but lack sculpture and beco-
me soft. St.vlets of Bathy,poltpils occup.v intennedi-
ate position between well-developed stylets of En-
terocloplts and reduced ones in Benthoctoptts (Fig.
50E,F). The stylets in Eledone are ver)1 narrow
(their greatest width is about 7o/o of their lengthl.
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 the)' shorv signs of deep reduction. ln Allo-
posas the stylets lost stiffness and became gelati-
nous. water-rich and inflated (Fig. 50K). As a re-
sult, rvidtl-r of the stylets in Allopos us reaches 46%o
of their length. the greatest value among Incirrata.
In Trentoctopas the st1'lets are straight. moderatell
soft and smooth (Fig. 50G.H). Attachment of the
funnel retractors shifted torvard anterior end of the
stylets. resulting in reduction of the bend. In Oq't-
hoe and Argonauta the stylets disappear. leaving
just srnall mantle carti lages in places of attachrnent
of the funnel retractors. Pelagic octopods of Boli-
taenoidea clade also lost the stylets. Remarkably'.
redr"rction of st1-lets in both pelagic clades (Argo-
nautoidea and Bolitaenoidea) did not result in tran-
sformation of their muscular arrangement. which
remained generall l ' '  the same as in benthic Octopo-
didae.

Homologies of the shell among

Vampyropoda

The onl-v evidence available for determining the
homologies of the shells amon-q these taxa rests u ith

the position of the fin and the sites of attachment of
the mantle rnuscle and the head and funnel retrac-
tors to the shel l  sac (F ig.  5 l ) .  S ince the ancestra l
incirrates had fins as testif ied by the presence of f ins
in Paloeoctopus nert'boldi (Woodward 1896). we
assume that recent f in-bearing cirrates have a shell
that is closest to the ancestral octopod shell.

The paralarval fin in Vampyroteutlris lies over
the u'ings of the gladius. We can assurle. therefore.
that the wings and the region of the shell (rachis)
betrveen them evolved into most of the cirrate shell
as the cirrate fins occupy much of the dorsolateral
surfaces in the cirrate rvings. ln Vampyroteuthis tne
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. 5lA).
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
anter ior  regions of  the r . r  ings.

In cirrates the head retractors attach to the pe-
riphery' ofthe rvings and the funnel retractors attach
to the anteroventral edges of the wing horns (Fig.

5lB). This confirms the homology with the lateral
plates and anterior wings of Vampyroteuthls. but
since the muscle attachments to the cirrate shell do
not maintain the same positional relationships. furlher
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 lpre-
sumabll, mostly rachis-homologue) and a general
decrease in the size of the remaining pans. In the
incirrate stylets. the funnel retractors attach to the
bend and anterior shoulders of the stylets wl-rich,
presurnably. are the homologues of the horns in the
cirrate gladius. rvhile posterior shoulders, rvhich are
embedded in the mantle. represent the remnants of
la tera l  rv ings (F ig.  5 lC) .

The octopod shell may' be mostly the homolo-
gue of the gladius hypostracum as the cirrate shell
has thickness and consistencl' similar to the hy'pos-
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

cavit,v-' in Vampyropoda. The gladius in Cirrata ap-
parentl) ' evolved through the reduction of the free
rachis and conus and the loss of the rostrum. The
anterior loss ofthe free rachis rvould expand dorsal
space betu'een the free mantle margin and the nuc-
hal carti lage to form a nuchal cavit.v. Such a cavitv
presently' exists in Spirula due to the loss of its
proostracum and the expansion of the muscular
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Ri_shr column: lateral  r ierr  f iom the le l i  s idc (dorsai  s ide is  on r f r .  i ig t  i i  
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I- lG. 52. Diagram shouing attachment of the head retractors in dif l 'erent eroups of Vamprropoda. A. I 'amptroteuthis.
Dorsal r ieu (the mantle is shos n transparent). Arro* s indicate dircct ion of h1 pothetical transposit ion of inner
anterior margins of the head retractors during reduction of the middle plate of the gladius. B. Grintpotertf i rs. Dorsal
r iew (the mantle is sho*n transparent). C. Octopus. Dorsal r ieu (the muscular mantle is cut off  to show attachrnent
of the r isceral sac to the mantle). Abbrer ial ions: IA. inner anterior margins of the head retractors: C)P. outer
posterior margins of the head retractors: sh - shel l  (eiadius or sn lets): dmad - anterior dorsal mantle adcluctors.

Pl4C. 52. l lptrxpen-reHne perpiuropoB ro-roBr,r 
" Ozu.ru""r,J*ynnn Vunrpyropoda. A. I  utrtptroteutl t is. tsn: c . topca-rbHor-r

cropoHbr (\raHTur lr:o5paxeua nporpavHoii). Crpc.rxu \Ka3LrBalor narrpaB-rcHue runolcrHqccKoro c\lerucHHr nepe.tHero
Kpat perparTopoB fo.roBbr frpli pe-t) Kunn \reJfia-rbrrorl n.racluxrr r.raLrrl ca. B. Grintpoteuthis. Bru c :opclr-rrrioir
cfopoHr,r (rrarlrnr n:o6paxeHa rpo:pauHor'i). C. Octoptts. Bu: c:opcanrHoii cropoHu (-topca-rbHar creHKa \raHrriu
).tarerr i1..rro5sr noxa3arb Kpen.reHrie Bucuepa-rbHor-o \reulKa). ) 'c.rosHsre o5o:saqesxq: L\.  nHrlpeuHne repe.lHue Kpaq
perpaxTopoB fo"roBbr: OP. eHerxHle 3atHHc Kpa.c pcrpaKTopoB ro.roBr,r: sh - paxonuHu (r','ratn\c n.rH clu.r!'r'br): dmad

n C n d . l H H C  . t O f \ C i L I h H l - l C  \ t J H I H I l H b l C  r l . r \  h - l U p L I

mantle dorsall l '  to form an anterior muscular c) l in-
der  fChr-rn 1910-1915] .  In  octopods.  fus ion of  the
dorsal mantle mar-qin and head uould create the
dorsal mantle cavit\,. Reduction of the conus resul-
ted in the development of posterior mantle u all that
forms the dorne-shaped posterior ape\ of the bod).
This deveiopment  resul ted in  U-shaped c i rcu lar
muscle fibers ri i th ends attached to the cirrate shell.

