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Comparative Morphology and Function
of Dermal Structures in

Oceanic Squids (Cephalopoda)

Clyde F.E. Roper and C.C. Lu

Introduction

Cephalopods, perhaps more than any other group of animals,
use their skins as an integral part of their daily lives, short-term
(individual) and long-term (species) survival, and evolution.
Not merely a protective envelope, the skin of cephalopods is a
reflection of the life-style, habitus, well-being, and milieu of
the animal, for it contains numerous elements that constitute an
integrated biological system. In fact, Packard (1988:37)
considers coleoid skin as having evolved "psychological
dimensions," as an organ of expression and concealment Basic
elements of epidermal and dermal structures may incorporate
the following: pigmentation (ground coloration), chromatopho-
res, iridophores, leucophores, photophores, cilia, Koelliker's
tufts, papillae, cirri, ridges, flaps, scales, tubercles, and various
secretory and sensory structures. This array of structures
supports numerous functions, e.g., osmotic shield, protection
from disease, background matching (camouflage) by color
(chromatophores, etc.) and light (photophores), tactile roles,
chemoreception, behavioral roles in predation, defense, court-
ship, and intraspecific and interspecific communication.

While the structure and function of some of these dermal
elements have been determined to varying degrees, mainly in
coastal species, scales and tubercles have received such scant
attention that their structure, composition, and especially
function are virtually unknown.

This study explores the histology and morphology of several
of these poorly understood structures in the skin of 10 species
of oceanic squids. It further presents hypotheses concerning the
function of these structures: buoyancy maintenance and
locomotory efficiency through reduction of hydrodynamic
drag.

Although invertebrate cartilage tissue was described early in

Clyde F.E. Roper, Department of Invertebrate Zoology, National
Museum, of Natural History, Smithsonian Institution, Washington,
D.C. 20560, USA. C.C. Lu, Department of Invertebrate Zoology,
Museum of Victoria, Melbourne, Victoria, Australia.

the nineteenth century (Schultze, 1818; Koelliker, 1844;
Gegenbaur, 18S8), considerable doubt was expressed at the
turn of the century about it being "true cartilage" (Schaffer,
1930; Lubosch, 1938). Even Hyman (1940:281) stated that
"true cartilage and bone are absent in invertebrates." Schaffer
(1930) and Pritchard (1956) (fide Person and Philpott, 1969)
also stated that cartilage is a uniquely vertebrate tissue. Person
and Philpott (1969) in comprehensive reviews concluded that
true cartilage does indeed occur in invertebrates. They studied
the cartilages in several invertebrate phyla; they concluded that
in cephalopods the tissues of the dermal scales of Cranchia
scabra and the head cartilage of Loligo pealeii strongly
resemble vertebrate hyaline cartilage in both their chemistry
and histology (Person and Philpott, 1967,1969). Person (1983)
reviewed invertebrate cartilages and once again demonstrated
that the cartilage that occurs in several invertebrate phyla is true
cartilage. It need not be referred to as "hyaline-like" cartilage.

Person and Philpott (1969) did not suggest that an
evolutionary or taxonomic significance exists between inverte-
brate and vertebrate cartilages, but they did suggest that
cartilage would have originated in invertebrates rather than
vertebrates, and they remarked about the interesting evolution-
ary aspects of the chemical constituents of cartilaginous tissues,
e.g., the mucopolysaccharides, collagens, etc., as well as the
histology. Mathews (1975) discussed the occurrence of
cartilage in invertebrates and cephalopods and Bairati (1985)
reviewed collagens and cartilages in mollusks, including
cephalopods. Our study reveals that hyaline cartilage also
occurs in dermal structures of families of squids other than the
Cranchiidae. Furthermore, tissues reminiscent of elastic and
fibrocartilages of vertebrates also occur in invertebrates. In the
case of cephalopod cartilaginous tubercles, their significance in
the evolution of cephalopods remains unclear. Person (1969)
pointed out mat the evolutionary development of homologous
organs in vertebrates and cephalopods, e.g., eyes and brain,
deserve further study; to these we now can add cartilages, as
well.
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The majority of squids commonly are considered to have
smooth skin, unadorned with permanent structures such as
scales, tubercles, or papillae. The few exceptions generally
have been regarded as oddities, little more than quirks of
evolution on "rare" deep-sea species. The first such record was
that of Leach (1817), who characterized Cranchia scabra as
having rough, hard tubercles over the entire surface of the
mantle. Subsequently several genera and species of cranchiid
squids, for example, Leachia cyclura Lesueur, 1821, Liocran-
chia reinhardti (Steenstrup, 1856), and Pyrgopsis pacific us
(Issel, 1908), were described as possessing some form of
tubercles on the body, but limited to one or two rows associated
with the mantle-funnel locking apparatus, which is fused in the
Cranchiidae.

Joubin (1895) described Lepidoteuthis grimaldii from a
specimen regurgitated by a sperm whale taken in the Azores, in
the eastern North Atlantic Ocean. Joubin characterized the
species by its overlapping rhomboidal scales that cover the
surface of the mantle. According to Joubin (1900:71) the scales
are of a "cartilaginous consistency." Pfeffer (1900:161) erected
the genus Tetronychoteuthis to accommodate Onychoteuthis
dussumieri Orbigny, 1839, the mantle of which is covered with
many small roundish, non-overlapping, juxtaposed scales on
the surface. Adam (1950) proposed the family Pholidoteuthidae
for the new genus and species, Pholidoteuthis boschmai, which
possesses many round scales on the surface of the mantle. Voss
(1956:132) described a second species, also scaled, Pholido-
teuthis adami, from the Gulf of Mexico. These three "scaled"
genera had been placed in the family Lepidoteuthidae for
convenience by some authors on the ground that they all
possess scalation, but they conceded that the grouping is
unnatural based on other characters (Roper et al., 1969; Voss,
1977). Clarke (1980) has maintained separate familial rank for
Lepidoteuthis. Elsewhere we present a summary and clarifica-
tion of a systematic scheme, as we understand it, for this group
based on analysis of dermal structures and other characters
(Roper and Lu, 1989).

In addition to the above-mentioned species, several other
species in various families have been reported to possess some
form of tubercle-like or scale-like structures on the surface of
the mantle or arms. Such structures are present in these species:
Ocythoe tuberculata Rafinesque, 1814, the tubercles implied in
the name of this epipelagic octopod; His note ut his meleagro-
teuthis (Chun, 1910), described with "cartilaginous tubercles"
by Pfeffer (1900:170); Galiteuthis glacialis (Chun, 1906)
redescribed with "cartilaginous tubercles" over the mantle
(McSweeny, 1978:5); Masdgoteuthis cordiformis Chun, 1908,
described with "modified subcutaneous connective tissue"
tubercles; Tetronychoteuthis massyae Pfeffer (1912:102), with
"chitinous tubercles" reported in the original description;
Histioteuthis miranda (Berry, 1918:226) with "cartilaginous,
tubercle-like spines" reported in the original description;
Echinoteuthis danae Joubin, 1933:13, originally described with
papillae of a "cartilaginous nature"; Chiroteuthis acan-

thoderma Lu, 1977, originally described with "cartilaginous
tubercles"; and all the species of the subfamily Cranchiinae,
which by definition possess rows of cartilaginous tubercles on
the mantle in various locations.

Despite the long history of the discoveries of scales or
turbercles, few detailed studies on their structure have been
undertaken until recently. Two early exceptions were Joubin's
(1900) work on Lepidoteuthis grimaldii and Chun's (1910)
description of the structure of the mantle and the scales of
Lepidoteuthis grimaldii and Mastigoteuthis cordiformis. More
recently a series of articles dealing with some aspects of the
scales of Lepidoteuthis grimaldii was published (Clarke, 1960,
1964; Clarke and Maul, 1962). The designation of the tubercles
of Cranchia scabra as cartilaginous in structure was confirmed
by Person (1969), who referred to them as "dermal scales."
Dilly and Nixon (1976) described the structure of the tubercles
in C. scabra and suggested possible functions: (1) the scabrous
surface could retard the sinking rate, or (2) could form a
"prickly ball" to discourage predators. McSweeny (1978)
described the numerous cartilaginous tubercles on the surface
of the mantle in Galiteuthis glacialis, including histological
details.

Although the occurrence of dermal structures is well
described in the literature, few authors have studied the internal
composition of these structures. They have been referred to as
cartilaginous, chitinous, modified connective tissue, elastic,
etc., with little or no verification of the actual class of tissue,
with the few exceptions mentioned in the previous paragraph
which were mostly in cranchiids. The structures themselves
have been termed scales, plates, tubercles, papillae, humps,
spots, spines, warts, etc.

The use of the terms "scale" and the others listed above
needs clarification at this point Clarke (1960:955) accepted the
term introduced by Joubin (1895), because the slightly
overlapping structures in Lepidoteuthis grimaldii "resemble
ganoid scales [of fishes] in general appearance." The research
reported in this paper shows these structures to be myxoid,
highly vacuolated, fluid-filled, loose connective tissue, unre-
lated to cartilage. Further, the corresponding structures in
Pholidoteuthis adami are of identical structure, but they do not
overlap and they do not "lookiike" scales grossly. Therefore,
the terms "scales" or "cartilaginous scales" are now deemed
inaccurate and inappropriate. As they convey an incorrect
concept, these terms should no longer be used to refer to the
dermal structures of cephalopods discussed in this paper. We
introduce the new terminology, "dermal cushions," which
conveys both structurally and functionally the concept of these
structures, especially as they refer to those of L. grimaldii and
P. adami. The term "tubercle(s)" is appropriate for the dermal
structures of cartilaginous or cartilage-like projections that
occur in Tetronychoteuthis massyae and Cranchia scabra,
formerly referred to as scales, as well as in the other species
studied in this project.

This study has the following objectives: (1) to survey the
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squids in the Order Teuthoidea to determine the occurrence of
dermal structures called dermal cushions (formerly "scales")
and tubercles;1 (2) to determine whether the occurrence of
dermal structures and their distribution within taxa bear
systematic or phylogenetic relevance; (3) to describe the
morphology and histology of dermal cushions and tubercles in
squids; (4) to hypothesize functions that may be applicable to
these dermal structures.2

MATERIALS AND METHODS

Tissue samples were obtained from cephalopod specimens in
the USNM collections o f the National Museum of Natural
History, Smithsonian Institution, with the exception of Chiro-
teuthis acanthoderma. T h e information on these specimens is
listed below in the following order species name, USNM
catalog number, sex of specimen (F = female, M = male, I =
immature), mantle length CML) in mm, locality of capture, ship
and station number, date o f capture.

Lepidoteuthis grimaldii, USNM 730180, M, 180 mm ML,
South Atlantic Ocean, 39°53'S, 21°33'W, Walther Herwig
sta 380-111-71,12 Mar 1971.

Pholidoteuthis adami, 30O mm ML, Norfolk Canyon, 37°09/N,
74°54'W, Gillis sta 74-O4-10,14 Nov 1974.

Tetronychoteuthis massyae, USNM 728888,1, 100 mm ML,
Bermuda, 32°22'N, 64°04'W, Delaware II [Ocean Acre] sta
12-70-N,22Augl971.

Histioteuihis meleagroteuthis, USNM 728893, F, 38 mm ML,
Bermuda, 32°1 I X 64°00'W, Delaware II [Ocean Acre] sta
12-63-N,22Augl971.

Chiroteuthis acanthoderma. Zoological Museum, Copen-
hagen, I, 144 mm M L , paratype, New Guinea, S ' ^ ' N ,
l29°O2'E,Dana sta 3745(1), 8 Jul 1929.

Mastigoteuthis cordiformis, USNM 574891, F, 87 mm ML,
Philippines, Sombrero Is., 13°36/N, 120°45'E, Albatross sta
5114,20 Jan 1908.

Mastigoteuthis hjorti, USNM 815484, F, 93 mm ML, South
Africa, 80°07'S,05°24'E, Walther Herwig sta 431-11-71,31
Mar 1971.

Cranchia scabra, USNM 727214, F, 94 mm ML, Bermuda,
32°10'N, eS^O'W, Albatross IV [Ocean Acre] sta
7-2-N,6Sepl969.

Liocranchia reinhardti, USNM 727211, F, 29 mm ML,
Bermuda, 32°15'N, 63°35'W, Trident [Ocean Acre] sta

'Other species are known to have peculiar dermal structures, but we did not
have material available for sectioning and study. These are Moroteuthis spp.
(Onychoteuthidae) and Brachioteuthis spp. (Brachioteuthidae), and there may
be others, as well

*We emphasize that hypothesized functions are based on analyses of
structures and deduction from preserved specimens, as well as on knowledge
about the biology and life-style of the species. Most of the deep-sea species
reported on here have never been seen alive, so to date the functions are
proposed from an empirical rather than an experimental basis.

8-5-N,25Novl969.
Leachia cyclura, USNM 727250, M, 55 mm ML, Bermuda,

32°13'N, eS^CW, USNS Sands [Ocean Acre] sta
6-24-N, 30 Apr 1969.

Tissues prepared for SEM examinations were freeze dried,
mounted on stubs, and gold-coated. For light microscopy,
tissues were prepared following standard histological proce-
dures. Tissue blocks were embedded in paraffin and sectioned
at 6 micrometers. Sections were treated with the following
stains: Mayer's haematoxylin and eosin, PAS (periodic acid
leucofuchsin), PAS with light green, PTAH (phosphotungstic
acid haematoxylin), Toluidine blue O, and Masson's trichrome.
These stains provided information about general histology of
the structures or were specific for cartilage, collagen, and other
connective tissue differentiation.

We emphasize that all the specimens from which we
obtained tissue samples are museum specimens that were not
initially fixed for histological purposes. They were fixed in
buffered or seawater formalin and preserved in 50% isopropyl
alcohol for permanent storage. Most specimens had been in the
museum collection for a number of years before they were
selected for this study. Consequently, some tissue deterioration
may have occurred since the time specimens were captured and
fixed.

The work of Bone et al. (1981) illustrates squid mantle in
section from species without dermal structures and should be
helpful in interpreting our results.

ABBREVIATIONS

Abbreviations used in line drawings an

ccr
CH
CM
CO
CP
CT

cu
D
DCT
E
EC
FCT
IME
LCT
LFCT
LM
LOCT
M
MF
OM
P
PS
RM
T
VL
VT

Chondrofibrous connective tissue
Chamber
Circular muscle
Chondrocytes
Chromatophores
Connective tissue
Cuticle
Dermal tissue
Dense connective tissue
Epidermis
Elastic cartilage
Fibrous connective tissue
Inferior mantle epithelium
Longitudinal connective tissue
Loose fibrous connective tissue
Longitudinal muscle
Loose ordinary connective tissue
Mantle
Muscle fibers
Oblique muscle
Perichondrium
Pigment sac
Radial muscle
Tubercle
Vacuolate layer
VacuoUte connective tissue
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Structure

Family LEPIDOTEUTHIDAE Naef, 1912

Lepidoteuthis grimaldii Joubin, 1895

FIGURES 1-7

Detailed descriptions and illustrations of this species are
given in Joubin (1895,1900), Clarke (1964,1966), Clarke and
Maul (1962), and Clarke et al. (1979). The most striking feature

of L. grimaldii is the presence of many relatively large,
diamond- to hexagonal-shape dermal cushions, formerly called
"scales," that cover the mantle except on the posteroventral part
under the posterior half of the fins. These structures resemble
some fish scales in outline and overlapping arrangement
(Figures 1-3), but they lack the solid boney structure. The
diagonally arranged dermal cushions overlap and fit closely
together like roofing tiles, with the fixed edge attached
posteriorly and the free edges overlapping the one dermal
cushion directly anteriorly and two dermal cushions anteroven-
trally (cf. Joubin, 1900, pis. 6,7; Clarke and Maul, 1962, pi. 3).
Dermal cushions from a young specimen of 180 mm ML
(mantle length) are about 1.5 mm wide, 2.0 mm long, and 0.5
mm high. Dermal cushions from a specimen of 755 mm ML
measure up to 10 mm wide and 12 mm long. In specimens
preserved in alcohol the dermal cushions have a fleshy to
semigelatinous consistency; they are easily compressed, but
soon rebound to their original form after pressure is discontin-
ued. Further, dermal cushions in preserved animals are rather
easily dislodged and removed from the mantle.

