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The Taxonomic Status of Xerotropis Monterosato, 1892,

and Redescription of Its Type Species

(Pulmonata: Hygromiidae)

by

GIUSEPPE MANGANELLI, LEONARDO FAVILLI, and FOLCO GIUSTI

Dipartimento di Biologia Evolutiva, Universita di Siena, Via Mattioli 4, 1-53100 Siena Italy

Abstract. The taxonomic status of the nominal genus Xerotropis Monterosato, 1892, was revised by

studying its type species Carocolla gargottae Philippi, 1836. Anatomical research showed that the species

belongs to the genus Cernuella Schluter, 1838. Consequently, Xerotropis becomes a junior synonym of

Cernuella.

A long taxonomic and nomenclatural controversy exists on the name of the type species of Xerotropis.

Carocolla gargottae was considered to be a junior synonym of one of the following nominal species: '^Helix

rugosa'' Chemnitz, 1786, Helix corrugata Gmelin, 1791, Helix scabra Salis Marschlins, 1793, ''Helix

groyana" Ferussac, 1821, and Helix rugosa Lamarck, 1822.

Analysis of the literature showed that two of these names were not valid: ''Helix rugosa'' Chemnitz,

1786, being part of a polynomial name {Helix scabra et rugosa) and Helix groyana Ferussac, 1821, being

a nomen nudum; and that two others were not available for the Sicilian species: H. corrugata Gmelin,

1791, being introduced for the polynomial Helix scabra et rugosa but, despite Pfeiffer's claim, without

objective evidence that the species illustrated by Chemnitz is the same as that of Philippi; and H. scabra

Salis Marschlins, 1793, being introduced for material collected at Paestum in southern Italy, but with

an original description insufficient for establishing its identity.

Examination of the type material of Helix rugosa Lamarck, 1822, demonstrated that it is the same

species as Carocolla gargottae Philippi, 1836. Consequently, Helix rugosa Lamarck, 1822, is the correct

name for the species.

INTRODUCTION

Monterosato (1892:23) established Xerotropis for a group

of species of the so-called xerophilae having shells "de-

presse a forti rugosita interrotte da un orlo carenale [de-

pressed, with marked ribs interrupted by a peripheral

carina]." He placed six species in it: Carocolla gargottae

Philippi, 1836, from Sicily; Helix jolyi Ancey, 1882, from

Algeria; Helix prietoi Hidalgo, 1878, from the Balearic

Islands; Helix ledereri Pfeiffer, 1857, from Jaffa; Helix

milaschewischi [sic] Retowski, 1886, from Crimea; and He-

lix spratti Pfeiflfer, 1846, from the Maltese Islands. In the

same year, "Hel[ix]. gargottae" was designated as the type

species of Xerotropis in an anonymous comment (presum-

ably written by Kobelt, editor of the Nachrichtsblatt) (Ko-

belt, 1892:152) on Monterosato's paper.

Xerotropis was confirmed as a subgenus of Xerophila

Held, 1837, by Kobelt (1904), who included Helix cor-

rugata Gmelin, 1791 [= Carocolla gargottae], and H. prae-

clara Cafici, 1882, in it. The other species originally in-

cluded in Xerotropis by Monterosato were moved to dif-

ferent subgenera oi Xerophila: Helix ledereri and H. spratti

to Xeroamanda Monterosato, 1892; H. milachewitchi [sic]

and Helix sigensis Kobelt, 1883 [= H. jolyi], to Jacosta

Gray, 1821; and H. prietoi to Xeroplexa Monterosato, 1892.

On the other hand, Xerotropis was regarded as a junior

synonym oi Jacosta by Pilsbry (1895) and Gude & Wood-
ward (1921), and as a taxon of unclear and dubious status

by Hesse (1926, 1934) and Thiele (1931).

The taxonomy oi Xerotropis was subsequently discussed

by Zilch (1960), Alzona (1971), and Richardson (1980).

Zilch (1960) regarded Xerotropis as being of uncertain

status due to a lack of anatomical information. Alzona

(1971) regarded Xerotropis as a subgenus of Helicella Fer-

ussac, 1821, and assigned four Sicilian species to it. Finally,

Richardson (1980) considered it to be a subgenus of the
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Miocene genus Titthodomus Pfeffer, 1929, misinterpreting

Zilch (1960), who listed two uncertain helicellid genus

group taxa, Xerotropis and Xeronexa Monterosato, 1892,

using the typographic character used for subgeneric names,

after the last genus of the Helicellinae Ihering, 1909, i.e.,

Titthodomusl

In view of persisting uncertainty about the status of

Xerotropis (as in the case of many other Monterosatian

genus group taxa of the xerophilae), we asked some Sicilian

colleagues for living specimens of Carocolla gargottae, the

nominal species designated at its type species. V. E. Or-

lando and I. Sparacio succeeded in providing this material

in 1987, so that we were able to perform anatomical study

and publish the following revision.

MATERIALS and METHODS
Whole shells were photographed under the optical micro-

scope (Wild MSA). All dimensional parameters (shell

height, maximum shell diameter, aperture height, and ap-

erture diameter) were measured using a calipers.

Living specimens were drowned in water, then fixed

and preserved in 75% ethanol buffered with NaHCOj.
The bodies were isolated after crushing the shells, and

dissected under the optical microscope using very thin,

pointed watchmaker's forceps. Anatomical details were

drawn using a Wild camera lucida. The dimensions of

anatomical tracts were measured using a millimetric lens

on the same microscope.

Radulae were manually extracted from the buccal bulbs,

washed in pure 75% ethanol, mounted on copper blocks

with electronconductive glue, sputter-coated with gold, and

photographed using a Philips 505 SEM.
The material examined is listed as follows: locality, mu-

nicipality and province names in parenthesis, UTM ref-

erence, collector(s), date, number of specimens in paren-

thesis. Locality names and UTM references were accord-

ing to the official 1:50,000 scale map of Italy (series M
792, sheets 593 and 626).

THE TYPE SPECIES of XEROTROPIS

In the past century, much controversy arose over the correct

name for the species selected as the type species of Xero-

tropis.

Many authors considered the name of the type species

of Xerotropis, Carocolla gargottae, introduced by Philippi

(1836:136-137; pi. 8, fig. 10; type locality: "prope Pan-

ormum et Termini") for a species of western Sicily, to be

a junior synonym of one of the following species: ''Helix

rugosa" Chemnitz, 1786; Helix corrugata Gmelin, 1791;

Helix scabra Salis Marschlins, 1793; ""Helix groyana" Fer-

ussac, 1821; and Helix rugosa Lamarck, 1822.

The matter was raised by L. Pfeiflfer (1841:17) who,

on the basis of material in the Lamarck collection, claimed

that Philippi's species was a junior synonym of both Helix

rugosa Lamarck, 1822 (p. 90; type locality: ".
. . en Italic,

sur la route d'Ancone a Sinigaglia") and Helix groyana

Ferussac, 1821 (p. 44, nomen nuduml), the latter intro-

duced for material collected by Menard de la Groye "Entre

Fiumesino et le case Brusciota, route de Sinigaglia, a An-
cone."

Philippi (1844:110) denied this and alleged that there

had been an exchange of material in the Lamarck collec-

tion. In fact, the original description of Helix rugosa did

not appear to fit his C. gargottae: ".
. . sed error manifestus

collectionis Lamarchianae videtur; verba Lamarckii angle

de son dernier tour est un pen prononce minime quadrant."

Nevertheless, Pfeiflfer (1845:23) persisted in his hy-

pothesis. According to him, there was no doubt that Phi-

lippi's C. gargottae was Lamarck's Helix rugosa (on the

basis of his examination of the material in the Lamarck
collection and confirmed by the figures of Delessert, 1841-

1842:pl. 26, fig. 4a-d), despite the fact that this evidence

was in contrast with Lamarck's description.

Pfeiflfer (1845) also claimed that the authorship of the

species should be assigned to Chemnitz (1786) and not to

Lamarck (1822). According to him, the species described

and illustrated by Chemnitz (1786:152-153; pi. 133, fig.

1208) as ''Helix scabra et rugosa," for which Gmelin (1791:

3623) introduced the binomial name Helix corrugata, cor-

responded (at least in part, see below) to that later intro-

duced by Lamarck under the name of H. rugosa. It was

therefore not necessary to change its name, but to maintain

a part of Chemnitz's original polynomial name.

In the second edition of Martini & Chemnitz's Conchy-

lien-Cabinet, Pfeiflfer again published the original descrip-

tion and figures by Chemnitz (Pfeiflfer, 1846a:51-52, pi.

6, figs. 12, 13). However, since he realized that incongru-

ities existed between the description and figure 1208, he

wrote: "Bei einer spatern bessern Abbildung werde ich die

vollstandige Synonymik und Beschreibung geben" (Pfeif-

fer, 1846a:52). Two years later, Pfeiflfer (1848a:173-174)

gave a new description of the species and referred to new
figures previously published by himself (Pfeiflfer, 1843, pi.

23, figs. 3, 4). He also reintroduced Lamarck as the author

of the species, by way of explanation oflfering only: "Ich

halte diese Art fur dieselbe Schnecke, welche als H. rugosa

Chemn. friiher gegeben word ist." In subsequent years,

he curiously reverted to assigning the authorship of the

species to Chemnitz (Pfeiflfer, 1848b, 1853, 1859, 1868,

1876).

Pfeiflfer created further confusion when he cited a dif-

ferent nominal species: Helix groviana Ferussac, 1832 (Ex-

plication: ij, pi. 46A, fig. 1), which he reported in the

synonymy of the Madeiran hygromiid Leptaxis undata

(Lowe, 1831) as "Helix groviana (Helicogena) Per. pr. 276.

Hist. t. 46 A f. 1." (cf. Pfeiflfer, 1848b: 192; Pfeiflfer, 1852:

154). "Helix (Helicogena) groviana" does not exist in the

Prodromus: the species listed at number 276 is Helix groy-

ana, not Helix grovianal Helix groviana is only reported in

the "Explication des planches des livraisons XXII, XXIII,

XXIV, XXV, XXVI et XXVII" of 1832.

Pfeiflfer's (1845) hypothesis that Helix corrugata Gmelin,

1791, "Helix groyana" Ferussac, 1821, Helix rugosa La-
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Figures 1, 2

Two illustrations involved in early taxonomic and nomenclatural

history of Cernuella rugosa (Lamarck, 1822). 1. The reference to

"Lister Hist. Conchy!, tab. 55. fig.
51" by Chemnitz (1786) and

Gmelin (1791) corresponds to a figure in Lister's Historiae sive

Synopsis Methodicae Conchyliorum. The fig. 51 of plate 55 of this

book illustrates a Jamaican cyclophorid collected by H. Sloane

and described as Cochlea umbilicata minor, subrufa, ore circinnato

et operculato. 2. Die rauhe runzelhafte Schnirtelschnecke of

Chemnitz (1786: pi. 133, fig. 1208). This shell Vkfas assigned by

Draparnaud (1805) to his Helix variabilis [= Cernuella virgata

(Da Costa, 1778)].

marck, 1822, and Carocolla gargottae Philippi, 1836, were

junior synonyms of ''^Helix rugosa''' Chemnitz, was accepted

by many authors (Albers, 1850; Reeve, 1854; Benoit, 1862,

1882; Paulucci, 1878; Reuleaux, 1889; Westerlund, 1876,

1889; De Gregorio, 1896; Alzona, 1971).

Albers (1 860: 111) later preferred to use the name Helix

corrugata Gmelin, 1791 (presumably because Chemnitz's

name was polynomial) and Martens in Albers (1860:115),

that of Helix scabra Salis Marschlins, 1793. While some

authors followed Albers (1860) in using the name H. cor-

rugata (Schaufuss, 1 869; Kobelt, 1 87 1 , 1 904; Tryon, 1 887;

Pilsbry, 1895), no one followed Martens in using Salis

Marschlins's name.

The matter is obviously complex and requires detailed

historical analysis from the beginning.

Chemnitz (1786:152-153; pi. 133, fig. 1208) described

"Die rauhe runzelhafte Schnirtelschnecke" as follows

'^Helix scabra et rugosa, testa umbilicata, carinata, ciner-

eoalbida, longitudinaliter obliqua striata, anfractibus sex ro-

tundis, apertura lunata, labro intus reflexo et incarnato."

He referred it to "Lister Hist. Conchyl. tab. 55. fig. 51.

Cochlea umbilicata minor, subrufa, ore circinnato et opercu-

lato. lamaic." and, in his remarks, listed a few diflferential

features mentioning that "Lister nennet Jamaica als das

wahre Vaterland dieser Schneche" and that "Eine fast

vollig gleichformige, die auf Otaheite [Haiti] gefunden

worden, verwahre ich unter meinen Siidlandischen Con-

chylien."

The bibliography of M. Lister (1638-171 1/12) is very

complex (Keynes, 1981), and Chemnitz's reference to

"Lister Hist. Conchyl. tab. 55, fig. 51" concerns the His-

toriae swe Synopsis Methodicae Conchyliorum published in

1685-1692 and reprinted in 1770. As Pfeiffer (1840:89)

was first to realize. Lister's description {cochlea umbilicata,

minor subrufa, ore circinato, et operculato) and the figure

(pi. 55, fig. 51) (Figure 1) clearly indicate a cyclophorid

land snail. The indications "lamac." and "Sloane"

which follow the figure indicate that the material was

collected by H. Sloane on the island of Jamaica. When
Sloane went to Jamaica in 1687, Lister asked him to collect

terrestrial and freshwater snails (Dance, 1986). Descrip-

tions of this material were published in the Historiae sive

Synopsis Methodicae Conchyliorum and in its early versions

{De Cochleis and Historiae Conchyliorum) (Keynes, 1981).

Chemnitz's figure 1208 (Figure 2) shows dorsal and

umbilical views of a shell from the Chemnitz collection

("Ex Museo nostro"), but in what remains of the Chemnitz

collection at the Zoologisk Museum of the University of

Copenhagen (Denmark), the figured specimen no longer

exists (J. Knudsen, personal communication, June 1993).

This shell has transverse striae, which could be growth

lines or ribs, and a very small umbilicus. This feature does

not agree with the description in the German text which

speaks of a wide umbilicus ("Der Nabel ist rund gross

und weit"). Although it is impossible to determine the

exact shape of the shell (globose or depressed and cari-

nated) from the figure, one can suppose it to be globose,

as the figure is one of many in a plate (tab. 133) in which

only species with globose shells {'^Helices rotundatae") are

illustrated (e.g., Cepaea, Arianta, Cantareus, Acanthinula).

This conclusion seems to be supported by Draparnaud

(1805:84) who considered the species identical to that of

fig. 1207 and listed it as ^^Helix vanegata Chemnitz" among
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Figures 3-7

Syntypes of Helix rugosa Lamarck, 1822, and their old label. The type series is composed of six syntypes and is

kept in the Lamarck collection at the Museum d'Histoire Naturelle of Geneva (Switzerland). Photos by G. Dajoz,
Museum d'Histoire Naturelle of Geneva (Switzerland).
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the synonyms of his Helix variabilis [= Cernuella uirgata

(Da Costa, 1778)]. Moreover, the periphery of the last

whorl is linear and entire both in the original figure

(Chemnitz, 1786:pl. 133, fig. 1208) and in the subsequent

reproductions (Wood, 1825:pl. 33, fig. 38; Pfeiffer, 1846a:

pi. 6, figs. 12, 13). On the contrary, the periphery of the

shell of the Sicilian species in dorsal and umbilical view

shows a crenulated rim, and this is evident both in our

figures (Figures 3, 8, 12), and in the classic iconography

of the species (Philippi, 1836:pl. 8, fig. 10; Rossmassler,

1837:pl. 26, fig. 357; Delessert, 1841-42:pl. 26, fig. 4a, b;

Pfeiffer, 1843:pl. 23, fig. 4; BenoU, 1862:pl. 4, fig. 25;

Tryon, 1887:pl. 61, figs. 79-81).

It is impossible to establish whether Chemnitz (1786)

redescribed Lister's cyclophorid or another species. In any

case, he included two (or three?) different species under

the name ''^Die rauhe runzelhafte Schnirtelschnecke" that

described with "der Nabel rund gross und weit" does not

correspond to the one in fig. 1208 which has a very small

umbilicus, but possibly to the Jamaican cyclophorid snail

illustrated by Lister. The short description may be re-

garded as fitting the Sicilian species which Philippi (1836)

named Carocolla gargottae , but the shell in figure 1208 does

not correspond at all to this species, as Pfeiffer (1846a)

realized.

Gmelin (1791:3623) introduced the binomial name He-

lix corrugata for a species, to be assigned to a sectio of his

genus Helix including species ''carinatae" i.e., with "an-

fractuum margine acuto." This species, living "in Jamaica,"

was described as ^^testa umbilicata rugosa carta oblique stria-

ta: apertura lunata, labro incarnato intus reflexo^^ and was

said to have been described and figured by "Chem. Conch.

9. p. 152. t. 133. f. 1208" and "List. Conch, t. 55 f. 51."

The name Helix corrugata Gmelin, 1791, was assigned

to the Sicilian species for the first time by Pfeiffer (1845),

and it was used as the latter's correct name by Albers

(1860), Schaufuss (1869), Kobelt (1871, 1904), Tryon

(1887), and Pilsbry (1895).

The Jamaican cyclophorid land snail Cyclostoma cor-

rugatum Sowerby, 1843, has nothing to do with the Ja-

maican cyclophorid reported by Lister and assigned by

Gmelin (1791) to his Helix corrugata. Cyclostoma corru-

gatum was introduced by Sowerby (1843a:30), without

reference to the preceding literature (cf. also Sowerby,

1843b; Pfeiffer, 1846b, 1854; Kobelt, 1901).

Two years later. Sails Marschlins (1793:378 not seen;

repeated on p. 472 of the English translation) used the

name Helix scabra for an Italian land snail found at Paes-

tum (southern Italy) and described as ''Testa umbilicata,

depressiuscula transversim sulcata, aspera, apertura sublabia-

ta ovata.'" Although Salis Marschlins referred it to "Mart,

[i.e., Chemnitz] t. ix. tab. 133. fig. 1208," he should be

regarded as having described it as a new nominal species

(P. Tubbs, personal communication, 28 April 1994).

The name Helix scabra Salis Marschlins, 1793, was

assigned to the Sicilian species only by Martens in Albers

(1860).

Ferussac (1821:44) also used the name Helix scabra for

the species illustrated by Chemnitz (1786:fig. 1208), re-

garded Helix corrugata Gmehn, 1791 as its junior synonym
and, without a line of description, cited ""Helix groyana,

nobis. Habit. Entre Fiumesino et le case Brusciota, route

de Sinigaglia, a Ancone; Comin. Menard de la Groye," as

a different species.

Pfeiffer's (1845:24) statement "Dass Hel. Groyana, Fer.

pr. 376 [sic] mit der Chemnitz'schen Figur 1208 identisch

ist, hat Ferussac, wahrscheinlich in Folge fiiichtiger Prii-

fung des Textes, eben so gut iibersehen, als alle folgende

Auctoren" is unfounded. When Ferussac reahzed this, he

could no longer list the two species separately!

Lamarck (1822:90) introduced the name Helix rugosa

for a species inhabiting "L'ltalie, sur la route d'Ancone a

Sinigaglia," previously cited as ''Helix groyana" at no. 276

of Ferussac's Prodromus. Finally, Philippi (1836) estab-

lished his Carocolla gargottae on shells from "prope Pan-

ormum et Termini."

In conclusion, Chemnitz's name is not available because

it is polynomial (ICZN, 1985: Art. 1 Ic). The names Helix

rugosa and Helix scabra, derived from different parts of

Chemnitz's polynomial name, take the author (and date)

of the publication in which they were first accompanied by

a description, indication, or definition (ICZN, 1985:Art.

50a). Thus Helix rugosa "Chemnitz, 1786" is available

from Pfeiffer, 1846a, and Helix scabra "Chemnitz, 1786"

from Ferussac, 1821. Since Helix scabra Ferussac, 1821,

and Helix rugosa Pfeiffer, 1846a, are junior primary hom-
onyms of Helix scabra Salis Marschlins, 1793, and Helix

rugosa Lamarck, 1822, respectively, they must be rejected.

Four names remain: Helix corrugata Gmelin, 1971, in-

troduced for Chemnitz's "Die rauhe runzelhafte Schnir-

telschnecke"; Helix scabra Salis Marschlins, 1793, intro-

duced as a new species, though considered to be the same

as that illustrated by Chemnitz; Helix rugosa Lamarck,

1822, and Carocolla gargottae Philippi, 1836, indepen-

dently established without reference to Chemnitz.

The oldest available name is Helix corrugata Gmelin,

1791, but it is impossible to use it for the Sicilian species.

Only the description fits the Sicilian species, but it also

fits many other similarly shelled species. The specimens

shown in fig. 51 by Lister and fig. 1208 by Chemnitz

might constitute the type series of Helix corrugata, and one

of them might be selected as lectotype according to art.

74(c) clarifying the identity of Gmelin's name. Neverthe-

less, the selection of fig. 1208, would not automatically

provide a name for the Sicilian species because, despite

Pfeiffer's claim, there is no objective evidence that the two

correspond.

The identity of the species called Helix scabra by Salis

Marschlins and found at Paestum is also uncertain. Fer-

ussac (1821:45) believed that it corresponded to his Helix
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Figures 8-11

The three shells (and their original label) cited by Ferussac as "-Helix groyana" [nomen nudum] and reported as
collected by M. de la Groye "Entre Fiumesino et le case Brusciota, route de Sinigaglia, a Ancone," present in the
Ferussac collection at the Museum d'Histoire Naturelle of Paris (France).
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Figures 12-15

Shells of Cernuella rugosa (Lamarck, 1822) from Comuni di Casteluzzo (San Vito Lo Capo, Trapani), 33SUC02,

I. Sparacio leg. 3.4.87.
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(Helicella) simulata (nomen nuduml) [= Trochoidea simulata

(Ehrenberg, 1831)] from "Alexandrie d'Egypte." Again,

however, there is no objective evidence, apart from the

description (insufficient for diagnosis), to support hypoth-

eses on its real nature.

Despite its poor original description, the identity of He-

lix rugosa Lamarck, 1822, is certain, as six syntypes have

been traced in the Lamarck collection at the Museum
d'Histoire Naturelle of Geneva. The type locality oi Helix

rugosa, as indicated by Lamarck in the original description

(". . . en Itahe, sur la route d'Ancone a Sinigaglia"), is

probably derived from Ferussac because the oldest label

accompanying the syntypes reported only "Italic" (Figure

7), and, apart from the six syntypes, no other material of

Helix rugosa exists in the Lamarck collection at Geneva.

Ferussac reported that his material was collected by

Menard de la Groye, between Fiumesino and Casa Brus-

ciote, along the road from Sinigaglia (Sinigaglia is a mis-

spelling of Senigallia and Casa Brusciote of Casa Bruciata)

to Ancona. However, it has always been impossible to

accept that Menard de la Groye could have found the

shells studied by Ferussac and Lamarck in this locality.

Some Italian malacologists (Benoit, 1862; Paulucci, 1878;

Alzona, 1971) and Kobelt (1898), in fact, have stressed

that the species was endemic to Sicily and that it had never

been found in central Italy. Benoit (1862:1 84) wrote: "dob-

biamo confessarlo, non abbiamo frnora contezza della it-

aliana H. rugosa [we must confess, we do not yet have clear

ideas on the Italian H. rugosa]." The presence of a species

with shell corresponding to the syntypes of Helix rugosa

of Lamarck in the area between Senigallia and Ancona is

also excluded by data in the literature (cf. Fiersanti, 1933)

and by our research. We visited the site indicated by Fer-

ussac, which is between the right bank of the Esino River

at its mouth and the town of Falconara Marittima (the

area is now in the industrial outskirts of Falconara Mar-
ittima). We could find only populations of Cernuella cis-

alpina (Rossmassler, 1837), the shells of which correspond

to those of well-known forms of the coastal regions of

northeastern Italy (i.e., shell rather small, finely and dense-

ly ribbed, umbilicus rather small, with traces of peripheral

carina).

Thus the fact that H. rugosa was reported in the area

can only have two explanations: an exchange of material

or a mistake in the original indication of the collecting site.

The hypothesis of an exchange of shell material in the

Lamarck collection was first advanced by Philippi (1844).

In support of this hypothesis, one could adduce the fact

that the syntypes are not accompanied by a label hand-

written by Lamarck and that Lamarck's description of

Helix rugosa does not fully fit the Sicilian species, as stressed

by Philippi (1844) and as Pfeiffer (1845) was obliged to

admit.

When Lamarck died, his collection was bought by Prince

Massena who sold it to B. Delessert in 1840. The collection

was later bought by the Museum d'Histoire Naturelle of

Geneva, where it still resides (Dance, 1986).

An exchange of material in the Lamarck collection is

unlikely after 1840. Since Delessert's (1841-1842) figures

oi Helix rugosa correspond to the present syntypes (Figures

3-6), the Helix rugosa material in the collection was the

same when he acquired it. A previous exchange of material

also seems unlikey because in her copy of the Animaux

sans Vertebres, Ivet Rosalie de Lamarck listed the number
of Helix rugosa syntypes in her father's collection as six,

the same as the present syntypes.

As regards the absence of handwritten label by Lamarck,

Y. Finet (personal communication, December 1987) told

us that: "the lots of the Lamarck collection rarely contain

the original labels with Lamarck's handwriting." To ex-

plain the poor correspondence between the original de-

scription and the syntypes, one can adduce the general lack

of accuracy of Lamarck's (1822) descriptions. This lack

of accuracy does not invalidate the descriptions but makes

it possible to apply them to different species with similar

shells.

We also sought the material cited by Ferussac as ''Helix

groyana" In the Ferussac collection at the Museum Na-
tional d'Histoire Naturelle of Paris (France) there are two

lots. One, labelled ''Helicella groyana, nobis 276. Entre

Sinigalia et Ancone" contains three shells, slightly smaller

than those of the Sicilian species and with less marked

ribbing (Figures 8-10). The other lacks the original label

(the oldest label states "Helix corrugata. Italic") and con-

tains four specimens (one very juvenile) perfectly corre-

sponding to the Sicilian species and Lamarck's syntypes.

The last tube also contains one shell of Xerosecta explanata

(Miiller, 1774) (a species absent from Italy!), and this is

indicative of the frequent exchanges of material in old

collections.

Ferussac's specimens from the type locality mentioned

in Lamarck's original description have not the status of

type material, the type material being the six syntypes in

the Lamarck collection at Geneva.

Helix rugosa Lamarck, 1822, must therefore be consid-

ered the same as Carocolla gargottae Philippi, a species the

identity of which has never been uncertain and which

clearly corresponds to the syntypes in the Lamarck col-

lection. This seems to us the only possible solution, and

consequently we conclude that Carocolla gargottae Philippi,

1836, is a junior synonym oi Helix rugosa Lamarck, 1822,

the oldest valid name for this species.

A statement of Deshayes (1830:220) that was completely

overlooked by all subsequent authors is evidence that this

is the correct interpretation: "C'est a Menard de la Groye

que Ton fut redevable de la connoissance de cette espece;

il la decouvrit en Italic, pres de Sinigalia: depuis elle fut

retrouvee en Sicilie." This important statement, published

no more than 8 years after Lamarck described Helix rugosa

and 6 years before Philippi described Carocolla gargottae
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Figure 16

Genitalia (gonad excluded) of Cernuella rugosa (Lamarck, 1822)

from San Vito Lo Capo (San Vito Lo Capo, Trapani), 33SUC02,
V. E. Orlando leg. 10.87. Key: AG, albumen gland; BC, bursa

copulatrix; BW, body wall; DBC, duct of bursa copulatrix; DG,
digitiform glands; DSC, dart sac complex; E, epiphallus; F, fla-

gellum; FHD, first hermaphodite duct; FO, free oviduct; GA,
genital atrium; P, penis; POS, prostatic portion of ovispermiduct;

PR, penial retractor muscle; T, talon; UOS, uterine portion of

ovispermiduct; VD, vas deferens.

(but probably written when Lamarck, old and blind, was

still alive) and accompanied by an excellent redescription

of the species, clearly demonstrates the perfect correspon-

dence between the Lamarckian Helix rugosa and the Si-

cilian snail.

Cernuella {Cernuella) rugosa (Lamarck, 1822)

[Figures 3-6, 8-10, 12-26]

Helix rugosa Lamarck, 1822:90.

Type locality: the locality reported in the original de-

scription: ".
. . en Italic, sur la route d'Ancone a Sini-

gaglia" is certainly incorrect and taken from Ferussac.

The old label (Figure 7) accompanying the syntypes

indicates only "Italie" and, on the basis of available

data, the species is known to live only in Sicily.

Type series: six syntypes in the Lamarck collection at

the Museum d'Histoire Naturelle of Geneva (Switzer-

land) (Figures 3-6).

Carocolla gargottae Philippi, 1836:136-137; pi. 8, fig. 10.

Type locality: "prope Panormum et Termini."

Type series: according to R. Kilias (personal commu-
nication. May 1994) there is no syntype in the Philippi

Collection, at the Zoologisches Museum und Institut

fiir spezielle Zoologie of Berlin (Germany).

Helix pleurischura Bourguignat, 1876:44-45.

Type locality: "Habite la Sicile."

Type series: holotype in the Bourguignat collection at

the Museum d'Histoire Naturelle of Geneva (Switzer-

land) (Figure 26).

Helix chonomphala, Bourguignat, 1876:45-46.

Type locality: "La Sicile."

Type series: lost? No syntype is found in the Bour-

guignat collection at the Museum d'Histoire Naturelle

of Geneva (Switzerland).

Historical material examined: "Calatafimini, 1 esempl.

ricev. 1877 dal Sig. Benoit col nome di H. gargottae'' (1

det. H. rugosa var. minor; Coll. Paulucci, Museo di Zool-

ogia deirUniversita di Firenze, MZUF 6709); "Calataf-

imini, 2 esempl. ric. dal Sig. Benoit 1877" (2 det. H. rugosa;

Coll. Paulucci, MZUF 6710); "Calatafimini, 2 esempl.

ricev. dal Sig. Benoit 1877 col nome di H. gargottae'' (2

det. H. rugosa var. alba; Coll. Paulucci, MZUF 6711);

"Dintorni di Messina, 6 esempl. ricevuti 1870 dal Sig.

Benoit a Messina" (6 det. H. rugosa var. minor; Coll.

Paulucci, MZUF 6712); "Presso Messina" (4 det. Helix

gargottae; Coll. Paulucci, MZUF 6713); "Redicofani" (15

det. Helix rugosa; Coll. Paulucci, MZUF 6714); "Sicilia,

presso Messina, 12 esempl. 5 ricevuti dal Mse Monterosato

1870 da Trapani, 7 avuti stesso anno dal Sig. Benoit come

raccolti presso Messina" (11 det. Helix rugosa; Coll. Pau-

lucci, MZUF 6717); "Trapani e Messina, 6 esempl. ri-

cevuti meta dal Mse Monterosato come provenienti da

Trapani, meta dal Sig. Benoit come raccolti presso Mes-

sina- 1870" (6 det. Helix rugosa var. alba; Coll. Paulucci,

MZUF 6718).

New material examiined: San Vito Lo Capo (San Vito

Lo Capo, Trapani), 33SUC02, V. E. Orlando leg. 10.87

(numerous specimens); S. Cianfanelli & M. Calcagno leg.

27.8.91 (5); Comuni di Casteluzzo (San Vito Lo Capo,

Trapani), 33SUC02, I. Sparacio leg. 3.4.87 (numerous

specimens); Torretta Granitola (Mazara del Vallo-Cam-

pobello di Mazara, Trapani), 33STB95, S. Cianfanelli &
M. Calcagno leg. 21.8.91 (5).

Diagnosis: A species belonging to Cernuella {Cernuella)

easily distinguishable from the two other, currently rec-

ognized species of the nominotypical subgenus oi Cernuella,

C. virgata (Da Costa, 1778) and C. cisalpina (Rossmassler,

1837), by virtue of medium-sized, robust, lenticular, shell,
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Table 1

Dimensions of the shell of Cemuella rugosa. For each pa-

rameter mean standard deviations and range are given.

Number
Shell Shell of spec-

Locality diameter height imens

San Vito lo Capo 12.62 ± 0.58 6.28 ± 0.58 5

(12.0-13.3) (5.3-7.0)

Comuni di Castelluzzo 12.35 ± 0.37 5.91 ± 0.66 10

(11.6-13.1) (4.8-6.8)

Torreta Granitola 14.50 ± 0.75 5.56 ± 0.34 5

(13.3-15.4) (5.2-6.2)

with raised, irregularly spaced ribs and evident, cordlike

keel at periphery.

Shell (Figures 3-6, 8-10, 12-15): Shell dextral, medium-

sized, robust, lenticular, uniformly yellowish-grey or with

traces of pale brown bands most evident in lower half,

opaque; external surface with evident raised ribs, rather

irregularly positioned and spaced: spire depressed, some-

times almost flattened, consisting of 5-5 Vi clearly convex

whorls, regularly and slowly enlarging; last whorl large,

moderately dilated, sometimes descending near aperture,

with evident, cordlike keel at periphery; sutures moder-

ately deep, shouldered by keel of preceding whorls; um-

bilicus open, very large (about one-third of shell maximum
diameter); aperture oval, its external margin angled at keel;

peristome interrupted, simple, not reflected, with upper

margin sometimes starting at keel, sometimes below keel,

with well-developed, yellowish or brownish, internal cal-

lous rib.

Dimensions (Table 1). Height: 4.8-7.0 mm; maximum
diameter: 11.6-15.4 mm.

Body: Animal blackish, darker above; retractor of right

ommatophore independent of penis and vagina; kidney

sigmurethrous; jaw odonthognathous; penial nerve origi-

nating from right pedal ganglion.

Genitalia (Figures 16-20): General scheme of the semi-

diaulic monotrematic type, characterized by: large her-

maphrodite gonad (ovotestis) consisting of bunch of acini

whose ducts converge into first hermaphrodite duct, its

initial portion very slender, then widening to function as

seminal vesicle; first hermaphrodite duct ending in clublike

"talon" adhering to internal side of large, beanlike albu-

men gland; talon consisting of seminal receptacles (a tree-

like system of tubules, ending in three to five branches)

and fertilization chamber; second hermaphrodite duct

(ovispermiduct) arising from base of albumen gland, and

consisting of female channel (uterine portion of ovisper-

miduct containing seminal groove) and prostate gland (with

sperm groove) fused to define single cavity; short, wide

free oviduct following female channel; duct of bursa cop-

ulatrix arising from where proximal vagina follows free

oviduct, of medium length (about twice penis length), ini-

tially flared, ending in large, oval bursa copulatrix (ga-

metolytic gland); proximal vagina very short; two tufts of

sparsely branched, long, slender digitiform glands opening

into initial portion of proximal vagina on opposite sides,

level with apex of inner stylophore; distal vagina initiating

from where dart-sac complex enters one side of vagina;

dart-sac complex + 2, i.e., consisting of one pair of

stylophores, outer fused to external side of inner for most

of its length; larger outer stylophore containing dart, small-

er inner stylophore with small, empty cavity; dart slightly

curved, circular in cross section near base and mid length,

tip arrowhead-shaped, cross-shaped in section (two op-

posite arms of cross very short); cavities of stylophores

opening independently one above other into groove along

side of conical structure named "dart-gun" (Manganelli

& Giusti, 1988); dart-gun constituting basal appendix of

dart-complex projecting into distal vagina lumen; vaginal

pleats variable in number along internal surface of vagina

walls on both sides of dart-gun, two of them fusing below

dart-gun and giving rise to sort of half-ring; vagina ending

in genital atrium just after penis enters its far end; long

slender vas deferens following sperm groove (inside pros-

tate gland of ovispermiduct) and ending in penial complex;

penial complex composed of flagellum, epiphallus and pe-

nis; flagellum relatively long (about two-thirds penis

length), ending level with where vas deferens enters penial

complex and epiphallus begins; epiphallus long (more than

twice penis length), ending where penial retractor muscle

contacts penial complex wall and penis begins; penis short.