Further clues to the transforrnation of the shell
and the formation of the dorsal mantle cavitv are

found in the characteristic tu,isting of anteriof dor-
sal  adductors in  Inc i r rata (F ig.  52) .  The inner  mar-
gins of the head retractors in ['amptroteLrhis allach
to the g ladius anter ior l l  to  thei r  outer  margins (F ig.

52A).  In  Cir rata.  reduct ion of  the middle p late in
the gladius caused transposition of the attachment
sites ofthe head retractors to inner surface oflateral
u ings of  V-shaped g ladius (F ig.  52B).  As a resul t .
the attachment of the head retractors becarne lnver-
ted:  thei r  innel  rnarg ins at tach to the g ladiL ls  pos-
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teriorly frorn the outer margins. Finally'. in Incirrata
head retractors formed the anterodorsal adductors.
rvhich attach to the mantle w.all anterior to the shell
remnants (Fig. 52C). But orienration of the attach-
rnent of these adductors remained as in the Cirrata:
the inner margins of the adductors attached to the
mantle rvall far posteriorh, from the outer margins
giving the adductors nearly a 180" tr.vist in a cloc-
kr.r, ise (left adductor) or counter - clockrvise (right
adductor) direction. It seerns l ike the anterodorsal
addr-rctors in Incirrata. having lost connection *,ith
the shell. retained the former orientation as if thel
are sti l l  attached to the gladius of cirrate type.

Apparentll,, at some stage of incirrate evolution
expansion of dorsal mantle cavity' resulted in for_
mation of tu'o dorsolateral epithelial septa passlng
from the stellate ganglia tor.vard the sites of attac-
huient of the funnel retractors. As the exnansion
continued. these septa uere perforated. and dorsal
and ventral parls of mantle cavity' merged together
in the branchial region isolating the anterodorsal
adductors. According to Naef 1192111923: p. 65g1.
lepetit ion of this process can sti l l  be traced during
ontogenetic development of 1,oung Octopus.

Iladicalreduction of the gladius of teuthoid tvpe
into a U-shaped structure is not unique for Cirrata.
Simi lar  reduct ion of  the g ladius occurred in  recent
m esope I agi c oegops i d squi d B a t h ct t h a an a lyt. onutt a
Chun. 1906 (family. Cranclri idae.). ln Bdrltotl.tatuna
the rachis separated from the conus and reduced to
a nan'o\\ ' and feeble needle-like rod embedded in
anteriol dorsal par-t of the rnantle (Fig. 53). Ventral
paft of the conus lost completell, and the dorso-la_
teral parts unfolded into U-shaped plate providing
suppol-t 1br the fins on posterolateral sides of the
mant le (F ig.  53C).  At  the f i rs t  g lance.  the general
morphological design of Bathothauma does not dif-
fer frorn 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_
unta and u,idely separated in Cirrata. The fact that
all other representatives of familt,Cranchiidae have
t1'pical teuthoid gladii indicates that transforrnarron
of gladius into U-shaped transversal plate in Bat-
ltt,tt l tauma apparently r,ras a result of a sinsle struc-
tural mutation rather than a gradual evolutionart
trend.

Palaeontological evidences

According to the opinion currentlv accepted by
many paleontologists. extant Vampyrornorphida
and Octopoda origin frorn "Fossil Teuthids": a pri-
rnit ive group of Triassic - Cretaceous coleoids.
rvhich had gladii u' ith parll l '  decalcif ied five-par.ried
proostracum IBerrhold, Engeser. 1987: Engeser.
Bandel ,  1988:  Do1' le  er  a l .  1994:  Haas.  20021.  Re-
markable diversitr of the rnorphologl of the gladii

J B
l ,

CA

FIG.5.3 Pelagic squid Bathothauma lyroma Chun. 1906
(adult female: 192 mm DML). A. Dorsal vierv. B.
Dorsa l  r  ieu  o f  rhe  g lad ius  shor r  rng  i l s  separa t ion  in to
t\\o parts: anterior axial rod (rachis) and posterior
transversal band (unfolded; representing the remnant
of conus and conus t ields;. C. posteri6r part of the
mantle from the lateral side. Scale bar -^l  cm.