A longitudinal section of a dermal cushion reveals that the
internal structure is highly vacuolated and consists of numer-
ous, small, irregularly sized and shaped chambers partitioned
by thin membranous walls (Figures 4, 5). The membranous
walls appear non-cellular and consist of PAS positive col-
lagenous material. Sections of the dermal cushions and mantle
wall show an epidermal layer that envelops the dermal cushion
and continues as the outer epithelium of the mantle. (This
epithelium is too delicate and fragile to show on many sections
and hence is not seen in the published figures.) Figures 6, 7
show the internal structure of the dermal cushion to be a highly
vacuolated area of loose ordinary connective tissue. This loose
ordinary connective tissue consists of collagenic, elastic, and
probably reticular fibers, and of a non-staining amorphous area,
interpreted as "ground substance," that gives the appearance of
vacuoles or empty spaces. Possibly the large intermembranous
chambers are comprised of the acid mucopolysaccharide,
hyaluronic acid. However, the possibility also exists that these
are filled with tissue fluid containing light weight ammonium
ions or simply water. The few nuclei present belong to widely
scattered muscle fibers as differentiated by PTAH, particularly
in the peripheral zone. The base of the dermal cushion is
considerably smaller than the diameter of the body of the
dermal cushion (Figures 6,7). The base is relatively large in
small specimens but becomes proportionally much smaller,
almost stem-like, in adults. Internally the dermal cushions are
continuous with the connective tissue of the mantle, and they
are covered by the fine epidermis of the mantle. In the dermis
on the superior side of the dermal cushions are elongate
pigment sacs that contain melanin granules. The vacuolated
area of the dermal cushion is nearly devoid of any other
material except an occasional muscle fiber.

The mantle sensu strict© (Figures 6, 7) consists of the
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FIGURES 1-4.—LepidoUuihis grimaldii: 1, dermal cushions in situ on mantle, x21, SEM, scale 1 mm; 2,
anterior-directed view of dermal cushions on mantle, x34, SEM, scale 1 mm; 3, dermal cushions in situ on
mantle, lateral view, section through middle of one scale and edge of another (note the numerous chambers), x 26,
SEM^cale 1 mm; 4, highly vacillated area of loose connective tissue in dermal cushions, x210, SEM, scale 0.1

epidermis with basement membrane, the dermis with pigment
cells, a thin layer of longitudinal muscle, a thin vacuolated
intercellular area, a band of circular muscle, a thick layer of

vacuolated tissue interspersed with widely scattered longitudi-
nal and circular muscle fibers, a thick inferior layer of circular
muscle, and the internal mantle epithelium with pigment cells.
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FIGURES 5-7.—LepidoUuthis grimaldii: 5, further enlargement of a portion of Rgure 4 (note thin membranes of
chambers), x825, SEM, scale 0.01 mm; 6a, cross section of mantle and two dermal cushions, xl6, light
microscopy, stain H A E, scale 1 mm; 6b, diagram of Figure 6a identifying tissue types; la, cross section of
mantle and a dermal cushion, x40, light microscopy, stain H & E, scale 0.S mm; 1b, diagram of Figure la
identifying tissue types.
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FIGURES S-U.—Pholidoteuthu adami: 8, dermal cushions in situ on mantle, x54, SEM, scale 05 mm; 9,
anteriorly directed view of dermal cushions on mantle, x 43, SEM, scale 0.5 mm; 10, section through two dermal
cushions and mantle showing highly vacuolate nature of loose connective tissue, x80, SEM, scale 0.5 mm; 11,
close-up of chambers in dermal cushion (note thin membranous walls of connective tissue), x825, SEM, scale
0.05 mm.

Pholidoteuthis adami Voss, 1956

FIGURES 8-13

The mantle of this species is covered with a layer of closely
set, small, soft dermal cushions, formerly called "scales," that
are irregularly rounded to crudely pentagonal in outline

(Figures 8,9). They do not overlap and are about 0.S mm in
diameter and 0.3 mm in height on a specimen of 300 mm ML.
Sections of the dermal cushions indicate that they are almost
entirely vacuolate, consisting of continuous thin-walled, irregu-
larly shaped chambers (Figures 10-13).

The base of each dermal cushion is nearly equal in diameter
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I E_

FIGURE 12.—PholidoUuthu adami: 12a, crosi section through dermal cushion and mantle, x l 6 , light
microscopy, stain H A E, scale 0 3 mm; 12b, diagram of Rgurc 12a identifying tissue types.



NUMBER 493

13a

FIGURE 13.—Pholidoteuthis adami: 13a, close-up of cross section through a
dermal cushion showing vacuolate connective tissue chambers, x 160, light
microscopy, stain H&E, scale 0.1 mm; 13 b, diagram of Figure 13a identifying
tissue types.

to the dermal cushion itself. The vacuolated tissue of the dermal
cushion is a continuation of similar tissue from the dermal layer
of the mantle (Figures 10, 12, 13). The surface epidermis is
very thin and continuous over the dermal cushions and mantle,
making the dermal cushions an integral part of the surface of
the mantle (Figures 12,13). However, in preserved specimens,
at least, the dermal cushions are relatively easily dislodged
from the mantle.

The internal structure of the dermal cushion is largely
vacuolate, loose ordinary connective tissue. The irregular,
thin-walled, empty-looking vacuoles may represent the locale
of the amorphous ground substance of connective tissue,
hyaluronic acid, that does not fix and stain satisfactorily.
However, we suspect it is more likely that the vacuoles
contained fluid enriched with ammonium ions, an interpreta-
tion consistent with the suggested function of a buoyancy
mechanism (Clarke et al., 1979). The membranous walls
consist of collagenic and elastic fibers and the vacuolated area
is interspersed with scattered muscle fibers and nuclei of loose
connective tissue (Figure 13). There seems to be no obvious
pattern of arrangement of fibers. In the subcutaneous (dermal)
area beneath and between the bases of the dermal cushions and
superficial to the longitudinal muscle layer lie elongate,
flattened chambers with dark walls. These structures are the
pigment sacs that provide the background coloration of the
squid.

The mantle tissue per se is thick and spongy, and it consists
of the following layers as seen in histological sections (Figures
12,13): the outermost epidermis with basement membrane; a
vacuolated area with interspersed elongate, dark-walled pig-
ment sacs; a thin layer of longitudinal muscle; an extremely
thick layer of circular muscle with scattered, longitudinal fibers
(the muscles in this layer are loosely distributed throughout a
non-cellular, vacuolated matrix of connective tissue, similar in
appearance to the vacuolate tissue in the dermal cushions and
subcutaneous layer); and finally, the thin epithelium lining of
the inferior surface of the mantle.

Family Unresolved

The familial status of Tetronychoteuthis and its relationship
to Lepidoteuthis and Pholidoteuthis has long been a matter of
debate. The comparative morphology of dermal structures from
mis study has permitted a reassessment of their systematic
relationships. This problem is addressed in Roper and Lu,
1989.



10 SMITHSONIAN CONTRIBUTIONS TO ZOOLOGY

FIGURES 14-17.—Tetronychoteuthis massyat: 14, plan view of papillose tubercles on surface of mantle, x 110,
SEM, scale 0.1 mm; IS, anteriorly directed view of longitudinally arranged rows of papillose tubercles on mantle,
x55, SEM, scale 05 mm; 16, longitudinal section of papillose tubercles showing intertubercular channels and
pores opening to surface, x 1 IS, SEM, scale 0.1 mm; 17, enlargement of tubercle from Figure 16, x370, SEM,
scale 0.1 mm.

Tetronychoteuthis massyae Pfeffer, 1912

FIGURES 14-22

The mantle of this species is covered with many solid,
stellate, minute, tightly-packed, papillose tubercles (Figures 14,
IS). Each tubercle is roughly mushroom-shape in profile with

a slightly concave central disc and a thick base. The periphery
of the tubercle contains several (mostly 7 to 10) 2-, 3-, or
4-prong, conical papillae (Figures 14-16). The discs on a
specimen of 100 mm ML are about 0.3 mm in diameter and
0.15 mm in height The tubercles consist of very densely
packed material with chondrocytes, reminiscent of elastic
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FIGURES 18,19.—Tetronychoteutkis massyae: 18, enlargement of a portion of tubercle from Figure 17, x2000,
SEM, scale 0.01 mm; 19, further enlargement of a portion of tubercle from Figure 17, x3700, SEM, scale 0.01

cartilage, regularly distributed throughout the dense connective
tissue matrix of the disc and the base (Figures 17-22). SEM
examination shows that the dense tissue is interspersed
throughout with small vacuoles of varied sizes and shapes
(Figures 18,19). The walls of the vacuoles and the matrix are
relatively thick and fibrous. The small vacuoles are mixed with
large tubule-like spaces that give an overall dense spongy
structure.

Histologically the following features occur through die
tubercles and mantle (Figures 20-22). A delicate acellular
cuticle envelops the surface of the tubercles and the papillae.
The surface of the mantle between the tubercles is covered with
normal epidermis that is fused with the bases of the tubercles.
The base of each tubercle is continuous with and has the same
chondrofibrous composition as the outer layer of the dermis,
the foundation layer that envelops the mantle superior to the
muscle layers. Pigment sacs (chromatophores) mat provide the
background coloration occur in the boundary zone between
epidermis and dermis. Along the inferior boundary of the
foundation layer occurs a layer of large, closely packed
chondrocytes that immediately overlie the dense, thin layer of
longitudinal dense connective tissue fibers of the mantle
(Figure 20). Inferior to the connective tissue fibers is another

thin layer of connective tissue regularly penetrated by oblique
and circular muscle fibers that extend from the underlying
mantle musculature. Inferior to this boundary zone lie several
alternating layers of compact circular and oblique muscles that
comprise most of the thick wall of the mantle (not shown in
figure sections). The inferior-most layer of the mantle
musculature consists of interspersed circular and oblique
muscles which insert into the inferior mantle epithelium. No
inferior layer of longitudinal muscle exists.

Family HISTIOTEUTHIDAE Verrill, 1881

Histioteuthis meleagroUuthis (Chun, 1910)

FIGURES 23-46

Histioteuthis meleagroteuthis is characterized by the posses-
sion of a prominent ridge of strong, knob-like tubercles along
the anterior 2/3 of the dorsal midline of the mantle, as well as
along the proximal half of the median aboral surfaces of arms
I, II, and III (Figures 23-26, 35, 36; Voss, 1969, fig. 26d).
These ridges and tubercles are very hard and rigid in live
animals as well as in fixed specimens and have been termed
"cartilaginous" (Pfeffer, 1900:170; Chun, 1910:170; Voss,
1969:805). The tubercles appear on the mantle in the juvenile
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FIGURES 20-22.—TetronychoUuthis massyae: 20a, section of outer portion of mantle with tubercles (note
chondiofibroui outer layer of dennii), x 160, light microscopy, stain H A E, scale 0.1 ran; 206, diagram of Figure
20a identifying tissue types; 21a, section of a tubercle showing elastic cartilage tissue, x400, light microscopy,
stain Masson's trichrome, scale 0.1 mm; 2lb, diagram of Figure 21a identifying tissue types; 22a, section of a
tubercle showing dense elastic cartilage tissue, x400, light microscopy, stain Masson's trichrome, scale 0.05 mm;
22b, diagram of Figure 22a identifying tissue types.
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FIGURES 23, 24.—HLstioteuthis meleagroteuthu: 23, plaa view of dorsal
midline mantle tubercles and ridge, x22, SEM, scale 1 mm; 24, side view of
dorsal midline mantle tubercles and ridge, x35, SEM, scale 1 mm.

FIGURES 25, 26.—Histioteuthis meleagroteuthis: 25, dorsal midline mantle
tubercles protruding through epidermis, x34, SEM, scale 1 mm; 26, cross
section through dorsal midline mantle tubercle and ridge, x37, SEM, scale 1
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stage of development at a mantle length of about IS mm and are
recognizable as a row of small, separate protuberances or
knobs. With growth, additional tubercles appear, and finally the
ridge emerges on which the tubercles lie (Figures 23,24). The
tubercles along the arms remain somewhat more distinct with
only the bases coalesced (Figure 35) and the ridges are less
developed. The tubercles and subsequently the entire ridge
appear to protrude through the epidermis (Figures 25,28) in
SEM preparations, but extensive examination of serial sections
and whole specimens reveals a delicate layer of epidermis

covers the tubercles (Figure 45). The absence of epidermis in
many preparations is due to abrasion and damage during
capture.

The internal structure of the tubercles on the mantle under
SEM shows an extremely dense, uniform zone that grades
interiorly to a more vacuolated area along the base of the ridge
and into the wall of the mantle (Figures 26,27). The vacuolated
tissue varies from very thin, almost membranous vacuole walls
in the interior section of the ridge (Figures 29,30) to a more
thick-walled fibrous matrix near the periphery (Figures

FIGURES 27-30.—JlistioUuthu meleagrotetdhis: 27, enlargement of tubercle portion of Figure 26 showing dense
elastic cartflagenous tip, x 185, SEM, scale 0.1 mm; 28, cut end of dorsal midline mantle ridge, x55, SEM, scale
0.5 mm; 29, enlargement of a portion of Figure 28 showing small chambers in tubercle ridge tissue, x550, SEM,
scale 0.05 mm; 30, further enlargement of a portion of Figure 29 showing thin connective tissue walls of
chambers, x3235, SEM, scale 0.01 mm.
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31-34). The vacuolated tissue extends inferiorly and blends in
laterally with the wall of the mantle, the tissue of which appears
similar to that of the ridge (Figure 26).

The tip of the mantle tubercle (Figures 26,27) is extremely
dense tissue that consists of a heavy fibrous matrix punctuated
by numerous chondrocytes (Figures 26,27,44). This tissue in
histological sections has the appearance of elastic cartilage,
very similar to that of vertebrates. In the core of the tubercle and
inferiorly through the base of the ridge, the tissue becomes less
dense, more vacuolated, and the chondrocytes become more

widely scattered (Figure 43). The inferior-most zone of the base
of the tubercular ridge is sheathed by a thin layer of connective
tissue, then, finally, the epithelium of the dorsal side of the shell
sac with its densely packed cells.