Figures 17-20

Details of distal genitalia of specimens of Cernuella rugosa (Lamarck, 1822) from San Vito Lo Capo (San Vito Lo
Capo, Trapani), 33SUC02, V. E. Orlando leg. 10.87 (17, 19, 20) and from Comuni di Casteluzzo (San Vito Lo
Capo, Trapani), 33SUC02, L Sparacio leg. 3.4.87 (18). Distal penis opened to show penial papilla, frenula and

annular pad (17); vagina opened to show dart gun structure; the apex of penial papilla protrudes from annular

pad (18, 19); digitiform glands (20). Key: AP, annular pad; BW, body wall; DBC, duct of bursa copulatrix; DG,
digitiform glands; DOS, dart gun; DP, distal penis; FO, free oviduct; FR, frenulum; G, glans or penial papilla;

GA, genital atrium; IS, inner stylophore; ISO, inner stylophore opening; OS, outer stylophore; OSD, ovispermiduct;

OSO, outer stylophore opening; PP, proximal penis; PR, penial retractor muscle; PW, penial wall.
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Figures 21-24

Radula of Cernuella rugosa (Lamarck, 1822) from Comuni di Casteluzzo (San Vito Lo Capo, Trapani), 33SUC02,
I. Sparacio leg. 3.4.87.

entering distal vagina level with apex of dart-gun and

containing penial papilla (glans); penial papilla arising

one-third of penis length from base, well-developed, slen-

der, cylindrical, with apical opening bordered by two to

three "lips," its base connected to penial walls by three

small, symmetrically disposed muscles (frenula); penial

papilla compact, its transverse section showing central duct

(ejaculatory duct continuing directly from proximal penis

and epiphallus lumen); penis opening into vagina bordered

by sort of annular pleat, possibly a sphincter, usually con-

tracted.

Radula (Figures 21-24): Similar to that of other Cernuella

species (the radula in the various genera of the Hygrom-
iidae and Helicidae does not usually have diagnostic char-

acters), consisting of many rows each of about 57 teeth;

central tooth with large tricuspid crown, mesocone long,

twice ectocone height; first lateral teeth with bicuspid crown
with long, robust mesocone and small (about half mesocone
height) ectocone; small protuberance on internal side of

mesocone (about two-thirds along mesocone height) of first

lateral teeth possibly preluding small cusp evident on la-

teromarginal teeth; extreme marginal teeth with crown
composed of very reduced mesocone with one to two small,

sharp points and very reduced ectocone, frequently split

into two small, sharp points.

Habitat: Xeroresistant species occurring in dune habitats

on calcareous substrata. Found on soil, low vegetation, and

stones. At Capo Granitola, live specimens were collected

on Thymelaea hirsuta and Asteriscus maritimus (S. Cian-

fanelli, personal communication).

Distribution (Figure 25): According to Benoit (1862,

1882), this species is not present in the sites listed by

Philippi (1836) for his Carocolla gargottae ("prope Panor-

mum et Termini") or in the locality "Gesso pres de Mes-

sine" reported by Cantraine (1841).

According to Benoit (1862, 1875, 1882), it is only known
to live near "Redicofani" and particularly in a site known
as "Portella dello Mpiso" (western Sicily). Our Sicilian

colleague I. Sparacio thinks that the enigmatic localities

indicated by Benoit as "Redicofani" and "Portella dello

Mpiso" could be Golfo Cofano and Gala dello Mpiso,

respectively, which are in the area inhabited by the species.

Still, according to Benoit (1862, 1882), a population with

a small shell was found by D. Pietro Campanella at Ser-

ranieri near Messina (eastern Sicily), along the "cammino
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Figure 25

Distribution o( Cernuella rugosa (Lamarck, 1822) on UTM map
of Sicily plotted on 10 x 10 km squares.

coverto che dalla Cittadella mena al forte della Lanterna

(the covered path which leads from the Cittadella to the

Lanterna fortress)," where Benoit was never able to find

it. De Gregorio (1896) also reported it at San Vito (San

Vito Lo Capo, western Sicily) where the specimens studied

by us were collected.

DISCUSSION

The true identity and status of the many taxa of the genus

group introduced by Monterosato (1892) for the various

"xerophilae" have posed a serious problem to anyone at-

tempting to revise these small palaearctic helicoids in the

last 100 years (cf. Pilsbry, 1895; Kobelt, 1904; Gude &
Woodward, 1921; Hesse, 1926, 1934; Lindholm, 1927;

Thiele, 1931; Germain, 1929; Zilch, 1960). Since these

taxa were established on a conchological basis, in many
cases they are artificial groups. The case of Xerotropis is

a good example of this. Apart from its type species and

the Algerian Helix jolyi Ancey, 1882, whose identity is

uncertain, successive anatomical studies have shown that

the other four species assigned to Xerotropis by Monter-

osato (1892) belong to different genera: Helix spratti Pfeif-

fer, 1846, from the Maltese Islands, belongs to Trochoidea

(Trochoidea) Brown, 1827 (cf. Giusti et al., in press); Helix

prietoi Hidalgo, 1878, from the Balearic Islands, and Helix

ledereri Pfeiflfer, 1857, from Jaffa, belong to Trochoidea

{Xerocrassa) Monterosato, 1892 (cf. Ortiz de Zarate, 1963;

Forcart, 1976); and Helix milaschewitschi Retowski, 1886,

from Crimea, belongs to Helicopsis Fitzinger, 1833 (cf.

Schileyko, 1978).

Until the old, conchological approach to gastropod tax-

onomy was superceded by the anatomical approach, it was

impossible to create a natural classification. The work of

P. Hesse was fundamental for understanding this group

of taxa. The classification derived from his studies, based

on the organization of the distal genitalia and position of

the right ommatophore retractor, proved to be a satisfactory

framework for nearly 50 years.

Research gained new momentum thanks to A. Schiley-

ko's study of the inner structure of the distal genitalia

(dart-sac complex and penis), which had never been in-

vestigated in detail before. During the 1970s and 1980s,

Schileyko (1972, 1978, 1991) revised many taxa of the

genus group and proposed new classification of the heli-

coids, which, although criticized in some aspects (Giusti

& Manganelli, 1987; Hausdorf, 1988; Manganelli &
Giusti, 1988; Giusti et al., 1992; Nordsieck, 1993) were

innovative and gave new impetus to revision of the heli-

coids.

Anatomical study of the type species of Xerotropis showed

that this taxon is characterized by the same distal genital

structure as that of the subfamily Hygromiinae sensu Schi-

leyko (dart sac complex with 0-1-2 stylophores).

The genus group taxa of the Hygromiinae with 0-1-2

stylophores and right ommatophore retractor independent

of the genitalia was recently revised by Hausdorf (1988)

and Manganelli & Giusti (1988, 1989). These studies

showed that many subgenera or supposed synonyms of

Cernuella Schliiter, 1838 {t.g.,Xerosecta Monterosato, 1892,

Xeromagna Monterosato, 1892, Pollonenella Alzona & Al-

zona Bisacchi, 1940, Microxeromagna Ortiz de Zarate

Lopez, 1950, Xeromunda Monterosato, 1892; cf. Zilch,

1960; Clerx & Gittenberger, 1977; Aparicio, 1982, 1985;

Giusti & Castagnolo, 1982; Kerney et al., 1983; Manga
Gonzales, 1983; Marquet, 1985; Prieto, 1986; Abbott,

1989) were distinct taxa of the genus group {Xeroplana

Monterosato, 1892, Xerofalsa Monterosato, 1892, and Xe-

roamanda Monterosato, 1892, are still uncertain).

Cernuella is clearly characterized by the structure of the

distal genitalia (dart sac complex wide and fused to inner

walls of vagina for a long tract; penis joining distal vagina

level with stylophores) (Manganelli & Giusti, 1988; Giusti

et al., 1992), which is markedly different from that of the

group Xerosecta-Xeromagna-Polloneriella-Microxeromagna

(characterized by a smaller dart-sac complex entering va-

gina through a slender neck; penis joining vagina distally

with respect to stylophores) (Manganelli & Giusti, 1988;

Giusti et al., 1992) and that oi Xeromunda (characterized

by a dart-sac complex joined to vagina through large wide

"basal portion" and with a very modified inner stylophore)

(Manganelh & Giusti, 1989; Giusti et al., 1992).

As the above anatomical description demonstrates, Xe-

rotropis corresponds to Cernuella. Cernuella includes two

subgenera: Cernuella {Cernuella) (penial papilla with three

basal frenula) and Xerocincta (penial papilla without fren-

ula). Although this classification needs to be revised (Fav-

illi, 1994), it is evident that Xerotropis corresponds to Cer-

nuella {Cernuella), and must therefore be considered as a

junior subjective synonym of Cernuella Schliiter, 1838.

At present, Cernuella rugosa (Lamarck, 1822) seems to

be endemic to Sicily and is easily distinguishable on the

basis of shell features from the two other, currently ac-



Page 14 The Veliger, Vol. 39, No. 1

Figures 26, 27

Figure 26. Holotype of Helix pleurischura Bourguignat, 1876, from "Sicile." Bourguignat collection, Museum
d'Histoire Naturelle of Geneva (Switzerland). Figure 27. A syntype/topotype o( Helix praeclara Cafici, 1882 from
"Castelvetrano (Sicilia), determ. Cafici teste Monterosato." Pollonera collection, Museo Regionale di Scienze

Naturali, Torino (Italy).
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cepted CernueUa (Cernuella) species: C. virgata (Da Costa,

1778) and C. cisalpina (Rossmassler, 1837). This fact and

the existence of populations with small shells, apparently

similar to this species, such as those described as Helix

praeclara Cafici, 1882 (type locality: "Abita Castelvetrano

in provincia di Trapani") (Figure 27), and others of re-

duced size and ribbing from Sicily, very similar to Apen-

nine populations of C cisalpina, must be carefully evalu-

ated if this group of species is to be classified correctly.

Cernuella are remarkable for wide, intra- and interpo-

pulation shell variability which caused an enormous amount

of splitting in the second half of the last century, partic-

ularly, by French conchologists of the Nouvelle Ecole. For

the Sicilian Cernuella alone, more than 60 nominal taxa

of the species group were introduced (Favilli, 1994). The
status of these taxa is problematical, and their revision

complex, involving the location and study of original de-

scriptions, syntypes, topotypes, and much living material

for classical morphological (conchological and anatomical)

and genetic (allozyme polymorphism) analysis.

Hence we synonymize only two species described by

Bourguignat (1876): Helix pleurischura and H. chonom-

phala. We traced the holotype of the former in the Bour-

guignat collection at the Museum d'Histoire Naturelle of

Geneva (Switzerland) (Figure 26) and found that it cor-

responds perfectly to C. rugosa. On the contrary, there is

no type material of the latter species in the Bourguignat

collection (Y. Finet, personal communication, December

1987). It is here regarded as a junior synonym of C. rugosa

on the basis of Benoit's (1875:142) statement that Bour-

guignat chose some shells from many C. rugosa sent to him

by Benoit and attributed them to different species: "II

nostro dotto amico M. Bourguignat ritiene, che tra i molti

esemplari da noi speditigli dell'//, gargottae, vi sieno, oltre

la specie di Philippi, altre due specie distinte, cioe VH.

conomphala, e VH. plewischura [sic]. Non dividiamo la sua

opinione [my learned friend M. M. Bourguignat believes

that, amongst the many specimens of H. gargottae sent to

him by me, there are not only Philippi's species, but also

two other distinct species, i.e., H. conomphala and //. ple-

wischura [sic]. I do not share his opinion]."
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Homoplastic Loss of Dart Apparatus, Phylogeny of the

Genera, and a Phylogenetic Taxonomy of the

Helminthoglyptidae (Gastropoda: Pulmonata)
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Abstract. The pulmonate land snail clade Helminthoglyptidae is redefined as Helminthoglypta tud-

iculata (A. Binney, 1843) and all gastropods that share a more recent common ancestor with it than

with the clade (Xanthonychidae,Bradybaenidae)—the first phylogeny-based, rather than character-

based, definition of this taxon. Many prior definitions of the group included a geographic component.

Maximum-parsimony cladistic analysis was performed on 22 terminal taxa (named and unnamed)

conventionally referred to the Helminthoglyptidae. The data set includes 21 multi-state shell, integument,

and reproductive system characters. The resulting phylogenetic hypothesis indicates that absence of a

dart sac is a homoplasy, originating at least six times; total absence of mucus glands originated ho-

moplastically at least five times. The taxa usually assigned to Sonorella form a basal clade (SONOREL-

lamorpha) that is the sister group of the rest of the Helminthoglyptidae (helminthoglyptamorpha).

Because SONORELLAMORPHA and helminthoglyptamorpha share no common ancestor not also shared

by the presumptive sister group (Xanthonychidae,Bradybaenidae), the monophyly of Helminthoglyp-

tidae of authors is open to question. More information is needed to determine whether sonorellamorpha
is contained within helminthoglyptidae as defined herein. The results of the analysis are expressed

in a rank-free, phylogeny-based taxonomy. Four new genus-group taxa and 1 1 suprageneric taxa are

described.

INTRODUCTION

The pulmonate land snail taxa of western and south-

western North America belonging to the Helminthoglyp-

tidae are numerically significant—46% of the species of

native land mollusks in California (Roth, unpublished);

45% of the species in Arizona (Bequaert & Miller, 1 973)

—

and potentially important for understanding regional cli-

matic history and biogeography (Smith et al., 1990). Pat-

terns of ancestry and descent among these taxa usually

have been addressed only on a case-by-case basis, and

published classifications have not had a phylogenetic un-

derpinning. A rigorous phylogenetic hypothesis is needed

for meaningful further study.

Supraspecific taxonomy of the group has been based

largely on accessory reproductive structures, including mu-
cus glands and dart sac, which function in courtship and

mating (Webb, 1942, 1951, 1952a). Absence of these struc-

tures in many genera is widely thought to be due to sec-

ondary simplification, although this assumption remains

basically untested. A lively debate exists as to how many
times the loss of dart sac and/or mucus glands has occurred.

The purpose of this paper is to apply the methods of

phylogenetic systematics (Hennig, 1966; see also Wiley,

1981; Brooks & McLennan, 1991) to the analysis of evo-

lutionary relationships among the genera contained in Hel-

minthoglyptidae as defined herein. I used the program

HENNIG86 (Farris, 1988) to generate a set of maximum-
parsimony cladograms based on 22 terminal taxa and 21

characters representing 61 character states; a strict con-

sensus tree (Nelson, 1979) is presented to show the groups

in common to the resulting cladograms and used as a basis

for discussion of the taxonomy of the Helminthoglyptidae.

The cladograms allow an estimate of the extent of ho-

moplasy represented by absence of dart sac and mucus
glands, and also, for each case, whether that absence is

apomorphic or plesiomorphic with respect to its ingroup.

Absence of dart sac and absence of mucus glands were not

included in the originally analyzed data set, but were

mapped afterward on the consensus tree.
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Historically, Helminthogiyptidae has undergone several

definitions and redefinitions. Dart-bearing helicoids of the

Americas were long included in a broadly construed family

Helicidae Rafinesque, 1815, roughly equivalent to what

conventional land snail taxonomy now designates as the

suborder Holopoda. Pilsbry's (1893-1895) "Belogona Eu-

adenia" contained taxa with "mucus glands sacculated,

club-shaped, bulbous or flattened, glandular, inserted on

dart sack or at its base . .
." (Pilsbry, 1893-1895;xxxvi),

spread among 1 2 genera. The primary division of Belogona

Euadenia was into American and Eurasian groups, with-

out supporting characters (Pilsbry, 1 893-1 895:xxx). The

taxa considered in the present paper were included in the

"sections" Micrarionta Ancey, 1880, and Helminthoglypta

Ancey, 1887, of genus Epiphragmophora Doring, 1875.

Pilsbry (1939:1, 24) named the family Helminthogiyp-

tidae, typologically defined by the genus Helminthoglypta

(type species Helix tudiculata A. Binney, 1843). His di-

agnosis, "dart sac or sacs and mucous glands present, the

latter club-shaped, globular or irregular (not tubular or

finger-shaped), inserted close to the base of the dart sac;

talon short, concealed in the albumen gland; shell usually

with a band above periphery, or sometimes with three or

many bands, the lip from simple to reflected, not toothed"

(Pilsbry, 1939:1), differentiated Helminthogiyptidae from

Camaenidae, Sagdidae, and Polygyridae ("no dart appa-

ratus, talon exposed") and from the remainder of the old

Belogona (in which the mucus glands are tubular or fin-

gerlike). He also provided an enumerative definition—that

is, he pointed to the taxa he expected to conform to his

character-based definition—stating that the family includ-

ed "the American dart-bearing helices" (Pilsbry, 1939:

25).

Pilsbry (1939) also named the subfamily Sonorellinae

(originally including only the genus Sonorella Pilsbry, 1900,

but later amended [Pilsbry, 1948:1093] to include Sono-

relix Berry, 1943) for species lacking the diagnostic dart

sac and mucus glands but agreeing with the rest of the

Helminthogiyptidae in shell, jaw, and talon characters. In

an insight with lasting impact on helminthoglyptid tax-

onomy, he inferred that the reproductive system in Son-

orellinae is secondarily simplified,' but he did not provide

a test of whether the dartless condition is apomorphic or

plesiomorphic.

For nearly 40 years Pilsbry's concept of Helmintho-

giyptidae was widely accepted and the taxa defined by its

enumerative/geographic and character-based definitions

' It was not the first time he had done such a thing. In Pilsbry

& Vanatta (1898:68), he referred to the absence of mucus glands

in Glyptostoma Bland and Binney, 1873, as "a degenerative fea-

ture unique in Belogona Euadenia.'^ Glyptostoma is now assigned

to the Megomphicidae. The possibility of a cultural predispo-

sition to see taxa lacking certain organs as derived or degenerate

belongs properly to the history of science; I will not pursue it

further here, except to note that Roth (1981) remarked on a

parallel case m the early taxonomy of Monadenia.

assumed to be coextensive. Baker (1956, 1959) observed

that the earliest family-group name based on a member
of the group was Xanthonychidae Strebel & Pfeffer, 1879

(based on Xanthonyx Crosse & Fischer, 1867), and a mi-

nority of authors adopted Xanthonychidae as the name to

use, but the family's diagnosis and scope went largely

unchallenged. Richardson (1982) catalogued the species.

Schileyko (1978, 1979) removed the Humboldtianinae,

in which multiple dart sacs subtend compact mucus glands

surrounding the vagina, from Helminthogiyptidae. Miller

(1987), Miller & Naranjo-Garcla (1991), and Evanoflf &
Roth (1992) followed Schileyko in recognizing Humbold-
tianidae as a distinct taxon.

Nordsieck (1987; translation by Emberton, 1992) re-

vised the systematics of the Helicoidea at the family level,

using cladistic methods to derive a statement of relation-

ships among Xanthonychidae, Sphincterochilidae Zilch,

1960, Hygromiidae Tryon, 1866, Helicidae, and Brady-

baenidae Pilsbry, 1934. His classification below the level

of family was not based on the principle of grouping by

synapomorphy, but relied on arbitrary magnitude of dif-

ference and gradal criteria (e.g., his refusal [Nordsieck,

1987:19] to group shelled snails and semislugs in a single

subfamily). It included numerous new subfamilies and

tribes, many of them monotypic at the next lower category

(e.g., Monadeniinae, new subfamily for genus Monadenia

Pilsbry, 1895; Bunnyini, new tribe for Bunnya Baker,

1942) and apparently proposed as much for "bookkeeping"

reasons as for their information content (cf. Simpson's

[1961] advocacy of exhaustive subsidiary taxa, and critique

of same by Farris [1976]). His taxon definitions were

partly character-based and partly enumerative. The char-

acter-based component was not rigorously diagnostic (for

Helminthoglyptini, "diverticulum present; stimulatory or-

gan present, lacking in one group"; for Sonorellini, "di-

verticulum usually lacking; stimulatory organ lacking"

[Nordsieck, 1987:20; Emberton translation]); the enumer-

ative component was rather casually employed, as in ref-

erences to the otherwise undefined "Mzcrarzonto-Gruppe"

and "vS'onore/Za-Gruppe," and sometimes erroneous {Mi-

crarionta, placed by Nordsieck in the Helminthoglyptini,

lacks a spermathecal diverticulum).

Miller & Naranjo-Garcia (1991) used magnitude of

difference criteria to modify the cladistic family-level clas-

sification of Nordsieck (1987). They redefined Helminth-

ogiyptidae as helicoid snails having, in dart-bearing spe-

cies, one or both mucus glands consisting of wide mem-
branes that wrap around parts of the anterior end of the

reproductive tract. Under this definition, Helminthogiyp-

tidae consists of a number of genera of the North American

west and southwest, distinguished from Mesoamerican

genera (Xanthonychidae) in which mucus glands are nod-

ulose, tubular, or vesicular. They reassigned Monadenia,

formerly considered a genus of Helminthogiyptidae, to

Bradybaenidae. Like Pilsbry (1939), Miller & Naranjo-

Garcia (1991) included genera that lack mucus glands and

dart apparatus through secondary simplification but did
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not specify other morphologic criteria for inclusion of these

genera. They stated that loss of mucus glands and dart

apparatus had happened multiple times (citing Miller,

1970, 1973, 1981a), so that Sonorellinae of Pilsbry and

Sonorellini of Nordsieck were polyphyletic groups.^

Schileyko (1991) proposed a systematic revision of the

Helicoidea sensu lata based entirely on the characters of

the lower part of the reproductive tract. He hypothesized

an archetypal, ancestral form and from there spun an

imaginative evolutionary history for the superfamily. The
narrative consists of a series of sketches explaining how
certain configurations of the genitalia could have come

about through changes to other (mostly existing) config-

urations; hypothetical configurations were introduced as

necessary. Criteria of parsimony or independent characters

supporting or falsifying these hypotheses of ancestry and

descent were not considered.

Schileyko's (1991) innovations in classification included

Eremariontinae, a new monotypic subfamily of Helminth-

oglyptidae, for Eremarionta Pilsbry, 1913; removal of all

dartless genera from Miller & Naranjo-Garcia's (1991)

Helminthoglyptidae to subfamily Sonorellinae of Xan-

thonychidae; and new subfamily Micrariontinae of Xan-

thonychidae. A character-based and an enumerative def-

inition were provided for each family-group taxon, but the

arrangement of taxa was based largely upon the evolu-

tionary narrative and gradal criteria. Because many genera

were considered to be derived directly from other genera

(e.g., Schileyko, 1991:fig. 7), the system included numerous

paraphyletic groups.^

Emberton (1991) cladistically analyzed 17 family-group

taxa of land snails, including Helminthoglyptidae, in a

search for the closest outgroup of Polygyridae. Helmin-

thoglypta tudiculata represented Helminthoglyptidae in the

analysis; Cepolis varians (Menke, 1 829) represented Xan-
thonychidae. Maximum-parsimony analysis generated a

consensus tree containing the polytomy (Helminthoglyp-

tidae, Xanthonychidae, Bradybaenidae, Polygyridae, (Thy-

sanophoridae,(Camaenidae,Sagdidae))). This clade is

united by the synapomorphies of descending ureter partly

or variably roofed, ureteric interramus shallowly and

broadly excavated, and left parietal and visceral ganglia

fused.

- This is not quite fair to Nordsieck, who had stated that groups

resulting from parallel evolution ought not to be united in the

single subfamily Sonorellinae and, citing Miller as authority,

that there were additional groups without a dart sac, independent

of the "5'o?2ore//a-Gruppe" that made up his Sonorellini (Nord-

sieck, 1987:19, 20). He placed the dartless genus Greggelix in

Helminthoglyptini.

' Solem (1991) criticized the Schileyko classification as "mal-
acological hyperinflation" because certain groups of taxa were
recognized at higher categoric levels than was traditional. This
comes down to an argument about taste in ranking: Solem did

not maintain that the groups recognized by Schileyko were any-

thing other than natural, monophyletic groups or propose any
alternative set of relationships among them.

The distinction between Xanthonychidae as restricted

by Miller & Naranjo-Garcia (1991) and Bradybaenidae

needs further investigation. Schileyko (1991) reassigned

Monadenia (as subfamily Monadeniinae) to Xanthony-

chidae, but it is pointless to argue the allocation until an

objective morphological distinction between Xanthony-

chidae and Bradybaenidae is in place. In common with

the Asian Bradybaenidae (Azuma, 1982) and apparently

with Central American Xanthonychidae (e.g., Tnchodis-

cma Martens, 1892), Monadenia has a fundamentally four-

banded shell (Roth, in preparation). In the few multiple-

banded helminthoglyptids (some species oi Xerarionta Pils-

bry, 1913), the banding is complex and not obviously four-

fold. The lower, ductlike portion of the mucus gland in

Monadenia may be homologous to the Nebensack in other

Bradybaenidae (A. A. Schileyko, written communication,

1990). Xanthonychidae and Bradybaenidae both have a

single dart sac, homoplastic with the single dart sac in

Helicidae, according to Schileyko's (1991) narrative, but

possibly homologous with that in Helminthoglyptidae.

I provisionally regard (Xanthonychidae,Bradybaehni-

dae) as the sister group of Helminthoglyptidae. Other

groups, such as Helicostylidae Ihering, 1909, and Epi-

phragmophoridae Hoffman, 1928, are too poorly known
to be considered at this time.

In recent years, it has become increasingly clear that

conventional biological taxonomy (that is, the taxonomy

of which the nomenclatural expression is the subject of the

International Code of Zoological Nomenclature) is limited

in its ability to express the evolutionary relations that are

the concern of phylogenetic systematics. One radical so-

lution, taxon definitions based on phylogenetic relation-

ships, has been explored in several recent papers (Wiley,

1979, 1989; Rowe, 1987; de Queiroz, 1988; Gauthier,

Estes & de Queiroz, 1988; de Queiroz & Gauthier, 1990,

1992). In this paper I propose a taxonomy of the Hel-

minthoglyptidae (I deliberately avoid the term "classifi-

cation" for reasons discussed by de Queiroz & Gauthier,

1990) that is based on the phylogenetic hypothesis gen-

erated by this study. Between the most inclusive taxon

(Helminthoglyptidae) and the least inclusive (species), the

system conflicts in many ways with the traditional ("Lin-

naean") classification. Because the taxa of the phylogenetic

taxonomy are all monophyletic groups by definition, I

believe this system will prove more useful for future anal-

ysis than the traditional classification.

For purposes of this study, I define Helminthoglyptidae

as Helminthoglypta tudiculata (A. Binney, 1843) and

all gastropods that share a more recent common an-

cestor with it than with the clade (Xanthonychidae,

Bradybaenidae). This is the first phylogeny-based defi-

nition of the family; all previous definitions have been

character-based. It is a stem-based definition (de Queiroz

& Gauthier, 1990, 1992) (that is, one that specifies the

meaning of a name by associating the name with a clade

of all organisms sharing a more recent common ancestor

with one designated descendant than with another).
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Under the present state of knowledge, an apomorphy-

based definition (de Queiroz & Gauthier, 1990, 1992) that

takes in the same membership is "the first helicoid snail

to have one or more membranous mucus glands, and all

of its descendants." Both definitions define monophyletic

taxa (a monophyletic taxon [sensu Farris, 1974; = holo-

phyletic, Ashlock, 1971] is composed of an ancestor and

all of its descendants). Taxa could be discovered that are

members of the stem-based taxon but not of the apomor-

phy-based taxon (Figure 1). Because at present both taxa

seem to comprise the same array of subordinate taxa, I

propose no separate name for the apomorphy-based taxon.

This study can be viewed as a test of the hypothesis that

Helminthoglyptidae of Miller & Naranjo-Garcia (1991)

and Helminthoglyptidae as defined herein are coextensive.

As shown below, the inclusion of the taxa conventionally

referred to Sonorella is problematical.

PREVIOUS WORK on PHYLOGENY of

TAXA OF HELMINTHOGLYPTIDAE

Here follows a brief chronologic review of previous work

touching on the phylogenetic relationships among taxa in

the Helminthoglyptidae. Discussions in which "relation-

ship" is equated with similarity or with membership in a

particular character-based group, without explicit evolu-

tionary implications (e.g., Berry, 1943, 1947) are omitted.

Webb (1952b) stated that the Sonorellinae evolved from

Micrarionta by loss of dart and mucus gland systems.

Gregg (1960) briefly hypothesized reproductive system

transformations: increased complexity in Helminthoglypta

and loss of diverse structures in other genera.

The revisionary thesis of Sonorella by Miller (1967a)

introduced the concept that the absence of dart sac and

mucus glands was homoplastic, citing as examples (1) Mo-
havelix micrometalleus (Berry, 1930) from the El Paso

Mountains, eastern Kern County, California, formerly as-

signed to Sonorella but conchologically more similar to

Chamaearionta aquaealbae (Berry, 1922) and thought to be

derived from a common ancestor with it; and (2) popu-

lations of Eremarionta argus (Edson, 1912) from the Argus

Mountains, Inyo County, California, that lacked any trace

of dart sac and mucus glands. He invoked "saltational"

chromosomal reorganization (Lewis, 1966), occurring in

marginal, intensely interbreeding populations, for the

seemingly drastic and sudden loss of reproductive struc-

tures.

Gregg & Miller (1969) described Sonorella allynsmithi

from the Phoenix Mountains, Maricopa County, Arizona,

noting that the habitat was more typical of Eremarionta

than of Sonorella and that certain shell and anatomical

characters were also Eremarionta-Wkt. They stated that

the similarity might be due to convergent evolution or

might "tend to point to 6'. allynsmithi as a relatively un-

changed descendant of the ancestral Sonorella founder"

(Gregg & Miller, 1969:92).

Miller (1970) described Helminthoglypta micrometal-

XAN + BRA HEL

apo

stem

Figure 1

Relationship of apomorphy-based (apo) and stem-based (stem)

definitions of HELMINTHOGLYPTIDAE (HEL). A = origin of aut-

apomorphy; D = hypothetical newly discovered taxon;

XAN +BRA = (Xanthonychidae,Bradybaenidae).

leoides from northern slopes of the El Paso Mountains,

eastern Kern County, California, and suggested that it was

ancestral to Mohauelix micrometalleus from southern slopes

of the same range. He mentioned six genera as (presumably

independent) instances of secondary simplification of re-

productive structures.

Miller (1971:64) stated that Sonorella "probably arose

from a marginal population of Sonorelix or Eremarionta."

Miller (1972) proposed the new genus Greggelix for

several species from Baja California, Mexico, and reaf-

firmed that evidence indicated that loss of dart apparatus

had occurred more than once in Helminthoglyptidae.

Miller (1981a) proposed the new genus Eremariontoides

for Sonorella argus Edson, 1912, of the Slate and Argus

ranges, Inyo County, California, and suggested that it had

"undergone major genetic changes from the populations

in the Panamint and Avawatz ranges" (Miller, 1981a:

438-439) which he described as a new species, Eremarionta

greggi-

Miller (1985:98) suggested that the new subgenus Roth-

elix "probably evolved from an H[elminthoglypta]. traskii-

like ancestor and spread, during pluvial times, throughout

the area that it now occupies."

Pearce (1990) was the first author to apply explicitly

cladistic methods to the analysis of relations among any

helminthoglyptid genera. {Monadenia, cladistically ana-

lyzed by Roth [1981], is no longer considered helmin-

thoglyptid; Nordsieck's [ 1 987] use of cladistic methodology

was limited to taxa at the family level.) He presented

(Pearce, 1990:figs. 5, 7) the tree {Helminthoglypta, {{Ple-

sarionta,Xerarionta), {Eremarionta,Micrarionta))), with

Micrarionta further analyzed into its component species.

Pearce's results have little applicability to the present study

for several reasons: The group he analyzed was not hoi-
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ophyletic; only the above genera were considered, for the

limited purpose of polarizing character-state transforma-

tions within Micrarionta. The data set (Pearce, 1990:table

3) includes erroneous anatomical information (e.g., ab-

sence of a spermathecal diverticulum in Eremanonta; pres-

ence of a verge in Xerarionta and absence of a verge in

Plesarionta; presence of a dart sac in Micrarionta opuntia).

The codings for presence/absence of papillae on embryonic

whorls diflfer from my observations presented herein. The
concepts o{ Helminthoglypta and Eremanonta are based on

few species, resulting in an underestimated range of form

—

excluding, for example, Helminthoglypta species with closed

umbilicus or depressed shell. The data set for the consensus

tree (Pearce, 1990:fig. 7) is based predominantly on shell

dimensions, doubtfully useful for broader intergeneric

comparison. Five of the eight character-states that define

node 4 of the consensus tree (that is, Micrarionta) are size-

related characters that show reversals within the Micra-

rionta clade.

In his revision of the Helicoidea, commented on above,

Schileyko (1991) reasserted monophyly of the Sonorelli-

nae. He presented a scenario based solely on characters of

the lower reproductive tract, in which genera were derived

sequentially from other contemporary genera (Mohavelix

Berry, 1943, from Sonorella; Sonorella from Sonorelix, and

so forth). His "family trees" used cartoons emphasizing

the characters that supported his scenario; other characters

were selectively excluded from the discussion (e.g., the

penial sheath oi Sonorella). All genera, whether the mono-

typic Eremariontoides or the speciose Sonorella, were treated

as single entities—grades—along a few linear evolutionary

paths; there was no representation of the diversity of side

branches. Schileyko's (1991:223, fig. 5) depiction of Ere-

marionta and Micrarionta is incorrect in that mucus glands

are shown inserting well up on the dart sac, remote from

the vagina. In these genera the glands actually insert either

on the vagina just above the opening of the dart sac or in

the crotch between vagina and dart sac; the true condition

is well illustrated by Pilsbry (1939) and Miller (1981a).

In summary, the present state of helminthoglyptid phy-

logenetics consists of two competing scenarios in which

either one (according to Schileyko) or several (according

to Miller) ancestral taxa with a "full kit" of accessory

reproductive structures give rise to taxa lacking dart sac

and/or mucus glands. Schileyko's (1991) work is an ex-

cellent example of conjectural, narrative {sensu Ball, 1976)

history: a series of "how-possibly explanations" (Dray,

1957; O'Hara, 1988). It is not couched in testable prop-

ositions and therefore provides no objective way of dealing

with new data. It uses the four devices—graphical and

textual sequencing of contemporary taxa, pruning of side

branches, recognition of paraphyletic taxa, and differential

resolution of diflferent parts of the tree—criticized by

O'Hara (1992) as harmful to representations of the evo-

lutionary past.

The papers of Miller look mainly to present geographic

neighbors for ancestry of dartless taxa {Helminthoglypta

micrometalleoides for Mohavelix; Eremanonta greggi for Er-

emariontoides; Xerarionta for Greggelix). This history is

played out on a snail geography not very diflferent to that

of the present, and geological time, as far as it is considered,

extends no farther back than "pluvial times" (Miller, 1985).

Alternative theories of origin, and the extent to which other

characters support or falsify them, are rarely considered.

In this style of scenario-building, the fundamental as-

sumption is of homoplasy—multiple origins of the dartless

condition.

In contrast, the approach employed here starts with and

maintains the assumption of homology until homoplasy is

indicated by the weight of evidence from other, indepen-

dent characters (Hennig, 1966; Brooks & McLennan,
1991). Since geography plays no part in the generation of

the phylogenetic hypothesis, the hypothesis can be used to

analyze biogeographic history of the group without intro-

ducing circularity into the argument. Similarly, excluding

absence of dart sac and mucus glands from the data set

analyzed and then mapping those absences on the consen-

sus tree provides a non-circular approach to the number
of independent origins of dartlessness.