PHC. 53. Ile.raruqecxuii Kanbt\tap Bathothauma lyromct
Chun. 1906 (r:poc.tar cavxal 192 rvnr AM). A. Brzr
c :opcanrHoii c-ropoHbr. B. Bn,l r.'ra.{ilyca c ropcarb_
Hoii cropoHbr. I-.raanyc pa3leneH Ha .lBe qacru: ne_
peJHroro oceB),rc rrJacrhHKv (paxuc) tr 3arHrorc no_
rrepeqH)'ro n.[acrHHK!' (pa:repuyra). rtpe.ncraBnr]o_
ur1 rc co6oii p).tulreHr KoHyca n ero r|.raion). C. Brz;r
3alHei .lacru vaHTHrz c6oxy. Macurra6 - I cu.

in "Fossil Teuthids" indicate a great variety of life
st)'les (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 irn-
prints interpreted as tentacles [Naef, I 92111923: Je-
Ietzkv, 1966; Donovan, 1977; 1983; Vecchione e/
a/. 19991. 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 homy rings, two rows of cini along la-
teral edges of the oral surface of the arms and nvo
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FIG 5-1 Gladi i  of Jurassic and Cretaceous . 'Fossi l  Teuthids". \ .  Geoteuthis sintplex (Voltz 18.10) i iom late. lurassic
( ' l ' i thonian). B. Paraplesioteuthis sagttt tLtcr (N,It inster l8]3) l iom late Jurassic (Tithonran). C. Boreopelt is sagiuLtto
(\ael ' .  1921) f iom late . lurassic (Tithonian). D. Plesioteutl is prisca (Rtippel l  1829) t iorn late Jurassic (Tithonian).
F,. . \ laioteuthis ntorrctertsis Reitner et I- .ngcser. 1982 l iom earl l  Cretaceous (Barremian\. F. Lol igosepta aalensis
(Zieten. 1830)f iom earlr Jurassic lToarcian|. G. . \ last igopltora hret:rpinnis Onen. 1856 f iom middlc Juiassi i  (Callovian).
H. Trachitett this hasti- forntes lRLippcl l .  1829) f iom earlr Jurassic (Toarcian). l .  Teudopsis subcostata (\4unster. l8-13)
t iom earlr Jurassic (1'oarcian). L Leptoteuthis gigas \Ie1cr. 183-l t iom carlr Jurassic (Toarcian). K. Celaeno conica
Nli inster l8-12 from earh Jurassrc (Toarcian). L. Puluectlol igo oblonga \\ 'aener (1860) f iom earlr Jurassic ( l 'oarcian).
M. . \ [orekites vitrorensis (Fri tsch. l9l0) t iom earl]  Cretaceous (Barrcmian). \ .  Eoteuthoides caudctta (Fri tsch. l9l0)
lrom earlr Cretaceous (Barremian). ' l -he gladi i  marked br asterisks represent posslble ancestors of resent Vampl-
romorphida and Octopoda. Thc rest gladi i  belone to representatires of other coleoid lrneages. A. B. D. F. l l .  l .
J. K and L al ier Nacl-.  1922: C aiter Enseser. 1986: E - at ier Reither. Enseser. 1982: G after Donoran.
1983: Nl. \  after Kostak. 2002.
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FIG 55. Rcconstructlons of fossrl  octopods and rarrpvromorphs. A.B - ProteroctopLts r iberr Fischer et Riou l9g2
l iorn rniddlc Jurassic (Callorian). C.D - I 'ampt:ronassi rhodanica Fischer et Riou 2002 hom middle Jurassic(Callorian). E.F - Paleoctop_us ne,vboldi 1\\ 'obdriard 1896) from late Cretaceous lCampanian). A. C lateralvrerv. B.D. F - dorsal r iew. E - shel l  remnants (st\ lets). A-B - after Fischir.  nl"r.- is8i.- 'C.u atter Fischer.
Rrou. 2002 E.F after Haas. 2002.

Phq^:: PexoucrprK_uHH HcKoraeltbt\  ocb\rHHoroB H BallnHporrop$. A.B Proteroctopus r iben Fischer et Riou1982 n: cpeluefr H)psr: Ke.r.roneiicxnii eex. C.D - I'aip_t,rinisso. rhctdanica Fischer'et Riou 2002 Laz +.r".1K)pu: Ke-r:roqci icxui i .  ser E.F - Paleocropus nevbolcl i  ( iVoodqard 1896) u: no3JHero Me-ra: Kar.rnaHcKnii  sex..\ .  L Bri- l  coori\  u.u.. . .1- - BH_t.c . topca-rsuoi i  cropoHbr. E _ p.:urresrbr paxoBuuLr (crurerrr).  A.B u: Fischer.Riou. 1982 C.D- H: Fischer. Riou. i002 E.F n: Uaas. ZCi02-

pairs of fins [Bandel. Leich. 1986; Doy.le et al 1994; palaeololigo, Eoteuthcties and orhers could not pos_
Donovan etal.2003: Fuchsel a1.20031. sibll be ancestors of recent Octopoda. as all of

The present studl' of the shell-soft body relati- thern apparently had the srellate ganglia set close
onship in recent vampire squid and octopods pro- to each other. The fbrms lvith wide middle plate of
vide ner'v data for phylogenetic comparison be- proostracum (Loligosepia, Trachitetrhis, ieuclop-
tween extant and fossil coleoids. Reduction of the sis. Leptotetrthis, etc.) iould possibly belong to oi-
middle plate in the gladius of pre-octopods did not topodian evolutionarl, stem. Among theie. the
change position of the stellate ganglia that remai- forrns l ike Teuclopsis Mr,nster. 1g42 (familv Teu-
ned lying on lateral sides of the mantle posteriorlv dopseidae) from the early, Jurassic (Toarcian). in
frorn the funnel folds. Wide separation of the stel- rn! opinion. seems to be the most l ikelir ancestors
late ganglia in all recent octopods represents con- of recent Octopoda. as they had wide thick gladius
clusive evidence that this group evolved from some with partly reduced medial plate (Fig. 54 I).
vampvromorph ancestors with rvide middle plate The fossil records of undoubted octopods and
of proostracum. The forms rvith narro\'! '  middle octopod-like vampvromorphs are extremelv rare.
plate of proostracLux l ike Plesioteutlt is. Celaeno. Only three fossil octopod species. proteroctopLts