A transition zone of vacuolated, loose connective tissue
interspersed with scattered bundles of circular and radial
muscle of the mantle lies lateral to die base of the tubercular
ridge. Lateral to this the regular mantle tissue occurs with the
following constituents: the epidermal layer consisting of a thin
epithelium; a thick, vacuolated, gelatinous dermal layer

FIGURES 31-34.—iHbtioteuthis meleagroUuthu: 31, enlargement of a portion of Figure 28 (bowing boundary
between the dorsal midline mantle ridge and epidermis, x 600, SEM, teak 0.01 mm; 32, enlargement of a portion
of Figure 28 ihowing densely packed fiber* which form elastic cartilage of dorsal midline mantle tubercular ridge,
X230.SEM, scale 0.1 mm; 33, enlargement of Figure 32 showing elastic cartilage fibers, x 1200, SEM. scale 0.OS
mm; 34, enlargement of a portion of Figure 33 showing fibers of tubercle, x 10500, SEM, scale 0.005 mm.
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FIGURES 35-38.—Histiottuthis meleagroteuthis: 35, ride view of tubercles
and ridge on arm III,x 22, SEM, scale 1 mm; 36, cross section of entire arm III
and cartQagenous tubercle, x25, SEM, scale 1 mm; 37, enlargement of a
portion of Figure 36 showing densely packed fibers on base of tubercle, x 180,
SEM, scale 0.1 mm; 38, enlargement of a portion of Figure 36 at the base of
tubercle showing interwoven tubercle fibers (top 2/3 of photograph) and
longitudinal muscle fibers (bottom'/}), * 180, SEM, scale 0.1 mm.
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supported by connective tissue; a thin sheath of longitudinal
muscle; a thick zone of circular muscle compartmented by
radial muscle walls that extend the whole thickness of the
muscular portion of the mantle; a moderately thick layer of
thin-walled, probably gelatinous, vacuolate, loose connective
tissue sandwiched between the superior and inferior layers of
circular muscle; a few scattered strands of longitudinal muscle;
and the thin inner epithelial layer of the mantle wall.

The tubercles on the arms are distinctive and nipple-like
(Figure 35). In cross section, viewed with SEM, the tips of the
tubercles are extremely dense and fibrous (Figures 36,40-42).
Toward the center of the tubercle the tissue becomes less dense,
more vacuolated (Figure 36), and the matrix consists of

membranous walls and fibrous rods (Figure 37). Inferior to this
lies the aboral longitudinal musculature of the arm arranged in
loose bundles interspersed with the vacuolated connective
tissue (Figures 36, 38-41). The internal structure of the arm
consists of loosely arranged, spongy-looking, vacuolated
connective (gelatinous) tissue containing scattered radial
(transverse) muscle bundles (Figures 45,46).

The tips of the mantle and arm tubercles under light
microscopy are heavily invested with chondrocytes in a dense
fibrous matrix (Figures 45,46). In its staining characteristics
mis tissue resembles elastic cartilage of vertebrates. A strand of
fibrous connective tissue originates on the tubercle and
continues to the base of the tubercle where it lies in immediate

FIGURES 39-42.—HistioUuthis meleagroUuthis: 39, enlargement of a portion of Figure 38 showing connective
tissue fibers (top) and muscle fibers (bottom left), x 1200, SEM, scale 0.02 mm; 40. longitudinal section of arm
III showing tubercles, arm musculature, and loose connective tissue, x22, SEM, scale 1 mm; 41, enlargement of
a tubercle from Figure 40, x70, SEM, scale 0.5 mm; 42, enlargement of a portion of Figure 41 showing dense
elastic cardlagenous tip of tubercle, x 300, SEM, scale 0.1 mm.
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FIGURES 42-47.—Cocoons, Eustenogaster eximia (Bingham), Kanneliya: 42, inner surface of section of pupal
cell with glistening cocoon fabric covering strands of Fusarium hyphae; 43, outer surface of same section covered
by hyphae; 44, edge of same cell section, outer surface at left; 45-47, edge of cocoon showing varying degrees
of thickness as denoted by scale lines.
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FIGURE 46.—Histioteuthis meleagroteuthis: 46a, cross section of arm III showing elastic cartilage tubercle and
adjacent muscles and connective tissues, x40, light microscopy, stain H & E, scale 0.1 mm; 466, diagram of
Figure 46a identifying tissue types.



20 SMITHSONIAN CONTRIBUTIONS TO ZOOLOGY

FIGURES 48-51.—Cocoon fabric and fungi: 48, Crossocerus (Blepharipus) stictochilos Pate, Plummers Island,
Maryland, section of cocoon wall with silken strands overlying glistening film; 49-51, Eustenogaster eximia
(Bingham), Kanneliya; 49-50, sections of cocoon fabric from alcohol stained with acid fuchsin, darker,
thicker, curved, and/or beaded filaments are Fusarium hyphae, finer, lighter filaments are silken strands, x80; 51,
section of pupal cell from alcohol, part of cell wall (w) at left, mass of Fusarium hyphae (f) in center, and thin
cocoon (c), oblique aspect, at right.
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FIGURES 50,51.—Ckiroteuthis acanthoderma: 50a, cross section of mantle through a tubercle (from Lu, 1977,
fig. 14B), x 160, Hght microscopy, stain H A E, scale 1 mm; 50£», diagram of Figure 50 identifying tissue types;
51a, close-up of a hyaline cartilage tubercle showing chondrocytes, x400, light microscopy, stain H & E, scale
0.05 mm; 51b, diagram of Figure 51 identifying tissue types.
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The C. acanthoderma tubercle does not appear to be true
hyaline cartilage, as in die Cranchiidae, for example, because
the basal matrix especially is so heavily invested with fibrous
material.

The tissues of the mantle consist of the following layers from
superior to inferior (Figure SO): a thin epidermis; a relatively
thick, vacuolated dermal layer of loose connective tissue
containing pigment sacs; a thin layer of a few scattered
longitudinal muscle fibers in a connective tissue sheath; a layer
of fine radial muscles that interconnect through a thin layer of
dense circular muscle; a very thick vacuolate layer of loose
connective (gelatinous) tissue with extremely large, thin-wall
vacuoles, and this entire layer is interspersed with radial
muscle; an inferior layer of circular muscle, about triple the
thickness of the superior circular muscle layer, and finally, the
inferior epithelium.

Family MASTIGOTEUTHIDAE Verrill, 1881

Mastigoteuthis cordtformis Chun, 1908

FIGURES 52-56

This species is characterized by having the surface of the
mantle, head, and arms covered with minute, closely-packed,
conical tubercles with blunt to sharply pointed apices (Figures
52, S3). On a specimen of 87 mm ML the tubercles are 0.2 mm
in diameter and 0.2-0.3 mm high. The tubercles are covered
with a fine epidermis in life, but this epidermal layer generally
is rubbed off in preserved specimens, as is the case with the
material figured. The internal structure consists of dense

connective tissue which has staining properties and appearance
reminiscent of elastic cartilage or fibrocartilage of vertebrates.
The fibers are arranged in an orderly pattern (Figures 54-56).

The tubercles consist of a matrix with numerous, elongate
vacuoles that are arranged in an orderly pattern; those in the
basal portion (in longitudinal section) radiate diagonally in
layers from the center of the tubercle to the periphery, while
those nearer the tip are somewhat concave and arranged in
layers parallel with the surface of the mantle (Figures 55,56).
The walls of die vacuoles are moderately thick and fibrous. A
zone of nuclei of epithelial cells is conspicuous around the
basal periphery of the tubercles and along the basal discs that
lie against the surface of the mantle.

The tissues in histological section (longitudinal sections,
Figures 54-56) from superior to inferior through the mantle
consist of the following layers: a thin epidermis (frequently
rubbed off in preparations); the tubercles; a thick layer of loose
ordinary connective tissue, with large, elongate vacuoles, the
walls of which have large, dense nuclei; a pigment/
chromatophore layer at the superior-most boundary of this
vacuolated area; a thin, dense sheath of connective tissue; a
thick muscular layer that consists primarily of circular muscle,
interspersed with bundles of longitudinal muscle, and pene-
trated by radial muscle fibers from the inferior thick layer of
radial muscle in which is sandwiched a narrow band of circular
muscle (the radial muscle is loosely arranged with large spaces
between fiber bundles); an inferior-most sub-layer of very
loosely scattered circular muscle bundles and other randomly
oriented muscle fibers; and the thin, dense inferior mantle
epithelium. It should be noted that this tissue sample comes

FIGURES 52,53.—MastigoUuthLs cordtformis: 52, plan view of surface of mantle showing tubercles, x200, SEM,
scale 0.1 mm; 53, side view of a tubercle, x 500, SEM, scale 0.05 mm.
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FIGURES 54,55.—MastigoUuthis cordiformis: 54a, longitudinal section of a portion of nuntle through several
tubercles, x 16, light microscopy, stain H A E, scale 0.5 mm; 54b, diagram of Figure 54a identifying tissue types;
55a, enlargement of a portion of Figure 54a with two elastk/SbicK^Ttn»ge tnberdes, x 40, light im'croscopy, stain
H &. E, scale 0.1 mm; 55b, diagram of Figure 55a identifying tissue types.

FIGURE 56.—MastigoUuthis cordiformis: enlargement of a tubercle from
Figure 54a showing elastic/fibrocartilage tissue, x400, light microscopy, stain
H & E, scale 0.05 mm.

from a long-preserved specimen in which the initial fixation
was not uniform, and the inferior tissue has deteriorated to a
certain extent Subsequent examination of well-fixed speci-
mens shows that the inferior layer of circular muscle actually is
as well developed and extensive as the superior circular muscle.

MastigoUuthis hjorti Chun, 1913

FIGURES 57-61

Mastigoteuthis hjorti has extremely minute, disc-like,
closely packed tubercles, each with a central conical papilla or
spire, that cover the surface of die mantle, head, and arms
(Figures 57,58). The tubercles on a specimen of 93 mm ML
measure 0.1-0.2 mm in diameter and 0.05-0.1 mm high.
These tubercles and the epidermal layer in which they are
embedded frequently are lost during capture. The tubercles
(Figures 60, 61) consist of a relatively densely-staining
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Kandy District: Hasalaka, Thawalamtenne, and Kandy,
Udawattakele Sanctuary

Colombo District: Labugama Reservoir and Mirigama
Scout Camp

Ratnapura District: Weddagala, Gilimale, and Belihul Oya
Badulla District: Ella
Monaragala District: Angunakolapelessa
Galle District Kanneliya
Matara District: Deniyaya

NESTING BEHAVIOR.—I observed this only once in Udawat-
takele Sanctuary, at 1512 on 22 September 1980. The wasp, 22
mm long, was finishing the closure of her nest, which was
placed on a slight slope in dense jungle against a tree root. She
tugged at several large leaves, apparently trying to obtain small
fragments to conceal the nest entrance. I captured her in a few
minutes, and found that her nest was in the tunnel of the prey
spider. The tunnel extended 6.4 cm from the entrance to the
terminal cell of the spider. The wasp had filled the tunnel
loosely with soil. The cell was 2.5 cm long, 2.0 cm high, and
1.5 cm wide. The bulky spider, 21.5 mm long, was thoroughly
paralyzed and had been placed on its back with the cephalotho-
rax toward the inner end of the cell. The slightly curved egg, 2.9
mm long and 0.9 mm in diameter, was placed transversely
toward the anterior end of the abdominal venter of the spider.

P.B. Karunaratne told me that this spider constructs its nest
near the soil surface, lines the tunnel and terminal cell with silk,
and makes a funnel-shaped entrance that is camouflaged with
pieces of leaf or bark. The wasp must have removed the silk
lining the entrance and tunnel before making the closure, for I
found a silken lining only at the inner end of the cell.

PREY.—The prey specimens that we collected with the
wasps were large, bulky, typical tarantulas belonging to the
families Idiopidae and Barychelidae.

The prey at Udawattakele was an adult female idiopid,
possibly a species of Scalidognathus Karsch. The other three
prey specimens, two from Angunakolapelessa and one from
Induruwa Jungle, Gilimale, were immatures of the barychelid
spider, Plagiobothrus semilunaris Karsch. I kept one of the
prey from Angunakolapelessa alive for some hours. In 6V2
hours it recovered enough from thorough paralysis, so that it
could flex its legs but was incapable of walking.

PREY TRANSPORT.—I saw a small convexa, 14 mm long,

crawling rapidly and excitedly over an almost vertical bank of
a dry streambed at Angunakolapelessa at 0943,27 March 1981.
After about five minutes she visited her thorougly paralyzed
prey, 13.5 mm long, that was lying venter up on a small flat
ledge near the top of the bank. The wasp then disappeared in the
leaf litter next to the bank, and returned at 0954. She started to
drag off the prey, was frightened by my proximity, and I
captured her when she returned 10 minutes later.

At 1415 on this same date T. Wijesinhe saw a small convexa,
12 mm long, walking on the leaf litter in the same dry
streambed. She pulled a paralyzed spider, 15.5 mm long, from
beneath the leaves, turned it venter down, and, walking
backward, dragged the prey while grasping it at the head end.

My last prey record was in the Induruwa Jungle, Gilimale, at

1240, 16 April 1981. A female convexa, 22 mm long, was
dragging her thoroughly paralyzed spider, 16.5 mm long,
venter up, at the edge of a trail through the dense rain forest.

Williams (1956) noted that the egg of//, ustulata ochroptera
was 4.25 mm long, slightly curved, and was attached at one
side of the ventral line and at midlength of the spider's
abdomen. He also stated that the cocoon was 35 mm long, and
was spun of brown silk with a single wall that was varnished on
the inner surface.

Hemipepsis Indiana Wahis

This rather uncommon species occurs in Sri Lanka and
southern India (Bengal, Tranquebar in Tamil Nadu, and
Coimbatore in Kerala). Within Sri Lanka it has been collected
only in the Dry Zone at altitudes from near sea level to 30 m
and with an average annual rainfall ranging from 920 to 1000
mm. Our few records of its occurence in Sri Lanka are as
follows.

Mannar District: 0.8 km NE of Kokmotte Bungalow,
Wilpattu National Park

Anuradhapura District: Padaviya
Hambantota District: Palatupana Tank
PREY HUNTING.—I saw one female, 20 mm long, hunting for

a prey in the leaf litter beneath a small malith tree, Woodfordia
fruticosa (Lythraceae) in an open field at Palatupana Tank at
0810, 28 September 1977. During her search she flicked her
wings rapidly from a position of being folded flat over her
abdomen, and antennated the ground incessantly. She paused
briefly at a silken burrow entrance, 10 mm in diameter, next to
a tree root, antennated the entrance, and then moved on. She
returned 10 minutes later and entered the burrow. A minute
later I saw a large spider run rapidly down a slight slope from
a second entrance on the other side of the root. The wasp lost
sight of the spider scurrying away, but picked up its trail five
minutes later. I captured the wasp at 0838, after she had clearly
lost the spider's trail.

Dipogon kandiensis (Turner)

This species is endemic to Sri Lanka where we collected it in
the Wet Zone at altitudes of 610-1050 m with an average
annual rainfall of 3000 mm as follows.