MATERIALS and METHODS
The terminal taxa entered in this analysis are listed al-

phabetically below, along with the representative species

examined anatomically and references to published sources

of information. I have examined shells of almost every

species of the family, including at least one representative

of every terminal taxon. Most reproductive system infor-

mation is based on stained whole mounts prepared by the

method of Miller (1967a). Emberton (1988) correctly

pointed out limitations of the slide-mount method. I be-

lieve, in this instance, the ability to consult repeatedly

numerous specimens permanently preserved in standard

orientation justified reliance on whole mounts, as long as

possible artifacts of the method were taken into account.

Simultaneous dissection, recommended by Emberton

(1991), was not possible in a situation where fresh material

is unavailable for many scarce taxa.

The specimen lots consulted are too numerous for in-

dividual citation, but include material in my own reference

collection, the Santa Barbara Museum of Natural History,

the collection of Walter B. Miller, and the California

Academy of Sciences.

Most of the terminal taxa originally were proposed as

genera, subgenera, or informal groups (e.g., the Sonorella

hachitana group of Pilsbry, 1939). Several nominal taxa

were found to be diverse as to the characters analyzed and

were divided into separate taxa (e.g., Micrarionta^ and

Micranontai)- In speciose terminal taxa of groups needing

monographic revision (like Charodotes, where a verge is

variably present or absent, or the subtaxa of Sonorella),

separate taxa were considered early in the analysis, but

were condensed into single taxa once it became clear that
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Table 1

Distribution of character states among terminal taxa of Helminthoglyptidae and outgroup.

Symbol

Character no.

Terminal taxon 1-5 6-10 11-15 16-21

Chamaearionta CHM AABBA EBDAB ABCBB BBCBAB
Charodotes CHR CBAAB BBABB AACAB BBBBAB
Coyote COY CBAAB BBAEB ACCAB BBCBAB
Eremariontai ERl AAABA EBADB ACCBB BBBBBB
Eremarionta2 ER2 AAABA BBACB AACBB BBBBBB
Eremanontoides ERO AE?BC BBBDB ACCBB BBBBBB
Greggelix GRE ADBBC CBCAB AECAB BBCBBA
Helm in thoglypta

,
HLl CBAAB BBABB AACAB BABBAB

Helmm lhoglypta2 HL2 ABAAA BBABB AACAB BABBAB
Herpeteros HER AE?BC EBDAA ADCAB BBBBBA
Martirelix MAR ADBBC BBCAA AFCAB BBCBBA
Micranontai Mil AABBA ABAAB AECAB BBBABB
Micrariontai MI2 ACBBC ABAAB AECAB BBCABB
Mohavelix MOH AE?BC ABBAB AACCB BBCBAB
Myotophallusi MYl AE?BC ABBAA ABBFB BBABAB
Myotophallusi MY2 AE?BC ABBAB ABBBB BBBBAA
Plesarionta PLE AABBA CBCAB AECDA BAABAB
Rothelix ROX BBAAB BBABB BBCAB BBBBAB
Sonorelix SLX AE?BC DAAAB AACCB BBBBBB
Sonorella binneyi group SNB AE?BC ABBAA AAAFB BBABAA
Sonorella granulatissima group SNG AE?BC ABBAA AGAGB BBCBAA
Sonorella hachitana group SNH AE?BC ABBAA AGAFB BBABAA
Xeranonta XER AABBA CBCAB ABCEA AAABAB
outgroup OUT AABBA ABAAB AAABB BBBBAB

they did not affect the framework of the cladograms being

produced.

Analysis

Cladistic analysis of the taxon/character matrix (Table

1) was performed using the implicit enumeration algo-

rithm of HENNIG86 (Farris, 1988) with the branch-

breaking and successive approximations weighting pro-

cedures. From the set of minimum-length cladograms gen-

erated, a strict consensus tree (Nelson, 1979; Sokal &
Rohlf, 1981) was computed. In the data matrix analyzed,

character-state trees were represented by mixed coding

(Brooks & McLennan, 1991). All character-states were

treated as ordered. No weighting was assigned a priori to

the characters of any one system; the successive approxi-

mations option of HENNIG86 reduced the number of

equal-length cladograms by an iterative series oi a posteriori

weightings (Farris, 1969; Carpenter, 1988). Character-

state transformations were polarized by outgroup com-

parison (Watrous & Wheeler, 1981; Brooks & McLennan,

1991). On the basis of Emberton's (1991) analysis of fam-

ily-group taxa, (Xanthonychidae,Bradybaenidae) (repre-

sented by the genus Monadenia) was used as the outgroup

for polarizing character-state transformations. Polygyridae

was considered secondarily as an outgroup, with similar

results.

Two aspects of land snail natural history influenced my

evaluation of hypothesized character-state trees based on

outgroup comparison. In the past, there has been some

tendency to regard the variety in helminthoglyptid repro-

ductive structures as a non-adaptive consequence of genetic

drift in small populations (e.g., Miller, 1967a:228-229);

but explanations involving sexual selection seem just as

worthy of consideration. As Leonard (1991:45) stated,

"where genital anatomy is varied sufficiently to be a useful

taxonomic character at the levels of genus, subgenus and

species . . . sexual selection is likely to have been impor-

tant." Sexual selection does not rule out (and Eberhard

[1985] argued that it tends to produce) rapid evolutionary

divergence in genital characters, which may appear "sal-

tational" in hindsight, because it leaves few intermediates.

I also considered water conservation. Desiccation may
be the main cause of snail death worldwide (Solem, 1984).

The cost in moisture (through mucus secretion and evap-

orative loss) during prolonged courtship leads to the pre-

diction that, in semi-arid and arid habitats, structural mod-
ifications and behavior that reduce water-loss during re-

production should be selectively favored. Monadenia and

Hehninthoglypta species from mesic habitats undergo pro-

longed courtship before mating (Webb, 1942, 1951, 1952a,

b; author's observations). In the Arizonan Sonorella sim-

monsi Miller, 1966, which lacks dart sac and mucus glands,

the snails merely approach one another and mate (Webb,

1990); I regard this as the derived condition. Solem &
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Christensen (1984) reported extreme cases of camaenid

snail matings lasting less than 10 minutes in seasonally

arid parts of northwestern Australia.

Taxa Included and Data Sources

Chamaearwnta Berry, 1930. Originally proposed as a

subgenus of Micrarionta. Monotypic; type species Micra-

rionta aquaealbae Berry, 1922, examined. Anatomy de-

scribed and illustrated: Pilsbry (1939), Gregg (1960).

Charodotes Pilsbry, 1939. Originally proposed as a sub-

genus o{ Helminthoglypta. Type species Helix traskii New-
comb, 1861. Species examined: Helminthoglypta (Charo-

dotes) traskii and 13 of the 15 other recognized species

(Roth & Hochberg, 1992). Anatomy described and illus-

trated: Pilsbry (1939), Webb (1952a), Miller (1981c), Roth

(1973, 1987a), Roth & Hochberg (1992).

Coyote Reeder & Roth, 1988. Originally proposed as a

subgenus of Helminthoglypta. Type species Helminthog-

lypta {Coyote) taylori Reeder & Roth, 1988. Species ex-

amined: H. (C.) taylori and the 1 1 other recognized Recent

species (Reeder & Roth, 1988). Anatomy described and

illustrated: Pilsbry (1939), Miller (1970), Roth & Hoch-

berg (1988), Reeder & Roth (1988).

Eremarionta Pilsbry, 1913. Originally proposed as a

"section" o( Micrarionta; separated as a genus by Bequaert

and Miller (1973). Type species Micrarionta desertorum

Pilsbry and Ferriss, 1908. Species examined: Eremarionta

greggi Miller, 1981; E. indioensis indioensis (Yates, 1890);

E. I. cathedralis (Willett, 1930); E. i. wolcottiana (Bartsch,

1903); E. mexicana (Pilsbry & Lowe, 1934); E. rowelli

(Newcomb, 1865), subsp. indet., from Mohawk Moun-
tains and Little Harquahala Mountains, Yuma County,

Arizona. Anatomy described and illustrated: Pilsbry (1918,

1939), Miller (1981a).

In Eremarionta rowelli, the spermathecal diverticulum

is short (Pilsbry [1907, 1939] reported it absent in E. r.

hutsoni (Clapp, 1907) and E. r. desertorum (Pilsbry &
Ferriss, 1908); but according to Gregg [1960] and in all

dissections I have examined, a short diverticulum is pres-

ent) and the verge consists of a short, broad papilla. This

taxon was entered as Eremarionta^. In E. greggi, E. in-

dioensis, and E. mexicana, the spermathecal diverticulum

is of moderate length and the verge is roughly cylindrical

or conic. These taxa were entered as Eremarwntaj.

Eremariontoides Miller, 1981. Monotypic; type species

Sonorella argus Edson, 1912, examined. Anatomy described

and illustrated by Miller (1981a).

Greggelix Miller, 1972. Type species Helix indigena

Mabille, 1895. Species examined: Greggelix indigena; G.

loehrn (Gabb, 1868); G. punctata Miller, 1981. Anatomy
described and illustrated: Miller (1972, 1981b).

Helminthoglypta Ancey, 1887. Type species Helix tud-

iculata A. Binney, 1843. Species examined: Helmintho-

glypta tudiculata and 36 of the 40 other recognized species

(Roth, unpublished data). Anatomy described and illus-

trated: Pilsbry (1939), Berry (1959), Gregg & Miller

(1976), Miller (1985), Reeder (1986), Reeder & Miller

(1986a, b). Roth (1987b, 1988a). This terminal taxon is

equivalent to Helminthoglypta, sensu stricto of Roth &
Hochberg (1992).

Most species oi Helminthoglypta have an atrial sac; these

were entered as Helminthoglypta^. In Helminthoglypta in-

tersessa Roth, 1987, the atrial sac is absent and the dart

sac inserts directly on the vagina (W. B. Miller, personal

communication, 1992); this taxon was entered as

Helminthoglyptai •

Herpeteros Berry, 1947. Originally proposed as a sub-

genus oi Sonorelix. Type species Micrarionta {Eremarionta)

inglesiana Berry, 1928. Species examined: Herpeteros in-

glesiana, H. peninsularis (Pilsbry, 1916). Anatomy de-

scribed and illustrated: Berry (1947), Gregg (1949), Miller

(1972).

Martirelix Miller, 1982. Originally proposed as a sub-

genus of Greggelix. Type species Greggelix {Martirelix)

babrakzaii Miller, 1982. Species examined: G. {M.) ba-

brakzaiv, G. (M.) huertai Miller & Roth, 1990. Anatomy
described and illustrated: Miller (1982), Smith et al. (1990).

Micrarionta Ancey, 1880. Originally proposed as a sub-

division of Helix Linnaeus, 1758; separated as a genus by

Pilsbry (1913). Type species Helix Jacta Newcomb, 1864.

Species examined: Micrarionta facta; M. beatula Cockerell,

1929; M./eralis (Hemphill, 1901); M. gabbii (Newcomb,

1864); M. guadalupiana (Pilsbry & Vanatta, 1898); M.
opuntia Roth, 1975; M. rufocincta (Newcomb, 1864). Anat-

omy described and illustrated: Pilsbry (1927, 1939), Roth

(1975). Pearce (1990) analyzed shell morphometries. Most

species of Micrarionta have a dart sac and two mucus

glands; these were entered as Micrarionta-^. Micrarionta

opuntia lacks a dart sac and has only one mucus gland;

this taxon was entered as Micrarionta2.

Pilsbry ( 1 927) found the dart sac absent in one dissection

o[ Micrarionta guadalupiana (Pilsbry & Vanatta, 1898); in

other specimens a well-developed dart sac was present.

The two specimens I dissected both had fully developed

dart sacs. I suspect that Pilsbry's first specimen was im-

mature; in his figures, the mucus glands do not seem fully

developed. Further sampling is needed.

Mohavelix Berry, 1943. Originally proposed as a sub-

genus of Sonorella; separated as a genus by Miller (1967a,

1968). Monotypic; type species Micrarionta {Eremarionta)

micrometalleus Berry, 1930, examined. Anatomy described

and illustrated by Berry (1943), Miller (1970).

Myotophallus Pilsbry, 1939. Originally proposed as a

subgenus of Sonorella. Type species Sonorella fragilis Pils-

bry, 1939. Taxa examined: Sonorella {Myotophallus) roos-

eveltiana fragilis; S. (M.) rooseveltiana rooseveltiana Berry,

1922; 6'. (M. ?) allynsmithi Gregg & Miller, 1969. Anatomy

described and illustrated: Pilsbry (1939), Miller (1967a),

Gregg & Miller (1969), Bequaert & Miller (1973). Son-

orella rooseveltiana was entered as terminal taxon

Myotophallus ^. Sonorella allynsmithi, grouped by Bequaert
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& Miller (1973) with 5. rooseveltiana, differs in penial

retractor insertion, presence of a minute verge, and other

characters and was entered as Myotophallus2-

Plesarionta Pilsbry, 1939. Originally proposed as a sub-

genus of Micrarionta; separated as a genus by Miller

(1981c). Type species Helix steamsiana Gabb, 1868. Spe-

cies examined: Plesarionta stearnsiana, P. orcutti (Dall,

1900), P. tryoni (Newcomb, 1864). Anatomy described and

illustrated: Pilsbry & Vanatta (1898), Pilsbry (1939), Roth

(1982).

In Plesarionta stearnsiana the spermathecal diverticulum

is very short or absent, both conditions sometimes occurring

in a population. In the rest of the clade {(Plesarionta,Xer-

arionta) ,{GreggelixyMartirelix)) , both the spermathecal di-

verticulum, which receives the spermatophore in copula-

tion, and the epiphallic caecum, which secretes it, are ex-

tremely long, suggesting an "arms race" between com-

peting male and female systems. The epiphallic caecum

in P. stearnsiana is long. The short or absent spermathecal

diverticulum implies a different way of managing the re-

ceived spermatophore; I regard it as an autapomorphy of

P. stearnsiana.

Rothelix Miller, 1985. Originally proposed as a sub-

genus of Helminthoglypta. Type species Epiphragmophora

cuyamacensis lowei Bartsch, 1918. Species examined: Hel-

minthoglypta {Rothelix) lowei, H. (R.) cuyamacensis Pils-

bry, 1895; H. (R.) rhodophila Reeder & Miller, 1987; H.

(R.) warnerfontis Reeder & Miller, 1988. Anatomy de-

scribed and illustrated: Pilsbry (1939; see commentary by

Miller, 1985), Miller (1985), Reeder & Miller (1987,

1988).

Sonorelix Berry, 1943. Type species Micrarionta {Ere-

marionta) borregoensis Berry, 1929. Species examined: Son-

orelix borregoensis. Anatomy described and illustrated: Ber-

ry (1943), Miller (1972).

Sonorella binneyi group. Originally proposed by Pilsbry

(1939) as an informal subdivision of Sonorella Pilsbry,

1900; content amended by Miller (1967a). Species ex-

amined: Sonorella binneyi Pilsbry & Ferriss, 1910; S. xan-

thenes Pilsbry & Ferriss, 1923; and S. sitiens sitiens Pilsbry

& Ferriss, 1915; 23 other recognized species (Bequaert &
Miller, 1973; Christensen & Reeder, 1981; Miller, 1984;

Naranjo-Garcia & Miller, 1986; Naranjo-Garcia, 1988b,

1989) were not examined firsthand but are well docu-

mented in the literature. Anatomy described and illus-

trated: Pilsbry (1939), Miller (1966, 1967a, c, d, 1968,

1969, 1984), Christensen & Reeder (1981), Naranjo-Gar-

cia & Miller (1986), Naranjo-Garcia (1988b, 1989).

A short spermathecal diverticulum occurs in one species,

Sonorella reederi Miller, 1984. Miller (1984) regarded it

as the renewed expression of genes usually masked in

Sonorella. The diverticulum in S. reederi arises low on the

spermathecal duct, which is capacious below the origin

(Miller, 1984:fig. 2), whereas in other Helminthoglyptidae

except Sonorelix it arises remote from the base of the sper-

mathecal duct, and the duct below the origin is not dis-

tended. The diverticulum in S. reederi may not be homol-

ogous with those of other taxa.

Sonorella granulatissima group. Originally proposed by

Pilsbry (1939) as an informal subdivision of Sonorella;

content amended by Miller (1967a). Species examined:

Sonorella granulatissima Pilsbry, 1905, and five of the 25

other recognized species (Bequaert & Miller, 1973; Fair-

banks & Reeder, 1980; Naranjo-Garcia, 1989). Anatomy
described and illustrated: Pilsbry (1939), Miller (1967a,

b, c), Fairbanks & Reeder (1980). This terminal taxon

includes the type species of Masculus Pilsbry, 1939 {Son-

orella virilis Pilsbry, 1905), and oi Sonoranax Pilsbry, 1939

{Sonorella dalli Bartsch, 1904); both of these names are

available for use when the group(s) containing the type

species is (are) accorded formal taxonomic recognition.

Sonorella hachitana group. Originally proposed by Pils-

bry (1939) as an informal subdivision oi Sonorella; content

amended by Miller (1967a). Species examined: Sonorella

hachitana (Dall, 1896), and 13 of the 34 other recognized

species (Bequaert & Miller, 1973; Gregg & Miller, 1974;

Miller, 1976; Fairbanks & Reeder, 1980). Anatomy de-

scribed and illustrated: Pilsbry (1939), Miller (1966, 1967a,

b, 1968, 1976), Gregg & Miller (1974), Fairbanks &
Reeder (1980), Naranjo-Garcia (1988a). This terminal

taxon includes the type species of Sonorella Pilsbry, 1900

{S. hachitana); Sonorella, sensu stricto is the valid name
when the group is accorded formal taxonomic recognition

as a subset of Sonorella.

Xerarionta Pilsbry, 1913. Originally proposed as a "sec-

tion" oi Micrarionta; separated as a genus by Miller (1981c).

Type species Arionta veitchii 'Newcomb' Tryon, 1866 [=

Xerarionta levis canescens (Adams & Reeve, 1848)]. Taxa
examined: Xerarionta levis canescens; X. areolata (Pfeiffer,

1845); X. kellettii (Forbes, 1850), X. pandorae (Forbes,

1850). Anatomy described and illustrated: Pilsbry & Van-

atta (1898), Pilsbry (1939), Miller (1972).

Taxa Excluded

Arwlimax Morch, 1860. Type species Limax columbi-

anus Gould in A. Binney, 1851. Webb (1961) assigned

this genus of large slugs to Xanthonychidae {sensu Baker,

1959) because he found the verge of A. columbianus "to be

structurally as in most xanthonycids [sic], except that the

outer epithelial layer of the verge is more prominent.

. . . The verge develops almost exactly as in xanthonycid

snails" (Webb, 1961:34-35). These comparisons are in the

form of a two-taxon statement; no comparison was made

with the structure or development of verges in other fam-

ilies. Webb's further comments on the development of the

genitalia compared Monadenia (of Bradybaenidae) and

Leptanonta Fischer & Crosse, 1872 (of Humboldtianidae

or Xanthonychidae, restricted), not any taxa of Helminth-

oglyptidae as construed herein. In Arwlimax the penial

retractor is broad, inserting on the summit or side of the

penis; the spermatheca has a short duct; a caudal mucus
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pit and pronounced suprapedal grooves are present. I con-

sider Ariolimax a genus of Arionoidea.

Cepolinae Ihering, 1909. Type genus Cepolis Montfort,

1810. In Cepolis, Polymita Beck, 1837, Dialeuca Albers,

1850, and Setipellis Pilsbry, 1926, a single globose mucus

gland inserts on the summit of the dart sac, which in turn

is seated on an atrial sac. A membrane encloses the atrial

sac and other parts of the lower genitalia and bears a more

or less bipartite gland consisting of numerous parallel tu-

bules (Pilsbry, 1939; Baker, 1943). Webb's (1952a) ob-

servations on the structure of the mucus gland suggest that

it is not homologous with the mucus bulbs of Helminth-

oglypta, as some authors suggested. Mucus glands inserting

high on the dart sac are known in Xanthonychidae, re-

stricted (e.g., Metostracon Pilsbry, 1900). No homology of

the bipartite "sheath gland" with structures of the west

American Helminthoglyptidae has been demonstrated. In

Cepohs the seminal receptacle consists of a mass of tuber-

cles; this condition has not been observed in Helminth-

oglyptidae as construed herein (Emberton, 1991). Nord-

sieck (1987) regarded Cepolinae as distinct from Hel-

minthoglyptinae; Miller & Naranjo-Garcia (1991) allo-

cated it to Xanthonychidae, restricted.

Gliabates Webb, 1959. Type species G. oregoma Webb,
1959. Webb (1959, 1961) tentatively referred this mono-
typic genus of slugs to Xanthonychidae {sen.su Baker, 1 959)

without specifying the characters supporting that assign-

ment. The reproductive system includes a small sperma-

theca on a short, broad duct, and a globose penial sac with

a lobate internal collar forming upper and lower cavities.

The penial retractor muscle inserts on the summit of the

penis, separated from the epiphallus. No dart apparatus

is present (G. R. Webb, written communication, 1990).

There are no obvious synapomorphies with Helmin-

thoglyptidae, and I regard Gliabates as a genus of Arion-

oidea.

Glypterpes Pilsbry, 1893. Type species Helix veterna

Meek & Hayden, 1861, a Tertiary fossil. No anatomical

information available.

Mesoglypterpes Yen, 1952. Type species M. sagensis Yen,

1952, a Cretaceous fossil. No anatomical information

available.

Tryonigens Pilsbry, 1927. Type species Helix remondi

Tryon, 1863. Zilch (1960), followed by Miller (1967a),

assigned this genus to Sonorellinae. Miller ( 1 97 1 ) regarded

it as more closely related to Leptarionta. Schileyko (1991)

assigned it to a monotypic subfamily, Tryonigeninae, in

Humboldtianidae. The short spermathecal duct, serrated

dorsal keel, and smooth, practically unsculptured embry-

onic whorls are unlike anything in Helminthoglyptidae.

Characters

The data set consists of shell, integument, and repro-

ductive system characters. Here are listed the characters.

character states, and hypothetical character-state trees,

along with comments on specific characters used in the

analysis.

1. Atrial sac (fingerlike lateral outpouching of genital

atrium): (A) absent (all taxa but Charodotes, Coyote,

Helmmthoglypta^, and Rothelix); (B) present, with vagina

inserting near summit of atrial sac {Rothelix); (C) present,

with vagina inserting on atrium at base of atrial sac {Char-

odotes, Coyote, Helminthoglypta^). A —^ B -^ C.

Outgroup comparison establishes absence of the atrial

sac as plesiomorphic; the copulatory pad in Monadenia is

probably not homologous, involving as it does a much
larger part of the lower genital tract. The atrial sac appears

to develop through a process of progressive stripping ofT

of the dart sac-bearing part of the vaginal wall. Character-

state (B) represents an intermediate stage of the sequence

from (A) to (C).

Webb (1952a) proposed the term "neophore" for the

atrial sac and similar structures, with reference to their

being newly evolved organs. Since "newness" (i.e., apo-

morphy) is relative to the ingroup under study, I retain

the phylogenetically neutral term, atrial sac.

2. Mucus glands: (A) paired, inserting individually on

vagina {Chamaearionta, Eremarionta^, Eremarionta2,

Micranonta^, Plesarionta, Xerarwnta); (B) paired, feeding

into common duct that inserts at base of dart sac {Charo-

dotes, Coyote, Helminthoglypta^, Helminthoglypta2, Rothe-

lix); (C) single, fully developed {Micrarionta2); (D) vestig-

ial (either 1 or 2 present) {Greggelix, Martirelix). B «— A
-^C; A-^ D.

An additional character state, (E) mucus glands absent

{Eremariontoides, Herpeteros, Mohavelix, Myotophallus^,

Myotophallusj, Sonorelix, Sonorella binneyi group, Sonorella

granulatissima group, Sonorella hachitana group) was not

entered in the analysis but was mapped on the resulting

tree. Outgroup comparison establishes mucus gland in-

sertion on the vagina at or near the base of the dart sac

as plesiomorphic.

3. Bulbous reservoirs on mucus gland ducts: (A) present

{Charodotes, Coyote, Eremarionta-^, Eremarionta2, Hel-

mmthoglypta,, Helminthoglypta2, Rothelix); (B) absent (all

others; coded as "?" in taxa without mucus glands or ducts

[2E, above]). B ^ A.

Small swellings on the mucus gland ducts in Eremarionta

rowelli and E. greggi probably are homologous with the

mucus bulbs in Charodotes, Coyote, Helminthoglypta, and

Rothelix. This character was noticed in Eremarionta first

by Schileyko (1991). The bulbs are thin-walled in

Helminthoglypta2 but more thickly and muscularly walled

in Charodotes, Coyote, Helminthoglypta^ , and Rothelix, in

which they probably play a more active role in mucus

ejection.

4. Membranous mucus gland tissue; (A) enveloping

lower genitalia {Charodotes, Coyote, Helminthoglypta^,

Helminthoglypta2, Rothelix); (B) not enveloping lower gen-

italia (all others). B -^ A.
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Development of membranous mucus glands is probably

related to an increase in secretory surface area. (The same

thing is accomplished in Helicidae by development of mul-

tiple tubules.) The extreme elaboration of the membranous

surface (character state B) in Helmmthoglypta and the taxa

conventionally regarded as its subgenera is a continuation

of this trend; the driving force may be sexual selection.

Miller & Naranjo-Garcia (1991:fig. 1) assumed that mem-
branous glands were ancestral to vesicular glands and on

that basis proposed the tree (Helminthoglyptidae,(Hum-

boldtianidae.Xanthonychidae)). However, that phylogeny

runs counter to the biogeographic history proposed in the

same paper, in which Helminthoglyptidae and Xantho-

nychidae have a vicariant relationship related to the break-

up of the ancient continent "Pacifica," while Humbold-

tianidae is indigenous to the North American craton.

5. Dart sac: (A) present, seated on vagina {Chamae-

arionta, Eremarwnta^, Eremariontaj, Helminthoglypta2,

Micrarionta^, Plesarionta, Xerarionta); (B) present, seated

on atrial sac {Charodoles, Coyote, Helmmthoglypta^, Roth-

elix). A ^ B.

An additional character state, (C) dart sac absent (all

other taxa) was not entered in the analysis but was mapped
on the resulting tree.

Nordsieck (1987) used the term "Reizapparat" ("stim-

ulatory organ") as a near synonym of "Pfeilapparat" (dart

apparatus), and other authors have assumed that the func-

tion of the dart sac in courtship was stimulatory, but dart

emplacement apparently has more to do with mediating

male and female roles in the mating of these simultaneous

hermaphrodites (cf. Chung, 1987). I retain the neutral

descriptive term, dart sac.

6. Spermathecal diverticulum: (A) absent {Micrarionta^,

Micrarionta2, Mohavelix, Myotophallus^, Myotophallus2,

Sonorella binneyi group, Sonorella granulatissima group,

Sonorella hachitana group); (B) of moderate length [0.7-

2.0 times length of spermathecal duct above origin of di-

verticulum], arising well above base of spermathecal duct

{Charodotes, Coyote, Eremarionta2, Eremariontoides,

Helmmthoglypta^, Helmmthoglypta2, Martirelix, Rothelix);

(C) very long [>2.0 times length of spermathecal duct

above origin of diverticulum], arising well above base of

spermathecal duct {Greggelix, Plesarionta, Xerarionta); (D)

of moderate length, arising near base of spermathecal duct

(Sonorelix); (E) short [<0.7 times length of spermathecal

duct above origin of diverticulum], arising well above base

of spermathecal duct {Chamaearionta, Eremarionta^, Her-

peteros). A ^ B - C; A ^ D; B ^ E.

7. Muscular vaginal node: (A) present {Sonorelix); (B)

absent (all others). B -^ A.

This character was first noticed by Miller (1972:134,

fig. 2).

8. Epiphallic caecum: (A) of moderate length [0.3-2.0

times length of penis plus epiphallus] {Charodotes, Coyote,

Eremanonta^, Eremarionta2, Helmmthoglypta^, Hel-

minthoglypta^, Micrarionta^, Micrarionta2, Rothelix, Sono-

relix); (B) minute [<0.15 times length of penis plus epi-

phallus], free from vas deferens {Eremariontoides, Mohav-
elix, Myotophallusj, Myotophallus2, Sonorella binneyi group,

Sonorella granulatissima group, Sonorella hachitana group);

(C) very long [>2.0 times length of penis plus epiphallus]

{Greggelix, Martirelix, Plesarionta, Xerarionta); (D) short

[0.15-0.3 times length of penis plus epiphallus] {Chamae-

arionta, Herpeteros). A ^ B; A — C; A —* D.

Monadenia has a moderately long epiphallic caecum. An
epiphallic caecum that is minute and buried in connective

tissues of the epiphallus occurs in three genera of Poly-

gyridae—Cryptomastix Pilsbry, 1939; Vespericola Pilsbry,

1939; and Hochbergellus Roth & Miller, 1992; but the

plesiomorphic condition in Polygyridae is an epiphallus

without caecum (K. C. Emberton, personal communica-

tion, 1992).

9. Wall of lower portion of epiphallus: (A) single (all

taxa but Charodotes, Coyote, Eremanonta^, Eremarionta2,

Helmmthoglypta, and Rothelix); (B) double; double-walled

section more than 3/8 (0.4 times) as long as penis, not

extending into verge, cylindrical or club-shaped {Charo-

dotes, Helmmthoglypta^, Helmmthoglypta2, Rothelix); (C)

double; double-walled section less than 3/8 (0.4 times) as

long as penis, extending into verge at summit of penial

chamber {Eremarionta2); (D) double; double-walled sec-

tion more than 3/8 (0.4 times) as long as penis, extending

into verge, conical, expanding to prominent swelling at

lower end that projects into penial chamber as a short,

broad papilla {Eremarionta^, Eremariontoides); (E) double;

double-walled section more than 3/8 (0.4 times) as long

as penis, not extending into verge, conical, expanding to

prominent swelling at lower end that projects into penial

chamber as a short, broad papilla {Coyote). A -^ B — C;

B -^ D; B -^ E.

The portion of the male reproductive system in Hel-

mmthoglypta that has been called the preputial chamber

(Gregg & Miller, 1976), the lower part of the penis (Mil-

ler, 1985), and the lower chamber of the penis (Reeder &
Roth, 1988), is homologous with the penis of other genera,

i.e., the saccular organ that is everted and performs intro-

mission in mating. What has been called the penis (Gregg

& Miller, 1976), the upper part of the penis (Miller, 1985),

and the upper chamber of the penis (Reeder & Roth,

1988), is homologous with the lower portion of the epi-

phallus of other genera and is here referred to as such.

The transformation series proposed here (Figure 2)

agrees with that of Schileyko (1991:194, fig. 4) in having

the double walled condition originate above the verge. The
fact that a double-walled lower portion of the epiphallus

is widespread in Eremarionta was discovered in the course

of this study; it was first depicted in Miller's (1981a:figs.

3C, 3D) figures of E. greggi.

10. Insertion of penial retractor muscle: (A) at or near

base of epiphallus, close to or reaching summit of penis

{Herpeteros, Martirelix, MyotophalluSi, Sonorella binneyi

group; Sonorella granulatissima group; Sonorella hachitana
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Figure 2

Diagrammatic lengthwise sections of lower portion of epiphallus and summit of penis showing transformation series

for character 9, Abbreviations: ep, lower portion of epiphallus; lu, lumen of double-walled section of epiphallus;

pe, summit of penis; ve, verge. (X) = intermediate grade with long lumen extending into verge.

group); (B) on epiphallus, remote from summit of penis

(all others). B ^ A.

Outside of Myotophallus^ and the Sonorella groups, a low

insertion of the penial retractor muscle is associated with

a large, heavy verge, possibly for reasons of mechanical

efficiency.

11. Penial sac: (A) cylindrical to conic, single-cham-

bered, without constriction setting off a separate chamber
(all taxa but Rothelix); (B) sausage-shaped with post-me-

dial constriction setting off a posterior chamber {Rothelix).

A-^ B.

12. Verge: (A) roughly cylindrical or conic, small to

medium-sized, occupying only upper end of penial sac, not

markedly distending same {Charodotes, Eremarwntai,

Helminlhoglyptau Helminthoglypta2, Mohavelix, Sonorelix,

Sonorella binneyi group); (B) minute or absent {Chamae-

anonta, Myotophallus^, Myotophallus2, Rothelix, Xeranon-

ta); (C) consisting of a short, broad papilla developed from

swelling of inner wall of double-walled lower portion of

epiphallus {Coyote, Eremarionta^, Eremariontoides); (D)

roughly cylindrical or conic, very large, nearly filling swol-

len penial sac {Herpeteros); (E) broadly distending summit

of penial sac, globose or hemispheric {Greggelix,

Micrarionta^, Micrarionta2, Plesanonta); (F) broadly dis-

tending summit of penial sac, bullet-shaped to conical

{Martirelix)] (G) long, acicular, narrowly pointed, occu-

pying much of length of penial sac {Sonorella granulatissima

group, Sonorella hachitana group). A — B; A ^ C; A ^
D; A^E^ F; A^G.

13. Penial sheath: (A) thin to moderately thick, not

enveloping whole penis {Sonorella binneyi group, Sonorella

granulatissima group, Sonorella hachitana group); (B) very
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thick, enveloping whole penis {Myotophallus^, MyotophalluSi);

(C) absent (all others). B -^ A ^ C.

The penial sheath in Monadema is moderately thick,

enveloping the basal part of the penis. The plesiomorphic

condition in Polygyridae is a well-developed but not ex-

cessively thick sheath, enveloping the lower part of the

penis (K. C. Emberton, personal communication, 1992).

14. Embryonic whorl sculpture: (A) radially wrinkled

with overlay of sparse papillae, wrinkles usually weakly

granulose {Charodotes, Coyote, Greggelix, Helminthoglypta^,

Helminthoglypta2, Herpeteros, Martirelix, Micrarionta^,

Micrarionta2, Rothelix); (B) first *= 0.5 whorl as in (A),

thereafter papillose, papillae spirally elongated, discrete

{Chamaeanonta, Eremarionta^, Eremanontaj, Eremarion-

toides, Myotophallus2)', (C) first « 0.5 whorl as in (A),

thereafter papillose, papillae spirally elongated, confluent

into network (Mohavelix, Sonorelix); (D) radially wrinkled,

without overlay of papillae, wrinkles granulose (Plesa-

rionta); (E) radially wrinkled, without overlay of papillae,

wrinkles smooth {Xeranonta); (F) smooth or finely gran-

ulose, with spirally descending, sometimes divaricating,

threads {Alyotophallus^, Sonorella binneyi group, Sonorella

hachitana group); (G) coarsely granulose, with spirally

descending, divaricating threads {Sonorella granulatissima

group). C<^B^A^D^E;B^F-*G.
In Monadema troglodytes Hanna & Smith, 1933, sculp-

ture of the first 0.25 whorl consists of wavy radial rugae

with sparse, irregularly placed, round papillae. Over the

next 0.5 whorl, the papillae become spirally elongated and

tend to align in diagonal series; most of them remain dis-

crete and do not fuse. Essentially the same pattern, char-

acter state (B), occurs in Eremarionta, Eremariontoides, and

Chamaeanonta; I hypothesize the origin of character state

(A) by deletion of the elongation phase, and of character

states (C), (F), and (G) by elaboration of it.

15. Shell color pattern: (A) including mottling and/or

multiple banding {Plesarionta, Xeranonta); (B) not includ-

ing mottling or multiple banding (all others). B ^ A.

16. Diagonal granulose sculpture on teleoconch: (A)

present {Xeranonta); (B) absent (all others). B ^ A.

At least traces of diagonal granulose sculpture (Roth,

1984:fig. 32) occur in all species of Xeranonta, although

they are faint and localized in some.

17. Malleation on teleoconch: (A) present {Helmin-

thoglypta^ Helminthoglypta2, Plesarionta, Xeranonta); (B)

absent (all others). B ^ A.