PIjC 54. f .ra, lu) 'cst. top*cKHX 14 \te.roBbr\ "Hcxoflae\rbr\ Ka-rb\rapoB". A, Geoteuthrs sintpler (Voltz 18,+0): rro:rHrr K)pa:Turoscxnii serc' B. Paraplestoteuthis sagittata (iVliinster l8-lj): no::Hss IOpa: TuroHcxrri sex. C. Bor:eopeltis ,ngitt'ntn(Nael 1921): i lo3JHtt [Opa: Turorrul.r i i  eex. D. Pl,e^sio^teuthis prisca thrippel l  fS:9f no3-rn"r tOpa: ruro-ncngii
ser. E llaiolettthis ntorroensis Reitner et En-sesrr. 1982: pauur.rii \'{e"r: Eipperrc^uli'rex. 

-i 
7 olig'osepicr artlensis(Zieten. 1830)l paHnqq.IOpa-: Toapcxlt: i  aex. G-,\^lasrigophor'o-bretipinnts O"i ir .  rSi6,.p-i"tr  topul x. i . .rro"ei icxui i

sex. IL Trachitettthis l.tasttforntes (Rrippell. 1829): paHHqq IOpa: ioapcxHir eex. I. Teticlopsis ,r,brortotn (Miinster.
18'13); paHHrn lO^pa: Toapcnli  u.^._ i . '  Leptoteurhi i  grgas tvl i ler. 183-l:  paHHrr IOpa: T6apcrufi  aex. K. Celaepo
coirica Miinster l8'12: paHH,rq K)pa: Toap*iuil sex L.-Falaeololigo oblonga \\'agncr itAOO1, punnm tOpa: Toapcx1ir
eeri .  M. ' \ larekites vinarensis (Fri tsch. l9l0): paHHuii  l \ ' Ie.r:  Eipperrcxui i  sex. N. Eoteuth'oicles catthatt l f  i . i tsch.
l9l0): pauHui Me.r: Eapperrcxufi  ee,x f"ra*rn-\ 'cbr. or\ ieqcHHbre 3Be3.foqxoi i .  rronrlB.urbcr Bo3\ro;,r\HbrlrH npe.f1a\rx
coBpe\leHHbl\ Vampl romorphida and Octopoda. OcranuHrte r.raJu\ cbr npfiHaJ.rexal K HHbr\r rBo.rrounoHHbr\r . ' rhHHr\r.
A - B . D . F . H - I . . l - K u L  u z  r - a e f .  1 9 2 2 :  C - r r : E n g e s i r . t g b O :  E  u r R e i t h e r .  l n g e i e r  1 9 8 2 :  G  v 3
Donolan. 1983: N{. N - u:t  Kostak. 2002.
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Median f ield

"Trachyteuth imorpha"
and Vampyromorpha
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FIG. 56. Diagrarn sho*ing thc reduction of the el i idius
in Vampvropoda [after Haas. 20021.

Pl4C. 56. Crerra. H.r.rrccrpnp) roruaq pe-t\ Kullro r.li1-tlr\ ca
r Varnplropoda [no Haas. 2002],

riberti Fischer et Riou. 1982. I 'antplroussa rho-
danica Fischer et Riou. 2002 and Palaeoctr.,pus
nev'boldi (Woodu'ard. 1896). have been described
(Fig. 55). l 'he flrst tu'o species are kno\\ 'n from the
Middle Jurassic (Callovian) of France [Fischer.
Riou. 1982; 2002]: the latter uas reponed from the
Late Cretaceous (Campanian) of Lebanon fWood-
rvard.  1896:  Naef .  1922] .  A l l  three forrns \ \ere pfe-
served b1' organic casts that reflect rnanv important
features of their soft body but conceal completelr
the structure of gladius. Proteroctopus had gene-

rall l  octopod-like habitus u'ith short sac-shaped
mant le fused u ' i th  the head on dorsal  s ide.  *e l l -de-
veloped t r iangular  terminal  f ins.  long f iee funnel
and verr long arms *' ithout interbrachial rieb (Fig.
55A.B).  Each arm bore a s ingle rou of  suckers
*it l iout stalks and rings. According to Fischer and
Riou [1982]. the n-rorphologl of Proteroctoptts de-
notes a necto-epipelagic mode of l i fe. I ' 'antptt 'onas-
sa exhibited characteristic vamp)'romorph features.
including eight arms and t\\ 'o f i laments (modified

second pair of anns). deep interbrachial u'eb. Lrni-
serial sucker * ith bordering cirri on each arm. elon-
gated rnantle that \\as fused r.vith the head on dorsal
s ide and n io oar- l ike subterminal  f ins (F ig.  55C.D).
Basing on general  rnorphologl ' .  F ischer  and Riou

f2002] tentativell suggested IhaL l:ampt'ronu.\'su
\\ 'as a mesopelagic animal. Palaeoctopus netboldi
lrom the late Cretaceous of Lebanon is commonll '
considered to be the earliest representative of In-
c i r rata [Engeser.  1988] .  This  ani rnal  had u ide a l -
rrrost spherical rnantle. fused rvith the srnall head
on the dorsal side. r 'erv long arms rvith uniserial
suckers.  t *o srnal l  t r iangular  f ins and no in terbrac-
hial rieb (Fig. 55F). The rnost striking f-eature o1'
Palaeoctopu.s is the structlrre of its gladius that nas
recentlr described b1 Haas 120021. The gladius
consisted of t lr 'o sigmoidal-lanceolate conchy olin
plates separated from each other in the rniddle (Fi-u.