Kandy District: Thawalamtenne and Kandy, Udawattakele
Sanctuary

Both of my behavioral records are from Udawattakele, the
area in which Turner's holotype specimen was probably
captured by O.S. Wickwar.

NEST.—I found a female, 8.7 mm long, sealing the nest
entrance in a cavity in a standing dead tree in mid-morning, 22
March 1981. Her abdomen was curved beneath her, and she
was using the tip to compact the debris that formed the closing
plug. The nest was in an abandoned boring, presumably of a
beetle, in sound dead wood with an entrance diameter of about
7 mm. The plug, which came to within 3 mm of the surface
when I captured the wasp, consisted of small bits of bark and
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FIGURES 60, 61.—Mastigoteuthis hjorti: 60a, cross section of mantle and
dvtic/fibrocartilage tubercles, x 160, light microscopy, stain H &. E, scale 0.1
mm; 606, diagram of Figure 60a identifying tissue types; 61, close-up of
tubercle from Figure 60a, x 400, light microscopy, stain H A E, scale 0.0S mm.

tubercles have round, triangular, or rectangular bases from
which arise 2,3,4, or S projections (Figures 62-64) which in
turn have 2-5 sharp to bluntly rounded cone-shaped papillae at
the tip of each projection (Dilly and Nixon, 1976, pi. la). From
a specimen of 94 mm ML the 4-armed tubercles, which
resemble Maltese crosses, and the 5-armed tubercles are the
largest with a diameter of about 0.5 mm and a height of 0.4 mm.
The 2-armed tubercles are about 0.8 mm in diameter and 0.2
mm high, while the 3-armed tubercles are about 0.4 mm in
diameter and 0.3 mm high.

The histological structure of the tubercles resembles verte-
brate hyaline cartilage in appearance under light microscopy
(Figures 66, 67). The tubercles contain many single and
double-chambered chondrocytes suspended in a homogeneous
matrix. A dimly visible reticulation of fine dark lines or fibers
is disbursed throughout the matrix and may be comparable with
the fibers in vertebrate hyaline cartilage. The growing site is at
the tips of the papillae where the chondrocytes are new cells
mat are flat, elongate, and densely packed, versus the single,
round chondrocytes, widely distributed through the matrix of
the tubercle. The epidermis adheres to the tip of the tubercle.

The mantle tissue (Figure 66) consists of the following
histological layers: the epidermal layer, a wide, subepidermal
connective tissue layer of chambers that occupy the same level
with the tubercles; a dense layer of circular muscle from which
the bases of the tubercles arise; a thick layer of longitudinal
muscle interwoven with a very thick layer of radial muscle; and
a relatively thin layer of circular muscle immediately adjacent
to the large-celled, epithelial lining of the mantle cavity.

Uocranchia reinhardti (Steenstrup, 1856)

FIGURES 68-74

Uocranchia reinhardti is characterized by a pair of V-shape
rows of conical, cartilaginous tubercles on the anterior ventral
surface of the mantle and by a single row of conical
cartilaginous tubercles along the dorsal midline of the mantle
nearly to the anterior level of the fins (Figures 68,69). The
ventral V-shape rows of tubercles diverge posteriorly, arising
from the subcutaneous, cartilaginous bases that originate at the
cartilaginous fusion of the mantle-funnel locking mechanism.
Tubercles are an integral outgrowth from the bases and do not
occur as individual tubercles isolated from the bases (see
Leachia cyclura). The dorsal row of tubercles arises from a
thin, narrow, subcutaneous, cartilaginous band that lies
immediately dorsal to die gladius and shell sac and extends the
length of the mantle. Each tubercle is a single, conical structure
covered by the epidermis. Tubercles are 0.15-0.2 mm high and
0.2-0.3 mm in diameter on a specimen of 29 mm ML.

The composition of the tubercles and basal bands is
cartilaginous, similar in appearance to hyaline cartilage in
vertebrates (Figures 71-74). The chondrocytes appear typical
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Singapore, Sarawak, Sumatra, Java, and possibly Sulawesi.
Within Sri Lanka it occurs in all three ecological zones at
localities with an altitude from near sea level to 610 m and an
average annual rainfall of 1000-5000 mm. We collected it in
Sri Lanka as follows.

Mannar District: 0.8 km NE of Kokmotte Bungalow,
Wilpattu National Park

Anuradhapura District: Hunuwilagama
Polonnaruwa District: Pimburettawa
Trincomalee District: Trincomalee, China Bay
Amparai District: Ekgal Aru Reservoir
Kandy District: Gannoruwa, Hasalaka, and Kandy, Udawat-

takele Sanctuary
Ratnapura District: Gilimale
PREY.—P.B. Karunaratne caught a female of blandus, 12.5

mm long, with her prey on a plant leaf along a trail through the
Induruwa Jungle, Gilimale on 10 October 1980. She had
amputated all legs from her spider prey, and was feeding on the
blood exuding from the stumps. The prey, 12 mm long, was an
immature giant crab spider, a species of Sparassidae.

ADULT BEHAVIOR.—P.B. Karunaratne noted an unusual

behavioral characteristic on 13 September 1977. This occurred
during the dark overcast preceding a mid-afternoon shower in
Ekgal Aru Reservoir jungle. A number of both females and
males had congregated in the deep crevices between the
buttress roots of a large Ficus species.

Auplopus cyanellus Wahis

This uncommon species is endemic to Sri Lanka, where we
collected the type series in the Wet Zone at altitudes of 90-610
m with an average annual rainfall of 2032-5000 mm. The Sri
Lankan records are as follows.

Kandy District: Kandy, Udawattakele Sanctuary
Ratnapura District: Gilimale
PREY.—P.B. Karunaratne collected a female, 6.5 mm long,

with prey at 1130 on 9 September 1977, in Udawattakele. The
wasp was on the leaf of a plant a meter above the ground, with
a paralyzed, green running or sac spider, a species of Clubiona
Latreille (Clubionidae), 7.5 mm long. The wasp had amputated
all of the spider's legs.

Auplopus funerator Wahis

This species is known only from the holotype from Kegalla
District, Bandarakele Jungle, Kitulgala, in the Wet Zone at
about 200 m with an average annual rainfall about 5000 mm.

PREY.—I captured this female, 7.0 mm long, on a leaf at
1240 on 15 April 1981. She held beneath her a thoroughly
paralyzed spider, 7.5 mm long, from which she had amputated
all legs beyond the coxae. The prey was an immature of a
species of Psechrus Thorell (Psechridae), a cribellate spider.

Auplopus gnomus (Cameron)

This species is known from Sri Lanka, southern India,

Assam, Singapore, and Penang. Within Sri Lanka it occurs in
all three ecological zones in localities with altitudes from near
sea level to 610 m and average annual rainfall of 1500-3900
mm. We collected it as follows.

Anuradhapura District: Padaviya
Amparai District: Ekgal Aru Reservoir and Lahugala

Sanctuary
Matale District: Kibissa near Sigiriya
Kandy District: Gannoruwa, Thawalamtenne, Hasalaka, and

Kandy, Udawattakele Sanctuary
Colombo District: Gampaha, Labugama Reservoir, and

Handapangoda
Ratnapura District: Ratnapura and Rajawaka
Badulla District: Ulhitiya Oya 24 km NNE of Mahiyangana
Monaragala District: Angunakolapclessa

PREY CAPTURE AND TRANSPORT.—P.B. Karunaratne made

two observations of this wasp with her wolf spider prey. The
first was at Lahugala Reservoir on 15 June 1976. The wasp, 11
mm long, walked forward, carrying the paralyzed prey by its
mouthparts, and raising the spider off the ground during
transport. She paused briefly to feed on blood exuding from the
severed stumps of the legs, all of which she had amputated at
the coxae. The lycosid spider, 9.0 mm long, was a species of
Pardosa Koch.

The second observation was made along a vehicular road
outside of Hasalaka at noon on 17 February 1977. The wasp, 12
mm long, was dragging her prey, 10 mm long, up a roadside
bank by a front leg. She walked forward with her head turned
sideways. The spider got caught in a crevice, and she fed on
blood exuding from the severed stumps of several legs. She had
already amputated the two posterior legs on one side, and three
posterior legs on the other. The spider moved a little, and the
wasp stung it again, inserted her mandibles in the mouthparts of
the prey, and then fed again on blood from the severed leg
stumps. The lycosid spider, 10.0 mm long, was a species of
Trochosa Koch.

Auplopus himalayensis (Cameron)

This common species has a wide distribution in the Oriental
Region, ranging from the Indian subcontinent eastward to
Thailand, North Borneo, Sarawak, Sumba, and the Philippines.
Within Sri Lanka it occurs at localities in all three ecological
zones in localities with altitudes from near sea level to 610 m
and an average annual rainfall of 1200-5000 mm. We collected
it as follows.

Mannar District: 0.8 km NE of Kokmotte Bungalow,
Wilpattu National Park

Vavuniya District: Paralanalankyulam
Polonnaruwa District: Polonnaruwa
Trincomalee District: Trincomalee, China Bay
Amparai District: Ekgal Aru Reservoir
Matale District: Kibissa near Sigiriya
Kandy District: Hasalaka and Kandy, Udawattakele Sanctu-

ary
Kalutara District: Agalawatte
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FIGURES 66,67.—Cranchia scabra: 66a, cross section of mantle through a hyaline cartilage tubercle, x63, light
microscopy • itain H A E , icale 0.5 mm; 66b, diagram of Figure 66a identifying tissue types; 67, close-up of
tubercle from Figure 66a showing details of hyaline cartilage structure, x 160, light microscopy, stain H &. E,
scale 0.1 mm.

musculature as a thick admixture of circular and radial muscle
bundles with a band of longitudinal muscles sandwiched in the
center, a thin sheath of connective tissue; and a fine epithelial
inner lining of the mantle.

Leachia cyclura Lesueur, 1821

FIGURES 75-81

Leachia cyclura is characterized by a single row of
cartilaginous tubercles that extends posteriorly on a cartilagi-
nous band from each of the ventral mantle-funnel fusion points
(Figure 75). The tubercles continue in a line posteriorly from
the termination of the cartilaginous band. They are isolated
from each other and arise from slightly enlarged bases that are
embedded in the entire cross-sectional extent of the mantle
musculature (i.e., they do not arise from the outer tunic of
connective tissue on the superior surface of the mantle wall).
The tubercles vary in shape from small, simple, conical papillae
to large, complex structures with numerous conical projections.
Normally, these tubercles exhibit an alternating pattern with a
large, complex tubercle situated at the mantle-funnel fusion
followed posteriorly by a few small conical papillae, then a
large complex tubercle, etc. Tubercles from a specimen 55 mm
ML range from 0.1-0.2 mm in height and 0.3-0.4 mm in
diameter. No tubercles are present in the dorsal midline
superior to the gladius.

In sections observed with the SEM the tubercles show a very

dense uniform matrix interspersed with a few large vacuoles
(Figures 76, 77). Histological sections examined with light
microscopy show a collagen-rich structure of hyaline cartilage
with very densely distributed chondrocytes (Figures 78-81).
The chondrocytes are in all stages of development including
large concentrations of nest cells particularly in the cartilagi-
nous band (Figure 81). A series of numerous, irregular,
collagenous fibers are disbursed through the matrix of
chondroid tissue; the fibers appear to interconnect the
chondrocytes (Figure 81). The collagenous fibers that radiate
from the chondrocytes in the peripheral zone of the band appear
to extend only toward the interior of the band, while none arise
on the sides facing the boundary of the band along the mantle
(Figure 80).

A delicately thin layer of perichondrium is associated with
the cartilaginous band, particularly along its inferior edge
(Figure 80). It is difficult to distinguish along the lateral borders
where the muscles of the mantle insert with the cartilage.
Remnants of perichondrium appear on the superior surface of
the band and on the tubercles, where most of the epidermal
tissue is nibbed off during capture and fixation.

Growth of the tubercle seems to occur primarily from the
perichondrium along the periphery of the supporting band.
Chondrocytes are well developed, mature, and nested in the
tubercles and tips. Young chondrocytes occur on the superior
surface of the band and around the periphery of the base of me
tubercles.
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level to 610 m and with an average annual rainfall of
1000-2032 mm. We collected it as follows.

Mannar District: Ma Villu, Kondachchi, and 0.8 km NE of
Kokmotte Bungalow, Wilpattu National Park

Anuradhapura District: Padaviya
Trincomalee District: Trincomalee, China Bay
Kandy District: Kandy, Udawattakele Sanctuary
Puttalam District: Panikka Villu
Colombo District: Katunayaka
Kalutara District: Agalawatte

PREY CAPTURE AND TRANSPORT.—P.B. Kamnaratne and I
spent two hours watching a female of smithii, 14 mm long,
capture and transport her prey at Panikka Villu. The wasp
entered a burrow in sandy soil near the shore of the villu at 1545
on 1 November 1977. While the wasp was inside, a large wolf
spider ran toward the villu from another burrow entrance. The
wasp soon emerged, searched the sand on foot for five minutes,
and then flew toward the spider which was now running about
five meters from the burrow. She followed the spider for nearly
two meters, landed on its body, and probably stung it, for the
spider turned on its back and tried to bite the wasp. The latter
preened herself for half a minute, during which time the spider
righted itself and crawled slowly toward another burrow.
Before it could enter, the wasp landed on its abdomen, and
stung it three more times. Then she went to the front of the
spider, and stung it again on the venter near the juncture of the
cephalothorax and abdomen. She remained at the front, and
appeared to be feeding at the spider's mouthparts for half a
minute. Then she groomed herself for a minute, malaxated the
prey near the base of the first two legs on the right side of the
spider, and fed for another minute. Then, grasping one of the
front legs, she dragged the spider into the hoofprint of a deer,
and stayed there for an hour, alternately feeding on the spider's
hemolymph, or grooming herself. She remained in the
hoofprint with her prey until 1650, when she grasped the spider
by the second leg on the right side, and, walking backward,
dragged it about two meters toward the spider's burrow. She
remained in that spot for 45 minutes, alternately feeding at the
base of the spider's legs and grooming herself, moving the
spider no more than two centimeters during this time. We
captured the wasp at 1745. The spider was a species of Lycosa
Latreille (Lycosidae), 15 mm long.

Pompilus mirandus (Saussure)

This species was recorded by Day (1981) from Pakistan to
Sri Lanka, Burma, Malaya, and Java. He listed Sri Lankan
localities as follows.

Jaffna District: Mandaitivu Island, Mankuppana on Leiden
Island, and 16 km S of Pooneryn

Mannar District: 0.8 km NE of Kokmotte Bungalow in
Wilpattu National Park, Olaittoduvai, Silavatturai, and
Kondachchi, Mullikkulam across Moderagam Aru from
Wilpattu National Park

Anuradhapura District: Padaviya and Hunuwilagama
Trincomalee District: Tennamaravadi and Trincomalee,

China Bay
Amparai District: Panama, Radella Tank
Kandy District: Aruppola, Teldeniya, Hasalaka, and Kandy,

Udawattakele Sanctuary
Puttalam District: Panikka Villu and Tala Wila
Colombo District: Katunayaka, Colombo Museum Garden,

Kohuwala, Nugegoda, Papiliyana, and Ratmalana
Ratnapura District: Uggalkaltota
Monaragala District: Angunakolapelessa and Mau Aru
Hambantota District: Hambantota and Palutapana
The species occurs usually on rather sandy soil in all three

ecological areas, although it is most abundant in the Dry Zone.
It is found from sea level to 510 m in localities where the
average annual rainfall is 920-2032 mm.