18. Papulation on teleoconch whorls: (A) absent

{Myotophallusi, Plesarionta, Sonorella binneyi group, Son-

orella hachitana group, Xeranonta); (B) confined to spire,

or mostly so {Charodotes, Eremanonta-i, Eremanonla2, Er-

emariontoides, Helminthoglypta^, Helmmthoglypta2, Her-

peteros, Micrarionta^, Myotophallus2, Rothelix, Sonorelix);

(C) extensive over shell, including body whorl {Chamae-

anonta, Coyote, Greggelix, Martirelix, Micrarionta2, Mo-
havelix, Sonorella granulatissima group). A «— B ^ C.

19. Body whorl: (A) closely coiled [ratio of suture-to-

periphery diameter of last whorl to diameter of adult shell

<0.23] {Micranonta^, Micranonta2,); (B) not especially

closely coiled [ratio of diameter of last whorl to diameter

of adult shell >0.23] (all other taxa). B ^ A.

A ratio of < 0.23 occurs sporadically elsewhere as an

autapomorphy (e.g., in some populations of Helmintho-

glypta {Coyote) graniticola Berry, 1926, and Helmintho-

glypta (//.) arrosa (W. G. Binney, 1858) and in Plesarionta

tryoni); among other taxa the general range is 0.23 to 0.35.

20. Periostracum: (A) conspicuous {Chamaeanonta,

Charodotes, Coyote, Helminthoglypta^, Helminthoglypta2,

Mohavelix, Myotophallusi Myotophallus2, Plesarionta, Roth-

elix, Sonorella binneyi group, Sonorella granulatissima group,

Sonorella hachitana group, Xeranonta; (B) inconspicuous

to absent {Eremarionta-^, Eremarionta2, Eremariontoides,

Greggelix, Herpeteros, Martirelix, Micrarionta^, Micrarionta2,

Sonorelix). A —* B.

21 . Body and mantle mucus: (A) highly colored (orange,

yellowish, or chartreuse) {Greggelix, Herpeteros, Martire-

lix, Sonorella binneyi group, Sonorella granulatissima group;

Sonorella hachitana group, Myotophallus2); (B) colorless or

milky (all other taxa). B —> A.

Taxonomy

The results presented below document a partly nested,

partly polytomous pattern of clades within the Helminth-

oglyptidae. This is sufficient to answer the questions posed

by this study, but for systematists who would like to have

the results expressed in the form of a list, I propose a

taxonomy based on the following conventions. New taxon

names are given phylogeny-based definitions in the Ap-
pendix.

In traditional biological taxonomy, taxon names are de-

fined by lists of characters, regardless of whether the taxa

are monophyletic, paraphyletic, or polyphyletic (de Quei-

roz & Gauthier, 1990). Decisions on naming or rank are

often based on magnitude of difTerence criteria, recogniz-

able by statements of the form, "[taxon X] is different

enough from [taxon Y] that I recognize it as a [family,

subfamily, etc.]." The phylogenetic taxonomy employed

here uses three conventions not observed in traditional

taxonomy: (1) no categorical ranks in the absolute sense

are recognized; only relative rank, based on the phyloge-

netic hypothesis, with sister groups—the opposite branches

of a fork in the tree—considered of equal dignity; (2) only

monophyletic taxa are named, not paraphyletic or poly-

phyletic groups; and (3) monotypic groups are given no

redundant names, except where necessary to keep an ex-

isting genus name from applying to a polyphyletic group

(e.g., Mancopella, new genus for ^'Sonorella" allynsmithi)

.

These conventions are more fully expounded by Gauthier

et al. (1988). The names of previously recognized groups

that are paraphyletic according to this analysis are enclosed

in quotation marks.

The system proposed here intersects the traditional clas-

sification at two points: the most inclusive taxon retains

the familiar name Helminthoglyptidae, not to express cat-
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Table 2

Six maximally parsimonious trees based on analysis of data in Table 1.

Tree 1

(OUT,(MY2,(MYl,(SNB,(SNG,SNH)))),((MOH,SLX),((MIl,MI2),((CHM,HER),((GRE,MAR),(PLE,XER)),
((ER2,(ERl,ERO)),(HL2,(ROX,(CHR,COY,HLl))))))))

Tree 2

(OUT,(MY2,((MYl,SNB),(SNG,SNH))),((MOH,SLX),(MIl,MI2),((CHM,HER),((GRE,MAR),(PLE,XER)),
((ER2,(ERl,ERO)),(HL2,(ROX,(CHR,COY,HLl))))))))

Tree 3

(OUT,(MY2,(MYl,(SNB,(SNG,SNH)))),((MOH,SLX),((MIl,MI2),(((GRE,MAR),(PLE,XER)),((CHM,HER),
((ER2,(ERl,ERO)),(HL2,(ROX,(CHR,COY,HLl)))))))))

Tree 4

(OUT,(MY2,(MYl,SNB,(SNG,SNH))),((MOH,SLX),((MIl,MI2),((CHM,HER),((GRE,MAR)XPLE,XER)),
{ER2,(ERl,ERO)),(HL2,(ROX,(CHR,COY,HLl))))))))

Tree 5

(OUT,(MY2,((MYl,SNB),(SNG,SNH))),((MOH,SLX),({MIl,MI2),
(((GRE,MAR),(PLE,XER)),((CHM,HER),(ER2,(ERl,ERO)),(HL2,(ROX,(CHR,COY,HLl)))))))))

Tree 6

(OUT,(MY2,(MYl,SNB,(SNG,SNH))),((MOH,SLX),((MIl,MI2),
(((GRE,MAR),(PLE,XER)),((CHM,HER),((ER2,(ERUERO)),(HL2,(ROX,(CHR,COY,HLl)))))))))

egorical rank but simply as a link to the traditional clas-

sification of pulmonate land snails. At the other end, I

continue to use Latin binomina (set in italics) for the

lowest, least inclusive taxa—species; I am not prepared to

deal with the confusion that would result from abandoning

ICZN Article 5." However, for many of the generic names

themselves, I introduce a global conversion according to

the following formula: [genus-name] is defined as [type

species of the genus] and all taxa that share a more recent

common ancestor with it than with [name of sister group]

(see Appendix). This form of definition is consistent with

the International Code of Zoological Nomenclature, which

specifies that a genus is defined by reference to its type

species—as is the case here—but does not dictate the basis

for assigning other species to a genus. Between these two

tie points, the traditional formal suffixes, with their im-

putations of rank (-ini, "tribe"; -inae, "subfamily") are

not used.

One typographical convention is introduced: the names

of taxa that have phylogeny-based definitions (or are used

with regard to their phylogeny-based definitions, if more

than one definition exists) are set in SMALL CAPITAL LETTERS.

'' The so-called binominal system is in practice trinominal

—

genus, subgenus, and species—with a built-in three-tiered hi-

erarchy of ranks. Not renaming the second level of taxa in clades

with unresolved terminal polytomies (helminthOGLYPTa) or nu-

merous species (sonorella), but allowing the existing genus

names to stand, nomenclaturally forces the subordinate terminal

taxa into the rank of subgenus. This is in keeping with current

usage and leaves the finer resolution to monographers of those

genera. A wholly rank-free taxonomy would not utilize subgenera

as such. I have steered a middle course that preserves many
familiar names in their customary sense for the time being.

This convention may have wider use in papers in which

it is necessary to discuss both taxa with and without phy-

logeny-based definitions. Where I use an existing genus

name in the sense implied by its phylogenetic redefinition,

the name is set in small capitals; otherwise, it is set in

italics.

RESULTS

The analysis produced 377 maximally parsimonious trees

76 steps in length, with consistency index 0.57, and re-

tention index (Farris, 1989) 0.73. Iterations of the suc-

cessive approximations weighting and branch-breaking

procedures reduced the number of trees to six. Table 2

presents these trees in parenthetical notation. They differ

from one another principally as shown in Figure 3. The

strict consensus tree is shown in Figure 4. It is 76 steps

long with consistency index 0.57 and retention index 0.73.

This tree is used as the basis for the following taxonomy

of Helminthoglyptidae. Because a consensus tree repre-

sents the information on grouping shared by all the com-

peting cladograms, it is less resolved than any, and a tax-

onomy based on it should be viewed as conservative (Car-

penter, 1988).

In the proposed taxonomy (Table 3), hierarchic rela-

tions among the taxa are indicated by successive indention.^

^ A hypothetical systematist concerned with expressing these

results within the Linnaean hierarchy would probably adopt the

following measures: (1) call HELMINTHOGLYPTAMORPHA and

SONORELLAMORPHA, primary subdivisions of the Helminthoglyp-

tidae, "Helminthoglyptinae" (the earliest-proposed existing fam-

ily-group name typologically based on an included taxon) and

"Sonorellinae," respectively, or, with equally good reason, "Hel-
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MY2
MY1
SNB
SNG
SNH

MY2
MY1
SNB
SNG
SNH

MY2
MY1
SNB
SNG
SNH

SONORELIX
MICRARIONTA
XERARIONTALES
CHAMAEARIONTALES
HELMINTHOGLYPTALES

SONORELIX
MICRARIONTA
XERARIONTALES
CHAMAEARIONTALES
HELMINTHOGLYPTALES

Figure 3

Differing components of trees in Table 2; left, in SONORELLAMORPHA (abbreviations as in Table 1); right, in

HELMINTHOGLYPTAMORPHA (laxa defined in following text).

Table 4 compares the content of taxa proposed in this

paper to the taxa recognized by Nordsieck (1987) and

Schileyko (1991).

The tree exhibits a basal trichotomy among the out-

group, the taxa conventionally assigned to Sonorella (SONO-

RELLAMORPHA), and the rest of the Helminthoglyptidae

(HELMINTHOGLYPTAMORPHA). SONORELLAMORPHA is di-

agnosed by the synapomorphies of minute epiphallic cae-

cum (character state 8B) (homoplastic in Eremanontoides

argus) and colored mucus (21 A). Mucus glands and dart

sac are absent (2E, 5C). As discussed below, whether these

absences are considered apomorphic or plesiomorphic de-

pends on interpretation of the outgroup.

minthoglyptidae" and "Sonorellidae"; (2) call CHAMAEARIONTA-

LES, XERARIONTALES, and HELMINTHOGLYPTALES (major Subdi-

visions of "Helminthoglyptinae"), "Chamaeariontini," "Xera-

riontini," and "Helminthoglyptini;" and (3) interpose taxa named

"Sonorelicini" and "Micrariontini" hierarchically between

SONORELIX and "Helminthoglyptinae" and MICRARIONTA and

"Helminthoglyptinae," respectively. I reject measures (1) and (2)

because in the Linnaean system the suffixes-inae and-ini denote

formal categorical ranks. There is no reason having to do with

the biology or evolutionary history of the organisms why those

names could not equally well be applied to other subdivisions

containing their nominotypical genera. Any such decision is sub-

jective and arbitrary. Measure (3) runs counter to the convention

of no redundant names: "Sonorelicini" and SONORELIX would

have identical membership, as would "Micrariontini" and MI-

CRARIONTA.

- OUT
- MY2
- MY1
- SNB
- SNG
- SNH
- MOH
- SLX
- MI2
- MM
- CHM
- HER
- MAR
- GRE
= RLE
- XER
- ERO
- ER1
- ER2
- HL2
- ROX

r- CHR
- COY— HL1

Figure 4

Strict consensus tree for taxa of Helminthoglyptidae. Abbrevi-

ations as in Table 1.

-c
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Table 3

Phylogenetic taxonomy of the Helminthoglyptidae.

HELMINTHOGLYPTIDAE
SONORELLAMORPHA
Maricopella allynsmithi

SONORELLALES

MYOTOPHALLUS
'^Sonorella binneyi group"

SONORELLA
SONORANAX {Sonorella granulatissima group)

^''Sonorella, sensu stncto"

HELMINTHOGLYPTAMORPHA
SONORELIX

Mohavehx micrometalleus

SONORELIX, SENSU STRICTO

HELMINTHOGLYPTAINA
MICRARIONTA

NICOLENEA

MICRARIONTA, SENSU STRICTO

HELMINTHOGLYPTOTES
CHAMAEARIONTALES
Chamaearionta aquaealbae

HERPETEROS
XERARIONTALES

GREGGELIX

MARTIRELIX

^^Greggehx, sensu stricto"

XERARIONTA

XERARIONTA, SENSU STRICTO

"Plesarionta"

HELMINTHOGLYPTALES
EREMARIONTAPHIM
CAHUILLUS

EREMARIONTA
Eremanontoides argus

EREMARIONTA, SENSU STRICTO

HELMINTHOGLYPTAPHIM
Noyo intersessa

HELMINTHOGLYPTANIKI
ROTHELIX

HELMINTHOGLYPTA
Helminthoglypta, sensu stricto

Coyote

''^Charodotes"

SONORELLAMORPHA consists of two primary component

clades. The first, Maricopella allynsmithi (that is,

Myotophallus2 of the preceding data set), is diagnosed by

minute verge (12B) (homoplastically derived in

XERARIONTA, SENSU STRICTO and ROTHELIX) and thick

penial sheath enveloping the whole penis (13B). A thick

penial sheath is either homoplastically derived in Myoto-

phallus or reversed in other SONORELLALES. The second

primary component clade, SONORELLALES, is diagnosed by

penial retractor inserting at base of epiphallus (lOA) (ho-

moplastically derived in HERPETEROS and MARTIRELIX);

embryonic whorl sculpture of spirally descending, some-

times divaricating threads (14F); and general absence of

papulation on the leleoconch whorls (18A) (also occurring

in XERARIONTA; reversed in the Sonorella granulatissima

group).

The component taxa of SONORELLALES plot as an un-

resolved trichotomy: MYOTOPHALLUS (that is, Myotophallus-^),

diagnosed by thick penial sheath enveloping the whole

penis (13B), the (homoplastic) absence of a verge (12B),

and colorless mucus (2 IB) (a reversal); the ""Sonorella bin-

neyi group," which has no autapomorphies in the present

phylogenetic hypothesis and is regarded as paraphyletic

pending further study; and SONORELLA, diagnosed by a

long, acicular verge (12G). sonorella consists of two sub-

clades. The Sonorella granulatissima group is diagnosed by

embryonic whorls coarsely granulose with spirally de-

scending, divaricating threads (14G) and extensive pap-

illation (18C) (homoplastically derived in several clades of

HELMINTHOGLYPTAMORPHA). This clade contains the type

species of SONORANAX, and I apply that name, in its phy-

logeny-based definition, to it. Whether Masculus is useful

as the name for a component clade of SONORANAX will

depend on the results of a monographic study of the species

of the group. The second subclade, "Sonorella, sensu stricto,"

has no autapomorphies in the present phylogenetic hy-

pothesis and is regarded as paraphyletic pending further

study.

HELMINTHOGLYPTAMORPHA is diagnosed by the absence

of a penial sheath (13C). The periostracum is greatly

reduced or absent on the teleoconch (20B), but this trans-

formation shows at least one reversal in every principal

clade of HELMINTHOGLYPTAMORPHA except MICRARIONTA,

often in combination with other character states implying

progenesis.

HELMINTHOGLYPTAMORPHA consists of two primary

component clades. The first, SONORELIX, is diagnosed by

netlike embryonic whorl sculpture (14C). Mucus glands

and dart sac are absent (2E, 5C). sonorelix consists of

two subclades. The monotypic Mohavelix micrometalleus is

diagnosed by a minute epiphallic caecum (8B), extensive

papulation (18C), and a conspicuous periostracum (20A;

a reversal). These apomorphies also occur elsewhere in

HELMINTHOGLYPTAMORPHA. SONORELIX, SENSU STRICTO is

diagnosed by the presence of a vaginal node (7A) and a

spermathecal diverticulum in a basal position.

The second primary component clade of HELMIN-

THOGLYPTAMORPHA, HELMINTHOGLYPTAINA, is diagnosed

by embryonic whorl sculpture of radial wrinkles overlain

by sparse papillae (14A). HELMINTHOGLYPTAINA consists

of two component clades. The first, MICRARIONTA, is di-

agnosed by globose verge (12E) (homoplastic in

XERARIONTALES) and close coiling (19A). MICRARIONTA

consists of two subclades. NICOLENEA, new subgenus (that

is, Micrarionta2), is diagnosed by absence of descending

mucus gland and dart sac (2C, 5C) and extensive papu-

lation (18C). MICRARIONTA, SENSU STRICTO (that is,

Micrarionta^) has no autapomorphies in the present data

set. Pearce's (1990) cladistic analysis resolved a clade con-

sisting of Micranonta Jacta and six other species as the

sister group of the clade here designated NICOLENEA. It
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Table 4

Relationship of content of taxa of phylogenetic taxonomy proposed in this paper and classifications of Nordsieck (1987)

and Schileyko (1991). Order of taxa same as in Table 3. Note that upon further analysis the membership (and hence the

equivalence) of taxa of the phylogenetic system could change without the taxon definitions changing.

This paper Nordsieck (1987)' Schileyko (1991)

HELMINTHOGLYPTIDAE

SONORELLAMORPHA

Maricopella allynsmithi

SONORELLALES

Myotophallus

''''Sonorella binneyi group"

SONORELLA
SONORANAX
''^Sonorella, sensu stricto"

HELMINTHOGLYPTAMORPHA

SONORELIX

Mohavelix micrometalleus

SONORELIX, SENSU STRICTO

HELMINTHOGLYPTAINA

MICRARIONTA

NICOLENEA

MICRARIONTA, SENSU STRICTO

HELMINTHOGLYPTOTES

CHAMAEARIONTALES
Chamaearionta aquaealbae

HERPETEROS

XERARIONTALES

GREGGELIX

MARTIRELIX

'"Greggelix, sensu stricto"

XERARIONTA
XERARIONTA, SENSU STRICTO

''^Plesarionta"

HELMINTHOGLYPTALES

EREMARIONTAPHIM
CAHUILLUS

EREMARIONTA

Eremariontoides argus

EREMARIONTA, SENSU STRICTO

HELMINTHOGLYPTAPHIM
Noyo intersessa

HELMINTHOGLYPTANIKI
ROTHELIX

HELMINTHOGLYPTA
Helminthoglypta, sensu stricto

Coyote

"Charodotes"

Helminthoglyptinae

"Sonorella -Gruppe" (of Sonorellini) (in

part?)

not treated

["5'onore//a-Gruppe' ' in part]

["Sonorella-Gruppe' ' in part]

["Sonorella-Gruppe ' in part]

"Sonorella-Gruppe" in part

["Sonorella-Gruppe' ' in part]

"Sonorella-Gruppe" in part

Helminthoglyptini -f "Sonorella-Gruppe

in part?

"Sonorella-Gruppe" in part?

not treated

"Sonorella-Gruppe" in part?

Helminthoglyptini

"Micranonta-Gruppe" (of Helminthog-

lyptini) in part

not treated

"Micrarionta-Gruppe" in part

Helminthoglyptini in part

[Helminthoglyptini in part]

["Micrarionta-Gruppe" in part]

not treated

Helminthoglyptini in part

Helminthoglyptini in part

not treated

Helminthoglyptini in part

["Micrarionta-Gruppe" in part]

["Micrartonta-Gruppe" in part]

["Micrarionta-Gruppe" in part]

Helminthoglyptini in part

["Micrarionta-Gruppe" in part]

not treated

["Micrarionta-Gruppe" in part]

not treated

["Micranonta-Gruppe" in part]

Helminthoglyptini in part

not treated

Helminthoglypta in part

[Helminthoglypta in part]

Helminthoglypta in part

Helminthoglypta in part

[Helminthoglypta in part]

[Helminthoglypta in part]

Helminthoglyptidae in part + Xanthony-

chidae in part

Sonorellinae (of Xanthonychidae) in part

not treated

Sonorellinae in part

Sonorellinae in part

Sonorellinae in part

Sonorellinae in part

Sonorellinae in part

Sonorellinae in part

Helminthoglyptidae in part + Xanthony-

chidae in part

Sonorellinae in part

Sonorellinae in part (as Mohavelix)

Sonorellinae in part

Helminthoglyptinae + Eremariontinae +
Micrariontinae (of Xanthonychidae) +
Sonorellinae in part

Micrariontinae in part

not treated

Micrariontinae in part

Helminthoglyptinae + Eremariontinae +
Micrariontinae in part + Sonorellinae

in part

not treated

not treated

not treated

Micrariontinae in part + Sonorellinae in

part

Sonorellinae in part

not treated

Sonorellinae in part

Micrariontinae in part

Micrariontinae in part

Micrariontinae in part

Helminthoglyptidae + Sonorellinae in

part

Eremariontinae + Sonorellinae in part

not treated

Eremariontinae in part + Sonorellinae in

part

Sonorellinae in part (as Eremariontoides)

Eremariontinae in part

Helminthoglyptinae

not treated

Helminthoglyptinae in part

Helminthoglypta in part

Helminthoglyptinae in part

Helminthoglypta in part

Helminthoglypta in part

Helminthoglypta in part

' The "Micranonta-Gruppe" of Nordsieck (1987) is assumed to include the taxa that Pilsbry (1939) treated as subgenera of Micrarionta.

Bracketed equivalences are inferred.
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was defined by five measurements and ratios of the shell

lip, lip convexity, and the presence of spiral lines on the

shell. Lip convexity and one ratio show reversals within

the clade. The other character states are synapomorphic

with respect to the array of taxa considered. I accept this

clade provisionally as MICRARIONTA, SENSU STRICTO pend-

ing further study. On Pearce's (1990:fig. 7) consensus tree,

Micranonta guadalupmna is the sister group of (nicolenea,

MICRARIONTA SENSU STRICTO) but is paraphyletic, without

a defining autapomorphy in the Pearce hypothesis.

The second component clade of HELMINTHOGLYPTAINA,

HELMINTHOGLYPTOTES, is diagnosed by a spermathecal

diverticulum of moderate length (6B). It consists of three

primary component clades. The first, CHAMAEARIONTALES,

is diagnosed by short epiphallic caecum (6E) and short

spermathecal diverticulum (8D). CHAMAEARIONTALES con-

sists of two subclades. The monotypic Chamaeanonta

aquaealbae is diagnosed by the absence of a verge (12B),

extensive papillation (18C), and a conspicuous periostra-

cum (20A; a reversal). These apomorphies also occur else-

where in HELMINTHOGLYPTAMORPHA. The second sub-

clade, HERPETEROS, is diagnosed by the absence of mucus
glands and dart sac (2E, 5C), penial retractor inserting at

base of epiphallus (lOA), very large verge (12D), and

embryonic whorl sculpture of radial wrinkles overlain by

sparse papillae (14A). All except (12D) are homoplastic

elsewhere in HELMINTHOGLYPTAMORPHA.
The second primary component clade of HELMIN-

THOGLYPTOTES, XERARIONTALES, is diagnosed by a very

long epiphallic caecum (8C) (partly reversed in

MARTlRELix) and probably by a very long spermathecal

diverticulum (6C) (also partly reversed in MARTlRELix).

In an equally parsimonious alternative interpretation, a

long spermathecal diverticulum could have originated twice,

in ""Greggelix, sensu stncto" and in xerarionta. I favor

the former interpretation, in which the transformations of

spermathecal diverticulum and epiphallic caecum are cor-

related.

XERARIONTALES consists of two subclades. GREGGELIX is

diagnosed by vestigial mucus glands (2D) (lost in some

species of ''Greggelix, sensu stncto''), absence of a dart sac

(5C), extensive papillation (18C) (homoplastic), and col-

ored mucus (21 A) (also occurring in SONORELLAMORPHa).
GREGGELIX consists of two subclades. MARTlRELix is di-

agnosed by penial retractor inserting at base of epiphallus

(lOA) (homoplastic in HERPETEROS and SONORELLAMOR-
PHA), bullet-shaped to conical verge (12F), and moderately

long spermathecal diverticulum (6B) (a probable reversal).

Unless a very long spermathecal diverticulum (6C) is con-

sidered to have originated anew, homoplastically with that

in XERARIONTA, the second subclade, "Greggelix, sensu

stncto," has no autapomorphies in this phylogenetic hy-

pothesis and is regarded as paraphyletic pending further

study.

The second subclade of XERARIONTALES, XERARIONTA,
is diagnosed by mottling or multiple banding (15A), mal-

leation (17A) (homoplastic in Helminthoglypta, sensu stncto

and Noyo inlersessa [that is, Helminthoglyptai]), and em-
bryonic whorl sculpture of radial wrinkles without an
overlay of papillae (14D); papillation is absent from te-

leoconch whorls (18A) (homoplastic in SONORELLALES).

XERARIONTA consists of tWO SubcladeS. XERARIONTA, SENSU
STRICTO is diagnosed by smooth embryonic whorl wrinkles

(14E), diagonal granulose sculpture (16A), and the (ho-

moplastic) absence of a verge (12B). ''Plesanonta" has no

autapomorphies in this phylogenetic hypothesis and is re-

garded as paraphyletic pending further study.

The third primary component clade of HELMIN-
THOGLYPTOTES, HELMINTHOGLYPTALES, is diagnosed by

bulbous mucus gland reservoirs (3A) (secondarily lost in

Eremanontoides argus) and the double wall of the lower

part of the epiphallus (9B). HELMINTHOGLYPTALES consists

of two subclades. eremariontaphim is diagnosed by em-
bryonic whorl sculpture of spirally elongated, discrete pa-

pillae (14B; a reversal); it also shows extension of the

double-walled section of the epiphallus into the verge, a

component in common of states 9C and 9D. EREMA-
RIONTAPHIM consists of two subclades. CAHUILLUS, new
genus (that is, ETemanontOi) , is diagnosed by a double-

walled section of the epiphallus less than 0.4 times the

length of the penis (9C). EREMARIONTA is diagnosed by a

conical double-walled section of the epiphallus (9D) and

a short, broad, papillar verge (12C) (homoplastic with that

in Coyote). EREMARIONTA consists of two subclades. Ere-

mariontoides argus is diagnosed by the absence of mucus
glands and dart sac (2E, 5C) and by minute epiphallic

caecum (8B) (homoplastic in SONORELLAMORPHA and Mo-
hauelix micrometalleus). EREMARIONTA, SENSU STRICTO (that

is, Eremarwnta^) is diagnosed by a short spermathecal

diverticulum (6E) (homoplastic in CHAMAEARIONTALES).
The second subclade of HELMINTHOGLYPTALES,

HELMINTHOGLYPTAPHIM, is diagnosed by the common duct

of the mucus glands (2B), membranous tissue enveloping

the lower genitalia (4A), embryonic whorl sculpture of

radial wrinkles overlain by sparse papillae (14A) (also

occurring in HERPETEROS and MICRARIONTALES), and the

presence of a conspicuous periostracum (20A; a reversal).

HELMINTHOGLYPTAPHIM Consists of two subclades. Noyo
intersessa (that is, Helminthoglypta2) is diagnosed by the

presence of malleation on the teleconch (17A) (homoplastic

in Helminthoglypta, sensu stncto, and XERARIONTA). Mal-
leation apparently tends to be associated with large, more
or less globose, capacious-whorled shells and is evidently

not a good indicator of phylogeny in this context.

HELMINTHOGLYPTANIKI is diagnosed by the presence of an

atrial sac (IB), with the dart sac seated on it (5B).

HELMINTHOGLYPTANIKI consists of two subclades.

ROTHELIX is diagnosed by penial chamber with post-me-

dial constriction (IIB) and the (widely homoplastic) ab-

sence of a verge (12B). helminthoglypta is diagnosed

by vagina inserting on atrium at base of atrial sac (IC).

The component taxa of HELMINTHOGLYPTA plot as an un-

resolved trichotomy: Helminthoglypta, sensu stncto, diag-

nosed by malleation (17A) (homoplastic in XERARIONTA
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OUT OUT

Figure 5

Absence of mucus glands mapped on consensus tree. Abbrevia-

tions as in Table 1, except for new taxa: MLA, Mancopella

allynsmithi, NIC, NICOLENEA; CAH, CAHUILLUS; NOY, Noyo

intersessa. Absence is variable in GREGGELIX.

and Noyo intersessa); Coyote, diagnosed by conical double-

walled section of epiphallus (9E) and papillar verge (12C)

(homoplastically derived in eremarIONTa); and "C/zaro-

dotes," which has no autapomorphies in the present phy-

logenetic hypothesis and is regarded as paraphyletic pend-

ing further study. A verge is absent homoplastically in

some species of ''Charodotes" and Helminthoglypla, sensu

stricto. Phylogeny-based definitions of the component taxa

of HELMINTHOGLYPTA are left for a monographic study of

the group.

Figure 5 plots the distribution of the total absence of

mucus glands (2E) on the consensus tree. This character

state occurs as an apomorphy in SONORELLAMORPHA, HER-

PETEROS, SONORELIX, Eremariontoides argus, and some spe-

cies of ''Greggelix, sensu stricto. " If the absence in SONOREL-

LAMORPHA is accepted as due to loss, a minimum of five

independent origins of the condition is indicated.

Figure 6 plots the distribution of the absence of dart sac

(5C) on the consensus tree. This character state occurs as

an apomorphy in SONORELLAMORPHA, HERPETEROS,

SONORELIX, NICOLENEA, GREGGELIX, and Eremariontoides

argus. If the absence in SONORELLAMORPHA is accepted as

Figure 6

Absence of dart sac mapped on consensus tree. Abbreviations as

in Figure 5.

due to loss, a minimum of six independent, homoplastic

origins of the condition is indicated.

DISCUSSION

This analysis falsifies the proposition that absence of dart

sac and/or mucus glands originated only once (Schileyko,

1991) as the most parsimonious account of helmintho-

glyptid evolution. It provides evidence against most other

ancestor-descendant relationships suggested by previous

authors.

All the taxa of helminthoglyptamorpha have apo-

morphies (including the synapomorphic absence of penial

sheath) that eliminate them as potential ancestors of the

taxa of SONORELLAMORPHA.

Maricopella allynsmithi is the sister group of all other

taxa conventionally referred to Sonorella (that is, of

SONORELLALES), but the autapomorphies of minute verge

(12B) and thick penial sheath (13B) rule it out as "a

relatively unchanged descendant of the ancestral Sonorella

founder" (Gregg & Miller, 1969:92). Its similarities to

EREMARIONTA are symplesiomorphies.

Embryonic whorl sculpture (14C) and the absence of

mucus glands (2E) support Mohavelix micrometalleus as

the sister group of SONORELIX, SENSU STRICTO rather than
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o[ Helminthoglypta micrometalleoides as Miller (1970) sug-

gested.

GREGGELix is the sister group of xerarionta, not the

derivative of any population assignable to XERARIONTA as

surmised by Miller (1972).

Eremariontoides argus is the sister group of EREMA-

RIONTA SENSU STRICTO. This relationship rules out the

simple common ancestry with ''Eremarionta' greggi sug-

gested by Miller (1981a); based on the moderately long

spermathecal diverticulum and conic verge, "£." greggi is

a species of CAHUILLUS.

Roth (1987b) stated that in Noyo intersessa the mus-

cularized common duct of the mucus glands had (apo-

morphically) taken over the function of mucus ejection

performed by muscular mucus bulbs in most species of

Helminthoglypta. The present phylogenetic hypothesis in-

dicates that the muscular common duct and thin-walled

mucus bulbs of A', intersessa are plesiomorphic with respect

to the muscular bulbs and slender common duct in

HELMINTHOGLYPTANIKI.

ROTHELIX, regarded by all previous authors as a sub-

genus of Helminthoglypta, is the sister group of all other

taxa conventionally assigned to Helminthoglypta. Its po-

sition on the consensus tree does not suggest recent evo-

lution from "an H[elminthoglypta]. traskii-\\ke. ancestor"

(Miller, 1985) but rather an origin preceding the radiation

of HELMINTHOGLYPTA into its component clades. It pre-

serves an intermediate state in the stripping off of the atrial

sac from the vagina ( 1 B). At the same time, the male system

shows the apomorphies of a post-medial constriction setting

oflf a posterior chamber of the penial sac and the absence

of a verge.

The dififerences between my results and those of Pearce

(1990) and Schileyko (1991) are adequately accounted for

by character coding and argumentation (in the case of

Pearce) and method (in the case of Schileyko), and will

not be belabored here.

Since Pilsbry's (1939) monograph, the taxa here as-

signed to SONORELLAMORPHA have been regarded as sec-

ondarily simplified from a dart-bearing ancestor. How-
ever, SONORELLAMORPHA is a basal clade, the sister group

of HELMINTHOGLYPTAMORPHA, and not derivable from any

other clade of Helminthoglyptidae. SONORELLAMORPHA and

HELMINTHOGLYPTAMORPHA share no common ancestor not

also shared by the presumptive sister group (Xanthony-

chidae,Bradybaenidae). If the taxa of SONORELLAMORPHA
are in fact secondarily simplified, they may as readily have

lost a xanthonychid-bradybaenid type of dart apparatus

as a helminthoglyptid type. Or they may never have had

one. If Polygyridae is regarded as the outgroup (which

does not greatly affect the structure of the consensus tree)

then absence of dart apparatus in SONORELLAMORPHA is

plesiomorphic. Therefore, the monophyly of Helminth-

oglyptidae of authors (e.g., Miller & Naranjo-Garcia, 1991)

remains open to question, and more information is needed

to determine whether SONORELLAMORPHA is contained

within HELMINTHOGLYPTIDAE as defined herein.

The use of fossils to calibrate a phylogeny in time,

especially one as strongly based on soft anatomical char-

acters as this one, is not without risks. The situation is

made worse by the rampant parallelism and convergence

in shell form among land snails. I accept the following

generic identifications, which constrain the time scale of

helminthoglyptid evolution. Xerarionta waltmilleri Roth,

1984, from the Vieja Group of Trans-Pecos Texas, is

between 39.6 and 37.7 Ma (late Eocene) in age (Roth,

1 984). It shows the diagonal granulose sculpture diagnostic

of XERARIONTA, SENSU STRICTO. Two undescribed species

of XERARIONTA, SENSU STRICTO occur in the Brule Member
of the White River Formation in the Douglas area, Wy-
oming (E. Evanoff & Roth, in preparation); the strati-

graphically lowest occurrence is near a bed dated 33.9 Ma
(early Oligocene).

Helminthoglypta bozemanensis Roth, 1986, from the

Bozeman Group of western Montana, about 36 Ma in age

(latest Eocene or earliest Oligocene), and Helminthoglypta

martini (Hanna, 1920), from the John Day Formation of

Oregon, with age bracketed loosely between 20 and 30

Ma (late Oligocene to early Miocene), show shell sculpture

of collabral rugae cut into elongate granules, similar to

that found in Noyo intersessa and some Recent species of

Helminthoglypta, sensu stricto (Roth, 1986, 1988a).'' A spe-

cies of Helminthoglypta probably assignable to Coyote oc-

curs in Pliocene rocks of the Tehachapi Mountains, Cal-

ifornia (Roth & Hochberg, 1988). The origins of NOYO,

Helminthoglypta, sensu stricto and XERARIONTA, SENSU

STRICTO occur well out on their respective limbs of the

consensus tree. The substantial radiation of the

HELMINTHOGLYPTIDAE that underlies the framework of the

tree must have taken place before the end of the Eocene.

Other fossils that have been assigned to HELMIN-

THOGLYPTIDAE probably are not referrable to any modern

genus of the clade. ''Helminthoglypta'' alfi Taylor, 1954,

from the Barstow Formation (middle Miocene), southern

California, has been assigned to Coyote (Reeder & Roth,

1988; Roth & Hochberg, 1988), but the description of its

embryonic whorl sculpture (Taylor, 1954:76-77) does not

accord well with any Recent taxon. Greggelix? hochbergi

Roth & Megaw, 1989, from rocks of probable middle

Eocene age in Chihuahua, Mexico (Roth & Megaw, 1989;

Megaw, McDowell, & Roth, 1994), does not show any

characters here regarded as diagnostic of terminal taxa; it

could belong to SONORELLAMORPHA or HELMINTHOG-

LYPTAMORPHA. "'Helminthoglypta'''' obtusa Anderson &
Hanna, 1925, and ''Helminthoglypta ?" stocki G D. Hanna,

1934, from the Eocene of southern California, are ca-

" Assigning H. bozemanensis and H. martini to Noyo rather than

to Helminthoglypta requires fewer assumptions about soft-part

apomorphies not in evidence. The most conservative assignment

is merely to HELMINTHOGLYPTAPHIM; cf. usage by Roth (1988b)

of [Camaenidae] stocki and by Pierce (1992) of [Succineidae]

montana. Including this type of sculpture as a character in the

data set does not affect the relative positions of Noyo intersessa

and Helminthoglypta, sensu stricto on the trees generated.
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maenid land snails (Roth, 1988b). ''Micrarionta" dallasi

M. A. Hanna, 1927, from the Eocene of southern Cali-

fornia, is a helicinid snail (Roth & Pearce, 1988). The
referrals of Glypterpes and Mesoglypterpes to HELMIN-

THOGLYPTIDAE rest on tenuous readings of non-diagnostic

shell characters.