558). Separation of lateral halves in the gladius of
Palaeoctopus clearll testif ies its affinit l '  to lncirla-
ta.  I t  presents conclus ive ev idence that  d ivergence
of octopod stern into Cirrata and Incirrata had al-
readl occurred bv the late Cretaceous.

Evolution of the shell in Vampyropoda.

Basing rnain ly  on paleonto logicaldata.  Haas [2002]
proposed the or ig in of  the shel l  o f  recent  octopods
f i 'orn the g ladi i  o f  ' 'Fossi l  Teur th ids"  (Trachr  teLr t i -
rnorpha) throLrgh reduction of the n-redian tleld of
proostracum and conus (Fig. 56). He sr"rggested that
the step-u'ise reduction of the gladius in Octopodi-
folm linea_ee r"'as probabll '  stipulated bv increasirrs
s* imming act iv i t ) .  Sagi t ta l  in terrupt ion of  the g la-
diLrs in Palaeoclopus. according to Haas. has impro-
ved the capabil it l '  of its muscular mantle for rnore
vi,{orous inflation and deflation durin-e srvimnring
and breath ing.

In mv studr the general scheme of evolLrtion of
the shell in Vampvropoda u'as made on the basis
ol broad comparison of the shell structure and
shel l -sof t  body '  re lat ionship in  recent  vampire sqLr id
and octopods (F ig.  57) .  This  scheme suppor ls  the
conclLrsiorl of Haas 12002) on origin of Varnpr ro-
poda f rorn 'Fossi l  Teuth ids '  u ' i th  u ' ide middle p late
of proostracurn and partly redr-rced conus. Houel'er.
in  m1 opin ion.  reduct ion of  the g ladius in  Octopoda
did not  improve thei r  su imming and breath ing per-
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formance and apparentl) ' \\as determined br other
reasons.

Trvo crucial events took place in evoh-ttion of
the shel l  in  Octopodian l ineage:

1. Redr-rction of the middle plate of proostracurn

and conus in the gladius of vampl'roteuthoid t\ pe

resulting in its transformation into tlte -eladius of

clrrate t! 'pe:
2. Redr-rction of transvet'sal connection (saddle)

in gladius of cirrate tr pe resulting in its transtbr-
mation into paired st1'lets of Incirrata.

The f i rs t  event  \ \ 'as the most  important  as i t
predetermined the rvhole fo l lou ing evolut ion of
octopods" l t  seems surpr is ing.  hou t1 'p ica l  teut-
hooid g ladius of  ancient  vamp) romorpl is  could
t ransfbrrn in to a b izarre U-shape g ladi t rs  of  c i r -
rate t ) 'pe lack in-e d is t inct ive st r r . rc tura l  e lements.
What  were t l ie  possib le causes of  such t ransfor-
mat ion? What  advantages got  an ani tnal  havin-e
r idden of  rnedia l  par t  of  proostracum? To ansu er
these quest ions le t  us consider  the possib le sequ-
ences of  such reduct ion.  RedLrct ion of  the media l
part of proostracum meant that the tnantle ceased
to have f ixed length.  i ts  anter ior  mar-e in lost  sup-
por t .  but  the body '  p last ic i ty '  enhanced.  Such a
transformat ion could happen (and be supported
b) '  natura l  se lect ion)  onl1, '  in  s lou-s"v immin-s
fbrms.  in  lvh ich dorsal  anter ior  Inant le margin
had alreadl' been fused with the head. and the
fins (not t l-re mantle) rvere the main means of
locomot ion.  Reduct ion of  median p late of  proos-
t racum could not  happen in a je t -su ' imming nek-
tonic  coleoid.  because i t  t ransfor tned the animal
from a jetting torpedo into soft salrsage. Thr-rs. it
seems verv l ike l l '  that  hy 'pothet ica l  ancestors of
Octopoda su 'am s lou ly '  us ing the f ins and had the
mant le fused u i t l i  the head on dorsal  s ide.  Ap-
parent l l ' .  these animals evolved tou 'ard pelagic
(bentho-pelagic?)  l i f -e  form. and the presence of
r . l ide hea'n, r ,  g ladius of  vampvroteuthoid ty  pe be-
carr re an obvious obstac le on th is  et 'o lut ionar '1
pathwa,v.

Gladi i  o f  "Fossi l  Teuthoids"  uere bui l t  b1 '  th ick
dense chitin that apparentll 'had substantial negati-
ve buo,vancy'. Such gladii u'ere adequate for active
necto-benthic fonns but rvere too hear"v for pelagic
tbrms. Lightenin-e of the gladius could be achieved
either through genelal reduction of the ueight ot
through reduction of some rnorphological pafts.

Apparently both u'a1 s u'ere explored in evolution.
The first way' (general l ightening of the gladius) led
to recent Vaurpy roteuthidae. The gladius in [ 'anr-
p)l 'oteuthis decreased in thickness and its dense
heavy modification of chitin rias substituted b1 its
loose rvater-rich rnodification u ith nearll neutral
buol'anc1'. Lightening of the gladius in vampl'ro-
morphs resulted in decrease of its rnechanical
strength and corresponding decrease of its suppor-

ting function. The general plan of gladius structure
\\as conserved and did not change considerably' du-
ring subsequent evolution of this group. As a result.
tlre gladius in recent l/amplt'oteutftis is strikingl,r:
s imi lar  to  the g ladi i  o f  some "Fossi l  Teuth ids"  f rom

the Lor.rer Jurassic. Despite its apparent fragil it l  .
the gladius of Vampt'rotetihis has most of the mus-