PREY.—P.B. Karunaratne caught a female, 7 mm long, with
her prey at 1120 on 14 June 1976, on the bund of Radella Tank
at Panama. The spider was an immature wolf spider, 4.5 mm
long, a species of Lycosidae.

Aporinellus hecate (Cameron)

This widespread pompilid is found in all three ecological
areas but, like the preceding species, it is most abundant in the
Dry Zone, usually nesting in rather sandy soil. It occurs from
sea level to 510 m in localities where the average annual
rainfall is 920-4900 mm. We collected it as follows.

Jaffna District: Kilinochchi
Mannar District: Kondachchi, Ma Villu, Silavatturai, 16 and

21 km S of Pooneryn, and 0.8 km NE of Kokmotte
Bungalow in Wilpattu National Park

Vavuniya District: Parayanalankulam
Anuradhapura District: Hunuwilagama, Medawachchiya,

Padaviya, and Ritigala Natural Reserve
Trincomalee District: Trincomalee, Port Frederick, China

Bay, Kanniyai, and Tennamaravadi
Amparai District: Ekgal Aru Reservoir, Inginiyagala, Lahu-

gala Sanctuary, and Mannampitiya
Matale District: Kibissa 0.8 km W of Sigiriya
Kandy District: Hasalaka, Thawalamtenne, and Kandy,

Udawattakele Sanctuary
Puttalam District: Panikka Villu
Kurunegala District: Kurunegala, Badegamuwa Jungle
Colombo District: Colombo Museum Garden, Gampaha

Botanical Garden, Labugama, Ratmalana, and Han-
dapangoda

Ratnapura District: Ratnapura, Rajawaka, Uggalkaltota, and
Weddagala

Badulla District: Ella and Ulhitiya Oya 24 km NNE of
Mahiyangana

Monaragala District: Mau Aru, Angunakolapelessa, and
Wellawaya

Matara District: Deniyaya
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FIGURES 72-74.—Uocranchia reinkardti: 72, cross section of mantle through
ventral cartilaginous band, x 160, light microscopy, stain PAS with light green,
scale 0.1 mm; 73, cross section of mantle through a tubercle showing junction
between hyaline cartilage of tubercle, pcrichondrium, and surrounding mantle
tissue, x400, light microscopy, stain Tohndine bhie, scale 0.05 mm; 74,
close-up of a section of a tubercle showing cbondrocytes of hyaline cartilage,
x 160, light microscopy, stain H &. E, scale 0.05 mm. FIGURES 75-77.—Leachia cyclura: 75, side view of tubercles of funnel-mantle

fusion on mantle surface, x50, SEM, scak 0.5 mm; 76, cross section of mantle
through a hyaline cartilage tubercle, x l90 , SEM, scale 0.1 mm; 77,
enlargement of tubercle projection from Figure 76, x225, SEM, scale 0.1 mm.



30 SMITHSONIAN CONTRIBUTIONS TO ZOOLOGY

FIGURES 80,81.—Leachia cyclura: 80, cross section of mantle through ventral
cartilaginous band showing perichondrium along bottom, x 160, light micros-
copy, stain Toluidine blue, scale 0.1 mm; 81, close-up of a tubercle showing
chondrocytes and collaginous fibers of hyaline cartilage, x400, light
microscopy, stain Toluidine blue, scale 0.0S mm.

FIGURES 78, 79.—Leachia cyclura: 78 a, cross section of mantle through a
hyaline cartilage tubercle, x63, light microscopy, stain Masson's trichrome,
scale 0.S mm; 786, diagram of Figure 78 a identifying tissue types; 79, close-up
of hyaline cartilage tubercle from Figure 78, xl60, light microscopy, stain
Masson's trichrome, scale 0.1 mm.

The tissue layers in histological section are as follows
(Figures 78-79): a thin epidermis; a moderately thick,
vacuolated layer of connective tissue (VT); a thin layer of
fibrous connective tissue (CT); a thick layer of completely
intermixed circular and radial muscle; a thin layer of
longitudinal muscle; a second, inferior layer of intermixed
circular and radial muscle; a thin layer of fibrous connective
tissue; and the thin inferior mantle epithelium.

SUMMARY

Table 1 summarizes the morphological features of various
dermal structures of the 10 species of oceanic squids we have
studied.
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TABLE 1.—Summary of morphological features of dermal structures in oceanic squids.

Species

Lepidoteuthis grimaldii

Pholidoteulhis adami

Tetronychoteuthis massyae

Histioteuthis mtleagroteuthis

Chiroteuthis acanthoderma

Mastigoteuihis cordiformis

Mastigoteuihis hjorti

Cranchia scabra

Liocranchia reinhardti

Leachia cyclura

Structure

Dermal cushion

Dermal cushion

Tubercle and
papillae

Tubercle

Tubercle

Tubercle

Tubercle

Tubercle

Tubercle

Tubercle

Tissue

Connective tissue in
honeycomb
arrangement

Connective tissue in
honeycomb
arrangement

Dense connective with
chondrocytes; elas-
tic cartilage

Elastic cartilage

Hyaline-like cartilage

Elastic or fibrocar-
tilage

Elastic or fibrocar-
tilage

Hyaline cartilage

Hyaline cartilage

Hyaline cartilage

Shape

Rhomboid to hexago-
nal

Round to pentagonal

Roundish

Ridge of knob-tike
tubercles

Conical

Conical

Conical

Round, triangular, or
rectangular bases
with 2-5 projec-
tions

Conical

Small conical to large
complex with nu-
merous conical
projections

Size, mm
(Dia.xHt)

2.0x0.5

0.5x0.3

0.3 x 0.15

0.4-0.8 x 1J-1.9*
0.6-2.2 x 0.7-2.3f

1.0x0.4

0.2x03

0.1-0.2x0.05-0.1

0.4-0.8x0.2-0.4

0.2-03x0.15-0.2

03-0.4x0.1-0.2

ML

180

300

100

38

144

87

93

94

29

55

Epidermis over
structure

Yes

Yes

No; aceuular
cutide

Yes

Yes

Yes

Yes

Yes

Yes

Yes

'Tubercle from mantle ridge; length = 24 mm.
t Tubercle from arm ridge; length = 40 mm.

Function

The form and composition of the dermal structures of the
species of squid we investigated apparently represent several
different origins. Consequently, we can anticipate several
different functions for these structures.

HYALINE CARTILAGE

The type of cartilage commonly known to zoologists is
hyaline cartilage of vertebrates. Among oceanic squid hyaline
cartilaginous dermal structures occur primarily, but not
exclusively, in the Cranchiidae. These cartilaginous tubercles
are either an outgrowth from the cartilaginous bands that
extend posteriorly in the mantle from sites of origin at the

mantle-funnel and mantle-nuchal fusion points (e.g., Leachia,
Liocranchia), or they emerge from the entire surface of the
mantle (Cranchia). Sections through both kinds of tubercles
show the tissue to be a homogeneous matrix in which
chondrocytes are embedded, and which, in its staining
characteristics, closely resembles hyaline cartilage of verte-
brates and invertebrates (Person and Philpott, 1969; Person,
1969; Philpott and Person, 1970; Dilly and Nixon, 1976;
McSweeny, 1978). The tubercles continue to grow as the
animal grows, as evidenced by the concentration of chondro-
cytes at the tips of the conical papillae on the already-developed
tubercles, as well as on the emerging tubercles in Cranchia and
in the perichondrium that surrounds the cartilaginous bands in
Leachia and Liocranchia.
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The function of the tubercles in cranchiids is unknown.
Certainly the bands, directly associated with the fused
mantle-funnel and mantle-nuchal locking sites, serve as
strengthening or supporting rods during the muscular contrac-
tions for swimming (see below). Dilly and Nixon (1976)
suggested that the tubercles of C. scabra, which cover the entire
surface of the mantle, may serve to reduce sinking rate and/or
deter predators. However, the tubercles are extremely small
relative to the body size and they project only slightly through
the thin epidermal sheath that covers the mantle and the
tubercles to the tips. Projections that aid marine organisms in
reducing sinking rates normally are very long in relation to the
body size, as found in foraminiferans, radiolarians, copepods,
sergestid and other crustacean larvae, pteropods (Clio), etc.
Whether the large number of tiny tubercles plus the globular
shape that the mantle normally assumes compensate for lack of
tubercular length is uncertain. It does seem certain, however,
that any contribution to a reduced sinking rate from the
tubercles would be minor in comparison with the primary
buoyancy mechanism, the ammonium chloride-filled coelom
that provides sufficient lift to make the animal nearly, though
not completely, neutrally buoyant (Denton et al., 1969; Denton
and Gilpin-Brown, 1973; Clarke et al., 1979).

The "prickly ball" theory as a deterrent to predation against
small predators (Dilly and Nixon, 1976) may have merit to the
extent that the "balling-up response" increases the cross-
sectional diameter of the potential prey and makes it too large
to capture. However, most of the known predators on midwater
squids, primarily fishes, are the same size or larger than their
prey, and their feeding mechanisms involve swallowing the
prey whole; long sharp teeth in large mouths would not be
deterred by the small tubercles of C. scabra. The contention
that the tubercles give the impression of a greater size is
unsupportable for two reasons. First, the tubercles are at most
1 mm high and any illusion of increased size (diameter)
probably would not be discriminated by a potential predator in
an overall ball diameter of 100 mm or more. Second, in the sea
the tubercles would not be seen easily as they are covered by
the thin epidermal sheath that envelops the mantle, so they
would not serve well to break up the background; this sheath
normally is ruptured and rubbed off in captured animals which
gives the false impression of a prickly surface.

The occurrence of cartilaginous tubercles over the surface of
the mantle of C. scabra, as well as of Galiteuthis glacialis,
appears to be functionally related to the thin, epidermal sheath
that envelops the mantle (Figure 66). The sheath lies external to
the superior surface of the mantle connective tissue and circular
muscle and is attached to and supported like a canopy by the
tubercles, leaving an "empty space" in histological sections,
but which must be filled with fluid in the live animal. This
space may be filled with a buoyant fluid, probably light weight
ions of ammonium chloride, that functions as a buoyancy vest,
an adjunct to the buoyancy function of the coelom. The tough
tubercles probably serve as columns to hold the epidermal

sheath in position and to maintain shape and conformity of the
buoyancy vest in conjunction with the flexible mantle. The
identical structural relationship was described and illustrated
by McSweeny (1978, figs. 1, 2) for the Antarctic Ocean
tuberculate cranchiid Galiteuthis glacialis, that attains a mantle
length up to 500 mm. This dermal buoyancy mechanism could
provide a basic, passive level of buoyancy, while the internal
coelomic chamber provides the primary source of buoyancy. In
fact, the addition of the dermal flotation vest might be sufficient
to bring the animal to neutral buoyancy, because the coelomic
chamber alone provides lift to make the animals "nearly
neutral," as observed and calculated by Denton et al. (1969).
Denton and Gilpin-Brown (1973:204) calculated that the
specific gravity of the ammoniacal coelomic fluid is 1.010,
lighter than that of sea water (1.021-1.028) and considerably
lighter than the animals with their coelomic fluid removed
(1.046). Their measurements on captured animals would not
have given a completely accurate result, because, in all
probability, the fragile epidermal sheath would have been
ruptured during capture and the buoyant fluid lost. Even though
the space between the surface of the mantle and the epidermal
sheath is narrow, when the entire surface area of the mantle is
included, the volume of buoyant fluid is significant For
example, we calculate that in a 100 mm ML squid the volume
of the buoyant fluid would be increased by about 4%. We
believe this is sufficient to provide a beneficial contribution
toward achieving neutral buoyancy in the animals.

The function of the cartilaginous tubercles on the cartilagi-
nous bands of Leachia cyclura and Liocranchia reinhardti is
unknown. They occur only along the bands, or in line with the
bands posteriorly in Leachia, and nowhere else on the mantle.
Therefore, it seems unlikely that they function in a similar
manner as that suggested for the tubercles in Cranchia scabra
and Galiteuthis glacialis. Tubercles extend along the dorsal
midline superior to the gladius nearly to the anterior level of the
fins in Liocranchia (except in L. valdiviae), while they are
entirely absent in the dorsal midline of Leachia. The posterior
free tubercles in Leachia arise from slightly swollen bases that
pass through the entire thickness of the mantle musculature,
whereas the tubercles in Cranchia scabra and Galiteuthis
glacialis arise from the tunic of connective tissue on the
superior surface of the mantle. In Liocranchia the tubercles are
limited to the V-bands as an integral part of that cartilaginous
structure.

The function of the bands per se may be related in Leachia
and Liocranchia to a pseudoskeletal role of providing solid
insertion for the mantle muscles, strong support during
swimming contractions, or internal attachment for some
visceral tissue (e.g., the septum covering the coelom). Indirect
evidence of a supportive function of the cartilaginous bands is
seen in preserved specimens of Leachia. The mantle posterior
to the ends of the bands frequently is strongly contracted in a
series of accordion-like folds, while the anterior part of the
mantle, through which the cartilaginous bands extend, exhibits
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no such contractions and remains undistorted. This would
prevent the coelom from being compressed with resultant loss
of buoyancy fluid and damage to vital organs.

The structure of the tissue of the tubercles of Chiroteuthis
acanthoderma is hyaline-like cartilage, somewhat similar to
that of the tubercles of Cranchia. Otherwise, the tubercles of C.
acanthoderma are quite dissimilar to those of Cranchia. They
are very small and widely spaced, and their bases are set in little
depressions in the fibrous, vacuolate tissue of the mantle; but
they are structurally distinct from the underlying tissue. While
the epidermis is absent in most of the preparations, sufficient
patches exist to indicate that the tubercles and mantle are
covered with epidermis. Chiroteuthis species and closely allied
species are known to be neutrally buoyant as a result of the
ammonium chloride contained in the highly vacuolate tissues
of the mantle and arms. We are unable to suggest a function for
the tubercles of C. acanthoderma. Because of their minute size
and very widely-spaced distribution on the mantle, it seems
unlikely that they function in buoyancy or locomotion as
hypothesized for other species.

DERMAL CUSHIONS

The dermal structures of oegopsid squids we have studied
other than those of cranchiids and the unusual tubercles of
Chiroteuthis acanthoderma, do not consist of hyaline cartilage.
Instead, the structures generally are highly fibrous tissues that
are other types of cartilage and/or connective tissue. Most of
them yield strongly positive staining reactions indicative of the
presence of collagen and mucopolysaccharides. Staining
characteristics of some make them comparable with elastic and
fibrous cartilage, some with loose connective tissue, and some
with dense connective tissue.

Joubin (1900:72) described the "scales" of Lepidoteuthis
grimaldii as having a "cartilaginous consistency" and a "fibrous
structure"; mis has led most subsequent authors to refer to
cartilaginous scales. Our work has shown that the staining
properties of the dermal cushions are not cartilaginous at all,
but rather they consist of vacuolate loose connective tissue
interspersed with collagenic, elastic, and reticular fibers, and a
few muscle fibers.