By placing much of helminthoglyptid evolution in an

early Tertiary time frame, this hypothesis obviates the need

for scenarios of sudden or recent (e.g., post-Pleistocene)

loss of reproductive structures. Of course, phylogenetic

systematics does not rule out saltational speciation or any

other evolutionary mechanism; at most it assumes only

that evolution has occurred (Brooks & McLennan, 1991).

Both Helminthoglypta, sensu stncto and XERARIONTA, SENSU

STRICTO occur in settings of mesic paleoclimate (there is

other climatic evidence, besides the presence of those gen-

era, so this argument is not circular) and both have replete

reproductive systems. Three of the instances of secondary

simplification, Mohavelix micrometalleus, Chamaearionta

aquaealbae, and Eremariontoides argus, are monotypic clades

with their origins not constrained in time by any nodes

farther up the tree. The phylogenetic hypothesis does not

falsify a scenario of recent origins for these taxa, perhaps

related to water conservation in an increasingly arid en-

vironment.

In contrast, the origins of SONORELLAMORPHA and the

primary clades of helminthoglyptamorpha must pre-

cede the origins of XERARIONTA, SENSU STRICTO and

HELMINTHOGLYPTAPHIM in time. Even if the absence of

accessory reproductive structures in SONORELLAMORPHA is

apomorphic, it is not related to the late Tertiary onset of

widespread aridity in the American Southwest (Axelrod,

1979). Pleistocene climatic fluctuations may be involved

in the allopatric species diversity within SONORELLAMOR-

PHA, but not in its origin as a clade.

From correspondence between the distribution of Brad-

ybaenidae, Xanthonychidae, and Helminthoglyptidae and

the tectonically accreted terranes around the Pacific rim,

Miller & Naranjo-Garci'a (1991) drew the conclusion that

those taxa had a common ancestry on a Mesozoic Gond-

wanan land mass ("Pacifica"; see Nur & Ben-Avraham,

1977; Jones et al., 1982) and were dispersed passively to

the Americas on rafting fragments of continental crust.

The present analysis impacts little on that model, except

that, when fossil distribution is included, the range of

HELMINTHOGLYPTIDAE is less congruent with accreted ter-

ranes than Miller & Naranjo-Garcia (1991) assumed.

(Schileyko [1991] reasserted the older alternative scenario

of trans-Beringian dispersal, without offering any new

reasons for preferring one story over the other.) The phy-

logenetic relations among the above taxa (and Epiphrag-

mophoridae and Helicostylidae) are critical to the histor-

ical biogeography and still remain to be analyzed. Geo-

graphic components of taxon definitions, as noted above

in the early concepts of Helminthoglyptidae, should be

deleted when found, and future taxonomy be grounded in

characters of the organisms themselves.

The role of heterochrony in bringing about the range

of genital configurations should be investigated. For ex-

ample, Chamaearionta aquaealbae may be neotenic with

respect to chamaeariontales in loss of (i.e., failure to

develop) a verge and retention of periostracum and pap-

illation into adulthood, and progenetic in its small size,

low whorl number, and angular periphery. Mohavelix mi-

crometalleus may be neotenic with respect to SONORELIX in

failure to develop a spermathecal diverticulum, reduction

of epiphallic caecum, and retention of periostracum and

papulation into adulthood.

Here I remind myself that a hypothesis is a beginning,

not an end in itself, and that my phylogenetic hypothesis

is based on relatively few characters from only three sys-

tems. Future studies of the excretory, nervous, and ali-

mentary systems will provide additional characters. The
radula seems practically to have been written off for use

in helminthoglyptid taxonomy, but should be reconsidered.

Molecular data is potentially a rich field. Cladistic analysis

should be extended to relations among species in speciose

clades like SONORELLA and HELMINTHOGLYPTA, in which

many new synapomorphies will have to be found if the

trees are not to resemble the Ace comb I used to carry in

my back pocket.
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APPENDIX: NEW TAXA and
PHYLOGENETIC DEFINITIONS OF

NAMED TAXA

New Taxa of the Genus Group

CAHUILLUS, new genus. Type species: Sonorella wolcottiana

Bartsch, 1903. Definition: CAHUILLUS consists of Ca-

huillus indioensis wolcottianus (Bartsch, 1903) and all

other taxa that share a more recent common ancestor

with it than with EREMARIONTA. Diagnostic character

states: double-walled section of epiphallus cylindrical,

less than 0.4 times as long as penis, extending into verge

(9C). Additional referred taxa: CahuUlus indioensis in-

dioensis (Yates, 1890), Cahuillus indioensis cathedralis

(Willett, 1930), Cahuillus greggi (Miller, 1981), Ca-

huillus mexicanus (Pilsbry & Lowe, 1934). Many nom-



B. Roth, 1996 Page 41

inal species and subspecies conventionally referred to

Eremanonta have not yet been dissected; some may prove

to belong to cahuillus. The conventional subspecific

relationship of C. i. indioensis, C. i. wolcottianus , and C.

I. cathedralis is retained pending further study of the

group. Cahuillus mexicanus formerly was regarded as a

subspecies of Eremarionta rowelli, but its anatomy is that

of CAHUILLUS. Etymology: named for prehistoric Lake
Cahuilla, which formerly occupied much of the Salton

Trough in southern California.

MARICOPELLA, new genus. Type species: Sonorella allyn-

smithi Gregg & Miller, 1969. Definition: MARICOPELLA
consists of Maricopella allynsmithi (Gregg & Miller,

1969) and all other species that share a more recent

common ancestor with it than with SONORELLALES. Di-

agnostic character states: minute verge (12B); thick pen-

ial sheath enveloping whole penis (13B). Etymology:

named for Maricopa County, Arizona.

NICOLENEA, new subgenus. Type species: Micrarionta

opuntia Roth, 1975. Definition: NICOLENEA consists of

Micrarionta (Nicolenea) opuntia Roth, 1975, and all oth-

er species that share a more recent common ancestor

with it than with MICRARIONTA, SENSU STRICTO. Di-

agnostic character states: descending mucus gland absent

(2C); dart sac absent (5C); papillation extensive over

shell, including body whorl (18C). Tight coiling of the

body whorl (19A) and absence of spermathecal diver-

ticulum (6A) are synapomorphies shared with MIC-

RARIONTA, SENSU STRICTO. Additional referred taxa: Mi-

crarionta sodalis (Hemphill, 1901), Micrarionta microm-

phala Pilsbry, 1939. Micrarionta opuntia, M. sodalis, and

M. micromphala form a clade diagnosed by the syna-

pomorphies of translation rate slope > 0.05 (more domed

spire), upper lip not reflected or recurved, and aperture

wider than high (Pearce, 1990). Although M. microm-

phala and M. sodalis are extinct and their anatomy un-

known, I refer them to NICOLENEA on the basis of these

shell characters. Etymology: named for San Nicolas Is-

land, California.

NOVO, new genus. Type species: Helmmthoglypta intersessa

Roth, 1987. Definition: NOVO consists oi Noyo intersessa

(Roth, 1987) and all other species that share a more

recent common ancestor with it than with

HELMINTHOGLYPTANIKI. Diagnostic character states:

malleation (17A) and granular sculpture formed by col-

labral rugae cut by striae nearly parallel to suture; y-

shaped, heavily muscularized common duct of mucus

glands. Roth's (1987b) observations of an atrial sac in

N. intersessa were incorrect; the dart sac inserts directly

on the vagina. Malleated and granular sculpture occur

as homoplasies in Helmmthoglypta, sensu stricto, which

has an atrial sac with vagina inserting at its base (IC).

Additional referred taxa: the fossil Helmmthoglypta boz-

emanensis Roth, 1986, and H. martini (Hanna, 1920)

may be species of NOVO. Etymology: named for the Noyo
River, a major stream in the region of A^. intersessa;

gender feminine.

New Suprageneric Taxa

CHAMAEARIONTALES, new taxon, consists of Chamaeanonta

aquaealbae and all taxa that share a more recent common
ancestor with it than with HELMINTHOGLYPTALES.

EREMARIONTAPHIM, new taxon, consists of Eremarionta

rowelli desertorum and all taxa that share a more recent

common ancestor with it than with HELMIN-
THOGLYPTAPHIM.

HELMINTHOGLYPTAINA, new taxon, consists of Helmmth-
oglypta tudiculata and all taxa that share a more recent

common ancestor with it than with SONORELIX.

HELMINTHOGLYPTALES, new taxon. Consists of Helmmth-
oglypta tudiculata and all taxa that share a more recent

common ancestor with it than with CHAMAEARIONTALES.

HELMINTHOGLYPTAMORPHA, new taxon, consists of Hel-

mmthoglypta tudiculata and all taxa that share a more
recent common ancestor with it than with SONOREL-

LAMORPHA.

HELMINTHOGLYPTANIKI, new taxon, consists of Helmmth-
oglypta tudiculata and all taxa that share a more recent

common ancestor with it than with Noyo intersessa.

HELMINTHOGLYPTAPHIM, new taxon, consists oi Helmmth-
oglypta tudiculata and all taxa that share a more recent

common ancestor with it than with EREMARIONTAPHIM.

HELMINTHOGLYPTOTES, new taxon, consists of Helmmth-
oglypta tudiculata and all taxa that share a more recent

common ancestor with it than with MICRARIONTA.

SONORELLALES, new taxon, consists of Sonorella hachitana

and all taxa that share a more recent common ancestor

with it than with Maricopella allynsmithi.

SONORELLAMORPHA, new taxon, consists of Sonorella hach-

itana and all taxa that share a more recent common
ancestor with it than with HELMINTHOGLYPTAMORPHA.

XERARIONTALES, new taxon, consists of Xerarionta levis

canescens and all taxa that share a more recent common
ancestor with it than with HELMINTHOGLYPTALES.

Phylogeny-Based Definitions of Existing Taxa

EREMARIONTA Pilsbry, 1913, consists oi Eremarionta row-

elli desertorum and all taxa that share a more recent

common ancestor with it than with CAHUILLUS.

EREMARIONTA, SENSU STRICTO consists oi Eremarionta row-

elli desertorum and all taxa that share a more recent

common ancestor with it than with Eremariontoides ar-

gus.

GREGGELIX Miller, 1972, consists of Greggelix indigena and

all taxa that share a more recent common ancestor with

it than with xerarionta.

HELMINTHOGLYPTA Ancey, 1887, consists oi Helmmthog-

lypta tudiculata and all taxa that share a more recent

common ancestor with it than with ROTHELIX.

HELMINTHOGLYPTIDAE consists of Helmmthoglypta tudi-

culata and all taxa that share a more recent common
ancestor with it than with the clade (Xanthonychidae,

Bradybaenidae).
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HERPETEROS Berry, 1947, consists of Herpeteros inglesiana

and all taxa that share a more recent common ancestor

with it than with Chamaearionta aquaealbae.

MARTIRELIX Miller, 1982, consists oi Martirelix babrakzaii

and all taxa that share a more recent common ancestor

with it than with ''Greggelix, sensu stricto'\

MICRARIONTA Ancey, 1880, consists of Micrarionta facta

and all taxa that share a more recent common ancestor

with it than with HELMINTHOGLYPTOTES.

MICRARIONTA, SENSU STRICTO consists of Micrarionta facta

and all taxa that share a more recent common ancestor

with it than with NICOLENEA.

MYOTOPHALLUS Pilsbry, 1939, consists of Myotophallus

rooseveltmna fragilis and all taxa that share a more recent

common ancestor with it than with SONORELLA.

ROTHELIX Miller, 1985, consists of Rothelix lowei and all

taxa that share a more recent common ancestor with it

than with HELMINTHOGLYPTA.

SONORANAX Pilsbry, 1939, consists of Sonoranax dalli and

all taxa that share a more recent common ancestor with

it than with "'Sonorella, sensu stricto'\

SONORELIX Berry, 1943, consists oi Sonorelix borregoensis

and all taxa that share a more recent common ancestor

with it than with helminthoglyptaina.

SONORELIX, SENSU STRICTO consists of Sonorelix borregoen-

sis and all taxa that share a more recent common ancestor

with it than with Alohavelix micrometalleus.

SONORELLA Pilsbry, 1900, consists of Sonorella hachitana

and all taxa that share a more recent common ancestor

with it than with MYOTOPHALLUS.

XERARIONTA Pilsbry, 1913, consists of Xerarionta levis ca-

nescens and all taxa that share a more recent common
ancestor with it than with GREGGELIX.

XERARIONTA, SENSU STRICTO consists of Xerarionta levis

canescens and all taxa that share a more recent common
ancestor with it than with ''Plesarionta''.
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Lecithotrophic Development in Doto amyra

(Nudibranchia: Dendronotacea), with a Review of

Developmental Mode in the Genus

by

JEFFREY H. R. GODDARD

Oregon Institute of Marine Biology, University of Oregon, Charleston, Oregon 97420, USA

Abstract. Doto amyra from Cape Arago, Oregon fed on Abietinaria sp. and laid eggs averaging 152

ium in diameter on the basal portions of the hydroid. Veliger larvae with large eyespots, well-developed

propodium, small velum, and type 1 shells averaging 239 ^m in length hatched after an embryonic

period of 28-29 days at 11-13°C or 19-21 days at 15-17°C. Newly hatched larvae alternated between

crawling and swimming; in the presence of Abietinaria sp., most settled and began metamorphosis 1 to

2 days after hatching (at 15-17°C). Shell loss occurred 3-5 days after hatching, and the juvenile shape

was attained after another 1 to 2 days. Feeding on Abietinaria sp. was first observed in juveniles about

300 jum long 7 days after hatching. Twelve days after hatching, juveniles ranged in length from 280 to

390 nm and had two pairs of cerata buds, but lacked rhinophores.

Of the 33 species of Doto for which data are available, between 82 and 917o have planktotrophic

development, at least as high a proportion as known for the Nudibranchia as a whole. Doto ussi, with

reportedly large eggs, may have direct development; the remaining species have lecithotrophic devel-

opment (with Doto acuta sometimes hatching as newly metamorphosed juveniles). No relationship was

found between adult size and development type. Long-term persistence of individual patches oi Abeitinaria

sp., combined with a patchy distribution of this hydroid over meso scales, are proposed as having been

important in the evolution of lecithotrophic development in Doto amyra.

INTRODUCTION

Lecithotrophic and direct modes of development have been

described for only a few opisthobranchs from the cold

temperate waters north of Point Conception, California

(Bridges, 1975; Goddard, 1984, 1990; Gibson & Chia,

1 989). This paper describes in greater detail than Goddard

(1984) aspects of the larval development, metamorphosis,

and post-larval growth of the nudibranch Doto amyra. Doto

amyra occurs from northern Baja California to Vancouver

Island (McDonald, 1983; Millen, 1983) and preys suc-

torially on the coenosarc of thecate hydroids such as Abie-

tinaria sp. and Sertulana jurcata Trask, 1857 (Goddard,

1977, 1984).

Based on observations of adults, larvae, and prey of

specimens of Doto from central California to northern Or-

egon, as well as on information provided by other workers,

the concept of D. amyra currently accepted by Beeman &
Williams (1980), McDonald & Nybakken (1980),

McDonald (1983), and Behrens (1991) may include at

least two, and possibly as many as four, distinct species.

Aspects of the external morphology, color, prey, and larval

development of these forms are briefly described (see Ap-
pendix) in order to distinguish which specimens I regard

as D. amyra.

Consideration of the evolution and adaptive significance

of lecithotrophic development in Doto amyra led to an ex-

amination of the data available on mode of development

in other members of the genus. These data, not previously

examined as a whole, are summarized and analyzed. Pat-

terns of development in the genus are compared to some

of those described for the Nudibranchia as a whole by

Hadfield & Miller (1987).
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Figure 1

Doto amyra from Middle Cove, Cape Arago, Oregon, June, 1985. A. Specimen 12 mm long. B. Specimen 7 mm
long with egg masses on heavily fouled Abietinaria sp.

MATERIALS and METHODS

Adults and egg masses of Doto amyra were collected, along

with their hydroid substrate and prey Abietinaria sp. (^A.

anguina of Ricketts et al., 1985), from semi-protected, low

intertidal pools at Middle Cove, Cape Arago during spring

and summer of 1983 and 1985 (see Goddard, 1984 for a

description of this area). Nudibranchs and hydroids were

maintained together in small wide-mouth jars containing

50-90 mL of unfiltered seawater and held in seawater

baths at either 12-15°C (spring 1983), 15-17°C (summer

1983), or 11-13°C (spring and summer, 1985). Water in

these jars was changed once or twice daily. Small pieces

(~1 cm long) of hydroid colonies on which egg masses had

been laid were removed and maintained in separate vials

containing 30-90 mL of unfiltered seawater. A few newly

deposited egg masses were completely removed from the

hydroids and held separately. Water in all vials was changed

once or twice daily until the veliger larvae hatched and

every 2 or 3 days thereafter. All adults, egg masses, and

larvae were exposed to indirect natural lighting in the

laboratory. Observations of development, measurements of

size, and photomicrographs were made using live material,

a Zeiss compound microscope equipped with a calibrated

ocular micrometer and bright field optics.

OBSERVATIONS

Egg Masses and Eggs

At Cape Arago, Doto amyra (Figure 1) laid their egg

masses primarily on the stolons and basal portions of the

hydrocaulus oi Abietinaria sp. The egg masses (Figure IB)

are short, inflated ribbons laid on edge and broadly round-

ed at the ends. They are attached to the hydroid by a

translucent white, tough, gelatinous sheet. Longer ribbons

usually fold or curve back on themselves a few times;

smaller masses are kidney- or crescent-shaped. The pale

yellow eggs number one per capsule and give the egg

masses their color. Egg masses observed in this study were

up to 6 mm long and 1.8 mm high, with a mean of 79

eggs per mm- of ribbon (SD = 8, four samples from two

egg masses). One typical egg mass, 2 mm long and L7
mm high, contained 240 eggs. The mean diameter of zy-

gotes in eight egg masses varied from 145.1 nm in one egg

mass (SD = 3.1 ^.m, n = 10) to 157.6 jttm in another (SD
= 3.3 fim, n = 20), with a grand mean of 151.8 jim.
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Figure 2

Live embryonic veligers of Doto amyra 2 days before hatching.

Shell of specimen on left is 250 iim long. List of abbreviations

used in Figures 2-4: A, anus; BM, buccal mass; CA, ciliary arc;

DD, digestive diverticulum; DG, digestive gland; E, eye; EC,
egg capsule; ESO, esophagus; INT, intestine; LK, larval kidney;

M, metapodium; OP, operculum; P, propodium; RAD, radula;

RCG, right cerebral ganglion; RH BUD, rhinophore bud; S,

shell; STA, statocyst; STOM, stomach; V, velum.

STOM

DG

Figure 3

Newly hatched veliger larva of Doto amyra, right lateral aspect.

Drawn from photographs and life. Scale bar =100 /xm.

Larvae

Veliger larvae hatched after an embryonic period of 19

to 21 days at 15-17°C, and 28-29 days at 11-13°C. They
had large eyespots, a large foot with a well-developed

propodium, and a relatively small velum (Figures 2, 3).

The clear shells (type 1 of Thompson, 1961) ranged in

length from 233.6 ^.m in one egg mass (SD = 4.6 ;um, n

= 10) to 246.1 /um in another (SD = 4.1 jum, n = 7), with

a grand mean of 238.6 ^m. I did not observe a mantle fold

in the newly hatched larvae (it recedes from the shell

aperture late in embryonic development and appears to

fuse with the peri-visceral membrane), and the shell ap-

peared to be attached to the body only in the region of the

visceral mass, particularly on the left side. The large di-

gestive gland was well endowed with yolk reserves, and

consequently quite opaque. No radula was observed at this

stage. A large, clear larval kidney was present on the right

side next to the anus, and appeared to be composed of a

number of large, flask-shaped cells.

A band of cilia originated just anterior to the anus,

curved and tapered anterio-ventrally, and terminated on

the right side of the foot (ciliary arc (CA), Figure 3). The
cilia in this band were observed beating rapidly in wavelike

synchrony, creating a current that ventilated the space

between the shell and body, and probably removed wastes.

Bonar & Hadfield (1974:236) described a similar band of

cilia on the lecithotrophic larvae of the aeolid nudibranch

Phestilla sibogae Bergh, 1905.

Larvae hatching in the presence oi Abietinaria sp. crawled

out of the egg mass and onto the hydroid or bottom of the

vials. Many were then observed alternately crawling and

then swimming just above the bottom of the vials. Some
became trapped in the surface film of the water within 1

day of hatching, presumably after swimming there. No
morphological or qualitative behavioral diflferences were

observed between hatching larvae that had developed in

the presence of Abietinaria and those that had developed

in its absence. However, a higher proportion of the latter

became trapped in the water surface film within a day of

hatching, suggesting they had spent more time swimming.

Metamorphosis, Feeding, and

Post-Larval Growth

The following description is based on observations made
in 1983 at temperatures of 15-17°C.

Within 1 day of crawling and swimming in the presence

of Abietinaria sp., some of the larvae anchored themselves

to the hydroid perisarc, presumably with pedal gland se-

cretions, and began metamorphosis. They appeared to pre-

fer newly grown (and relatively unfouled) basal stolons

for attachment sites, but some were also observed on the

branches and stalks of the hydrocaulus. Two days after

hatching, these larvae were in the same positions, had lost

the velum, and had developed a small radula. Shell loss

occurred 3 to 5 days after hatching. At this stage, the

visceral mass was still in a posteriorly directed hump, the

ciliary arc was still visible on the right side, and the radula

of one individual was 80 ^m long and had 1 1 teeth (Figures

4A, B). Examination of the eyespots revealed them to be
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STA

RAD

STOM CERATA BUDS

CERATA

Figure 4

Stages in the post-larval growth of Dolo amyra. Drawn from life; scale bars = 100 ^m. A. Post-larva recently after

exit from shell, right lateral aspect. B. Post-larva recently after exit from shell, dorsal aspect; same specimen (at

same time) as in figure 4A. C. Juvenile Doto amyra, 290 ^m long, 7 days after hatching, left lateral aspect. D.

Juvenile Doto amyra, 360 ^lra long, 12 days after hatching, left lateral aspect; the radula of this specimen had 47

teeth. E. Juvenile Doto amyra, 750 ^m long, 38 days after hatching, dorsal aspect.
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composed of minute grains of dense black pigment overlain

with a clear lens one-fourth the diameter of the pigmented

area. Metamorphosis appeared complete 1 to 2 days after

shell loss and resulted in a typical vermiform juvenile about

275 iim long (Figure 4C).

Feeding on Abietinaria sp. was first observed in juveniles

about 290 nm long 7 days after hatching. Feeding entailed

repeated protraction of the radula to drill a hole in the

hydroid perisarc, followed by retraction of the radula and

rhythmic contractions of muscles in the foregut and buccal

mass to suck out hydroid coenosarc. Feeding did not appear

very efficient in recently metamorphosed individuals: as

soon as contractions of the foregut ceased, ingested coe-

nosarc was observed to reverse direction and run out of

the nudibranch's alimentary canal and back into the hy-

droid.

Twelve days after hatching, four juveniles ranged in

length from about 280 jtim to 390 nm and possessed two

pairs of cerata buds, but no external signs of the rhino-

phores (Figure 4D). One of these individuals (390 ^m
long) had a radula 214 jum long with 47 teeth.

Only one individual was examined at a post-hatching

age of more than 1 2 days. Twenty-five days after hatching,

this specimen was 480 ^m long and had small rhinophore

buds and two pairs of cerata. After 38 days, it had a third

pair of cerata (each ceras had a visible extension of the

digestive gland) and measured 750 iim in length (Figure

4E). At an age of 46 days, it was still about 750 yum long,

but had four pairs of cerata, longer rhinophores (still

sheathless), and a fuller body with a more adultlike ap-

pearance.

DISCUSSION

Larvae virtually identical to those described above hatched

from Doto amyra egg masses collected on the open coast of

Santa Cruz County, California and Tillamook County,

Oregon (personal observations); and S. Millen (personal

communication) describes similar development in Doto

amyra from the Vancouver Island region. She observed

eggs 140 nm in diameter that developed into hatching

larvae after 38 days (at 10°C). Newly hatched larvae al-

ternated every few minutes between swimming and crawl-

ing, and shell loss occurred 3 days after hatching.

In the presence of Abietinaria sp., some of the larvae

observed in this study began metamorphosis within a day

of hatching (at 15-17°C). Other larvae did not appear to

begin metamorphosis for another day or two, and in one

case, some larvae (in the presence of a small amount of

Abietinaria and recently metamorphosed siblings) had not

metamorphosed after 9 days. This variation in onset of

metamorphosis might have resulted from normal variation

in the length of the pre-competent phase or from delays

in metamorphosis related to laboratory conditions. Mor-

phologically, the larvae of Doto aniyra appear competent

to metamorphose upon hatching. The propodium and eye-

spots are well developed, and the mantle fold has disap-

peared, having already withdrawn from the shell and ap-

parently fused with the peri-visceral membrane. Other

lecithotrophic larvae do not lose their mantle fold until

either late in the precompetent stage or until metamor-
phosis itself (Thompson, 1958; Bonar & Hadfield, 1974;

Todd, 1981; Rose, 1983).

Larvae held in the absence of Abietinaria sp. generally

became trapped in the surface film within a day of hatching

and were not observed further. Consequently, I do not

know if this hydroid is necessary to induce metamorphosis.

Little is known about the ability of the larvae to delay

metamorphosis and disperse by swimming, or their ability

to feed in the plankton as has been observed in some other

lecithotrophic larvae (e.g., Kempf & Hadfield, 1985). Lar-

vae hatching in the absence of Abietinaria did appear to

swim more than those hatching in its presence, and, as

suggested by the observation of healthy-looking larvae up

to 9 days after hatching, the extensive yolk reserves in the

digestive gland probably can support competent veligers

for days and possibly weeks. In addition, an extended

swimming phase is not necessarily precluded by the size

of the hatching larvae. Some nudibranch larvae cannot

settle and metamorphose until they are considerably larger

than the larvae oi Doto amyra (Hadfield & Miller, 1987:

fig. 12).

During the present study, few Doto amyra survived more

than 1 or 2 weeks beyond metamorphosis. Holding con-

ditions in the laboratory might have depressed early sur-

vivorship, or early feeding efficiency and juvenile survi-

vorship of Doto amyra might be higher on different species

of prey. Doto amyra is known to consume other hydroids

in other localities (see Appendix), but has only been found

feeding on Abietinaria at Cape Arago.

The observation of hydroid tissue running out of the

foregut of feeding, recently metamorphosed Doto amyra

and back into the hydrocauli of Abietinaria sp. suggests

that feeding by young individuals is not very efficient. It

also raises the intriguing possibility that hydroids, using

their gastrodermal cilia, may be capable of forming local-

ized, internal negative pressures as one defense against

small suctorial predators. Alternatively, could Doto amyra

utilize these backflows to inject into the hydroids enzymes

or other substances that actually facilitate ingestion? Diet

composition and interactions between post-metamorphic

Doto amyra and their prey warrant further study.

Developmental mode is currently known for 70 species

of nudibranchs from the northeastern Pacific Ocean north

of Point Conception, California (Goddard, 1992, and un-

published data). Excluding the introduced Tenellia ad-

spersa (Nordmann, 1845), all but Doto amyra have plank-

totrophic development, begging questions about the origin

and adaptive significance of lecithotrophic development in

this species. As shown below, mode of development in Doto

amyra does not reflect phylogenetic constraints within the

genus, or constraints on absolute fecundity imposed by
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small adult size. Most species of Doto, including those

sympatric with D. amyra, are smaller than Doto amyra and

have planktotrophic development. Based on limited obser-

vations of its hydroid prey (and ignoring for now any non-

adaptive explanations), I propose that lecithotrophic de-

velopment in Doto amyra is adaptive in specializing as a

partial predator on hydroids that are spatially and tem-

porally persistent on minute and local scales and patchily

distributed over larger or meso scales (10s to 100s of kms).

.\lthough Abietinaria sp. is subject to seasonal fouling

by epifauna and fiora (Ricketts et al., 1985; personal ob-

servations), as well as predation by Doto amyra and other

dendronotacean nudibranchs (McDonald & Nybakken,

1978; Goddard, 1990), small patches of this hydroid (<

0.25 m^) have persisted for at least 12 years at Middle Cove,

Cape Arago (personal observations made during all sea-

sons). Predation by Doto amyra appears to be partial; the

thick perisarc of the hydroid is damaged little, and only

coenosarc is consumed (Goddard, 1984; present study). In

addition, the stolons of Abietinana sp. are often overgrown

(but not damaged) by sponges, colonial ascidians, and other

encrusting invertebrates (personal observations) and thus

effectively shielded from predation by Doto. Enough coe-

nosarc may remain after bouts of predation to fuel either

the growth of new stolons and hydrocauli or the regen-

eration of existing ones (e.g., see Hughes, 1977, 1986),

especially if population densities of Doto amyra are kept

low by other factors, such as predation on juveniles.

Doto amyra therefore appear likely to hatch close to

exploitable Abietinaria, at least at Cape Arago. If this pre-

dictability in local food supply had once been combined

with a very patchy distribution in the hydroid over a larger

scale so that a larva's chances of successfully finding new
patches of prey declined sharply with increasing dispersal

distance, selection might have favored the reduced oblig-

atory planktonic periods associated with lecithotrophic de-

velopment. When the abundance or quality of local prey

declined far enough, resulting in a lack of appropriate

settlement cues, pelagic lecithotrophic larvae could post-

pone metamorphosis and traverse longer distances in search

of fresh patches of prey (Hadfield & Switzer-Dunlap,

1984; Kempf & Hadfield, 1985).

Long-term persistence and accessibility of individual

patches of its prey, even in the face of predation, may then

have been important in the evolution of lecithotrophic de-

velopment in Doto amyra. In order to evaluate this hy-

pothesis further, more information is needed on: (1) the

distribution and population dynamics of Abietinaria sp.,

(2) the effects of predation on this hydroid by D. amyra,

and (3) the dietary composition of juvenile and adult D.

amyra over a larger portion of their range.

Development in the Genus

Species of Doto prey suctorially on the coenosarc of

hydroids (Goddard, 1984; Thompson & Brown, 1984) and

are smaller than most other nudibranchs (adults rarely

exceed 10-15 mm in length) (Lemche, 1976; Todd, 1981;

Thompson & Brown, 1984). Because small adult size is

associated with a reduced pelagic phase in the life history

of many benthic marine invertebrates (e.g., Chia, 1974;

Menge, 1975; Strathmann & Strathmann, 1982; Strath-

mann, 1985), one might expect a higher incidence of le-

cithotrophy and/or direct development in the genus Doto

compared to the Nudibranchia as a whole, more than two-

thirds of which produce planktotrophic larvae (Hadfield

& Miller, 1987). On the other hand, the opportunistic and

ephemeral nature of many hydroids (Clark, 1975; Hughes,

1977, 1983, 1986; Boero, 1984; Harris, 1987) might be

exploited best by predators with short generation times

and good powers of dispersal. For small benthic predators

with limited dispersal abilities, the latter can be facilitated

by planktotrophic or pelagic lecithotrophic larvae adapted

for locating the prey of the adults.

Data presented in recent analyses of developmental pat-

terns in the Opisthobranchia (Ros, 1981; Hadfield & Swit-

zer-Dunlap, 1984; Hadfield & Miller, 1987) suggest that

most species of Doto have planktotrophic development.

However, patterns of development have not been examined

in detail in this genus, and considerably more data (some

new, some previously overlooked) are available for anal-

ysis.

Based on observations of the size, morphology, and be-

havior of hatching veliger larvae, developmental mode can

be determined for 11 species of Doto (Table 1). Nine of

these have planktotrophic larvae; D. amyra produces short-

term lecithotrophic larvae from eggs averaging 1 52 ;um in

diameter (present study); and D. acuta hatch as either

short-term lecithotrophic larvae or as newly metamor-

phosed juveniles (both from eggs 110 to 120 ^.m in di-

ameter) (Schmekel & Kress, 1977). All larvae have coiled

type 1 shells (see Thompson, 1961).

Egg diameter appears to be a relatively good predictor

of shell size at hatching in the genus (Figure 5). However,

of the planktotrophic species, Doto yongei is reported to

produce the largest hatching veligers from the smallest

eggs— if omitted from the regression analysis summarized

in Figure 5, R^ would increase to 0.98. The eggs and

hatching larvae of this species should be re-examined for

idiosyncrasies in morphology and development as well as

to confirm the original size measurements.

Egg diameter varies widely within different taxonomic

groups of Nudibranchia, including genera, and if small

enough, can be used to distinguish between planktotrophic

and non-planktotrophic modes of development (Hadfield

& Switzer-Dunlap, 1984; Hadfield & Miller, 1987). Egg

diameters are known for a total of 26 species oi Doto (Table

2) and range from 64 to 230 nm. Their frequency distri-

bution is skewed to the right and has a mode of 75 ^lm

(Figure 6). Twenty-one (81%) of these species produce

eggs under 100 ^m, the minimum diameter known for

nudibranch species with lecithotrophic or direct modes of

development (Hadfield & Miller, 1987).

Of the five species of Doto with eggs larger than 100
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Table 1

Development in the genus Doto. Values for egg diameter and shell length at hatching are means or grand means. P =

planktotrophic, L = lecithotrophic, D = direct (capsular metamorphic or ametamorphic). Inferred developmental types

in brackets.

Shell

Egg Embryonic length at

diameter period Temp. hatching Type of

Species (Mm) (days) (°C) (^m) devel. Reference

D. japomca

Odhner, 1936 80 5 26-30 145 (P) Hamatani (1963)

D. yongei

Thompson, 1972 64 — — 168 P Thompson (1972)

D. coronata

(Gmelin, 1791) 72 13 10-12 116 (P) Kress (1975)

D. fragilis

(Forbes, 1838) 83 18 10-12 145 (P) Kress (1975)

D. pinnatifida

(Montagu, 1804) 95 16 10-12 160 (P) Kress (1975)

D. acuta Schmekel & Kress, 1977 117 16-20 16 — L or D Schmekel & Kress (1977)

D. amyra 152 19-21 15-17 239 L Goddard (1984,

Marcus, 1961 28-29 11-13 present study)

D. kya

Marcus, 1961 78 7 15-17 133 P Goddard (1992)

D. lancet Marcus & Marcus,

1967' — — — — P personal observation

D. form A^ 76 12 11-13 123 P Goddard (1992)

D. form B^ 70 11 11-13 122 P Goddard (1992)

Specimens from Bahia de Concepcion, Baja California Sur, and Malanchen Beach, Nayarit, Mexico.

See Appendix.

^m, D. amyra and D. acuta have already been discussed,

and development has not been described for D. fragaria, D.

tuberculata, and D. ussi. Based on the egg size distributions

reported by Thompson (1967) and Hadfield & Miller

(1987:fig. 1), D. fragana and D. tuberculata most likely

have planktotrophic or lecithotrophic development, and D.

ussi probably has direct development (however, regarding

the latter species see Table 2, note 3).
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Figure 5

Relationship between mean egg diameter and mean shell size at

hatching for nine species oi Doto (y = 1.24x + 43.65, R- = 0,76).

Data from Table 1.

Species of Doto usually deposit one egg per capsule, but

pairs are occasionally seen, especially in D. fragilis (Kress,

1975:696). There are no reports of egg masses containing

extra-zygotic yolk.