cular attachrnents found in decapodiforms. It pro-

vides support for f ins that have become the ntain

organ of locomotion in this animal and can propel

it at surprisingly fast speeds. It also serves as a
'backbone' ofthe soft bodl' but less as a rigid sup-
port than as a structure that provides support thro-
ugh its resistance to stretching. Another impofiant
function of varnpire gladius is strengthening tlte
attachment of the head and mantle. The rostrum

underrvent radical reduction in Vantpyroletillis. Its
absence in sorne individuals suggests that it no lon-
ger has a function. Lightening of the gladius of the
ancestral teuthoid plane together u'ith other adap-
tations enabled vamp)'romorphs to evolve pelagic

lbrms. as testif led b1 a single l iving representative.
Houever. this evolutionarl l ine turned out to be a

dead end. When the finfishes entered the seas in

the Jurassic-Cretaceous. vampyromorphs apparent-
ly could not compete rvith them and survived only'
in bathl'-pelagic refLrge,

Another means of l ightening the shell. i ts radi-
cal reduction. \\ 'as realized in evolution of octo-
pods. In course of this reduction. the medial pan

of proostracum (rachis and. probably. lateral pla-

tes). conus and rostrum 'uvere lost. The ostracurn
and periostracum \\ 'ere also reduced and the gladiLrs
transformed into the shell of cirrate type: a carli la-
ge-iike U-shaped structure. composed b1' concent-
ric layers of h1.'postracum. As a result of such re-

duction the gladius lost the role of 'backbone' for
the rrantle musculature but retained its function of
the fin suppofi. Reduction of proostracum. apal't
f i 'om lightening the shell. greatly' increased flexibi-
l i ty of the bodl'. u'hich r.vas an imporlant preadap-

tation for the settlement on the ocean floor. The

habit to explore large objects u'ith the arms \\as

another preadaptation that predetermined an oral-
end-dou'n approach of"pre-octopod" to the bottom

[YoLrng et al.. 19981.
As testif ied 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 evol'n'e

rnainll '  as bentho-pelagic forms relying on swlrn-
ming u i th f ins.  The g ladius in  c i r rates evolved nta-

inll as the structure suppofting the fins and con-

necting the mantle. f ins and the visceral organs.
Redr-rction of basal pockets in this l ineage \\ 'as pro-

babll stipulated by' development of a ne'ur bird-l ike
wal of slvimrning u'ith fins. that required stronger

connection betu,een fin bases and the gladius. Tlio
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evolutionarv l ineages mav be traced u'ithin Cirrata.
In one lineage the animals adapted ro quasi-benthic
life acquiring oral-end-dorvn orientation and flat
cake-like body (Grimpoteuthis and Opisthoteuthis).
The gladiLrs in this l ineage remained rvide and re-
tained some primitive ancestral characters: the pre-
sence of lateral horns serving for attachrnent of the
funnel retractors and the presence of dorsal groove
on the saddle serving for attachment of the mantle.
Another l ineage of cirrates led to bentho-pelagic
forrns like Cirroteuthis and Cirrothaunn. Evolult-
on in this l ine .uvas associated r.vith sr.rimrr-ring u'ith
fins, and the gladius evolved exclusivell as the fins
suppoft. The lateral u'ings of the gladius came clo-
ser together and greatlv expanded to provide effec-
tive suppofi for increasing fins. Axial part of the
gladius became ver l '  th ick and r ig id.  Evolv ing in
this r.vay. the gladius transformed into perfect f in
suppofi. It allowed pelagic cirrates virtually to fly
in the water by' powerful f in stroke. l ike the birds
fl1, in the air.

Ancestors of incirrates descended to the bottom
in oral-end-down position and began to adapt to
cryptic benthic l i fe associated rvith cra.,rl ing lrove-
ment with the use of the arrns. Apparenth flrst
incirrates were shallo.ur,-water forms *ith u,ide U-
shaped gladius and u'ell-developed oar-l ike fins.
However. it seems that the l ife on the bottom 'u,,as
not easy in Cretaceous seas rvhere the key posirions
were gradually taken bv nevn' evolving predators.
the finfishes. For animals unprotected by the shell.
adaptation to benthic environment required enhan-
cement of the bod1,' f lexibil i t_r to lr ide in erer_r. pos-
sible minute shelter on the bottom. The fins and
suppofting it r igid U-shaped gladius becarre an ob-
stacle and had to be reduced. These reasons stipll-
lated the second major event in evolution of the
octopodian shell: reduction of the transr,,ersal fusion
in U-shaped gladius and its separation into paired
lateral rods. sty,' lets.

The first knorvn representative of incirrate l ine-
age. Palaeoctoplts ney'boldi. sti l l  exhibited sorne
characteristic features of Cirrata: presence of f ins.
th ick g ladius and c i r r i  on the arms fHaas.  2002] .
However. the fins in Palaeoctoplzs shou.ed distinct
signs of reduction: they were relativelv small and
lacked solid supporl as rhe gladius had alreadv se-
parated in the middle, In course of evolution of
incirrate octopods the fins reduced completelr '. and
the gladius changed its function from the fin sup-
pofi to suppofi for the funnel. The reduction ofthe
shell in Incirrata appears to significantly affect their
capabil ity for jet-swimrning. Reduction of entire
shell prohibits octopods from fixing their mantle
length and streamline shape during srvimrnin_9.
When inhaling. Octoptts decreases its length b1,' 12-
14ok lZuev, 19651. Thick ventral mantle adductor
diminishes the volume of ventral mantle cavrn