The dermal cushions of Lepidoteuthis grimaldii and Pholi-
doteuthis adami are relatively large and are continuous with the
subepidermal, highly vacuolated, loose connective tissue on the
surface of the mantle. While the bases of the dermal cushions
are smaller in diameter than the dermal cushions themselves,
they do provide a broad connection between dermal cushions
and mantle. The appearance and composition of the tissue in
the dermal cushions is identical to that of the vacuolated layer
in the mantle (Figures 6,7,12). In histotogical sections and in
SEM preparations the spaces in the vacuolated tissue are
"empty," but in live animals they must be filled with fluid.
Clarke et al. (1979:272) suggested that the reticular tissue or
"spongy layer" in the mantle of L. grimaldii contains a solution

of ammonium chloride that is responsible for the buoyancy.
Lipinski and Turoboyski (1983) confirmed the presence of
ammonium ion (NH^) in the mantle of L. grimaldii at a
concentration of 172 mM.

We suggest that the dermal cushions also function primarily
as a buoyancy mechanism that, in conjunction with the
vacuolate layer in the mantle, envelops the muscular mantles of
Lepidoteuthis grimaldii and Pholidoteuthis adami. In live
animals the vacuoles, which constitute a large proportion of the
volume of the tissue, contain ions of light weight ammonium
chloride solution, a commonly occurring substance that
provides buoyancy for squids and other marine invertebrates
(Demon et al.,1969; Clarke et al., 1969; Clarke et al., 1979;
Lipinski and Turoboyski, 1983). The dermal cushions and
associated subepidermal vacuolate tissue, therefore, provide
the species of these genera with a stable dermal buoyancy
device.

Observations on a live juvenile of Lepidoteuthis grimaldii by
Clarke (1964:77), indicate mat the animal uses its fins for
locomotion and mat mantle pumping maintains respiration but
"did not propel the animal at all." The "slightly negative"
buoyancy was attributed to the efforts of the animal to swim
downward, implying that the animal is neutrally buoyant at
rest It should be pointed out that Clarke's use of the term
"slightly negatively buoyant" is confusing because he referred
to a condition in which the squid attempted to swim
"downward," implying that the animal was lighter man neutral
buoyancy, or, in fact, was positively buoyant Negative
buoyancy refers to an object mat is heavier man neutral
buoyancy and therefore tends to sink. These observations by
Clarke on a live animal support the suggestion that a buoyancy
mechanism exists, and the physical evidence presented here
indicates mat the mechanism consists of the vacuolate tissue of
the dermal cushions and the mantle in which buoyant
ammonium chloride is stored.

Clarke and Maul (1962) and Clarke (1964) gave detailed
descriptions of the "scales" of Lepidoteuthis. Following the
argument of Clarke (1960), they accept as appropriate the term
"scale" as applied to the dermal structure of Lepidoteuthis, but
we are unable to support this terminology (see "Introduction").
Clarke and Maul (1962) on the basis of the weakly-muscled
mantle and very well developed muscular fins, conclude that
Lepidoteuthis is a weak swimmer, its primary locomotion
provided by the fins rather than jet action. Whatever the mode
of propulsion, the dermal cushions are configured to permit the
smooth passage of the body tail first through the water, because
they are fixed posteriorly and overlap laterally and anteriorly
along the length of the mantle like fish scales (which overlap
anterior to posterior) or roofing tiles. The dermal cushions are
arranged in a diagonal pattern of overlapping rows rather than
in rows parallel or perpendicular to the longitudinal axis of the
mantle. Even if the squid were not a powerful swimmer, the
overlapping and linear arrangement should help to reduce
hydrodynamic resistance by allowing an efficient flow of water
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across the surface of the mantle, thereby providing an
energy-conserving function. A similar function has been
demonstrated in sharks and fishes (Reif, 1978; Burdak, 1969,
1981). Webb (1975) suggests that various drag-reducing
mechanisms apply during normal swimming speeds, rather
than during the less frequent bursts of maximum speed.

Bone (1972) described a complex system of projecting
ctenoid scales, pores, and subdermal spaces in the integument
of the gempylid fish Ruvettus pretiosus and attributed to it a
hydrodynamic function. The system functions to generate
vortices that are directed posteriorly and out, allowing
replacement of energy to the boundary layer and preventing
separation of the attached boundry layer. Bone (1972)
suggested that the dermal cushions of Lepidoteuthis grimaldii
might also function as vortex generators to delay or prevent the
separation of the boundary layer. While the dermal cushions are
different from the integument in gempylids, we can not rule out
the possiblity of their functioning as a vortex generating
system.

Finally, we can not overlook the possibility that the dermal
cushions also may function as spongy, resiliant cushions to
protect the mantle from mechanical damage.

So, we suggest the possibility of multiple functions for the
dermal cushions of Lepidoteuthis grimaldii: primarily a dermal
buoyancy mechanism and a drag reduction system for efficient
swimming, and, secondarily, a protective mechanism to
cushion the mantle from physical damage. The same functions
probably apply to Pholidoteuthis adorn, as well,especially that
of the dermal buoyancy mechanism. The dermal cushions of
the two species are very similar in structure, the primary
difference being that those in P. adami do not overlap as they
do in L. grimaldii.

The genus Pholidoteuthis was erected by Adam (1950) for
the new species P. boschmai, which, among other distinguish-
ing characters, has "scales" that Adam likened to those of
Lepidoteuthis which are larger in size. They are extensively
figured in Adam (1950, pi. II). The systematic status of
Lepidoteuthis and Pholidoteuthis has been examined and is
published elsewhere (Roper and Lu, 1989).

Utilization of tissue fluids that are lighter than sea water as a
buoyancy mechanism is a common occurrence among the
oegopsid families. Clarke, Denton, and Gilpin-Brown, through
several investigations, established the existence of this strategy
for 14 of the 26 teuthoid families: Octopoteuthidae, Archi-
teuthidae, Histioteuthidae, Bathyteuthidae, Lepidoteuthidae
Pholidoteuthidae, Cycloteuthidae, Chiroteuthidae, Masti-
goteuthidae, Joubiniteuthidae, Grimalditeuthidae, Cranchiidae,
and the genus Ancistrocheirus of Enoploteuthidae (Clarke, et
al., 1979). Lepidoteuthidae subsequently was reported as being
ammoniacal (Lipinski and Turoboyski, 1983). Based on
examination of material available to us, and comparing it with
families known to be ammoniacal, we now believe that the
Promachoteuthidae, the Batoteuthidae, possibly Alluroteuthis
of the Neoteuthidae, and Enopioteuthis of the Enoploteuthidae
also employ this method of buoyancy.

ELASTIC CARTILAGE

The dermal structures on Tetronychoteuthis massyae are
unique in form and structure in comparison with those of other
squids examined. The tubercles are very small, very closely set
against each other, and regularly arranged; they have rounded
caps or discs with papillose projections, narrow bases, and a
network of interconnecting channels between the bases of the
tubercles; their bases are contiguous with the subepidermal
foundation layer of fibrous connective tissue. The epidermis of
the mantle does not cover the tubercles but attaches only to
their bases immediately superior to the foundation layer. The
composition of the tissue of the tubercles and the underlying
foundation layer appears identical, consisting of a very dense
fibrous connective tissue interspersed with chondrocytes and
minute vacuoles. This material stains positively for collagen,
mucopolysaccharides, and cartilage with PAS/green, PTAH,
and Masson's trichrome stains. With these characteristics we
consider it to be a type of elastic cartilage.

The structure and arrangement of the dermal tubercles of
Tetronychoteuthis massyae seem to preclude functions con-
cerned with buoyancy. For example, subepidermal. chambers
occur as in Cranchia, but while vacuoles do occur, they are
exceedingly small so that the vacuolar volume is proportionally
very low in comparison with the dense nonvacuolate tissue.
Further, these structures do not appear to function as supportive
pillars because the epidermis adheres only to the surface of the
mantle and the bases of the tubercles but does not cover the
tubercles.

The uniform arrangement of the tubercles, their size, shape,
and configuration suggest a function related to locomotion.
Tetronychoteuthis massyae is a very streamlined squid with
thick, dense mantle musculature, indicative of a strong, fast
swimmer. Tokaty (1971) suggested that no fluid flows are free
of turbulence. Therefore, even considering their streamlined
shapes, many squids swim fast enough to exceed simple
laminar flow of water over their bodies so mat energy-
consuming drag is created. Thus, it would be advantageous for
the squid to exert some type of boundary layer control for
reduction of hydrodynamic drag.

Trueman (1983) reviewed locomotion in cephalopods and
presented an extensive list of references. Most research on
cephalopod locomotion has concentrated on the nature of the
jet propulsion system in swimming and the physiology and
morphology of the engine mat drives it, the mantle. Some work
deals with the role of the fins in squid locomotion. However,
we are aware of very little work specifically on hydrodynamics
of squid swimming, other than that of Zuev (1966) concerning
observations of turbulant flow around Todarodes sagittatus.

When we began to consider the functional aspects of the
tubercles in squids we suspected that they might play a role in
locomotion, as similar structures had been shown to do in other
fast swimming nektonic marine animals. Since so little research
seems to have been done on hydrodynamics of cephalopods,
we have had to rely on work in other groups; most
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hydrodynamic research that seems applicable to cephalopods
has been done on vertebrates. Webb (1975) reviewed hydrody-
namics and energetics of fish propulsion and provided an
analysis of various hypothesized drag-reduction mechanisms
that can be used to prevent separation of the boundary layer
during laminar and transitional flow and thus to reduce
frictional drag on an object moving in a fluid. Some of these
mechanisms seem applicable to squids.

1. Streamline or laminar profile. Fast-swimming animals
have evolved streamlined shapes that make it possible to keep
the flow laminar close to the surface of the body for much of its
length. No single best shape exists to which evolution should
trend, because optimal laminar profiles differ for each species,
depending on their length, body configuration, "design" speed,
etc. Hertel (1966,1969) presented laminar profiles for several
fast-swimming fishes and cetaceans and they all differ in
outline. According to Kramer (1960) the theoretical optimal
laminar profile has its maximum thickness at about the
posterior two-thirds of its length. Many fishes and cetaceans
have their maximum thickness in the anterior third, at die
"shoulders." But in the fast swimming fishes of the Scombri-
dae, Thunnidae, and Katsuwonidae the "shoulder" is located
about two-thirds of the length posterioly, matching highly
efficient man-made bodies. This configuration extends the
favorable pressure gradient posteriorly and maintains the
laminar boundary layer flow along most of the body. During
fast swimming by means of jet propulsion, squids move tail
first with fins wrapped tightly around the tail, and the head and
arms form a tightly held, streamlined cone extending backward.
The maximum thickness of the body is around the region of the
mantle opening and head, approximately two-thirds of the total
length from the functionally anterior, morphologically poste-
rior, tip of the body. This configuration would allow laminar
flow to remain in effect for much of the length of the body, then
give way to transitional flow toward the end of the arm cone
and preventing turbulence and boundary layer separation.
There seems little doubt that in the fast swimming squids like
Tetronychoteuthis massyae laminar profile plays an important
role in reduction of hydrodynamic drag.

2. Surface roughness. Several authors have hypothesized
that rough surfaces created by denticles or modified scales on
fishes and sharks are designed to induce transition, delay
separation of the boundary layer, and reduce pressure drag
(Walters, 1962; Hertel, 1966,1969; Ovchinnikov, 1966; Bone
and Howarth, 1967; Burdak, 1969, 1981; Reif, 1978, 1983).
This method of boundary layer control has been achieved in
several ways, but essentially it requires some form of rough
surface with an arrangement of small protuberances that
convey the laminar boundary layer posteriorly and prevent die
separation mat marks the onset of turbulence and drag. Two
types of roughness mechanisms may exist One is a band of
modified scales around the "shoulders" of some scombrid
fishes that might act as a hydrodynamic tripping wire (Walters,
1962). The second is distributed roughness wherein the

elements cover die entire surface of die body, as in sharks
(Bone and Howarth, 1967; Reif, 1978,1983).

The tubercles of T. massyae cover most of die mantle and
may present sufficient distributed roughness to function like
diat in sharks. In die juvenile specimens we have, die tubercles
are small and we do not know if diey are large enough to
penetrate die boundary layer sufficiently to be effective.
However, die tubercles do increase in size widi growdi, as
follows: 45 mm ML,0.117 mm; 50 mm ML.0.175 mm; 60 mm
ML, 0.188 mm; and 105 mm ML, 0.35 mm. While we do not
know die maximum size attained by Tetronychoteuthis,
presumably me tubercles would continue to be proportionally
larger. Even on die specimen of 105 mm ML die tubercles are
easily seen and felt

3. Walters (1963) described a system of cartilaginous
tubercles, pores, and canals in die trachipterid fish Desmodema
polysticta. He hypodiesized diat diey function to impart
boundary layer control of laminar flow, decreasing hydrody-
namic drag by 60% to 75%. Called distributed dynamic
damping, die proposed mechanism works as follows. As
swimming occurs, water pressure against parts of die skin
increases as die boundary layer disturbance increases. The layer
pushes dirough die pores into die canals, flows to regions of
lower pressure, and re-enters die unperturbed (laminar)
boundary layer dirough die pores. This simulataneous redistri-
bution of pressure dynamically dampens die disturbance.

The orderly arrangement of die tubercles on die mantle
surface, die small openings between tubercles, and die basal
channels or ducts in between closely packed tubercles lead us
to suggest diat distributed dynamic damping also may be
involved in drag reduction in T. massyae. The tubercles cover
die anterior 3A of die mantle surface from die mantle opening to
about die point where die mantie tapers posteriorly. The basal
channels between tubercles are unobstructed so diat water
under pressure can enter at any pore, flow freely along
channels, and exit dirough any pore, including out die edge of
die mantle opening over a thin flange on die inferior edge of die
opening diat seals it against die posterior surface of die head. In
addition to die primary pressures created by die propulsion of
die squid dirough water, die rapid changes in mantle
configuration during strong muscular contractions also create
areas of pressure differential across die mantle. Dynamic
distributed damping might be a mechanism to help maintain
boundary layer control and drag reduction.

Bone (1972) described die vortex generating system diat
prevents boundary layer separtion in gempylid fishes and
suggested diat die mechanism might be applicable to odier
fishes and even to Lepidoteuthis grimaldii. We are uncertain if
diis mechanism can be attributed to die system of tubercles,
canals, and pores of T. massyae, but die morphologies look
very different

Finally, we point out diat no matter which drag-reduction
mechanism is proven to be employed by Tetronychoteuthis, we
consider it to be an extremely fast swimmer. Its morphology,
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body shape, and musculature indicate this. The rough surface
and tubercular/canal system imply drag reduction for fast
swimming. Its extreme rarity in collections infers fast
swimming as well. This species is rare in collections in spite of
the fact that in the past three decades extensive midwater
trawling programs have been carried out using a great variety of
fast, efficient, and large nets. Tetronychoteuthis appears to be
powerful enough and fast enough most of the time to avoid
even the meganets with mouth openings -100 m, nets that have
succeeded in capturing otherwise fast, elusive species.