Intraspecific variation in egg size in the genus is gen-

erally small. The largest range in egg size reported for a

species of Doto (all localities and egg masses combined) is

40 jum for D. ussi, followed by 25 fim for D. pinnatifida

and 22 yttm for D. amyra, D. coronata, and D. maculata
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Figure 6

size distribution for 26 species of Doto. Data from Table 2.
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Table 2

Egg size and maximum reported adult length in the genus

Doto. Values given for eggs are means or, if more than one

mean was available for a species (i.e., from different egg

masses, localities, or references), grand means.

Maxi-
Egg mum

Source'
diam- adult .

eter length egg adult

Species of Doto (/xm) (mm) size size

acuta Schmekel & Kress,

1977 117 7 17 17

amyra Marcus, 1961 152 14 6,23 23

chica Marcus & Marcus,

1960 77 10* 4 12

coronata (Gmelin, 1791)- 70 15 5, 10, 17, 19 21

doerga Marcus & Marcus,

1963 83 6 17 18

eireana Lemche, 1976 81 7 5, 11 21

fluctifraga Ortea & Perez,

1982 97 8 15 15

fragaria Ortea & Bouchet,

1988 110 8 14 14

Jragilis (Forbes, 1838) 81 40 10, 17 17

japonica Odhner, 1936 80 12 9 1

koenneckeri Lemche, 1976 68 8 5 16

kya Marcus, 1961 78 10 7 2

lemchei Ortea & Urgorri,

1978 74 10 5,22 21

maculata (Montagu, 1804) 72 9 5 21

miUbayana Lemche, 1976 66 14 5 21

oblicua Ortea & Urgorri,

1978 73 9.5 16 16

paulinae Trinchese, 1881 70 7 17 17

pinnatifida (Montagu, 1804) 97 29 5, 10, 17 21

rosea Trinchese, 1881 70 12 17 17

tuberculata Lemche, 1976 127 19 5 21

ussi Ortea, 1982' 230 10 13 13

verdicioi Ortea & Urgorri,

1978 67 6 16 16

yon^ez Thompson, 1972 64 6 20 20

form A" 76 7 7 23

form B" 70 11 7 23

sp. (coronata of Clark, 1975)"^ 89 12 3 8

' 1, Baba (1949); 2, Behrens (1991); 3, Clark (1975); 4, Clark

& Goetzfried (1978); 5, Frenandez-Ovies & Ortea (1981); 6,

Goddard (1984); 7, Goddard (1992); 8, Gosner (1971); 9, Ha-
matani (1963); 10, Kress (1975); 1 1, Lemche (1976); 12, Marcus
(1972); 13, Ortea (1982); 14, Ortea & Bouchet (1988); 15, Ortea

& Perez (1982); 16, Ortea & Urgorri (1987); 17, Schmekel &
Kress (1977); 18, Schmekel & Portmann (1982); 19, Thompson
(1967); 20, Thompson (1972); 21, Thompson & Brown (1984);

22, Thompson et al. (1990); 23, present study (see Appendix).
^ Doto coronata as described by Thompson & Brown (1984)

and Lemche (1976); however, see Morrow et al. (1992).

' Ortea (1982) clearly states that the eggs of Doto ussi average

230 ^m in diameter, but the scale bar and depiction of eggs in

his figure 3 imply an average diameter of about 140 fim. The
former value therefore requires confirmation.

"* See Appendix.
'• According to Thompson & Brown (1984:29) Doto coronata

reported from the east coast of the United States are "distinctive

(Fernandez-Ovies & Ortea, 1981; Kress, 1975; present

study). Using standard deviations in egg diameter reported

for individual egg masses or eggs from a given locality by

Kress (1975), Clark (1975), and the present study, the

average coefficient of variation in egg diameter for a species

of Doto is about 3% (range, 0.8%-9.47o; data for eight

species), a value similar to those for other nudibranchs

(Goddard, 1992; and see means and standard deviations

in egg diameter reported by Clark, 1975; Eyster, 1980;

Williams, 1980; and Ros, 1981).

As might be expected, given the limited intraspecific

variation in egg size, no examples of poecilogony or poly-

morphism in type of development (Hoagland & Robertson,

1988) have been reported in the genus. Although Doto

acuta from different egg masses hatch as either short-term

lecithotrophic larvae or newly metamorphosed juveniles

(Schmekel & Kress, 1977), this variation appears to result

more from extrinsic factors affecting the embryonic period

rather than significant differences in egg size and/or de-

velopmental pathways (both types developed at the same

temperature from eggs of the same size, and individuals

hatching as juveniles had a longer embryonic period than

those hatching as larvae).

Developmental mode can be inferred for six additional

species of Doto. Based on egg capsule sizes (early in de-

velopment) reported by Garcia Gomez et al. (1988) for D.

Jurua, and on ratios of capsule length to egg diameter that

can be derived from Kress (1975) and Schmekel & Kress

(1977) for five other European species of Doto, D. furva

most likely has eggs between 80 and 95 /urn in diameter

and thus probably has planktotrophic development. De-

scriptions and depictions of egg masses (especially their

size and approximate number of eggs) in Just & Edmunds

(1985) suggest that D. columbiana O'Donoghue, 1921, D.

dunnei Lemche, 1976, D. onusta Hesse, 1872, and their

Doto sp. E have planktotrophic development, and that de-

velopment in Doto sp. C is either planktotrophic or lecith-

otrophic. Just & Edmund's Doto sp. D, which has "small

eggs," is probably the same as the Doto form B of the

present study (see Table 2 and Appendix) and therefore

has already been included in the present analysis.

Based on the data in Tables 1 and 2, and including the

inferences for the above six species, between 82% (27/33)

and 91% (30/33) of species of Doto have planktotrophic

development, at least as high a proportion as the 66 to

80% reported by Hadfield & Miller (1987) for the Nu-

dibranchia as a whole. There is no relationship between

maximum reported adult length and egg diameter (and

thus mode of development) for the species listed in Table

and may be another species." The large differences in egg size

between European D. coronata and the D. coronata of Clark (1975)

(see above) support this hypothesis. D. coronata of Clark (1975)

is therefore here considered a separate species.

* Length of a preserved specimen (an estimate of 15 mm was

used in statistical analyses).
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2 {R- = 0.003, n=26,P> 0.25). Moreover, the maximum
reported adult lengths of the planktotrophic species (n =

27 or n = 30) do not differ significantly from those of the

non-planktotrophic species (n = 6 or « = 3, respectively)

(P > 0.4 for both comparisons; Mann-Whitney U test).'

The high incidence of planktotrophic development ob-

served in Doto compared to nudibranchs as a whole could

be an artifact of sample size (n = 33 species), as well as

the non-random nature of the sample (also see below).

However, as mentioned at the beginning of this section,

planktonic modes of development could be advantageous

in exploiting hydroids by facilitating dispersal. Planktonic

larvae, especially those capable of feeding and delaying

metamorphosis for long periods, might also be important

in surviving seasonal or unpredictable lows in hydroid

abundance. Given these advantages, planktotrophy, which

is assumed to be the ancestral mode of development in

opisthobranchs (Hadfield & Miller, 1987), should pre-

dominate among hydroid-feeding nudibranchs as long as

larval mortality rates do not offset the gains in fecundity

associated with this mode of development (Strathmann,

1985; Hadfield & Miller, 1987; Levin & Hugget, 1990).

Where larval mortality rates are consistently higher, we

would expect evolutionary shifts toward the reduced oblig-

atory planktonic periods associated with pelagic lecitho-

trophic development (this is the essence of what was argued

earlier for Doto amyra). Non-feeding modes of development

in Doto and other hydroid-feeding nudibranchs might also

be expected (1) where high juvenile mortality rates select

for increases in juvenile size attained primarily through

ametamorphic development (Hadfield & Miller, 1987);

and (2) in members of lineages in which feeding larval

stages have already been lost (Strathmann, 1978).

Factors affecting larval and juvenile mortality of marine

benthic invertebrates can vary regionally (Thorson, 1950;

Rumrill, 1990), with (as alluded to above) implications

for their life histories and mode of development (Strath-

mann, 1985; Hines, 1986). Most of the species of Doto

included in the present review are from the northwest

Mediterranean Sea and the cool temperate waters of the

northeast Atlantic and northeast Pacific oceans. Nudi-

branchs from all three of these regions show a high inci-

dence of planktotrophic development compared to those

from other regions, where conditions appear to favor non-

feeding types of development (Goddard, 1992). This pat-

tern could also hold true for Doto, lowering the percentage

of planktotrophic development ultimately observed in the

genus as a whole.

The predominance of planktotrophic development and

lack of relationship between adult size and mode of de-

velopment in Doto indicate that fecundities, even in the

smallest species, have not been limited in a way that might

' Adult lengths used for Doto columbiana, D. dunnei, D. furva,

D. onusta, and D. spp. C and E of Just & Edmunds (1985) were

14, 25, 15, 11, 4, and 10 mm, respectively (see Garcia-Gomez

et al., 1988; Just & Edmunds, 1985).

have favored (owing to planktonic mortality and relatively

low densities of settling larvae) an evolutionary shift to-

ward the reduced larval periods and reduced dispersal

associated with non-planktotrophic modes of development.

Either reproduction is synchronous enough to ensure ad-

equate densities of settling larvae, or benthic populations

are dense and widespread enough (and juvenile mortality

rates low enough) that recruits from the plankton, however

few, have a good chance of reaching maturity, encountering

mates, and successfully reproducing. Early maturity, a

relatively prolonged reproductive period, and overlapping

generations would probably enhance an individual's chances

even more under the latter circumstances. Individuals ap-

pear to begin mating at small sizes (Miller, 1962; Clark,

1975; personal observations), and Miller (1962) suggests

that Doto coronata from Britain live from 5 to 10 months,

depending on the season, and have up to four overlapping

generations per year.
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APPENDIX: FORMS of DOTO CURRENTLY
REFERRED to as DOTO AMYRA

The four forms of Doto that in my opinion would be

identified as Doto amyra based on the descriptions and

synonymies given by Beeman & Williams (1980), Mc-
Donald & Nybakken (1980), McDonald (1983), and Beh-

rens (1991), are characterized below (descriptions are of

living adults). Two or more of these may represent distinct

species.

Because Marcus's (1961) description of Doto amyra was
based on preserved specimens and only touches on the color

of the living animals, it is difficult to state using external

characters which of the following four forms best fits the

original description of D. amyra. However, of the four,

specimens of the one that I refer to as D. amyra appear to

fit best the D. amyra of Marcus (1961) based on his de-

scription of the cerata tubercles and adult size. However,

it should be noted that Marcus (1961) reported D. amyra

as occurring on Obelia, a genus of hydroid on which I have

not observed D. amyra.

1) Doto amyra of Goddard (1977, 1984, 1987, 1990,

and present study). The following description of the ex-

ternal morphology and color of this form expands on that

given by Goddard (1984) for specimens from Cape Arago,

Oregon and is based on additional specimens from that

locality.

Adults (Figure 1, present study) feed on the hydroid

Abietinaria sp. {A. angmna of Ricketts et al., 1985) and

reach a length of 14 mm, though most are under 10 mm.
The body and head are translucent white and occasionally

have an irregular scattering of fine-grain, subcutaneous

brown to black pigment. The gonads are yellow and show

clearly through the body wall. The rest of the viscera are

cream-colored. The five to eight pairs of cerata have pale

yellow to light pinkish-orange or orange-brown colored

cores, possess four to seven rings of tubercles, and lack

dark pigment. The tubercles vary from low to elongate in

diflferent individuals and contain semi-translucent white

glands (possibly defensive in nature). Longer tubercles

point upward; all are rounded at their ends. The tubercles

stand out as white against darker colored cerata cores and

tend to blend in against yellowish cores. The accessory

gills (pseudobranchs) interrupt the lower rings of tubercles

and are clear, branched, and often contain a few minute,

opaque white grains. The rhinophores and their sheaths

are translucent like the body and contain opaque white

grains, especially distally. The anal papilla is distinct and

located between the right members of the first and second

pairs of cerata. Specimens closely resemble Doto amyra as

described and depicted by McDonald & Nybakken (1980:

58-59) and McDonald (1983:183-184).

In addition to Cape Arago, I have also found this form

at (1) Scott Creek, Santa Cruz County, California where

it feeds on Sertulana /areata growing on an unidentified,

foliose red alga and on the lower portions of the leaves of

the surfgrass Phyllospadix torreyi Watson; these specimens

have development virtually identical to that described in

the present paper (Goddard, 1977; personal observations);

(2) Punta Gorda, Humboldt County, California (God-

dard, 1987); (3) southern Oregon (Goddard, 1990); and

(4) northern Oregon, where it has been found feeding on
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Abietinaria sp. and Garveia sp. (personal observations).

Specimens feeding on Garveia sp. were orange in color.

This form has also been found in the Vancouver Island

region where it also has swimming larvae and lecitho-

trophic development (see discussion) and has been observed

on the hydroids Coryne, Abietinaria, and Garveia (S. Millen,

personal communication).

2) Doto form A. Specimens of this form were found

among small athecate hydroids on the undersides of in-

tertidal boulders at the mouth of Drake's Estero, Marin
County, California. They measured up to 7 mm long and

were similiar to the previous form in color (including the

presence distally of opaque white grains in the rhinophores

and their sheaths), but none had dark pigment. They close-

ly resemble "Doto amyra" as pictured by Behrens (1991:

species number 149). There are five to six pairs of cerata,

usually with orange to pinkish cores, and with longer

tubercles than the previous form. Owing to the color of

the cerata cores, the length of the tubercles, and the pres-

ence of semi-translucent white glands in the tubercles, the

tubercles generally stand out as whiter than in the previous

form. Doto form A produces small planktotrophic larvae

from eggs averaging 76 ^m in diameter (see Table 1).

Seven specimens of this form have been deposited in the

invertebrate collection of the California Academy of Sci-

ences (voucher number CAS 056222).

3) Doto form B. This form occurs on several species of

Aglaophenia growing on various algae, especially species

of Laminaria. I have observed it at the mouth of Drake's

Estero, Marin County, California; on the southern Oregon

coast; and at the south jetty of Coos Bay, Oregon. Speci-

mens from Drake's Estero and the south jetty have been

deposited in the California Academy of Sciences (voucher

numbers CAS 056216 and CAS 056217 respectively).

This form differs from the above two in having cerata

with dark pigment and low to medium-length tubercles

(the cerata of some individuals are almost smooth). The
dark pigment may be scattered over the entire cerata, in-

cluding the tubercles, or concentrated between the tuber-

cles. Specimens lack the opaque white grains found in the

accessory gills, rhinophores, and rhinophore sheaths of the

above two forms (however, one larger specimen from the

south jetty did have these grains in the rhinophore sheaths).

The ground color of the body and cerata is pale yellow;

the cerata of specimens from south jetty were pinkish-

orange. The body, head, and rhinophore sheaths of most

individuals have subcutaneous brown to black pigment.

Specimens from Drake's Estero measured up to 8 mm in

length and produced small planktotrophic larvae from eggs

averaging 70 yum in diameter (Table 1).

This may be a light form of Doto columbiana O'Dono-
ghue, 1921 [which is how I referred to specimens from the

southern Oregon coast (Goddard, 1990)] and may also be

the same as the Doto amyra reported by McDonald (1983)

on Aglaophenia struthwnides (Murray, 1860). Individuals

of Doto form B closely resemble the individual pictured by

McDonald & Nybakken (1980:59, pi. 74) for Doto col-

umbiana, and their morphology and egg masses also are

very similar to those of Doto sp. D described by Just &
Edmunds (1985:40-41). Specimens of the latter were found

on Aglaophenia sp. at Friday Harbor, Washington.

4) A form from the La JoUa, California area that James
Lance (personal communication) refers to as Doto amyra,

but which he states produces planktotrophic larvae. In

addition, Dr. Hans Bertsch has sent me a photograph of

what he calls D. amyra, also from the La JoUa area. The
photograph shows adults (very similar in appearance to

Doto form A above) and their egg masses among short

hydroids. These egg masses contained small embryos that

clearly developed into planktotrophic larvae. This form

may be the same as Doto form A above or may be a different

species.
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Abstract. Nembrotha megalocera Yonow, 1990, is redescribed from one specimen from Al-Ghardaqah

(Egypt) collected during the expedition to the Red Sea organized by the Marine Biology Laboratory

of the University of Sevilla in 1992. New data on its internal anatomy are presented. Moreover, a

comparison between this species and others similar to it, N. rutilans Pruvot-Fol, 1931, N. purpureolineata

O'Donoghue, 1924, and A^. lineolata Bergh, 1905, is provided.

INTRODUCTION

One specimen of a polyceratid nudibranch of the genus

Nembrotha Bergh, 1877, was collected by researchers from

the Marine Biology Laboratory of the University of Sevilla

in the Red Sea in April 1992. We later concluded that this

specimen belongs to the species N. megalocera Yonow, 1990.

The original description of this species is short and does

not provide schemes or drawings of the animal's external

or internal anatomy; it does provide a color photograph of

one specimen.

In this paper, we redescribe the species, supplementing

Yonow's data with ours.

SYSTEMATICS

Family Polyceratidae Alder & Hancock, 1845

Nembrotha Bergh, 1877

Nembrotha megalocera Yonow, 1990

Material: Al-Ghardaqah (Egypt) (27°32'24"N,

33°48'06"E): 1 specimen of 70 mm in length collected,

April, 1992, at 20 m depth on colonies of the coral genus

Acropora Oken, 1815. The specimen was deposited at the

Laboratorio de Biologia Marina at the University of Se-

villa.

Description: Specimen limaciform, elongate, and slightly

undulate. Foot linear and tail pointed. Cephalic veil in-

conspicuous, rounded and without lobes (Figure lA).

Rhinophores perfoliate, retractile in their sheaths, with 54

and 51 laminae (Figure IB). Strong oral tentacles, grooved

dorsolaterally along part of their length. Small and blunt

foot corners. Branchial tuft composed of three large mul-

tipinnate and non-retractile trunks (Figure IC). Dorsum
black, except head and area around gills that are yellow

lemon. Two pale grey areas also situated on head at rear

of rhinophores. Flanks mostly orange; area closest to foot

is whitish. Foot edge, oral and propodial tentacles, base of
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Figure 1

A. General view of the specimen. B. Detail of one rhinophore. C. Detail of the gills. Key; bl, black; bv, bluish

violet; gr, grey; or, orange; rw, red wine; wh, whitish; yl, yellow lemon.

gills and rhinophoral sheaths are blue or bluish violet.

Gills are red-wine and rhinophores are black.

A general view of the internal anatomy can be seen in

Figure 2. The radular formula of the specimen is 27 x

7-8.1.1.1.7-8. The rachidian tooth is square, with four

strong denticles, of which the innermost on the right side

is bifid (Figure 3C, D). This is probably an aberration in

our specimen, and not taxonomically significant. The well-

developed innermost lateral teeth are hooked, and they

have a spur at their base (Figure 3A, B). The remaining

radular teeth are very poorly developed. The thin and

delicate labial cuticle has a central and two lateral areas

on which a weak armature appears. The genital system

(Figure 4A) is characterized by a big and rounded ga-

metolytic gland, largely covered by a well-developed pros-

tate. The size of the seminal receptacle is not very big. We
have not seen the presence of a vestibular gland. The
efferent duct is relatively elongate and coiled over itself.

The penis is very elongate, and it is armed with spines

(Figure 4B).

Discussion: The ground color of our specimen agrees with

that of the specimens described by Yonow (1990). The
radular formula described by this author is similar to that

Figure 3

Radula: A. general view; B. Detail of the lateral teeth; C. Detail of the rachidian tooth to SEM; D. Detail of the

rachidian tooth with camera lucida.
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of our specimen; however, that animal had three denticles

on the rachidian tooth, as opposed to the four observed in

our specimen. Yonow (1990) did not describe any more

anatomical details. This author commented that Nembro-

tha rutilans Pruvot-Fol, 1931, from the Western Australia

coasts (Willan & Coleman, 1984; Coleman, 1989), is sim-

ilar to A^. megalocera. A comparison between these two

species and two others from the Indo-Pacific area (A.

purpureolineata O'Donoghue, 1924, and A. lineolata Bergh,

1905) is given in Table I. All four species share similar

features, and hence should be compared. The descriptions

of the ground color of the specimens attributed to A. pur-

pureolineata by Baba (1976) and Gosliner (1987) show

differences from that of the specimen photographed by

Wells & Bryce (1993). According to Gosliner (personal

communication), this last specimen probably belongs to N.

purpureolineata, whereas Baba's and Gosliner's specimens

probably belong to one or more undescribed species.

Figure 2

Gross internal anatomy. Key; an, anus; au, auricle; bgl, blood

gland; ca, cephalic arteria; ed, efferent duct; fgl, female gland; i,

intestine; oe, esophagus; p, penis; pe, pericardium; pr, prostate;

rsy, renal syrinx; v, ventricle; va, vagina.
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Table 1

Comparison of the features of the Indo-Pacific species Nembrotha lineolata,

N. purpureolineata, N. rutilans, and A^. megalocera.

N. lineolata

Bergh, 1905

A^. purpureolineata

O'Donoghue, 1924

N. rutilans

(Pruvot-Fol, 1931)

A^. megalocera

Yonow, 1990

Color of the dor-

sum

Color of the flanks

Foot color

Color of the oral

tentacles

White or yellowish white

with brown or red-

brown straight lines

The same as on the dor-

sum

Edged with two bands,

one violet and other yel-

low

Violet

Translucent slate-grey and

dark purple-brown

bands,* or milky white

with a big red-brown

area on the middle

Translucent slate-grey and

dark purple-brown

bands,* or milky white

with few red-brown

wide bands

Edged bluish-violet

Blue or violet

White or whitish yellow/

cream with very wide

chocolate brown bands,

fused in many cases

The same as on the dor-

sum, but with more

white/whitish yellow/

cream surface

Violet

Violet

Black, with the head and

the surrounding gill

area of a yellow lemon

color

Orange, with some black

lines

Bluish-violet or blue

Bluish-violet or blue

Color of the rhin-

ophores

Gills

Radula

Red or vermillion; edge of

rhinophoral sheaths vio-

let. Below it, there is

another yellow band

3 bipinnate. Red or ver-

million color. Bases of

each gill rachis are vio-

let and yellow

27 X 5-6.1.1.1.5-6. Ra-

chidian tooth with 4

denticles, the innermost

of the right side bifid

Labial armature Absent

Orange-red, with bluish-

violet tips. The sheaths

are bluish-violet, except

their bases that are yel-

low lemon

3 bipinnate. Orange-red

color. The lower part of

the bigger rachis are

bluish-violet. Bases of

these are yellow lemon

32 X 7-8.1.1.1.7-8. Ra-

chidian tooth with 4

denticles, the innermost

of the right side bifid

Absent

Blood-red. Edge of rhino-

phoral sheaths violet

3 multipinnate. Blood-red

color, with a violet band

at the base of each gill

Black. Rhinophoral

sheaths bluish-violet or

blue

3 multipinnate. Dark
blood red color, with a

violet base at each gill

27-21 X 6-8.1.1.1.6-8.

Rachidian tooth with 3

or 4 denticles (the in-

nermost of the right side

can be bifid)

Present

Reproductive sys-

tem

References Baba (1976); Willan &
Coleman (1984); Cole-

man (1989); Wells &
Bryce (1993)

O'Donoghue (1924);

Wells & Bryce (1993)

Pruvot-Fol (1931); Willan

& Coleman (1984);

Coleman (1989); Wells

& Bryce (1993)

Gametolytic gland big,

rounded and surround-

ed by a very developed

prostate. Seminal recep-

tacle medium-sized. No
vaginal (vestibular)

gland. Armed penis

Yonow (1990); present

study

* The ground color provided by O'Donoghue (1924) is based on preserved specimens, although he stated in the same paper: "Professor

Dakin informs me that in life the body-colour of the animal was a translucent slate-grey and the dark bands were purple-brown."
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Figure 4

A. Reproductive system (the prostate is partially removed to show
the gametolytic gland). B. Detail of the penial spines. Key: a,

ampulla; ed, efferent duct; fgl, female gland; ggl, gametolytic

gland; hd, hermaphroditic duct; p, penis; pr, prostate; sr, seminal

receptacle; va, vagina.
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Abstract. Larvae of the southern surf clam, Spisula solidissima similis (Say, 1822), were reared in the

laboratory at a salinity of 25 ppt and a temperature of 20-22°C through the embryonic and early larval

development period. Unfertilized eggs averaged 58.5 ± 0.32 (SE) /um, vs^ith the size-frequency of eggs

being normal. First polar body was observed 22 minutes after fertilization with 50% of eggs exhibiting

polar bodies after 26 minutes. Ciliated blastula and trochophore stages occurred at 6 hours and 16.8

hours, respectively. Straight-hinge veligers appeared 39.2 hours after fertilization. Larvae grew to a

mean size of 172 ^im in the pediveliger phase (range 119 to 212 nm). Larvae were exhibiting active

foot-probing by day 8 and continued to do so until day 13 when the cultures suffered heavy mortalities.

Early life-history traits of Spisula solidissima similis larvae are compared to those for Spisula solidissima

solidissima and Spisula sachalinensis.

INTRODUCTION

Unlike the commercially important Atlantic surf clam,

Spisula solidissima solidissima (Dillwyn, 1817), the biology

and ecology of the southern subspecies of the surf clam,

Spisula solidissima similis (Say, 1822), has not been studied

until recently. The southern surf clam has a maximum
life span of 5 years (Walker & HeflFernan, 1994) as com-

pared to 37 years for the Atlantic surf clam (Sephton &
Bryan, 1990), and attains a maximum size of 127 mm
(Andrews, 1977) as compared to 226 mm in shell length

for the Atlantic surf clam (Ropes & Ward, 1977). Southern

surf clams mature sexually at age 1 year and at shell

lengths of 40 mm (Kanti et al., 1993); whereas the Atlantic

surf clam matures at 2 years of age and at a shell length

of 67 mm (Belding, 1910). Southern surf clams from St.

Catherines Sound, Georgia population spawned from Feb-

ruary to May depending upon water temperature (Kanti

et al., 1993). The Atlantic surf clam spawns in early sum-

mer to fall (Ropes, 1968; Jones, 1981). No early life-

history data exists pertaining to larval development of this

subspecies.

This study describes the embryonic and early larval

development of Spisula solidissima similis reared within the

laboratory. It compares the findings with the published

life-history traits of Spisula solidissima solidissima (which

is referred to in most shellfisheries literature as ''Spisula

solidissima") and Spisula sachalinensis (Schrenk, 1862).

MATERIALS and METHODS
Southern surf clams, Spisula solidissima similis, were col-

lected from a field population occurring in St. Catherines

Sound, Georgia, on February 6, 7, and 8, 1994. Animals

were dredged from a depth of approximately 8 m. Animals

were planted in 12 mm mesh 1 x 1 x 0.25 vinyl-coated

wire cages partially buried in a sandy-mud substrate on

an intertidal flat located at the mouth of House Creek,

Wassaw Sound, Georgia, on 9 February 1994. Cages with

animals were positioned at the spring low-water mark.

On 9 March 1994, clams were brought into the hatchery

and placed in conditioning tanks (450 L) which were main-

tained at 25 ppt and 20-21°C. Animals were fed Isochrysis

galbana (Tahitian isolate) on a daily basis.

On 7 April 1994, 10 animals were injected with 0.2 mL
of serotonin in the anterior adductor muscle. After injec-

tion, each animal was placed in a separate container. Eight

individuals (four males and four females) began spawning

within 1 to 2 minutes after injection. The remaining two

clams did not spawn. Samples of eggs from each spawned

female were obtained, and 30 eggs per female measured
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Figure 1

Photomicrograph of the various embryonic and larval stages of the southern surf clam, Spisula solidissima similis a)

Unfertilized egg (approx. 58 mm); b) First polar body; c) First cleavage; d) Second cleavage; e) Multi-Cellular; f)

Trochophore (approx. 78 mm); g) Gastrula; and h) Veliger (approx. 80 mm).

for size. Sperm and eggs were pooled into separate con-

tainers.

A 10 liter egg suspension was fertilized with sperm.

Embryonic development was observed by placing a 1 mL
subsample of eggs on a Zeiss Axiovert 10 microscope (at

X 10 and x32 and visually monitoring development. Var-

ious embryonic stages were compared to those described

for Spisula sachalinensis by Imai et al. (1983). Fresh sam-

ples were observed every 1 5 minutes for the first two hours,

with fresh samples observed every 30 minutes for the next

20 hours, after which the larvae were monitored on a daily

basis. Once trochophore stages were reached, larvae were

set up in three 10 L buckets at a density of 53 larvae per

mL. Larvae were fed 100,000 cells per mL of Isochrysis

galbana daily, and culture water exchanged every 48 hours.

Every 24 hours, a 1 mL sample was visually checked to

determine developmental stage, and 50 individuals were

measured for shell length. Replicate (n = 3) 1 mL samples

were taken, and the number of larvae per sample was

enumerated every second day to give the mean stocking

density per culture container.

RESULTS

A schedule of the main embryonic events is given in Table

1 with corresponding photomicrographs given in Figure

1. The mean diameter of the eggs prior to fertilization was
58.5 ± 0.32 (SE) jum. Germinal vesicle breakdown within

the eggs was first observed 8 minutes after fertilization.

The majority of the fertilized eggs had vesicle breakdown

10 minutes after fertilization. Hereafter, all of the times

given are post-fertilization (t = minutes), and the term

"majority" refers to the fact that > 50% of the larvae

displayed the described characteristic. First polar body

formation occurred at 22 minutes with the majority of

Table 1

Embryonic development event times of Spisula solidissima

similis cultured in 25 ppt and 20-22°C seawater.

First > 50%
occurrence occurrence

Stage description time time

Fertilization

Germinal vesicle breakdown 8 min 10 min
First polar body 22 min 26 min
First division 26 min 41 min
Second division 75 min 89 min
Third division 96 min 115 min
Ciliated blastula 5.5 hr 6 hr

Gastrula 8 hr 8.7 hr

Early trochophores 15.1 hr 15.1 hr

Trochophores 16.4 hr 16.8 hr

Veliger 28.5 hr 39.2 hr

Rudimentary foot 7 days

Probing foot 7.5 days
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Figure 2

Growth of Spisula solidissima similn larvae and juveniles in ;um ± one standard error (SE) from egg to day 12. a)

Eggs; b) Trochophores; c) D-Shaped larvae; and d) Foot-Probing first exhibited.

individuals displaying polar body formation at 26 minutes.

The majority of the larvae displayed first cleavage, second

cleavage, and third cleavage at 41 minutes, 89 minutes,

and 115 minutes, respectively. Free-swimming blastula

Table 2

Mean egg diameter in /um and egg size range of various

species of Spisula.

Mean
egg

diam- Range
Species eter in ^im Reference

Spisula sachalinensis 70-75 Imai et al., 1953

S. s. solidissima 56.5 Loosanoff & Davis,

1963

S. s. solidissima 53 Schechter, 1941

S. s. solidissima 56 Allen, 1853

S. s. solidissima 53-56 Costello et al.,

1957

S. s. solidissima 58.3 50-69 Walker, unreported

data

S. s. similis 58.5 44-78 This study

Spisula sublruncata 50-55 Jorgensen, 1946

larvae were observed at 6 hours, and first invagination of

the archenteron occurred at 8 hours, with the majority

displaying gastrula characteristics (multicellular, actively

motile with rudimentary gut formation) at 8.7 hours. The
first early trochophores were observed at 15.1 hours. The
majority of the larvae were trochophores at 16.1 hours. At

this stage, the larvae had a mean size of 76.8 ± 0.1 1 (SE)

;um. Straight-hinged larvae were first observed at 28.5

hours with the majority D-shaped at 39.3 hours. A ru-

dimentary foot was observed at 7 days, when the clams

had a mean size of 107.3 ± 3.62 (SE) nm. A partially

developed foot was observed probing (extending beyond

the margin of the shell) at 7.5 days. The larvae continued

as motile pediveligers until 12 days after fertilization. Dur-

ing this time, the larvae were primarily observed as swim-

mers. Some larvae exhibited foot-probing behavior on the

surface of the slide, i.e., moving about with the aid of foot

extension and velar activity. However, at 13 days, heavy

mortality of the larvae was experienced due to contami-

nation within the culture vessels by protozoans, probably

brought in with food. The experiment was then termi-

nated. Growth of the larvae through the 12 days of the

study is recorded in Figure 2. Larval densities in the rear-

ing containers ranged from mean values of 53, 47, 46, 33,

and 26 larvae per mL on days 1,3,5, 7, and 9, respectively.
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Table 3

Embryonic and larval development event times of various Spisula species.

Stage S. sachalinensis S. s. solidissima 5. s. solidissima S. s. solidissima ^. i-. similis

description Imai et al., 1983 Allen, 1953 Ropes, 1980 Schechter, 1941 This study

Fertilization

First polar body 40-50 min 29 min 30 min 26 min

First division 1.5 hr 74 min 65 min 41 min

Second division 2.5 hr 99 min 90 min 95 min 89 min

Third division 3.5 hr 110 min 115 min

Ciliated blastula < 1 day 5 days 6 hr

Gastrula 12 hr 5.25 hr 8.7 hr

Trochophores 21 hr 9 hr 16.8 hr

Straight-hinge stage 40 hr 19-20 hr 39.2 hr

Pediveliger 18-21 days > 8 days

DISCUSSION

The embryonic development of the southern surf clam,

Spisula solidissima similis, is similar to that for Spisula so-

lidissima solidissima and Spisula sachalinensis. The mean
oocyte diameter for S. s. similis from this study w^as 58.5

± 0.32 ^m and did not differ significantly {P = 0.5260)

in size from eggs spawned by 6". s. solidissima (x = 58.3 ±
0.13 iiu\) cultured over winter in Georgia and induced to

spawn via serotonin on the same day as S. s. similis in this

study (Table 2). In addition, S. s. similis oocyte diameter

was slightly larger than oocyte measurements reported for

S. s. solidissima by Allen (1953), Loosanoff & Davis (1963),

and Costello et al. (1957), but larger than that reported

by Schechter (1941) (Table 2). Spisula s. similis oocyte

diameters were larger than that reported for 6". subtruncata

(da Costa, 1778) (Jorgensen, 1946), but smaller than that

for iS. sachalinensis (Table 2).

Spisula solidissima similis embryonic development seems

to occur at a comparable rate to that of S. s. solidissima

through the third division, but seems to move at a slower

rate for the gastrula through straight-hinge stages (Table

3). Yet it is unclear if the embryonic development times

of Allen (1953), Schechter (1941), Ropes (1980), or Imai

et al. (1983) are times at first occurrence or 50% occur-

rence. If they are first occurrence times, then S. s. similis

embryonic development times from egg through third di-

vision proceeded at a slightly faster rate (Table 1) than

that of S. s. solidissima (Table 3). Spisula s. similis appears

to go through embryonic development up to the straight-

hinge stage at a faster rate than 5. sachalinensis (Table 3),

while both attain the straight-hinge stage at approximately

40 hours, roughly twice the time described for S. s. soli-

dissima by Ropes (1980). As pointed out by Costello et al.

(1957) and Loosanoff & Davis (1963), culture tempera-

tures play an important role in developmental times for

marine bivalve larvae. Spisula s. solidissima attained ciliated

blastula stage in < 24 hours when cultured at 21°C (Allen,

1953), but required 5 days to attain this stage when cul-

tured at 25°C (Schechter, 1941). When cultured at 14°C,

the straight-hinge stage for S. s. solidissima was attained

in 72 hours, while at 22°C the stage was reached in 28

hours (Loosanoff & Davis, 1963). In a parallel study, S.

s. similis larval development was faster at 25°C than at

20°C (Walker et al., in press).