considerablr, ' . Unique pattern of attachment of the
visceral sac to the mantle b;- means of f ive adductor
muscles found in cctopods is much rveaker than
complete fusion of the visceral sac to the shell as
found in vampvromorphs. Hou'ever. this pattern
ensured incredib le mobi l i t i ,  o f  the v iscera l  sac in-
side the mantle cavin. that \\,as an imporlant adap-
tation to the benthic 'ura1' of l i fe. Together rvith the
absence of  f ins.  i t  made octopod body v inual l l 'sha-
peless.  I t  a l lou 'ed the animals to h ide in  narrou,
cracks and slits in rocks and to squeeze oneself'pan 

b) paft ' through chinks r',, i th the rvidtlr jLrst
1/10 of  the animal  manr le length [Akimushkin.
19631.  Reduct ion of  the median connect ion 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 l ife forms. On the other hand. it opened
for ancient incirrates netv possibil i t ies to evolve
benthic and later bentho-pelagic l ife forms and laid
dorvn the basis for contemporary, biological success
of  th is  group.

Er,'olution of Incirrata was associated lvith pr.o_u-
ressive reduct ion of  the shel l  unt i l  i ts  complete loss
in some l ineages.  Benth ic  shal lou-uater  Octopodi-
dae retained the most primitive stl lets reachins so-
metimes up to 24'r/o ML (Enteroctoptr.s). Gra.lual
reduct ion of  the st r , le ts  in  deep-*ater  Octopodidac
\\ 'as apparentl;" stipulated br the seneral dc-clinr. tri '
their activit 'r ' .In Benthocto7tu.s. Bttt lt.t,prt1.1 7t11t. f , i .-
done, Pareledone. Tett'ucltelerLtrte. I-alrtl, ttt,t ll)e
st1 le ts  decreased in s ize and bccantc-  sot i r - . r  u l t i le
in Eledonella and Gratteletlt.tne the shell has bec-n
los t  comp le te l l  IVo igh r .  1997 ] .  Some muscu la r
slrallorr'-riater Octopodidae (.4meloctopus, Hapu-
lr.,clt laetta, etc.) have also lost the stylets fVoight.
19971. Together with stylets. these forms apparen-
tl1 lost abil ity for jetting swimming as tesrif ied bv
decreased size of their mantle in relation to the
arms.

At least tuo independent l ineages of Incin.ata
re- inr , 'aded the pelagic  realm: Bol i tenoidea (Cte-
noglossa) and Argonautoidea. In both l ineages de-
veloprnent of pelagic forms r.vas accornpanied b1
complete loss of the gladius. Bolitaenoidea repre-
sents a more specialized pelagic l ineage than Ar-
gonautoidea. The st1.,lets in this l ineage are missirrg
alreadv in primitive forms (Japetel/a). u'hile in the
advanced form (Amphitretus) even the breaks in the
mantle musculature marking location of the forrner
shell have been lost. In Argonautoidea gradual re-
duction ofthe stl. lets can be traced in Trentoctopus
and ,l l loposlrs unti l compete loss of the shell in
Oct'thoe and ,4rgonaura. In this clade reduction of
the shell \\,as accompanied bl, development of
strong funnel locking-apparatus ofteuthid type that
substituted the shell functionally.

Thus.  the last  event  in  evolut ion of  the shel l  in
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Vampyropoda. its complete loss. repeatedly' and in-
dependently occurred in Incirrata. In benthic Octo-
podidae (Ameloctopus. Hapalocltlaena) reduction
of the stylets was caused by' abandonment of the
jet-swirnrning and development of crar.vling habit
with the use of arms. In pelagic clades (Bolitaeno-
idea. Argonautoidea) the main causes of the com-
plete loss of sty' lets were either the loss of abil it l '
for jet-swirnming (Alloposus, Antpl'titretus) or de-
velopment of strong funnel locking-apparatus/fusi-
on betrveen the firnnel and the mantle (Octlhoe,
Tremoctoptts). Remarkabll . loss of sty lets in all pe-
lagic octopods did not result in transforrnation of
their muscular arrangement. r 'vhicl-r 1s11sl1sd oene-

rally the same as in benthic Octopodidae.
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Parcoeuua BocbMHpyKHX f oroBoHorHx M o,rl-ir toc-

rcon (Vampyropodar Cephalopoda): nopQo:ro-
rnr, QyHnunoHarbHac ponb H 3BoJ'rlounr.

BZ3HKOB Bqqec,.ras A.

B c e p oc c ttic rttti H alq u o - tt t c -t e d oe a nt e t a c xttti tM c nl u nn nl
putduozo rosnicntea u oxeauozpaQuu tBHI'lPO1, .\Iocxea,

107 110, t.t. Beprue-RpacHocelbcKan. d. I t. E-noil: bi-
: ikot tu.:.vriro. ru

PE@EPAT. 14ccreJosaua cpaBHH'r 'e-rbHar r roprfo.rorur .

NtrKpocrp) Kr) pa n tpy uxuuoHa.'rbHar po.rb BHvrpeHHero p\'-

JUNTeHTa paKoBlrsu v 1.1 BUJoB coBperreHHLr\  BocLrrHpvKH\

lo.rroBoHofn\ \ro,rr-rrocKoB (Hr'orp. Vampvropoda). n rorr
quc"rre ) e,r.r.rHcrBeHHofo coBpe\reHHofo npe.lcraBHTetlfl Ba\l-