We acknowledge the speculative nature of these hypotheses
and encourage that additional theoretical and observational
research be done to help understand the nature of hydrodynam-
ics in squids. Not the least of the problems, for example, are the
hydrodynamic effects and complexities introduced by a
flexible, relatively soft body that continuously changes shape
during rapid locomotion.

The tubercles and ridges of Histioteuthis meleagroteuthis
look (to the unaided eye) and feel similar to the hyaline
cartilaginous structures of the cranchiids, but histological
sections confirm that they consist of an extremely dense fibrous
tissue that stains positive for collagen and mucopolysac-
charides, especially at the distal tips where they are virtually a
solid mass (Figures 43,46). The tissue however, is not hyaline
cartilage but resembles in staining characteristics elastic
cartilage in vertebrates. The internal structure of the arms and
mantle consists almost entirely of vacuolate tissue interspersed
with small bundles of muscle fibers. These vacuolate tissues
have been shown to contain ammonium chloride that provides
buoyancy for Histioteuthis (Clarke et al., 1969; 1979).

The structure of the tubercles of Histioteuthis meleagro-
teuthis is very different from the dermal cushions of Lepi-
doteuthis and Pholidoteuthis and from the tubercles of the other
species examined in this study. The function appears to be
different as well. The tuberculate ridges surely are not used in
buoyancy as they are too dense. The tuberculate ridges along
the arms and on the dorsal mantle may serve as strong, rigid
keels for insertion of arm and dorsal mantle muscles to provide
support during the sudden muscular contractions required when
strong locomotion occurs, e.g., an escape reaction or an attack
on prey. Young animals, especially, may have to compensate
for the absence of strong arm and mantle muscles, which have
been modified for buoyancy, with rigid structures in the form of
a pseudoskeleton against which the remaining muscles could
contract. The arms on the few live juvenile H. meleagroteuthis
we have observed are more rigid and less flexible in the basal
regions than are those of live animals of non-tubercular species
of Histioteuthis.

The tuberculate ridges on the arms and mantle of adult H.
miranda, which attains a mantle length of 250 mm, are
proportionally much smaller and less conspicuous than in
juveniles. The tubercles are hardly visible above the level of the
skin, and often can be detected only by running a probe along

the area where the ridges clearly occur in smaller animals. The
tubercles and underlying bases seem to stop growing at a
certain stage; we can not determine with the material available
whether the tubercular tissue degenerates as well, or merely
stops growing. Further, the musculature in adults is more dense
and more extensively developed than in juveniles. This may
explain the proportional reduction of the tubercular ridges; with
increased muscular development and density in adults the
pseudoskeletal function in juveniles would no longer be
necessary. Based on extensive sampling in southern Australian
waters it may be significant that adult H. miranda have been
captured only near the bottom in depths of 400-600 m, while
juveniles have been captured only in midwater (C.C. Lu,
unpublished data). Therefore, the ontogenetic reduction in
tuberculate ridges might be associated with habitat and
morphological changes as well. We have not seen specimens of
H. meleagroteuthis that are of maximum size, so we do not
know whether a similar proportional reduction occurs in that
species.

A question persists concerning this suggested function. Why
do only three of the 15 species of Histioteuthis, H. meleagro-
teuthis, H. miranda, and H. bruuni, possess the tubercular
ridges? The genus generally is quite homogeneous morphologi-
cally, so the occurrence of the pseudoskeletal ridges may be
indicative of a different, more active mode of life in the
midwater habitats, possibly at earlier stages of life history.

ELASTIC/FIBROCARTILAGE

The minute, papilla-like, conical tubercles of the two species
of Mastigoteuthis we have studied are similar to each other.
They consist of dense connective tissue that closely resembles
elastic cartilage or fibrocartilage of vertebrates. The thick,
underlying, subepidermal connective tissue is highly vacuolate
and stains positive for collagens and mucopolysaccharides.
This connective tissue is a site of concentration of buoyancy
fluid, as is much of the relatively weakly-muscled, vacuolate
mantle. The function of the tubercles appears to be related
neither to buoyancy nor to support. The tubercles of M.
cordiformis appear to be attached to the mantle around their
bases by the epidermis that adheres to the subepidermal layer
and does not leave a space as in the tubercular cranchiids. Chun
(1910) described the tubercles as being covered with epidermis,
but always rubbed off. However, we have examined scores of
specimens of M. cordiformis throughout its size range and have
found no evidence of epidermis covering the tubercles. Further,
all our histological sections indicate that the papillate or conical
tips of the tubercles are free of epidermis. Possibly these
exposed tubercles perform a function similar to that suggested
for Tetronychoteuthis', that is, they may be a mechanism for
reducing hydrodynamic drag along the boundary layer to
ensure that laminar flow is maintained. This seems more likely
in the case of M. cordiformis in which the tubercles, although
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minute, are numerous and thickly distributed, and they adhere
firmly to the mantle.

As far as we known, M. cordiformis is the largest
Mastigoteuthis, reaching mantle length in excess of 700 mm
(and not yet mature). Furthermore, the mantle musculature of
M. cordiformis is much more strongly developed than in other
species of Mastigoteuthis at the same mantle length. These
factors indicate that At. cordiformis might be a stronger
swimmer than its congeners, and it would benefit from a
drag-reduction mechanism.

The tubercles of M. hjorti, while thickly distributed, rub off
easily in preserved specimens, but it seems unlikely that they
would be easily lost in live animals in the deep sea. The aid to
locomotion imparted by the maintenance of laminar flow
seems a reasonable function to suggest for these tubercles, but
their minute size may preclude such a function.

Chun (1910:226, 227, pi. 37: fig. 5) noted that the entire
body of M. cordiformis was covered with small tubercles that
at first he thought were light organs. However, after examining
their "fine structure" he refuted that notion and considered
them to be humps of "modified subcutaneous connective
tissue," an interpretation that is essentially correct even today.
Sasaki (1929:312) referred to the tubercles as "fine warts" and
Voss (1963:140) to "small round tubercles." Perhaps misinter-
preting Chun's statement or the misleading legend to the figure
(pi. 37: fig. 5) of the".. .conical tubercle (luminous organ?)...,"
Young (1972:67) mentioned that the "whole body is covered
with small light organs." We have examined a large number of
specimens that range from 40 to 600 mm ML and no
photophores have been found. The results of our study show
that the tubercles consist of elastic/fibrocartilage, similar to that
of vertebrates.

The nature of the material available for mis study precluded
a more detailed analysis of tissues. In the future, specimens
should be specifically fixed for various biochemical, histologi-
cal, and histochemical analyses so that a more precise
determination can be made of the composition and morphology
of the dermal structures of oceanic squids. Fresh and well-fixed
material could lead to a better understanding of the functions of
these structures, as well. The hypothesized function of
increased swimming efficiency through reduced hydrodynamic
drag should be tested using models in flow tanks as well as
mathematically.

This study has described several kinds of structures in the
integument of some oceanic squids and has lead to the
suggestion of possible functions of these structures. Additional
research needs to be done, and the problems are confusing and
complicated by several factors. For example, a wide variety of
morphological and structural integumental elements have been
described and surely others exist, yet to be recognized. Their
distribution and patterns on the body are different These
structures occur on different types of squids of different form
and behavior and from different habitats. All these factors need
to be considered in future research.

Summary

This survey has revealed the morphological and histological
features of the dermal structures of 10 species in 6 families of
oceanic squids, and it has resulted in hypotheses about
functions for these varied structures.

1. The tubercles and dermal cushions consist of loose fibrous
connective tissue (Lepidoteuthis grimaldii, Pholidoteuthis
adami), elastic cartilage (Tetronychoteuthis massyae, Histio-
teuthis meleagroteuthis), elastic/fibrocartilage {Mastigoteuthis
cordiformis, M. hjorti), hyaline-like cartilage (Chiroteuthis
acanthoderma), and hyaline cartilage (Cranchia scabra,
Uocranchia reinhardti.Leachia cyclura).

2. The existence of elastic cartilage and fibrocartilage in
invertebrates is reported; these tissues heretofore had been
regarded to occur almost exclusively in vertebrates,4 just as
hyaline cartilage had until the definitive work of Person and
Philpott (1969). The occurrence of hyaline cartilage tubercles is
demonstrated here for additional species of Cranchiidae and in
the Chiroteuthidae (hyaline-like).

3. This study has shown that "cartilaginous scales" do not
exist in any cephalopods currently known. All cartilaginous
(hyaline, elastic, fibro-) dermal structures are tubercles. The
so-called "scales" consist of loose connective tissue, not
cartilage. The term "dermal cushions" is introduced to replace
the terms "scales" and "cartilaginous scales," terms which are
inappropriate to cephalopods, and their use should be discon-
tinued. Thus, the dermal structures in L. grimaldii and P. adami
are dermal cushions, and the structures in T. massyae and C.
scabra, formerly referred to as "scales," are tubercles.

4. One of the objectives of this study was to determine if the
occurrence of dermal structures bears systematic or phylo-
genetic relevance. Certainly within family groups the type of
dermal structure and the composition of tissue of that structure
show definite relationships, e.g., in the Cranchiidae, Mastigo-
teuthidae, and Histioteuthidae. Further, the dermal cushions of
Lepidoteuthis grimaldii and Pholidoteuthis adami are virtually
identical in tissue composition and provide additional evidence
of the close relationship of these two taxa. At the same time,
their dermal cushions are so different in composition and
structure from the tubercles and papillae of Tetronychoteuthis
massyae as to preclude a relationship of these genera with T.
massyae. These differences were sufficient to enable us to
begin a reassessment of the systematic relationships of these
three troublesome taxa (Roper and Lu, 1989).

5. The hypothesized functions for dermal structures are
derived from our analysis of their structure, as well as
knowledge about the gross morphology, locomotion, and

^Tissue that resembles fibrocartilage in vertebrates has been repotted in the
endotternite of the horseshoe cnb,Limulus polyphemus, by Packard (1880) and
in scorpions, spiders, and mites (Schimkewitsch, 1893, 1895; Nalepa, 1892)
(fide Person, 1983).
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habitus of the animals. They include (a) a buoyancy mechanism Galiteuthis glacialis); (c) a pseudoskeletal mechanism for
involving the highly vacuolate, ammonium chloride fluid-filled insertion and support of muscles in aid of locomotion
dermal cushions that envelop the mantle (Lepidoieuthis {Histioteuthis meleagroteuthis, H. miranda, Liocranchia rein-
grimaldii and Pholidoteuthis adami); (b) a buoyancy mecha- hardti, and Leachia cyclura); (d) a locomotory mechanism for
nism that involves the epidermis supported by the cartilaginous maintaining laminar flow along the boundary layer by reducing
tubercles that envelops the mantle and may contain ammonium hydrodynamic drag (Tetronychoteuthis massyae, possibly
chloride fluid as a dermal buoyancy vest (Cranchia scabra and Mastigoteuthis cordiformis and M. hjorti).



Literature Cited

Adam,W.
19S0. Un Cephalopode nouveau: Pholidoteuthis boschmai gen. et ip. nov.

Koninklijke Nederlandse Akademie van Wetenschappen, 53(10):l-
8,3 (dates.

Bairati, A.
1985. The Collagens of the Mollusca. In A. Bairati and R. Garrone, editors.

Biology of Invertebrate and Lower Vertebrate Collagens, NATO ASI
Series, 93:277-297. New York:Plenum Press.

Berry, S.S.
1918. Report on the Cephalopoda Obtained by F.LS. "Endeavour" in the

Great Australian Bight and Other Southern Australian Localities.
Zoological Results of the Fishing Experiments Carried on by the
FJS. Endeavour, 1909-14,4(5):2O3-298,67 figures, 30 plates.

Bone.Q.
1972. Buoyancy and Hydrodynamic Functions of Integument in the Castor

Oil Fish, Ruvettus pretiosus (Pisces: Gempylidae). Copeia,
1972(1 ):78-87.

Bone, Q., and J.V. Howarth
1967. Surface Roughness of Dogfish. Report to the Council 1966-1967,

Marine Biological Associations of the United Kingdom, 1967: 2SS.
Bone.Q., A. Pulsford,and A.D. Chubb

1981. Squid Mantle Muscle. Journal of the Marine Biological Association,
UK, 61:327-342.

Burdak.V.D.
1969. [On the Functioning of Ctenoid Apparatus in Fish Under the

Conditions of Turbulent Border Layer.] Zoologicheskii Zhurnal,
48(7):1053-1055. [Li Russian.]

1981 [1982]. On the Arrangement of Lengthwise Scale Rows in the
Elasmoid Scale Covering of Fishes. Journal of Ichthyology
21(l):160-162. [Origional publication in Russian, Voprosy Dchti-
ologii, 1981,21(1 ):168-170.]

Chun,C.
1906. System der Cranchien. Zoologischer Anzeiger, 31:82-86.
1908. Uber Cephalopoden der DeuUchen Tief see-Expedition. Zoologis-

cher Anzeiger, 33:86-89.
1910. Die Cephalopden. Wissenschaftliche Ergebnisse der Deutschen

Tiefaee-Expedition auf dem Dampfer, "Valdivia" 1898-1899. Bd
XVIII. thl. 1, 18(l:Oegopsida):l-552. [Citation of page numbers
from English translation, Israel Program for Scientific Translations,
voL 18 (1975): 1-552, atlas of 95 plates.]

1913. Cephalopoda from the "Michael Sars" North Atlantic Deep-Sea
Expedition, 1910. Report on the Scientific Results of the "Michael
Sars" North Atlantic Deep Sea Expedition, 1910,3(1):1-21.

Clarke, M.R.
1960. Lepidoteuthis grimaldii, a Squid with Scales. Nature,

188(4754):955-956.
1964. Young Stages of Lepidoteuthis grimaldii (Cephalopoda, Decapoda).

Proceedings of Malacaiogical Society of London, 36:69-78.
1966. A Review of the Systematic! and Ecology of Oceanic Squids.

Advances in Marine Biology, 4:91-300.
1980. Cephalopoda in the Diet of Sperm Whales of the Southern

Hemisphere and Their Bearing on Sperm Whale Biology. Discovery
Reports, 37:1-824.

Clarke, M.R..EJ. Denton, and J.B. Gilpin-Brown
1969. On the Buoyancy of Squid of the Families Histioteuthidae,

Octopoteuthidae and Chiroteuthidac. Journal of Physiology, 203:
49-50.

1979. On the Use of Ammonium for Buoyancy in Squids. Journal of the
Marine Biological Association of the United Kingdom, 59:259-276.

Clarke, MR., and G.E. Maul
1962. A Description of the "Scaled" Squid Lepidoteuthis grimaldii Joubin,

1895. Proceedings of the Zoological Society of London, 139(1 ):97-
118,8 plates.

Denton, EJ., and J.B. Gilpin-Brown
1973. Flotation Mechanisms in Modem and Fossil Cephalopoda. Advances

in Marine Biology, 11:197-268.
Denton, EJ., J.B. Gilpin-Brown, and T.L Shaw

1969. A Buoyancy Mechanism Found in Cranchid Squid. Proceedings of
the Royal Society, London, series B, 174:271-279.

Dilly, P.N., and M. Nixon
1976. The Dermal Tubercles of Cranchia scabra (MoQusca, Cepha-

lopoda); Surface Structure and Development. Journal of Zoology,
179:291-295,1 plate.