Unfortunately, the pediveliger stage and size were not

described for S. sachalinensis (Imai et al., 1983) or for S.

s. similis in this study. For S. s. similis, 50% of animals

were pediveligers at 107.3 jum in 7 days, whereas for S. s.

solidissima a foot was observed in animals as small as 160

nm, with 80% of 215 Mm and 100% of 240 ^m animals

possessing a foot (Loosanoff & Davis, 1963). Spisula s.

solidissima metamorphoses at 280 jum in size and at 18 to

21 days (Costello et al., 1957). Loosanoff & Davis (1963)

stated that S. s. solidissima metamorphoses at a size between

230 and 250 Mm; while Chanley & Andrews (1971) re-

ported that S. s. solidissima metamorphoses at 220-275 Mm.
Imai et al. (1983) stated 270 Mm as the size that S. sach-

alinensis metamorphoses. In this study, S. s. similis had

attained 50% pediveliger stage by day 7.5 with larvae at

a mean size of 107.3 Mm (Figure 2). Thus it appears that

S. s. similis were close to setting before the cultures died

at day 13 and that S. s. similis may metamorphose earlier

and at a smaller size than S. s. solidissima. In previous and

subsequent studies, 5. s. similis was estimated to have meta-

morphosed between 18 to 19 days (Walker et al., 1995).
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Abstract. A very small, localized, authigenic carbonate deposit within the lower part of the middle

and early late Eocene Humptulips Formation in Grays Harbor County, Washington, preserves a

molluscan fauna that is unique among recognized ancient chemosynthetic assemblages because the

dominant faunal member is a large loxonematoidean gastropod, Abyssochrysos raui, sp. nov. The as-

sociated megafauna includes an unidentified neritiform gastropod, modiolid, thyasirid, and lucinid

bivalves, numerous specimens of the bivalve Vesicomya sp., worm tubes, and crustacean fragments.

This is the first record of the genus Abyssochrysos from the northeastern Pacific Ocean, the oldest

record for the genus, and the first report of Abyssochrysos from a chemosynthetic environment.

INTRODUCTION

The gastropod superfamily Loxonematoidea Koken, 1889,

has a diverse pre-Cretaceous fossil record worldwide (Hoare

& Sturgeon, 1985), but is almost unknown in Tertiary

rocks. The Loxonematoidea contains only two surviving

families; the Provannidae Waren & Ponder, 1991, and the

Abyssochrysidae Tomlin, 1927. The Provannidae pres-

ently includes four genera (Waren & Bouchet, 1993), and

almost all are exclusively from hydrothermal vents or cold

seeps. The only fossil record for the Provannidae is Pro-

vanna antiqua Squires, 1995, from late Eocene and Oli-

gocene cold-seep deposits in Washington State (Goedert

& Campbell, 1995; Squires, 1995).

The Abyssochrysidae includes five living species, and

all are rare; Abyssochrysos bicinctum Bouchet, 1991, from

the Makassar Strait, Indonesia; A. brasilianum Bouchet,

1991, from the continental slope, southeastern Brazil; A.

eburneum (Locard, 1897), from off of northwestern Africa;

A. melanioides Tomlin, 1927, from bathyal depths off South

Africa (Houbrick, 1979) and southeast Asia (Bouchet,

1991); and A. melvilli (Schepman, 1909) from bathyal

depths in the Indo-West-Pacific (Figure 1). The only pre-

vious fossil record for the genus Abyssochrysos was from

early Miocene strata at Suva, Fiji, where fossils of A.

melvilli have been found (Ladd, 1977; Houbrick, 1979).

Little is known about the ecology of Abyssochrysos, and

Abyssochrysos has not been reported previously from che-

mosynthetic environments.

A fossil molluscan assemblage preserved in an authi-

genic carbonate deposit within the Humptulips Formation

in western Washington was first described by Goedert &
Squires (1990). We have discovered another previously

unrecognized paleocommunity within a cold-seep carbon-

ate (CSUN loc. 1 583) in the lower part of the Humptulips

Formation (Figure 2), and the purpose of this paper is to
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Abyssochrysos rau/ sp\nov

A Miocene

. bicinctum

^^_ A. mel villi

Abyssochrysos melanioides ^^ J7

A.melanioides

Abyssochrysos melvilli

i.
Figure 1

World map showing distribution of living and fossil Abyssochrysos species.

describe a new species of the gastropod Abyssochrysos from

this assemblage.

Acronyms used for locaUty and specimen numbers are:

CSUN, California State University, Northridge, Califor-

500 meters

^a<STUDY
AREA

U.S.A.

Figure 2

Maps showing location of study area and location of cold-seep

carbonate deposits (7 = CSUN loc. 1583; 2 = LACMIP 12385)

along the east fork of the Humptulips River, Grays Harbor
County, Washington (base maps: Burnt Hill & Railroad Camp,
USGS 7.5 minute quadrangles, Prov. Editions 1990).

nia; and LACMIP, Natural History Museum of Los An-

geles County, Invertebrate Paleontology Section, Los An-
geles, California.

Geology

Exposures of sihstone, mudstone, and sandstone along

the east fork of the Humptulips River in the study area

were selected by Rau (1984, 1986) as the type section for

the HumptuHps Formation. The contact between the

Humptulips Formation and the underlying early to middle

Eocene Crescent Formation is a thrust fault (Rau, 1986),

and in the study area, the formation is unconformably

overlain by Pleistocene? gravels and younger fluvial de-

posits. The stratigraphy of this part of the Humptulips

Formation is complicated by faults and limited exposures

(Rau, 1984, 1986), and because of the nearly vertical at-

titude of the rocks, there is uncertainty regarding the su-

perpositional relationships of some beds (W. W. Rau, writ-

ten communication).

Age and Depositional Environment

Benthic Foraminifera are well represented in most sam-

ples from the Humptulips Formation, and they represent

the Narizian Stage (middle and early late Eocene) and

indicate bathyal depths, between 150 and 2500 meters
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(Rau, 1984, 1986). Foraminifera in three samples (Rau,

1986:samples S-1011, S-1022, S-1021) from strata near

CSUN loc. 1583 are characteristic of the middle Eocene

part of the Narizian Stage as applied by Rau (1981) and

clearly indicate bathyal conditions, perhaps within a lower

middle bathyal range of 1500 to 2000 m (W. W. Rau,

written communication).

Cold-Seep Carbonates

Rau (1984, 1986) reported that the type section of the

Humptulips Formation included at least one thick "cal-

careous zone" (= LACMIP loc. 12385), and this limestone

had earlier been described by Hodge (1938) and Danner

(1966), but these authors did not recognize that it contained

a diverse megainvertebrate assemblage. This calcareous

zone was recently recognized as being an ancient cold-seep

deposit (Goedert & Squires, 1990; Squires & Goedert,

1991), and the invertebrate assemblage was interpreted as

having been supported by chemosynthesis via the bacterial

oxidation of methane at a cold seep. This interpretation

was later corroborated by Campbell & Bottjer (1993).

Detailed petrographic and isotopic studies of these car-

bonates are not yet published, and are beyond the scope

of this paper.

Lithologically, the carbonates at LACMIP loc. 12385

and CSUN loc. 1583 are broadly similar to each other,

and they are similar to other recognized ancient cold-seep

carbonates. At LACMIP loc. 12385, the carbonate is fos-

siliferous micrite in places; some parts of the outcrop are

composed of fossiliferous carbonate breccia, and others are

wavy, laminated, carbonate crusts. The entire outcrop at

LACMIP loc. 12385 is more than 30 m thick (Danner,

1966; Rau, 1986).

At CSUN loc. 1583, the carbonate outcrop is only 2 m
long and 1 m wide. The carbonate mound was about 1 m
high, but the maximum thickness is unknown because the

carbonate is completely surrounded by gravels in the river-

bed. We excavated to a depth of 0.5 m (below water level)

without finding the carbonate/siltstone contact, and there-

fore its stratigraphic location is uncertain. Most of the

carbonate is highly indurated fossiliferous micrite, but it

grades outward(?) into a breccia composed of small (<3

cm) subrounded fragments of indurated micrite within a

siltstone matrix. Wavy, laminated carbonate crusts, com-

mon at LACMIP loc. 12385, are only very weakly de-

veloped at CSUN loc. 1583. Gastropods and closed-valved

bivalves are randomly oriented and are most common in

the indurated carbonate; crustacean fragments are most

abundant in the breccia. The gastropods are difficult to

extract from the indurated carbonate, and preservation of

the shell is generally poor; however, external molds do

preserve surface sculptural detail. This carbonate pre-

serves a fauna that is distinct from that in carbonate at

LACMIP loc. 12385 (Table 1); therefore, it is not an

allochthonous block derived from the carbonate deposit at

LACMIP loc. 12385.

Table 1

Faunal checklist for authigenic cold-seep carbonates with-

in the lower part of the Humptulips Formation, east fork

of the Humptulips River, Grays Harbor County, Wash-
ington. Data for LACMIP loc. 12385 is from Goedert &
Squires (1990) and Squires & Goedert (1991, 1995).

LAC-
MIP CSUN
loc. loc.

Fauna 12385 1583

Bivalvia:

Acharax sp. X X
Calyptogena (Calyptogena) chinookensis,

Squires & Goedert X —
Modiolus (Modiolus) willapaensis. Squires &

Goedert X X
Thyasira {Conchocele) folgen, Wagner &

Schilling X X
Vesicomya sp. — X
lucinid (new genus?) — X

Gastropoda:

Abyssochrysos raui, sp. nov. — X
Homalopoma? sp. X —
limpets X —
naticid X —
neritiform gastropod — X

Other:

Leptochiton (Leptochiton) alveolus (Loven) X —
serpulid worm tubes X —
vestimentiferan? worm tubes X X
"Callianassa" sp. (crustacean) X X

Megapaleontology

Throughout this part of the Humptulips Formation,

megafossils are extremely rare except in the authigenic

cold-seep carbonates. The only megafossils found in the

nearly barren strata were two unidentified shark teeth,

some crinoid stem fragments, some poorly preserved spec-

imens of a raninid crab, and a few wood fragments.

The carbonate deposits in the Humptulips Formation

contain fossil invertebrate assemblages (Table 1) with large

numbers of individuals and low taxonomic diversity, char-

acteristic of those found in other modern and ancient che-

mosynthetic environments. All of the bivalve genera re-

ported herein are either present in other ancient cold-seep

assemblages, or have species represented in modern seep

and vent communities. The bivalve Vesicomya sp. has been

reported from one other seep deposit of Oligocene age in

Washington (Goedert & Campbell, 1995), and a species

of Vesicomya was reported from a probable cold-seep de-

posit in late Eocene rocks of the Wagonwheel Mountain
area in central California (Squires & Gring, in press). The
lucinid (new genus?) is up to 90 mm long and may be

conspecific with the unidentified lucinid reported by Goe-
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Figures 3-9

^iyijoc/zT-jiOJ^ raui Goederl & Kaler, sp. nov., from CSUN loc. 1583, lower part of the Humptulips Formation,

Grays Harbor County, Washington. Figures 3-5, Holotype, LACMIP 12363; Figure 3, apertural view, xl.6;

Figure 4, latex peel of external mold, x 1.4; Figure 5, abapertural view, x 1.7. Figure 6, Paratype, LACMIP 12364

latex peel of external mold, x2.9. Figure 7, Paratype LACMIP 12365, apertural view, x 1. Figure 8 & 9, Paratype

LACMIP 12366, x 1.6. Figure 9, latex peel of external mold, xl.6. All coated with ammonium chloride.

dert & Campbell (1995) from a cold-seep carbonate on

the northwestern Olympic Peninsula, Washington.

The cold-seep carbonate at CSUN loc. 1583 is unique

faunally in that it preserves the only known Paleogene

chemosynthetic assemblage that is dominated by a single

large gastropod species. This gastropod was up to 90 mm
long, and they are randomly oriented, complete individuals

representing a new species of Abyssochrysos. A chiton was

reported from LACMIP loc. 12385 and several other cold-

seep carbonates in Washington (Squires & Goedert, 1995),

and chitons are associated with modern methane-derived

authigenic carbonates on the continental shelf off the coast

of Oregon (Kulm & Suess, 1990). None of the moUusks

from the Humptulips Formation seep sites show evidence

of predation by other mollusks.

Serpulid and vestimentiferan? worm tubes are common
at LACMIP loc. 12385 (Goedert & Squires, 1990), and

vestimentiferan? tubes were found at CSUN loc. 1583

(Table 1). Tubes of these worms are common in many
modern and ancient chemosynthetic assemblages. The
crustacean ''Callianassa" sp. was found at both LACMIP
loc. 12385 and CSUN loc. 1583, and callianassid frag-

ments were reported from cold-seep carbonate on the north

side of the Olympic Peninsula by Goedert & Campbell

(1995).

SYSTEMATIC PALEONTOLOGY

Superfamily Loxonematoidea Koken, 1889

Family Abyssochrysidae Tomlin, 1927

Genus Abyssochrysos Tomlin, 1927

Type species: Abyssochrysos melanioides Tomlin, 1927, by

monotypy. Recent, off Cape Point, South Africa.

Abyssochrysos raui

Goedert & Kaler, sp. nov.

(Figures 3-9)

Diagnosis: An Abyssochrysos, much larger and less elongate

than any other known species.

Description: Shell large, elongate, turriform, up to 90 mm
long and 2.5 mm thick on inner lip, with up to nine whorls

(as preserved). Whorls inflated, slightly overhanging at

bases; suture impressed; sculpture variable, with both spi-

ral cords and opisthocline axial ribs, prominent spiral cord

intersecting axial ribs near top of each forming small nodes;

two spiral cords cross bases of ribs; on very large specimens

axial ribs less prominent so upper spiral cord is bold; on

last whorls both spiral cords and/or axial ribs lacking or
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faint. Spiral cords more numerous on smaller specimens;

axial ribs can vary in number on the same specimen, most

specimens having about 12 per whorl.

Types: Holotype, LACMIP 12363; Paratypes: LACMIP
12364, 12365, 12366.

Type locality: CSUN loc. 1583.

Material: More than 50 specimens were found; most are

poorly preserved.

Remarks: Abyssochrysos raui sp. nov. is strikingly similar

to A. melanioides (Tomlin, 1927:78-79, figs. 1-3; Barnard,

1963:141-143, fig. 27a-c; Houbrick, 1979:3-10, fig. la-

i; Bouchet, 1991:311, figs. 8, 12-17) in sculptural vari-

ability, but A. raui differs in being less elongate and much
larger, with whorls more inclined.

Abyssochrysos raui differs from A. melvilli (Schepman,

1909:170, pi. 12, fig. 1; Barnard, 1963:143-144, fig. 27f;

Ladd, 1977:15-16, pi. 1, fig. 3, pi. 21, fig. 8; Houbrick,

1979:10-14, figs. 7a-j, 8, 9; Bouchet, 1991: 311, figs. 18-

20) in being much less elongate and much larger, and by

having only one row of nodes on axial ribs, more inflated

whorls, whorls more inclined, with a more elongate ap-

erture.

The shells of Abyssochrysos bicinctum Bouchet, 1991

(Bouchet, 1991:311-312, figs. 21, 22) differ from those of

A. raui by being smaller, more elongate, with slightly

concave whorls ornamented by two prominent noded spiral

cords. Those of A. brasilianum Bouchet, 1991 (Bouchet,

1991:306-310, figs. 1-4, 9-11) are much smaller and more

elongate that those of /I. raui. Abyssochrysos eberneum (Lo-

card, 1897:389-390, pi. 19, figs. 7, 8; Bouchet, 1991:310-

311, figs. 5-7) differs from A. raui in having a smaller,

more elongate shell, with large nodes only on the basal

part of each whorl.

The smallest available specimen of Abyssochrysos raui

(LACMIP 12364; Figure 6) is 14 mm long, and its upper

spire appears to have a smooth protoconch of about 1.5

whorls. The upper spire of some large specimens of Abys-

sochrysos raui is flat-sided and smooth, possibly corroded

during life. The shells of gastropods from chemosynthetic

environments are commonly corroded (Waren & Bouchet,

1993:81).

Etymology: The species is named for Weldon W. Rau in

recognition of his pioneering work on the Foraminiferal

biostratigraphy of Tertiary marine rocks in the Pacific

Northwest.

DISCUSSION

Abyssochrysos raui from the middle to early late Eocene

Humptulips Formation in Washington is the oldest record

for the genus, the first report of Abyssochrysos from the

northeastern Pacific Ocean, and the first report of Abys-

sochrysos from a chemosynthetic environment. The earliest

and first fossil records for the related genus Provanna are

also from Eocene and Oligocene cold-seep deposits in west-

ern Washington (Goedert & Campbell, 1995; Squires,

1995).

Houbrick (1979) recognized that the Abyssochrysidae

represented a relict family of the superfamily Loxone-

maloidea, thought to have been extinct since the end of the

Jurassic. Subsequently, Waren & Ponder (1991) have

classified the Provannidae as a relict family of the Loxo-

nematoidea as well. Some other invertebrates found at

modern hydrothermal vents and cold seeps are also relict

taxa having Paleozoic and Mesozoic ancestors (Newman,

1985). These taxa may have survived mass extinction events

by using deep-water vent and seep environments as refugia,

functioning independent of global climatic changes (Ya-

maguchi & Newman, 1990; Tunnicliffe, 1992). This idea

seems to be reinforced by the discovery of Abyssochrysos

and Provanna in Eocene cold-seep deposits in Washington,

the only Paleogene record of the once widespread and

diverse Loxonematoidea. The convergent margin of west-

ern North America, with a record of deep-water, cold-

seep environments from Jurassic to Recent time (Campbell

& Bottjer, 1993), may have provided refuge for many of

these ancient groups.
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LOCALITIES CITED

CSUN 1583. Small (1 m x 1 m x 2 m) limestone deposit

exposed on east side of east fork of the Humptulips

River, 600 m south and 110 m west of NE corner of

sec. 5, T. 20 N, R. 9 W, Burnt Hill USGS 7.5 minute

quadrangle. Provisional Edition 1990, Grays Harbor

County, Washington. Humptulips- Formation. Age:

Middle Eocene. Collectors: J. L. & G. H. Goedert, K.

L. Kaler, July and August 1994.

LACMIP 12385. Small hill in abandoned meander of the

east fork of the Humptulips River, northwest part of

sec. 4, T. 20 N, R. 9 W, Burnt Hill USGS 7.5 minute

quadrangle. Provisional Edition 1990, Grays Harbor
County, Washington. Humptulips Formation. Age:

Middle Eocene. Collectors: J. L. & G. H. Goedert,

1990.
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Abstract. Fissidentalium erosum sp. nov. is described morphometrically from specimens collected

from deep water off California. It is distinguished from F. megathyris primarily on the basis of soft-

body-part proportions and radular characteristics. Shell differences are slight; the ventral aperture of

F. erosum is approximately circular, whereas in F. megathyris the aperture is distinctly wider than

high. The posterior portion of Fissidentalium erosum shells is often eroded, in contrast to the uneroded

condition of most F. megathyris shells collected at the same station.

INTRODUCTION

During an examination of 38 scaphopod specimens col-

lected from one station and tentatively identified as Fis-

sidentalium megathyris Dall, 1890, 19 were noted to have

a series of slight, but consistent differences from the other

"typical" F. megathyris. In addition to minor differences

in the shell, these specimens had evident and statistically

significant differences in many soft body parts and radular

characteristics.

Fissidentalium megathyris was originally described from

specimens collected near the Galapagos Islands from depths

greater than 1000 m (Dall 1890). Subsequent collections

have generally confirmed that this species is characteris-

tically collected at depths from about 1000 to 2500 m
(Pilsbry & Sharp 1897). Fissidentalium megathyris is a

large scaphopod, probably the largest in waters adjacent

to North America. Large animals are relatively uncommon
in collections, and unlikely to be examined as quantita-

tively as were the ones in our samples.

The first of the two groups found in this study closely

matched the description of F. megathyris. The shells of the

second group were consistently highly eroded and often

' Present address: School of Biological Sciences, The University

of Sydney, N.S.W. 2006, Australia

Stained with a tightly adherent black material which made

those shells visually distinct from the uneroded, "typical"

F. megathyris. These differences indicate that the two groups

of specimens likely occupy two distinct habitats, with dif-

fering sediment chemical characteristics. Given that the

two groups have consistent differences of shape, and in

radular and soft-body-part proportions, and given that

they likely occupy two chemically distinctive habitats, we
think that both groups warrant species status and name
the second taxon Fissidentalium erosum, herein.

Sea anemones (of a currently undescribed species; D.

Fautin, personal communication) were found on some of

the F. megathyris shells, but never on F. erosum shells. It

is possible that F. erosum, may live deeply buried in the

sediment, whereas F. megathyris may live very near the

sediment surface. This relationship with the sea anemone
appears to be opportunistic rather than species-specific;

specimens of another deep-water scaphopod from south-

central California are also found carrying sea anemones

that appear to be the same species (Shimek, in prepara-

tion).

MATERIALS and METHODS
Specimens examined for both descriptive and comparative

purposes came from the collections of the Moss Landing
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Table 1

Specimens examined. For museum lots with more than one specimen, we designated the specimens. For the Moss Landing

Marine Laboratories (MLML) specimens, the designations were FM1-FM22 and NS1-NS19. For all other specimens,

the designations were alphabetic, in order, starting with A in each new lot number. Type specimens are noted, but these

data were taken from specimen label information. Station data for FM20-FM22 from Nybakken, et al., 1992.

Specimen

Species Designation Lot Collection N Comments

A. Fissidentahum megathyr

B. Fissidentahum erosum

FM1-FM15

FM16-FM19

FM20-FM22

P3

M4

LIIT14

MLML

MLML

MLML

15

A-B 085479

87558

CAS
USNM

2

1

594262 USNM 1

A-J 265901 USNM 10

A-R 95851 USNM 18

A-W 266823 USNM 23

NSl-NS19 P3 MLML 19

Station P3, Collected with: Beam
Trawl. 37°03,27'N, 123°26.30'W

(on bottom) to 37°03.97'N,

123°25.26'W (off bottom). 29

February 1992. Depth = 3090-

3300 m.

Station M4, Collected with: Beam
Trawl. 36°20.30'N, 122''36.44'W

(on bottom) to 36°19.77'N,

122°35.71'W (off bottom). 1

March 1992. Depth = 2630-

2790 m.

Station LIIT14, Collected with:

Beam Trawl. 37°35.0'N,

123°30.1'N (on bottom) to

37°35.0'N, 123°28.8'N (off bot-

tom). 30 July 1991. Depth =

3015-2690 m.

Off Santa Barbara.

Station 2789; 1342 fm. (2446 m),

Off Chiloe Is.

Station 2807; 812 fm. (1496 m)
"Lectotype".

Station 5673; 1090 fm. (1195 m),

31°26'N, 117°42'W.

Station 2807; Specimen A = "Fig-

ure Type".

Station 5693; 868 fm. (1588 m).

S.W. of San Diego.

Station P3, Pioneer Canyon, 3090-

3300 m. (See above.)

Marine Laboratories (MLML). Additional specimens of

nominal F. megathyns, for comparative purposes, were

loaned from the California Academy of Sciences, San Fran-

cisco (CAS) and the National Museum of Natural History,

Washington (USNM) (Table 1). Type specimens desig-

nated in this paper were deposited in the Los Angeles

County Natural History Museum (LACM); United States

Natural History Museum; and the British Natural His-

tory Museum (BMNH).

Shell Measurements and Morphometries

Shell measurements were made following Shimek (1989),

with the following changes (Figure 1). Shimek's (1989)

measurement of Aperture Width is actually a measure of

Aperture Height. The measure of Aperture Height in this

study is the same as that measure designated Aperture

Width in the earlier study (Shimek 1989). Aperture Width

in this study refers to the maximum apertural distance

between the two lateral sides of the shell.

For the shell description, we used an approach of quan-

titative shell morphometric analyses based on the mathe-

matical properties of shell shape (Raup 1966). The mor-

phometric analyses ideally require "perfect" undamaged

shells. Such shells are rare, and to increase statistical re-

liability, we found it necessary to examine and measure

shells with minor fractures, apertural lip breaks, and apical

fractures. We tried to be as conservative as possible in the

use of these shells, but their use undoubtedly increased

variance in the analyses. For detailed derivations of the

indices and measurements, see Shimek (1989).

Only 14 of the F. erosum specimens had intact shells

which were used for shell comparisons. Most of the mu-
seum specimens were from distant localities; for example,

the type locality for F. megathyris is the Galapagos Islands

(Dall 1890). Given that scaphopods develop from demersal
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LTot

ApH

Figure 1.

Shell measurements of all specimens; all orientations labeled anatomically, i.e., the foot is ventral. Abbreviations:

ApH = interior height of the ventral aperture, measured perpendicular to the anteriormost shell surface; arc =

maximum perpendicular distance from a line connecting the anteriormost margin of the dorsal aperture to the

anteriormost margin of the ventral aperture; Larc = distance from the anteriormost margin of the dorsal aperture

to the point where measurement "arc" was taken; LTot = total length, from anteriormost margin of the dorsal

aperture to the anteriormost margin of the ventral aperture. Measurement ApW (not shown) is taken perpendicular

to measurement ApH across the widest part of the ventral aperture.

larvae, with short planktonic periods (Shimek & Steiner,

in press), we thought local and distant populations of in-

dividuals assigned to F. megathyns might have different

characteristics. Consequently, where possible, data from

F. erosum were compared to the data from the total F.

megathyris data set and to those data obtained from the

nearby California populations.

Fissidentalium megathyns was described from Galapagos

Island specimens. We did a discriminant analysis classi-

fication for the factor of collection location to verify that

the Californian F. megathyns specimens we used for com-

parisons were indistinguishable from the Galapagos type

specimens. This analysis was based on the data variables

of total length (LTot), length to maximum arc (Larc),

aperture width (ApW), and aperture height (ApH). For

this analysis we used the 56 California F. megathyns spec-

imens from the Moss Landing Marine Laboratories col-

lection (Lots P3, M4, and LIIT14), the United States

National Museum collection (Lots 265901, 266823), and

the California Academy of Sciences (Lot 085479) (Table

1). One specimen from the Moss Landing Marine Lab-

oratories collection could not be measured because of shell

fractures. These California specimens were compared with

the two specimens collected from the Galapagos with label

designations as the "lectotype" and the "figured type"

(from USNM lots 594262 and 95851 respectively). Al-

though the two Galapagos specimens were, on the average,

larger than the California specimens, the calculated x^

probability that these specimens could be drawn from the

same population was 0.14. Consequently, the specimens

from California designated as F. megathyns could not be

statistically distinguished, with an a probability of < 0.05,

from those specimens designated as the F. megathyns lec-

totype or figured type.

Soft-Body-Part Measurements

Soft-body-part proportions were measured from fixed

material, which has been shown to provide reliable quan-

titative data (Figure 2A) (Voight, 1991). Three basic soft-

body-part components were measured. The first was the

bucco-pedal region, for brevity referred to here as the

buccal region, measured ventrally from the so-called per-

iostracal groove on the outside of the mantle surrounding

the ventral aperture to the groove separating this ventral

component from the remaining soft body parts. This groove

is formed in the region of the bifurcation of the mantle

sinus and may be a fixation artifact (Steiner, personal

communication). Nevertheless, it was a consistent land-

mark. The second was the gut region, measured ventrally

from the groove separating the gut area from the buccal

region to the position of the anus. The third was the go-

nadal region. This was measured ventrally from the anus

to the mantle attachment ring on the mantle surrounding

the dorsal aperture, and dorsally from the most posterior

margin of the stomach to the mantle attachment ring sur-

rounding the dorsal aperture.

Radular Morphometries

Whole radulae were dissected from preserved animals,

and teeth separated prior to measuring. The following
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measurements were taken: rachidian tooth width (RW)
and length (RL); lateral tooth height (LH) and width

(LW); and marginal tooth height (MH) and three width

measurements, upper (MUW), middle (MMW), and low-

er (MLW) (Figures 3, 4, 5). All measurements were made

using an image analysis system (Image 1.2 for Macintosh)

through an Olympus SZ40 dissecting microscope.

Five animals of each type and six rows/animal (one

tooth of each type/row) were measured for 30 measure-

ments/axis/type. All measurements were compared using

the Mann-Whitney U test.

Scanning Electron Microscopy

Measurements were made from whole radulae and in-

dividual teeth which were hand-cleaned with forceps and

water, cleaned of tissue residue in 5% sodium hypochlorite,

and ultrasonically treated. They were then dehydrated to

100 percent ethanol, air dried, mounted with silver paint

on aluminum stubs, and gold plated. Micrographs were

taken with an ISI SX 30 Scanning Electron Microscope

(SEM) at 14 KeV. Additional samples for subsequent

examination were examined with a JEOL JCS-100 at 20

KeV.

Shell Microstructure

Shells were either hand-broken or cut with a Buehler

Isomet (diamond blade) saw in cross section and longi-

tudinally. Some shells were etched in a 5% sodium hy-

pochlorite solution to allow for more distinct diflferentiation

of the various layers. All shells were viewed with an SEM
with preparations as indicated above. Surveys of shell edg-

es, inside, and outside surfaces were conducted. Due to

shell erosion, numerous shells and locations had to be

examined to describe the number and type of layers.

Statistics

The means and standard errors of the measurements or

the derived indices were computed, except for the whorl

expansion rate (Ws). The whorl expansion rate is a log-

arithmic function, and calculations of this index are sen-

sitive to small changes of shape. We used the mean of the

natural logarithm of this index for comparative purposes.

The mean of a logarithmically transformed numerical ar-

ray is the median of the untransformed array. The median

is a better indicator of the central tendency of that array

than the mean, as it is less sensitive to extreme values

(Sokal & Rohlf, 1981). The mean Ws is also given for

comparative purposes.

The morphometric factors and indices were compared

between and within populations by using standard statis-

tical graphics software (Manugistics, 1992). When small

samples were compared or when the assumptions inherent

in parametric tests could not be met, distribution-free or

non-parametric tests (such as the Mann-Whitney U) were

used, even though they were less powerful. The data were

examined between the species with regard to homogeneity

of variance using Cochran's and Bartlett's tests. Similarly,

all data were tested with a Kolomogorov test for their fit

to a normal distribution. Parametric tests, such as Analysis

of Variance, were only used when the inherent assump-

tions of normality and homogeneity of variance could be

met (Zar, 1984).

With the exception of the whorl expansion rate, all of

the data sets showed non-significant differences in variance

and were not significantly different from a normal distri-

bution. Because the conditions of normality and homo-

geneity of variance could be met, the data were examined

using a one-way Analysis of Variance for each of the

measured factors. The proportional data were arc-sin

transformed prior to these analyses.

We used five basic measurements and nine calculated

values to describe the shell (Tables 2, 3). Throughout this

study, statistical significance was defined as P = a < 0.05.

Tabular Data Appendix

The numerous morphometric comparisons and statis-

tical procedures used in this study generate large amounts

of tabular data that are necessary for the analyses leading

to the species description. Nonetheless, many of those data

are superfluous to the actual species description, and are

expensive to publish. All of the statistically significant

differences determined from the comparisons are sum-

marized in Table 4. All of the comparisons of differences,

including both statistically significant and insignificant data,

are grouped in the following tables in an electronically

available data appendix.

Appendix Table 1. Summary of meristic factors for

Fissidentalium megathyns and F. erosum.

Figure 2.

Soft body parts and shells of California Fissidentalium erosum Shimek & Moreno, sp. nov. and F. megathyns

collected from MLML Station P3. A. Left: Soft body parts from F. megathyns (Specimen FM-7), Right: Soft body

parts from F. erosum Shimek & Moreno, sp. nov. (Specimen NS-16). Arrowheads indicate measuring points. B
= Bucco-pedal region, G = Gut region, Go = Gonadal region. B. Left: Shell from F. megathyns (Specimen FM-
20), Right: Shell from F. erosum Shimek & Moreno, sp. nov. (Specimen NS-9; LAGM # 2755). Scale bar is in

millimeters.
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Rachidian Length
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Figure 3.

A. Dorsal view of a typical rachidian tooth. Measurements taken were Rachidian Length (RL) and Rachidian

Width (RW). B. Anterior view of a typical lateral tooth. Measurements taken were Lateral Length (LH) and

Lateral Width (LW) of the tooth at the tooth "handle" (See Figure 4A). C. Distal view of a typical marginal tooth.

Measurements taken were Marginal Height (MH), Marginal Upper Width (MUW), Marginal Middle Width
(MMW), and Marginal Lower Width (MLW). MUW and MLW were taken at the curvatures of the teeth.

Appendix Table 2. Results of two factor comparisons

of soft body part length measurements of Fissidental-

lum megathyris and F. erosum using the Mann-Whit-
ney U test.

Appendix Table 3. Results of One-way ANOVAs
testing factor differences by species for F. megathyris

and F. erosum.

Appendix Table 4. Results of two-sample compari-
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Figure 4.

Radula of Fissidentalium erosum Shimek & Moreno, sp. nov.

Specimen NS-3. A. Whole radula. Figures 4B, 5A and 5B are

oblique views from the right side of this preparation. B. Lateral

view of rachidian and heads of lateral teeth.

ST-Sk X a 1 5

Figure 5.

Radula of Fissidentalium erosum Shimek & Moreno, sp. nov.

Specimen NS-3. A. Dorso-lateral (oblique) view of the lateral

teeth. Arrow indicates "tooth handle". B. Dorso-lateral oblique

view of the marginal teeth.

sons made with a Mann-Whitney U test for the mea-
surement indicated.

These data may be useful for other comparative taxonomic

work, and are available electronically by anonymous FTP
from ucmpl.berkeley.edu.

SYSTEMATICS

Class Scaphopoda Bronn, 1862

Order Dentaliida Da Costa, 1776

Family Dentaliidae Gray, 1834

Fissidentalium P. Fischer, 1885

Type species: Dentalium ergasticum P. Fisher, 1882 (des-

ignation by monotypy).

Fissidentalium contains numerous large, deep-water spe-

cies. The shells are robust, and generally possess many
longitudinal ribs or striae. The generic name refers to the

presence of a narrow posterior (on the convex side) slit

proceeding ventrally from the dorsal aperture (Emerson,

1962; Palmer, 1974b; Steiner, 1992). This slit is found in

many Fissidentalium species, but is lacking in a few, notably

F. megathyris. Fissidentalium is easily recognized and wide-

spread; however, most of the species have been described

on the basis of limited collections and are relatively similar

in gross morphology (Pilsbry & Sharp 1897; Palmer 1974a).

Fissidentalium erosum
Shimek & Moreno, sp. nov.

Type Material: Holotype: LACM # 2755 (Figure IB);
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Table 2

Shell measurements taken of F. megathyris and F. erosum. See Figure 1.

Basic measurements

LTot
Larc

ApW
ApH
arc

Derived indices

InLtot

InLarc

InApWl
InApHl
InWmaxl
Lindex

whratio

Apratio

Ws

Total length

Length from the posterior aperture forward to the point of maximum distance to the shell from a chord running

between the dorsal edges of both apertures.

Aperture width

Aperture height

Maximum distance to the shell from a chord running between the dorsal edges of both apertures.

Natural logarithm of (LTot)

Natural logarithm of (Larc)

Natural logarithm of ((ApW) + 1)

Natural logarithm of ((ApH) + 1)

Natural logarithm of ((Wmax) + 1)

Natural logarithm of ((LWmax) + l)/natural logarithm of (LTot)

(ApW)/(ApH)
Natural logarithm of ((ApW) + l)/natural logarithm of ((ApH) + 1)

LTot

V(LTot - Larc)- + (arc)-

Paratypes: LACM # 2756, USNM # 880041, BMNH
# 199405.

Type locality: Station P3 (Moss Landing Marine Lab-

oratories Designation), Pioneer Canyon, off Central Cal-

ifornia. Collected with a beam trawl at 37°03.27'N,

123°26.30'W (trawl on bottom) to 37°03.97'N, 123°25.26'W

(trawl off bottom), on 29 February 1992, at depths ranging

from 3090 m to 3300 m.