nHpon. Vampl roteuthis inf t rnal is  Chun. 1903:3 eu.roe rr rag-

HHKoBbr\  ocb\rnHoroB (orp.  Cirrata)  u l0 eu:os 6ecn.rae-

HHKoBbrx ocbl l rHoloB (rr rorp.  Inci r rata) .  BraurroorHotueHHe

NrexJ) paKoBHHox x ur fKH\ l  Te. to\{  \ ro-1.rH)cKoB xccreJo-

BaHO rro roTa.rhHbr\r  cpe3a\ l .  c . fe laHHbr\r  Ha pa3rHqHbr\

vpoBH.f,x. floxa:auo. rrro paKoBuHa BbrlorH.qer pa3"rHqH\ ro

po. lb B pa3Hbr\  fp)  i l r rax BocL\rHp\ KH\ fo.roBoHofH\.  H lBo-

-rruurq ee {roprrr,r rro-BH.-tH\1o\{\ 5sr.ra odr c.ros.reHa ]Bo.rK)-

uuef i  ce ( lvHxrrnn.  Y Vampl roteuthis (orp.  Vampl romorp-

hida).  HauSo:ee ap\aHqHoro npe. f  craBHrer.q Vampvropoda.

paKoBHHa [pe.fcraB"lrer co6oli rnnuqurrir r.raJur c re\ To-

H i lHo fo  l t . l aHa  c ' t poeHHq  H  c . t \ xHT  onopoH \ t aH rHH.  n . r aB -

rrHKa\r .  \1\ 'cK\ ' - raNl-peTpaKTopalr  BopoHKH H fo-roBLr.  a TaK;(e

BncueparbHor l \  \ reuK\ ' .  Heo6srqusr i i  U-.V- u.rn \ \ ' -odpar-

Hrr i i  xprulenorodnsr i i  r i ra, tuvc n-raBHHKoBLr\  ocb\rnrroroB
(orp. Cirrata) rtpeJcraB-r.qer co6oii pvlurreur $,raron xour -

ca.  Kphr. , lbeB H . rareparLHbr\  r i . racrnHox npooc fpaK] r ra.  Er o

f , : raBHar Ql  r rxuur -  onopa n.raBHuKa\r .  V Secr"rasHrixossn

ocbNrnHoroB (olp.  Inci r rata)  paronnrra peJ) uHpoBaHa Jo

lapbr xprueloJo6Hbrx na:rorlex. cru.rreroB. r;ranuar (t1' r I n-

uHq Koropbrx -  onopa perpaKTopaN{ BopoHKI4.

Ka;xlaq rp) nna coBpelreHHbrx BocblrHp)'KHX ro.[oBoHo-

rux:  Vampl ' romorphida.  Cirrata n Inci r rata xapaKrepu-

:r ercr cneuu$[qecKn]r crpoeHue\{ paKoBTIHLI il ee B3ail\ro-

orHo[IeHlre\r c ]I gf KH\t re.rolt. Pacno"ro)I(eHue 3Be3illtarblx

raHr.rHeB. [ rHpoKo paccraB,reHHbr\  Ha BH] TpeHHet i  cropoHe

JopcarLHoii creHKH \raHrHH v Bcex coBpeNreHHLIX Vampy -

ropoda. cBttJere.rr,crB\ er o roll. qro ocbMHHofu rpol{3oluJH

or Ba\inuporro.fo6r{Lrx npeJKoB c urupoxoii rre,Irla.rrsoil

n.racruHxoii r.raJfi) ca. B teoiltoul.rn paKoBHHbr BocbN{Hp\'-

KHX ro-roBoHorHX npoc.rexuBaerct JBa K.rrc.Ieestx coSst-

rur :  I  )  pe:1 xuu.q l reJHa"rbHof i  n.qacruHrH npoocrpaK) ' \ ta ' t

KoH) ca. B pe3).rbrare Koropoil r.ra-fH\ c BavrrHpore] rHJHo-

fo r.raHa crpoeHHr fipeBpaTH"lcr B r.]ai]H)c uHpparHofo

runa: 2)  per)  KuHq nonepevuoi i  [epe\rbrqKn (ce.r , ra)  e uup-

parHo\r f"ra.fH) ce. B pe3).rbrare xoropoii oH rpaHcQoprrn-

poBarcr B napHbre o6pa:onauu.r ( cru;re'rrr ) l.rHuhppalHr,r\

ocr\rHHofoB. V Incirrata fBo.rrlouHr paKoBHHbr rrrna no rt]Trr

ee peJvKuHH B[, roTb Jo r lo j rHofo ucqe3HoBeH]. tc.  Ko' lopoc

ttr"ro napa.r.re.rbHo B KaxJou H3 Tpex rra:ceNreiicrs: C)clo-

podoidea.  Bol i taenoidea n Argonautoidea,  Bo scex c j r ) 'qanx

oxoHqare.rbHar pe. l )  KuH.s paKoBHHbr 5sr"ra css:aHa c nore-

peii cnocoSnocrr'r K peaxruBHol\r) rr.laBaHHK) H corrpoBox-

.ta"racr .r n6o pa3Blrruev cnoeo6pa:uono cnoco6a "x oi'r{-'te-

HH.s" Fra p\  Ka\  no . tH) ( ) '  . toHHbrx Octopodoidea).  ln6o

npucnoco6.reuHe\r K naccuBHor\rv napeHurc B ToJrule Bo,tbr

) npe.tcraBHre.reii ne.rarsqecrnx Bolitaenoidea u Argonau-

toidea. flo"rHaq vrpara paKoBHHbr \' 3Bo.rrour{oHHo npoJBrt[ -

rbr\ flpe.]craBure:reii Incinata He [oBJeK-ra sa co6oii H3\reHe-

gufi ux n.raHa clpoeHHfl. xoropsril ocrarrcr B ue.ro\r ranurl xe.

KaK i l  \  f rpn\rr . l r . rBnbr\  npeJf laBHle.rc i i  r rot  o orpqia.