Gegenbaur.C
1858. Anatomische untersuchungen eines Lunulus mit besonderer Beruck-

sichtigung der Gewebe. Abteilung Naturforschungen Gesellshqften
Halle 4.

Hotel, H.
1966. Structure, Form, Movement. 251 pages. New York: Reinhold

Publishers.
1969. Ermudungsfestigkeit der Konstruktioen. 659 pages. New York:

Springer-Verlag.
Hyman, L.H.

1940. The Invertebrates: Protozoa through Ctenophora. 726 pages. New
York: McGraw-Hill Book Company.

IsseLR.
1908. Molluschi, I: Cefalopodi planctomci. In A. Senna et al., Raccolti

planctonici fatte dalla R. Nave "Iiguria" Pubblicazioni Reale
Istituto di Studi Superiori (Florence), 1(4)201-243,56 figures.

Joubin, L.
1895. Cephalopodes recueillis dans l'estomac d'un Cachalot, capture aux

Des Acores. Comptes Rendus des Seances de VAcademie des
Sciences.Paris. 1895 (30 Decembre):l 172-1174.

1900. Cephalopodes provenant des campagnes de la Princesse-Alice
(1891-1897). Resultats des Campagnes scientifiques accomplies...
par le Prince Albert 1.17:1-135,15 plates.

1933. Notes preliminaires sur les Cephalopodes des croisieres du Dana
(1921-1922), 4* partie. Annales de I'Institut Oceanographique,

Koelliker.A.
1844. Entwickelungsgeschichte der Cephalopoden. 180 pages. Zurich:

Meyer and ZeQer.
Kramer, M.0.

1960. Boundary Layer Stabilization by Distributed Damping. Journal of
the American Society of Naval Engineers, 72:25-33.

Leach, W.E.
1817. Synopsis of the Orders, Families, and Genera of the Class

Cephalopoda. Zoological Miscellany, 3:137-141.
Lesueur.CA.

1821. Descriptions of Several New Species of Cuttle-fish. Journal of
Academy of Natural Sciences of Philadelphia, 2:86-101.

Lipinslri, M., and K. Turoboyski
1983. The Ammonium Content in me Tissues of Selected Species of Squid

(Cephalopoda: Icuthoidea). Journal of Experimental Marine Biol-
ogy and Ecology, 69(2): 145-150.

Lu,CC.
1977. A New Species of Squid, Chiroteuthis acanthoderma, from the

Southwest Pacific (Cephalopoda, Chiroteuthidae). Suenstrupia,
4:179-188.

39



40 SMITHSONIAN CONTRIBUTIONS TO ZOOLOGY

Lubosch,W.
1938. Die Permanenten Knorpeligen Skelctteilc. In L. Bolk, E. Goppert, E.

Kallius, and W. Lubosch, editors, Handbuch der vergleichenden
Anatomie der Wirbeltiere, 5:249-274. Berlin: Springer.

Malhcws.M.B.
1975. Polyanionic Glycans of Cartilage, Bone and Notochord. In Connec-

tive Tissue; Macromolecular Structure and Evolution. Berlin:
Springer-Verlag.

McSweeny,E.S.
1978. Systematic* and Morphology of the Antarctic Cranchiid Squid

Galiteuthis glacialis (Chun). Biology of Antarctic Seas VII,
Antarctic Research Series. 27:1-39,13 figures.

Nalepa.A.
1892. Die Anatomie der Tyroglyphen. Sitzungsberickte der Akademie der

Wissenschafien, Mathematisch-Naturwissenschaftliche Classe,
Wien.Abteilung II. 2:123-157.

Neris,K.N.
1980. Taxonomic Position of Chiroteutkis famelica Berry. B tulle ten

Moskoskoe Obshchestvo Ispytatelei Prirody, Otdel Biolobicheskii,
85(4):59-66.

Ovchinnikov.V.V.
1966. Turbulence in the Boundary Layer as a Method for Reducing the

Resistance of Certain Fish on Movement. Biophysics, 11:186-188.
Packard, A.

1988. The Skin of Cephalopods (Coleiods): General and Special Adapta-
tions. In E.R. Trueman and M.R. Clarke, editors. The Mollusca.
11:37-67. San Diego: Academic Press.

Packard, C.
1880. The Anatomy, Histology, and Embryology of Limulus potyphemus.

Memoirs of the Boston Society of Natural History, 1880:1-45.
Person, P.

1969. Cartilaginous Dermal Scales in Cephalopods. Science, 164:1404-
1405.

1983. Invertebrate Cartilages. In B.K. Hall, editor, Cartilage, Volume I:
Structure, Function and Biochemistry, pages 31-57. New York:
Academic Press.

Person, P., and D.E. Philpott
1969. The Nature and Significance of Invertebrate Cartilages. Biological

Review Cambridge Philosophical Society, 44:1-16.
Pfeffer.G.

1900. Synopsis der Oegopsiden Cephalopoden. Mitteilungen Naturhisto-
rischen Museum, Hamburg, 17:147-198.

1912. Die Cephalopoden der Plankton-Expedition. In V.A.C. Hensen,
Ergebnisse der Plankton-Expedition der Humboldt-Stifiung, 2: xxi +
815 pages, atlas of 48 plates.

Philpott, D.E., and P. Person

1970. The Biology of Cartilage, II: Invertebrate Cartilages: Squid Head
Cartilage. Journal of Morphology, 131(4):417-430.

Pritchard.JJ.
1956. General Anatomy and Histology of Bone. In G.H. Bourne, editor.

The Biochemistry and Physiology of Bone, pages 1-23. New York:
Academic Press.

Purves, P.E.
1963. Locomotion in Whales. Nature. 197(4865):334-337.

Rafinesque,C.S.
1814. Pricis des dicouvertes et travaux somiologiquts... 55 pages.

Palermo.
Reif,W.-E.

1978. Protective and Hydrodynamic Function of the Dermal Skeleton of
Elasmobranchs. Neues Jahrbuch fur Geologie und Palaontologie
Abhandlungen, 157(1-2):133-141.

1983. Hydrodynamic Effects of the Scales of Fast Swimming Sharks

[Abstract]. In International Symposium on Vertebrate Morphology,
Giessen.22-26 Aug. 1983, page 78.

Roper, C.F.E., and C.C. Lu
1989. Systematic Status of Lepidoteuthis, Pholidoteuthis and Tetronycho-

teuthis (Cephalopoda: Oegopsida). Proceedings of the Biological
Society of Washington. 1O2(3):8O5-8O7.

Roper, C.F.E..R.E. Young, and G.L. Voss
1969. An Illustrated Key to the Families of the Order Teuthoidea

(Cephalopoda). Smithsonian Contributions to Zoology, 13:1-32.
Sasaki, M.

1929. A Monograph of the Dibranchiate Cephalopods of the Japanese and
Adjacent Waters. Journal of the Faculty of Agriculture, Hokkaido
Imperial University, supplement 20:1-357.

Schaffer.J.
1930. Die Stutzgewebe. In W. von Mollendorf, editor, Handbuch der

Mikroskopischen Anatomie des Menschen, 2(2): 1-390. Berlin.
Sdrimkewitsch,V.W.

1893. Sur la structure et sur la signification de l'endostcmitc des
Arachnides.Zoologischer Anzeiger, 16:300-308.

1895. Ueber Vau und Entwicklung des Endosternits des Arachnoiden.
Zoologische Jahrbuecher Abteilung fur Anatomie. 8:19.

Schuhze, C.A.S.
1818. Uber die erstem Spuren des Knochen-systems und die Entwicklung

der Wirbelsaule in den Tieren. Meckels' Deutschen Arkiven, 4:334.
Steenstrup, J.

1856. Hectocotyldannelsen hos Octopodslaegteme Argonauta og Tremoc-
topus oplyst ved Iagttagelse af lignende Dannelser hos Blaeksprut-
terne i Ahnindelighed. Danske Videnskabernes Selskabs Skrifter,
series 5,4:187-216,2 plates.

Tokaty.G.A.
1971. A History and Philosophy ofFluidmechanics. 241 pages. Henley-on-

Thames, Oxfordshire: G.T. Foulis and Co.
Trueman, RR.

1983. Locomotion in Molluscs. In KM. Wilbur, editor, The Mollusca,
4:155-198. New York: Academic Press.

Voss.G.L.
1956. A Review of the Cephalopods of the Gulf of Mexico. Bulletin af

Marine Science of the Gulf and Caribbean, 6(2):85-178.
1963. Cephalopods of the Philippine Islands. United States National

Museum Bulletin, 234:1-180.
1977. Classification of Recent Cephalopods. Symposia of the Zoological

Society of London, 38:575-579.
Voss,N.A.

1969. A Monograph of Cephalopoda of the North Atlantic: The Family
Histioteuthidae. Bulletin of Marine Science, 19(4):713-867, 37
figures.

Walters, V.
1962. Body Form and Swimming Peformance in Scombroid Fishes.

American Zoologist, 2:143-149.
1963. The Trachipterid Integument and an Hypothesis on its Hydrody-

namic Function. Copeia, 1963(2):260-270.
Webb, P. W.

1975. Hydrodynamics and Energetics of Fish Propulsion. Bulletin of the
Fisheries Research Board af Canada, 190:158 pages.

Young, R.E.
1971 The Systematics and Areal Distribution of Pelagic Cephalopods

from the Seas off Southern California. Smithsonian Contributions to
Zoology. 97:1-159.

Zuev.G.V.
1966. Turbulent Character of the Flow around the Squid Ommastrephes

sagittatus Lam. Bioloqischeskie Nauki. Nauchnye Doklady Vysshei
Shkoty. 1:14-17. [English translation; Fisheries Research Board of
Canada. Translation series No. 1003,1968.]



REQUIREMENTS FOR SMITHSONIAN SERIES PUBLICATION

Manuscripts intended for series publication receive substantive
review (conducted by their originating Smithsonian museums or
offices) and are submitted to the Smithsonian Institution Press
with Form SI-36, which must show the approval of the appropriate
authority designated by the sponsoring organizational unit. Re-
quests for special treatment—use of color, foldouts, case-bound
covers, etc.—require, on the same form, the added approval of
the sponsoring authority.

Review of manuscripts and art by the Press for requirements
of series format and style, completeness and clarity of copy, and
arrangement of all material, as outlined below, will govern, within
the judgment of the Press, acceptance or rejection of manuscripts
and art.

Copy must be prepared on typewriter or word processor,
double-spaced, on one side of standard white bond paper (not
erasable), with 1 VA" margins, submitted as ribbon copy (not
carbon or xerox), in loose sheets (not stapled or bound), and
accompanied by original art. Minimum acceptable length is 30
pages.

Front matter (preceding the text) should include: title page
with only title and author and no other information, abstract page
with author, title, series, etc., following the established format;
table of contents with indents reflecting the hierarchy of heads in
the paper; also, foreword and/or preface, if appropriate.

First page of text should carry the title and author at the top
of the page; second page should have only the author's name
and professional mailing address, to be used as an unnumbered
footnote on the first page of printed text.

Center heads of whatever level should be typed with initial
caps of major words, with extra space above and below the head,
but no other preparation (such as all caps or underline, except for
the underline necessary for generic and specific epithets). Run-in
paragraph heads should use period/dashes or colons as neces-
sary.

Tabulations within text (lists of data, often in parallel columns)
can be typed on the text page where they occur, but they should
not contain rules or numbered table captions.

Formal tables (numbered, with captions, boxheads, stubs,
rules) should be submitted as carefully typed, double-spaced copy
separate from the text; they will be typeset unless otherwise
requested. If camera-copy use is anticipated, do not draw rules
on manuscript copy.

Taxonomic keys in natural history papers should use the
aligned-couplet form for zoology and may use the multi-level
indent form for botany. If cross referencing is required between
key and text, do not include page references within the key, but
number the keyed-out taxa, using the same numbers with their
corresponding heads in the text.

Synonymy in zoology must use the short form (taxon, author,
year: page), with full reference at the end of the paper under
"Literature Cited." For botany, the long form (taxon, author,
abbreviated journal or book title, volume, page, year, with no
reference in "Literature Cited") is optional.

Text-reference system (author, year:page used within the text,
with full citation in "Literature Cited" at the end of the text) must
be used in place of bibliographic footnotes in all Contributions
Series and is strongly recommended in the Studies Series
"(Jones. 1910:122)" or "...Jones (1910:122)." If bibliographic

footnotes are required, use the short form (author, brief title, page)
with the full citation in the bibliography.

Footnotes, when few in number, whether annotative or biblio-
graphic, should be typed on separate sheets and inserted imme-
diately after the text pages on which the references occur. Exten-
sive notes must be gathered together and placed at the end of
the text in a notes section.

Bibliography, depending upon use, is termed "Literature Cited,"
"References," or "Bibliography." Spell out titles of books, articles,
journals, and monographic series. For book and article titles use
sentence-style capitalization according to the rules of the lan-
guage employed (exception: capitalize all major words in English).
For journal and series titles, capitalize the initial word and all
subsequent words except articles, conjunctions, and prepositions.
Transliterate languages that use a non-Roman alphabet according
to the Library of Congress system. Underline (for italics) titles of
journals and series and titles of books that are not part of a series.
Use the parentheses/colon system for volume (number):
pagination: "10(2):5-9." For alignment and arrangement of ele-
ments, follow the format of recent publications in the series for
which the manuscript is intended. Guidelines for preparing bibli-
ography may be secured from Series Section, SI Press.

Legends for illustrations must be submitted at the end of the
manuscript, with as many legends typed, double-spaced, to a
page as convenient.

Illustrations must be submitted as original art (not copies)
accompanying, but separate from, the manuscript. Guidelines for
preparing art may be secured from Series Section, SI Press. All
types of illustrations (photographs, line drawings, maps, etc.) may
be intermixed throughout the printed text. They should be termed
Figures and should be numbered consecutively as they will
appear in the monograph. If several illustrations are treated as
components of a single composite figure, they should be desig-
nated by lowercase italic letters on the illustration; also, in the
legend and in text references the italic letters (underlined in copy)
should be used: "Figure 9b." Illustrations that are intended to
follow the printed text may be termed Plates, and any components
should be similarly lettered and referenced: "Plate 9b." Keys to
any symbols within an illustration should appear on the art rather
than in the legend.

Some points of style: Do not use periods after such abbrevi-
ations as "mm, ft. USNM, NNE." Spell out numbers "one' through
nine" in expository text, but use digits in all other cases if possible.

Use of the metric system of measurement is preferable; where
use of the English system is unavoidable, supply metric equiva-
lents in parentheses. Use the decimal system for precise meas-
urements and relationships, common fractions for approximations.
Use day/month/year sequence for dates: "9 April 1976." For
months in tabular listings or data sections, use three-letter abbre-
viations with no periods: "Jan, Mar, Jun," etc. Omit space between
initials of a personal name: "J.B Jones."

Arrange and paginate sequentially every sheet of manu-
script in the following order: (1) title page. (2) abstract, (3) con-
tents, (4) foreword and/or preface, (5) text, (6) appendixes, (7)
notes section, (8) glossary, (9) bibliography (10) legends, (11)
tables. Index copy may be submitted at page proof stage, but
plans for an index should be indicated when manuscript is sub-
mitted.



i