Material examined: We examined 19 specimens of Fis-

sidentalium erosum. The same number of F. megathyris

Table 3

Type specimen measurements. Specimen BMNH 199405 had a fractured shell; consequently no shell measurements are

listed. All measurements are in millimeters. Measurements and derivations are described in Table 2 and Figure 1.

Category Holotype Paratype Paratype Paratype Paratype Paratype

Museum LACM USNM LACM USNM BMNH BMNH
Lot Number 2755 880041 2756 880041 199405 199405

A. Shell Measurements

LTot 77.8 72.2 74.2 76.0 62.2

Larc 36.6 28.9 36.1 39.1 28.0

ApW 11.9 11.5 12.7 11.8 11.3

ApH 11.9 11.4 12.5 12.0 11.2

arc 5.1 2.9 6.4 5.4 5.2

B. Derived Indices

InLtot 4.4 4.3 4.3 4.3 4.1

InLarc 3.6 3.4 3.6 3.7 3.3

InApWl 2.6 2.5 2.6 2.5 2.5

InApHl 2.6 2.5 2.6 2.6 2.5

Apratio 1.0 1.0 1.0 1.0 1.0

Ws 167.1 2244.0 50.6 133.1 49.7

whratio 1,0 1.0 1.0 1.0 1.0

C. Soft Body Part Length Measurements

Total soft body parts 38.9 30.0 33.8 35.1 31.2 33.9

Buccal region 12.1 15.4 14.9 17.0 12.0 15.6

Gut region 9.6 4.3 6.1 5.6 8.3 7.8

Gonadal regions

(Ventral) 17.2 10.3 12.8 12.5 10.9 10.5

(Dorsal) 16.7 11.4 15.0 11.7 13.0 14.6
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Table 4

Significantly different characteristics and the test determining their differences. P = probabiUty that the characteristic

values in the F. megathyris and F. erosum are drawn from the same population. * = Proportions were Arc-Sin transformed

prior to the ANOVA.

Characteristic Test

Shell Characteristics

LTot
InLtot

Apratio

ApW/ApH

Soft Body Part Characteristics

Total soft body part length

Total soft body parts length

Gut region length

Gonadal region, dorsal length

Gonadal region, dorsal length

Gonadal region, ventral length

Gonadal region, ventral length

Proportion of Total Soft Body Part Lengths

Buccal region length

Buccal region length

Gonadal region, ventral length

Gonadal region, ventral length

Radular Tooth Characteristics

Rachidian tooth width

Lateral tooth width

Marginal tooth height

Marginal tooth middle width

Marginal tooth lower width

< 0.001

< 0.001

< 0.01

< 0.01

< 0.01

< 0.001

0.05

< 0.01

< 0.001

< 0.01

< 0.001

< 0.01

0.001

< 0.01

< 0.01

0.012

0.036

0.012

0.033

0.020

ANOVA
ANOVA
Mann-Whitney U
Mann-Whitney U

Mann-Whitney U
ANOVA
Mann-Whitney U
Mann-Whitney U
ANOVA
Mann-Whitney U
ANOVA

Mann-Whitney U
ANOVA*
Mann-Whitney U
ANOVA*

Mann-Whitney U
Mann-Whitney U
Mann-Whitney U
Mann-Whitney U
Mann-Whitney U

was also collected from the site. Additional museum lots

of F. megathyris specimens, including the type material,

were examined for comparative purposes (Tables 1, 3).

Etymology: The epithet erosum refers to the shell erosion

that characterizes this species.

Diagnosis: Shell large, over 65 mm long and 13 mm in

ventral aperture diameter, evenly curved, point of maxi-

mum curvature posterior to, but near, shell middle. Outer

shell layers, particularly near the dorsal aperture, eroded.

Shell white, often with adherent black material. Ventral

aperture oblique, slightly wider than high. Preserved, un-

relaxed, soft-body-part mass divisible into the buccal (ven-

tral), gut (middle), and gonadal (dorsal) portions and less

than half total shell length; buccal and gonadal lengths

approximately equal and each about 2/5 of total length.

Detailed description: Specific measurements of the ho-

lotype and paratypes are given in Table 3. Unless other-

wise noted, all measurements in the description are means

± one standard error of all F. erosum specimens and were

taken from Appendix Table 1

.

Shell large, mean total shell length 69.20 ± 1.40 mm,
evenly curved; shell length from dorsal aperture to point

of maximum curvature 31.67 ± 1.17 mm; point of max-
imum arc posterior to, but near, the shell middle (Figure

2B).

Ventral aperture slightly oblique to dorso-ventral axis;

approximately circular; aperture width 11.89 ± 0.15 mm;
aperture height 11.74 ±0.15 mm. Although not signifi-

cantly different, most ventral apertures are wider than

high.

Shell curvature moderate; maximum curvature 4.43 ±
0.33 mm; whorl expansion rate 615 ± 284.

Length of preserved, unrelaxed, soft-body-part mass

31.42 ± 1.10 mm; length of buccal region 14.32 ± 0.57

mm; gut region 6.96 ± 0.39 mm. Ventral gonadal region

length 10.14 ± 0.61 mm; dorsal gonadal region length

12.23 ± 0.49 mm.
Radula of ''Antalis type" (Chistikov 1975); lateral teeth

convex anteriorly and concave posteriorly with sharply

pointed forward projections where bent (Figures 3B and

4A); marginal teeth with wavy contours and three cur-

vatures (Figure 4B), rachidian teeth concave dorsally, with

transverse ridges, and "S"-shaped, allowing the teeth to

fit tightly together (Figure 4B). Rachidian and lateral teeth

movable on radular ribbon; marginal teeth immobile,

imbedded in ribbon.

Radular tooth measurements were from five animals

slightly smaller than sample mean size; aperture width

11.62 ± 0.20 mm., aperture height 11.42 ± 0.15 mm.
Rachidian tooth length 61.00 ± 1.10 ^m, width 100.8 ±
1.28 Mm; lateral tooth height 105.6 ± 1.20 ^m, width 53.2
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Figure 6.

Fissidentalium megathyris. Specimen F from USNM lot 95851,

labeled paratypes, figured types. Scale bar is in millimeters.

± 1.77 |tm; marginal tooth height 118.2 ± 3.84 ^m, top

width 37.8 ± 1.93 ^m, middle width 33.6 ± 1.69 ^m,

lower edge width 35.0 ± 1.38 jum.

Shell with three layers; ribbed outer aprismatic layer,

partially or completely eroded particularly near dorsal

aperture, 20-40 ^im thick; middle prismastic layer, 750

nm thick; inner aprismatic layer, 50 fxxn thick.

Shell white, adherent black material found on some

specimens. Shell dorsal apical end often missing, due to

decollation (Reynolds, 1992) or predation (Shimek, 1990).

Remarks: All of the F. erosum examined were adults,

although a few small F. megathyris shells were examined

during the comparisons. No F. erosum juveniles were col-

lected, probably due to the sampling method. The gender

of all the animals was not determined when the animals

were measured, but an examination of eight haphazardly

selected individuals indicated three males, four females,

and one whose gender was indeterminate due to poor pres-

ervation; consequently the differences between F. erosum

and F. megathyris were not likely due to sexual charac-

teristics. Gametes filled each gonad; the animals gave no

appearance of having recently spawned.

Fissidentalium erosum was externally similar in most

regards to F. megathyris (Figures 2B, 6), and could easily

be confused with it. The major differences were the amount

of erosion, and the dorsoventrally flattened ventral aper-

ture. We attempted to determine if the erosional difference

was due to some structural difference in the shell. No
significant differences were apparent; however, the F. ero-

sum shells were too eroded to draw definitive conclusions.

We compared shell, soft-body-part, and radular meristic

characters to determine if the two morphologies were ac-

tually statistically distinct species. On the basis of shells

alone, these two morphologies were statistically distinct

only as regards the ratios of the ventral aperture width to

aperture height (Table 4, Appendix Table 1), as examined

with the nonparametric tests. Using the Mann-Whitney

U test, both the untransformed and the logarithmically

transformed aperture ratios were different between the two

species; Fissidentalium erosum apertures were significantly

wider for a given height than were the ventral apertures

of F. megathyris (Apratio, Z = —3.536, probability of ratios

being different < 0.01; ApW/ApH, Z = -3.602, prob-

ability of ratios being different < 0.01).

On the basis of gross soft-body-part morphology, the

species were more clearly distinct (Table 4, Appendix

Tables 1, 2, Figure 2). The total soft body part length was

significantly shorter for F. erosum than for F. megathyris.

This difference was largely due to significant differences

in the lengths of the gut and gonadal lobes. The buccal

region was a significantly greater proportion of the total

soft body parts in F. erosum than in F. megathyris, while

the gut and the dorsal measurements of gonadal lobes were

not proportionally different in size. The ventral measure-

ment of the gonadal region was proportionally larger in

F. megathyris than in F. erosum.
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Of the untransformed or transformed shell parameters,

only total length was statistically significantly different

between the two species (Table 4, Appendix Table 3). As

the apertural measurements were not statistically different,

this indicates that F. megathyris is longer for a given ap-

erture measurement than is F. erosum.

The total soft-body-part lengths were significantly dif-

ferent utilizing the one-way analysis of variance. This

significant difference was due primarily to the differences

in the length of the gonadal region, which was larger in

F. megathyris. The dorsal and ventral gonadal region pro-

portions of the soft body part components were statistically

significantly different between the two species, utilizing

this test as well (Table 4, Appendix Table 3).

We interpreted these data to indicate that F. erosum

individuals were "stubbier" than those of F. megathyris,

being shorter for a given width. This subtle truncation in

length was reflected in the soft body part anatomy, where

the gonadal component of the soft body parts was confined

in a smaller space in F. erosum. The middle or gut region,

which contained the radula and radular musculature, was

not different between the two species, possibly indicating

a similar food.

Examination of radular characteristics from paired an-

imals showed significant differences as well. These data

were too few to be sure that the assumptions for an analysis

of variance could be met, so the comparisons were made
utilizing the non-parametric Mann-Whitney U test. The
animals were chosen to provide as close a match as we
could get between the paired animals. The aperture widths

were not significantly different. As expected however, the

aperture heights were significantly different (Table 4, Ap-

pendix Table 4). The rachidian and lateral teeth were

significantly wider in F. megathyris than in F. erosum,

although the heights were not significantly different. Most
of the marginal tooth measurements were significantly dif-

ferent between the two species; only the upper marginal

tooth width was not significantly different. In all signifi-

cantly diff^erent cases, the F. megathyris radular teeth were

larger or more robust.

The significant differences between these two mor-

phologies were related to both relative and proportional

differences in size, and were reflected in both internal and

some external meristic factors (Table 4). Additionally, there

were radular differences, possibly reflecting differences in

either prey eaten, or the method of eating it. Finally some

of the more qualitative shell morphological differences,

such as the amount of shell erosion, may indicate differ-

ential habitat utilizations. Because of all of these differ-

ences, we concluded that the two morphologies were from

two distinct species; the larger, more elongate F. mega-

thyris, and the smaller, stubbier F. erosum,.
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Abstract. Prunum prunum, a common marginellid of Venezuelan sandy beaches has a plano-convex

egg capsule that is attached to the substrate by an oval base. An ellipsoidal suture at the middle top of

the egg capsule could act as a preformed escape aperture. A single, large, bright yellow egg develops

within each egg capsule. The egg measures between 0.895 and 1.075 mm in diameter, being the largest

egg recorded for the Marginellidae. Hatching takes place as a crawling juvenile, 55-60 days after

oviposition. The shell length at hatching is 2.7 to 3.0 mm. Differences in protein and carbohydrate

concentrations in the intracapsular fluid between early and pre-hatching stages suggest that, despite the

enormous amount of yolk contained in the egg, the embryo may require extraembryonic food to complete

development.

INTRODUCTION

The spawn of the Marginellidae were first described by

Knudsen (1950) for a number of species from West Africa.

Knudsen described two different types of egg capsules. The
first type is lens-shaped, compressed, and attached to the

substrate by a stalk. The second is plano-convex and at-

tached to the substrate along one flat side. There are very

few references regarding the reproduction of Caribbean

marginellids [Prunum apicinium Menke, by Raeihle (1965),

D'Asaro (1970), and Winner (1983); Hyalina avena Kie-

ner, by Bandel (1976); and Marginella aureocincta Stearns

and Granulina ovuliformis Orbigny, by D'Asaro (1986)].

Coovert (1986) summarized the information on margi-

nellid egg capsules, including several Caribbean species.

Prunum prunum (Gmelin, 1791) is the most common
shallow-water marginellid that inhabits non-calcareous

shallow sandy beaches of Venezuela. In this paper, char-

acteristics of the spawn and development of Prunum prun-

um are described. The protein and carbohydrate concen-

trations of the intracapsular fluid were measured in order

to evaluate the contribution of extraembryonic food re-

sources during development.

MATERIAL and METHODS
Adults and egg capsules of Prunum prunum were collected

from the sandy beaches of Tucacas, Quizandal, and Hig-

uerote-Mercedes Paparo in western and central Venezuela

at depths of 0.5 to 2 m. Egg capsules were found attached

to different hard substrates depending on locality. On Las

Mercedes Paparo beaches, they are laid almost exclusively

on shells of live Tivela mactroides, a very abundant bivalve.

Polychaete tubes and dead shells of bivalves and gastropods

are frequently used as substrates in Tucacas and Quizan-

dal. Part of the adult and egg material was preserved in

6% formalin in seawater, and some was taken alive to the

lab and maintained in aerated seawater at 26°C. The first

spawning observations were made in 1976, but most of
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Figure 1

Prunum prunum (Gmelin, 1791). Dorsal (A) and lateral (B) views

of an egg capsule. (Scale bar = 2 mm).

the work herein presented was carried out between 1981-

1983.

The intracapsular liquid was removed by means of a

25 /xL Hamilton microsyringe. The protein content of the

intracapsular fluid was determined using the method of

Lowry et al. (1951), using bovine serum albumin as a

standard. Carbohydrates were measured using the method

of Dubois et al. (1956); the results are reported as mg/
mL of D-glucose.

RESULTS

In the field, Prunum reproduced throughout the year. In

Las Mercedes-Paparo, there were two periods of maxi-

mum spawning activity, May-June and October-Novem-

ber, which are the beginning and end of the rainy season,

respectively. The warmest water temperature during these

months ranges from 27 to 29°C. In June 1982, 50% of the

live Tivela collected had egg capsules of Prunum attached

to them. In September 1982, this number decreased to

5.4%.

In the laboratory, the egg capsules were deposited on
the aquarium walls, on live and dead Tivela shells, and on
other hard substrates. Observations of animals in aquaria

indicated that oviposition is stimulated when the water

temperature is raised to 27°C. The spawn consisted of

several (2-6) egg capsules which were attached individ-

ually to the substrate; sometimes the egg capsules were
attached very close to one another so that they appeared

to form masses similar to those of small prosobranchs. The

Figure 2

Prunum prunum (Gmelin, 1791). Hatching juvenile. (Scale bar
= 1 mm).

egg capsule (Figure 1) was plano-convex, relatively tall,

and fixed to the substrate by a flattened oval base. The
basal wall extended beyond the capsule walls. Immediately

after oviposition, the wall was soft. Within 3-4 hours it

became harder. The egg capsules (n = 100) measured 3.3-

4.9 mm long, 3.2-4.1 mm wide, and 1.2-2.8 mm tall. An
ellipsoidal suture line 2.1-3.0 mm long (mean 2.7 ± 0.2

mm) and 1.5-2.6 mm wide (mean 1.8 ± 0.2 mm) which

served as a preformed hatching aperture was observed in

about the middle of the capsule.

A single, large, bright yellow egg developed within each

capsule. The egg measured 0.895-1.075 mm in diameter

(n = 142). The egg capsule was filled with a viscous fluid

that was completely translucent at oviposition. The volume

of the egg capsule did not vary during development, but

the viscosity of the intracapsular fluid diminished mark-

edly.

The first division of the zygote occurred 2 hr after de-

position and yielded two equal blastomeres. The second

division occurred after 6 hr, and four blastomeres of the

same size were seen. The gastrula stage was reached in a

few days. By day 10, the embryo had enlarged and showed

signs that torsion had begun. By day 12, the organic matrix

for the future shell began to form. At this stage, the embryo

measured 1.8 mm in length. Growth was very rapid in

this phase; embryos reached a mean shell length of 2.6

mm by day 15, although the embryos varied greatly in size

at each developmental stage. By 40 days after oviposition,

the embryos measured up to 3.0 mm in shell length. From
this point to hatching, external changes were not very

noticeable, except for the pigmentation of the body with

black dots, and shell calcification. The embryo never de-

veloped a velum. Hatching as a crawling juvenile took

place 55-60 days (n = 62) after oviposition (Figure 2).

Field and laboratory observations of the hatching process

indicated that it occurred by the opening of the preformed
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exit aperture and sometimes by the mechanical destruction

of the egg capsule by the embryo. The juvenile shell length

at hatching was 2.7-3.0 mm (mean 2.8 ± 0.1 mm; n =

42).

The volume of intracapsular liquid obtained from the

egg capsules varied between 6 and 1 1 ^h.

The initial total protein concentration of the intracap-

sular fluid varied between 11.6 and 39.8 mg/mL (mean

23.4 ± 6.4 mg/mL; n = 45). At the pre-hatching stage

(55-60 days after oviposition), the total protein concen-

tration decreased to 0.2-5.6 mg/mL (mean 2.7 ± 1.7 mg/

mL, n = 14). Protein concentration began to drop grad-

ually in the period between 15 and 50 days after ovipo-

sition; after this point, it fell dramatically in the few days

prior to hatching.

Carbohydrate concentration in the intracapsular fluid

was 19.7-34.6 mg/mL (mean 32.3 ± 12.2 mg/mL; n =

14) at the initial stage, but in the pre-hatching stage, it

decreased to 1.4-10.2 mg/mL (mean 4.6 ± 1.8 mg/mL;

n = 7). Carbohydrate dropped significantly only in the

final period of development (after 45 days from oviposi-

tion).

DISCUSSION

The egg capsules of Prunum prunum are very similar to

many other marginellids in having a plano-convex shape.

A single egg within each egg capsule seems to be the rule

for all marginellids studied, with a few exceptions. Raeihle

(1965) found two eggs per capsule as a rare case (0.5% of

the egg capsules, the other contained a single egg) in Prun-

um apicinium: Bandel (1976) reported "about" five eggs

per egg capsule in Hyalina avena, and Ponder (1970) re-

ported one or two eggs per capsule in Volvarinella cairoma

Brookes. The egg size of Prunum prunum (0.895 to 1.075

mm) is the largest ever recorded for a marginellid and one

of the largest among prosobranchs. Other recorded egg

diameters are: Marginella aureocincta, 240 microns (D'

Asaro, 1986); Prunum apicinium, 250 microns (Raihle,

1965); Microginella minutissima Tenison-Woods, 300 mi-

crons (Murray, 1970); Granulma ovuliformis, 310 microns

(D'Asaro, 1986); Marginella margmata. Born, 500 microns

(Knudsen, 1950). At hatching, Prunum prunum juveniles

measure between 2.7 and 3.0 mm in shell length. This

size is surpassed only by two West African species: Mar-

ginella cornea Lamarck (7 mm in shell length) and Mar-

ginella goodalli Sowerby (4.5 mm in shell length) (Knud-

sen, 1950).

The observed changes in concentrations of protein and

carbohydrates in the intracapsular fluid between early and

pre-hatching stages in Prunum prunum suggest that despite

the enormous amount of yolk contained within the egg,

extraembryonic food resources could be necessary for de-

velopment. The uptake of nutritional substances by the

embryo has not been demonstrated in marginellids. The
protein concentration of the intracapsular liquid oi Prunum

prunum (11.6 to 39.8 mg/mL) is high, compared with the

initial developmental stage for other prosobranchs [Busy-

con carica Gmelin: 3-4 mg/mL (Harasewych, 1978); Bu-

sycon canaliculatum Linne: 9 mg/mL (Harasewych, 1978);

Nucella lapillus Linne: 7.4 mg/mL (Stockmann-Bosbach

& AlthofT, 1989); Adelomelon brasiliana Lamarck: 20 mg/
mL (de Mahieu et al., 1974)]. Nevertheless, because the

fluid volume contained in the egg capsule is small (6-11

iuL), the total protein contained in the intracapsular fluid

in Prunum prunum is less than that reported for other

species. For instance, de Mahieu et al. (1974) reported a

mean volume of 77 mL per capsule in Adelomelon brasi-

liana, which results in 1.540 g of protein per egg capsule.

With a mean number of embryos per capsule of 22, this

results in 70 mg of protein available per embryo in A.

brasiliana vs. 0.140 to 0.257 mg for the single embryo in

P. prunum. On the other hand, the egg diameter of Ade-

lomelon brasiliana (0.240 mm; Penchaszadeh & de Mahieu,

1 976) is much smaller than that of Prunum prunum (0.895

to 1.075 mm).
When comparing early stages of development of species

without nurse eggs with species with nurse eggs, the pro-

tein concentration values in the intracapsular fluid of the

latter are generally lower [initial stage in Buccinum cy-

aneum Bruguiere: 0.61 mg/mL (Miloslavich & Dufresne,

personal communication); initial stage in Fasciolana tulipa

hollisteri Weisbord: 2.06 mg/mL (Miloslavich & Pen-

chaszadeh, unpublished data); gastrula stage in Nucella

lapillus: lA mg/mL (Stockmann-Bosbach & Althoff,

1989)]. This suggests that the nutritional value of the

intracapsular fluid is generally less important in the em-

bryonic development of species with other extraembryonic

food resources.
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Probable Pupillid Land Snail of

Early Cretaceous (Hauterivian)

Age in Amber from Lebanon
by

Barry Roth,' George O. Poinar, Jr.,^

Aftim Acra,^ and Fadi Acra'*

A terrestrial snail preserved in amber of Early Cretaceous

(Hauterivian) age from southern Lebanon represents the

first known occurrence of the stylommatophoran pulmo-

nate clade Pupilloidea in that time period and is tentatively

assigned to the family Pupillidae Turton, 1831. The spec-

imen was collected from nonmarine beds in an unnamed
formation located near the mountain villages of Jezzine

and Dar Al-Baidhar. At those sites, amber occurs m situ

in Hauterivian strata, while reworked amber of the same

age also occurs in Barremian and Aptian deposits (Schlee

& Dietrich, 1970; Schlee & Glockner, 1978). The age of

the Hauterivian Stage is currently reported to range from

131.8 to 135 Ma (Harland et al., 1990). The amber was

washed and then polished, by rubbing first with wet emery

paper and then with a towel containing cesium oxide. The
piece of amber containing the fossil snail is designated as

JG 260/01 and is deposited in the Acra collection of Leb-

anese amber maintained by Fadi Acra.

Pulmonata Cuvier, 1817

Stylommatophora Schmidt, 1855

Orthurethra Pilsbry, 1900

Pupilloidea Turton, 1831

(?) Pupillidae Turton, 1831

PPupillid sp.

(Figures 1, 2)

Description: Shell convexly conic, approximately 3.2 mm
in diameter and 3. 1 mm in length parallel to axis of coiling,

consisting of approximately 4.7 whorls. Columella appar-

ently hollow. Embryonic whorls about 1.5, smooth, with-

out perceptible sculpture, with glossy luster. Post-embry-

onic whorls moderately convex, profile of successive whorls

becoming more flattened; suture deeply impressed. Whorls
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^ Department of Environmental Science, Policy and Manage-
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' Department of Civil Engineering, American University of
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crossed by slender, threadlike, collabral ribs separated by

fiat interspaces normally about 2-4 times as wide as ribs;

ribs convex-forward to shallowly sinuous, continuing across

base into umbilical region. Periphery subangulate; base

almost fiat.

Remarks: In height/diameter ratio, spire profile, and sub-

angulate periphery defining a relatively fiat base, the spec-

imen resembles the juvenile growth phase ("phase 1" of

Gould, 1984:175, fig. 4) of a cylindrical or elongate-ovate

pulmonate shell. In this phase the shell is roughly trian-

gular in longitudinal section, and its growth adds width

before entering a phase of adding height but no width.

This specimen's moderate positive allometry of the rate of

translation along the coiling axis (producing a convexly

conic profile) hints at a probable cylindrical phase of growth

to come.

The lip of the aperture, although broken, shows no

tendency toward thickening or turning outward, and the

coiling trajectory shows no modification behind the aper-

ture. The absence of such features is consistent with a

juvenile specimen.

The ribs rise sharply from the surface of the whorl.

There are no buttressing microsculptural elements, such

as occur in discid and other arionoid land snails (Solem,

1977; Solem & Yochelson, 1979). The ribs are rounded,

not mere fins of periostracum, such as occur in some taxa

of Pupillidae. Breakage patterns suggest that the ribs were

brittle, but because the specimen is enclosed in amber we
did not attempt a finer shell structure analysis.

On the basis of the apex and spire growth patterns

pointed out by Solem & Yochelson (1979), this specimen

is more likely to be a pupillid than a tornatellinid. No
apertural barriers are present, which is consistent with

juvenile Pupillidae; many species of Tornatellinidae show

apertural barriers present in juveniles. Among recognized

genera of Pupillidae, the most similar is probably Orcula

Held, 1837, which has a reported range from Paleocene

to Recent in middle and southern Europe and the Middle

East (Zilch, 1959-1960).

All previous uncontroversial records of Pupillidae are

Paleocene or younger (Zilch, 1959-1960; including fam-

ilies Vertiginidae, Pupillidae, Orculidae, and Chondrini-

dae of his classification). Paleozoic and other Mesozoic

fossil taxa that have at times been referred to Pupillidae

are now assigned to other families. Solem & Yochelson

(1979) assigned the middle Pennsylvanian to early Perm-

ian Dendropupa Owen, 1859, to Enidae and the middle

Pennsylvanian to early Permian Anthracopupa Whitfield,

1881 (synonym: Matunpupa Pilsbry, 1926), to Tornatel-

linidae. Solem & Yochelson (1979) accepted ''Pupa" bigsbii

Dawson, 1880, from Pennsylvanian strata in Nova Scotia,
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Figures 1, 2

Pupillid (?) sp. in amber. JG 260/01, Acra collection. Diameter

approximately 3.2 mm.

as a member of the superfamily Pupilloidea on the basis

of the apex and spire growth pattern but declined to assign

it to a specific family.

The "Pupa sp. indet." of Dyer (1930:14, pi. 3, fig. 13),

from the St. Mary River Formation (Maastrichtian) of

southern Alberta, Canada, is an incomplete internal mold

of about five whorls, measuring approximately 1 4 mm long

and 8 mm in diameter (measurements from illustration).

On the basis of size alone, it is unlikely to be a pupillid.

Tozer (1956) regarded the specimen as assignable to his

new species of Urocoptidae, Holospira dyeri Tozer, 1956,

which is also known from the St. Mary River Formation.

The Lebanese specimen is approximately twice as old

as the earliest Tertiary pupillids. This occurrence is well

before the Aptian to Early Cenomanian onset of the an-

giosperm vegetational revolution (Upchurch & Wolfe,

1987) that profoundly aflfected the composition and diver-

sity of the world's land snail fauna (Roth, in preparation).

Two previous records of pupillid land snails preserved

in amber are Vertigo hauchecornei Klebs, 1886, and Vertigo

kuenowii Klebs, 1886, both from the Eocene of the Baltic

region (Klebs, 1886).

We thank Joseph H. Hartman, and David R. Lindberg,

who reviewed drafts of the manuscript, and members of

the MOLLUSCA List (mollusca@ucmpl.berkeley.edu)

who responded to the senior author's posted query about

Cretaceous records of the family Pupillidae. This is Con-

tribution No. 1635 from the Museum of Paleontology,

University of California, Berkeley.
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Uptake of Copper by Biomphalaria

glabrata (Gastropoda: Planorbidae)

as Determined by Atomic

Absorption Spectrometry

by
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Bernard Fried,** and Joseph Sherma*

Departments of Chemistry* and Biology,**

Lafayette College,

Easton, Pennsylvania 18042, USA

Introduction

Biomphalaria glabrata (Say, 1818) is a medically important

freshwater planorbid snail because it is the major vector

of the trematode parasite Schistosoma mansoni in the West-

ern Hemisphere. This parasite is responsible for a serious

blood-liver disorder in humans called schistosomiasis (also

known as bilharziasis). This waterborne disease is trans-

mitted from the B. glabrata snail to man by water contact

with the free-living larval stage, the cercaria. The cercaria

can actively penetrate the skin of man in endemic tropical

and subtropical areas. Current estimates indicate that 200

to 300 million people are infected with schistosomes, either

5. mansoni or the other two species that can cause the

disease in humans. Schistosoma haematobium and S. japon-

icum.

Although copper sulfate has been used as a molluscicide

to control B. glabrata, little information is available on the

accumulation of copper in this snail. Sullivan & Cheng

(1976) reported the detection of only negligible amounts

of copper by atomic absorption spectrometry (AAS) in the

tissues of B. glabrata exposed to either 0.10 or 1.00 ppm
of copper as copper sulfate for 2 hr. The purpose of our

study was to determine copper accumulation in B. glabrata

snails exposed to 1.00 ppm of copper as copper sulfate for

24 hr. Because the Sullivan & Cheng (1976) paper did

not provide any information on the AAS techniques they

used, we report below the details of our study using AAS
methods not previously described in the malacological lit-

erature. Our analyses were done on either hemolymph and

other body fluids (mainly mantle and extrapallial fluids)

or snail tissue minus the shell, including the epithelial

surface of the snail. These categories are henceforth re-

ferred to as either hemolymph or snail tissues in this note.

Because of the open circulatory system of planorbid snails,

contamination of the hemolymph with other fluids is likely,

hence the designation of the sample as hemolymph and

other body fluids.

Materials and Methods

Stock cultures of Biomphalaria glabrata were maintained

as described previously (Boston et al., 1994). Ten snails

with shell diameters of 12-18 mm were removed from the

stock cultures and placed in a beaker containing 500 mL

of 1.00 ppm of copper as copper sulfate in deionized water,

prepared by dilution from a 1000 ppm stock solution con-

taining 2.51 g of anhydrous copper sulfate in 1 L of deion-

ized water (experimentals). An additional 10 snails of the

same size were placed in beakers containing 500 mL of

deionized water (controls). Five separate experiments were

performed on a total of 100 snails in order to obtain suf-

ficient samples for replicate analysis of copper in the tissues

and hemolymph of experimental and control snails and

statistical evaluation of the data.

Experimental and control snails were maintained for 24

hr at 22-24°C before they were analyzed. To examine

survival of the experimental snails after exposure to cop-

per, each snail was prodded with a needle to determine

body withdrawal into the shell. All experimental snails

survived the 1.00 ppm copper treatment for 24 hr. Use of

higher copper concentrations or exposure times, i.e., 2.00

ppm for 24 hr or 1.00 ppm for 36 hr, resulted in snail

mortality under our experimental conditions. Likewise,

use of snails with shell diameters of 6-10 mm resulted in

snail mortality in 1.00 ppm of copper after 24 hr.

The snails were rinsed several times in deionized water

prior to sample preparation. The snails' shells were also

blotted dry with filter paper prior to sample preparation.

Hemolymph and tissue were obtained by gently crushing

snails' shells with a forceps in a Petri dish. Hemolymph
was pooled from 10 snails for a sample size of 100-700

/iL. Each pool was centrifuged at 8000 x g for 2 min in

a microcentrifuge tube to separate the hemolymph and

other body fluids (supernatant) from the precipitated re-

sidual snail tissue and amoebocytes. The supernatant was

removed with a Pasteur pipet and used for analysis. The
pellet was discarded. To obtain body tissue, whole bodies

minus shells and hemolymph from 10 experimental or

control snails were pooled to produce a sample size of

0.47-1.45 g.

A 1000 ppm stock analytical copper solution was pre-

pared by dissolving 1.00 g of pure copper metal in 10 mL
of concentrated nitric acid and diluting to 1.00 L with

deionized water in a volumetric flask. Standard solutions

for AAS containing 0.00 (blank), 0.50, 1.00, 2.00, 5.00,

and 10.00 ppm of copper were prepared by appropriate

dilution of the stock solution with 1% aqueous nitric acid.

Tissue and hemolymph samples were extracted by im-

mersion in a beaker containing 10 mL of concentrated

nitric acid for 24 hr at room temperature. The extracts

were filtered through glass wool held in a 10 cm x 9 mm
i.d. glass disposable pipet, quantitatively transferred to a

100 mL volumetric flask, and diluted to the line with

deionized water. The standards and samples were analyzed

for copper against the reagent blank using a Varian

SpectrAA-10 computer-controlled flame atomic absorption

spectrometer operated with the following parameters: cop-

per hollow cathode (wavelength 324.8 nm), 0.5 nm slit,

air/acetylene flame. Concentration readings (ppm) from

the instrument computer were converted by calculation to

Mg/g for snail bodies and ;ug/mL for hemolymph.
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Table 1

Copper in snail samples.

Trial
Tissue* (Mg/g) Hemolymph** (Mg/ml)

number E C E C

1 11.3 6.9 17.9 3.6

2 12.0 9.7 17.9 4.2

3 11.9 5.3 12.5 0.0

4 9.7 3.9 10.7 8.3

5 12.3 7.3 15.4 3.8

Mean 11.4 6.6 14.9 4.0

SE 0.5 1.0 1.4 1.3

P 0.007 (0.0009

E = experimental snails; C = control snails; SE = standard

error of the mean; P = probability value from Student's t-test.

* Minus the shell, but including the epithelial surface of the

snail.

** Includes other body fluids such as mantle and extrapallial

fluids.

Results and Discussion

The results of the analyses are shown in Table 1. The
concentrations of copper in the hemolymph and tissues of

snails exposed to 1.00 ppm of copper for 24 hr were sig-

nificantly higher than those of the control snails as deter-

mined using Student's t-test {P < 0.05). Information on

the accumulation of copper or the exact mechanism by

which snails are killed through exposure to copper are not

available (see Sullivan & Cheng, 1975), but it is apparent

from our study that B. glabrata snails can survive treatment

with 1.00 ppm of copper as copper sulfate for 24 hr and

accumulate significant amounts of this ion in their he-

molymph and other body fluids and in tissues, including

the epithelial surface of the snail. Quantitative data based

on AAS for copper levels in B. glabrata following exposure

to this metal are presented for the first time in this paper.
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Introduction

The genus Ancula Loven, 1846, is composed of species

with a smooth body, a small frontal velum, rhinophores

with two anterior digitiform appendages, and gills ar-

ranged in a semicircle around the anus, with one pair of

elongate extrabranchial appendages.

The armature of the labial disc consists of rows of hooks,

the radula is narrow, with the formula (1.1.0.1.1) or

(1.1.1.1.1), and the penis is armed with small hooks.

Two species of the genus Ancula Loven, 1 846, are known
from the Pacific Coast of North America

—

Ancula pacifica

MacFarland, 1905, in Monterey Bay and Ancula lentigi-

nosa Farmer in Farmer & Sloan, 1964, in Los Angeles.

In the Atlantic Ocean, there are three other species: Ancula

gibbosa Risso, 1818 (synonym A. cristata Alder, 1841),

which is distributed on both sides of the North Atlantic

Ocean, from the Arctic to Massachusetts in America, and

the Mediterranean Sea in Europe, Anculafuegiensis Odhner,

1926, in Tierra del Fuego of the South Atlantic Coast,

and Ancula evelinae Marcus, 1961, in Beaufort, North

Carolina.

This paper presents new data about the geographic dis-

tribution of two species of the genus Ancula in the Pacific

Ocean and some aspects of their anatomy. The color pat-

tern of Ancula fuegiensis is described for the first time.

Materials and Methods

The specimens of Ancula lentiginosa were collected under

rocks with bryozoans and hydrozoans in the intertidal zone.

The specimen oi Ancula fuegiensis was collected by means

of scuba, in the sheltered subtidal zone at 3 m depth, on

acrylic plates with bryozoans and hydrozoans.

Both species were studied only externally owing to their

small size. The mandible and radula were removed, cleared

in Sosa, observed with a light microscope (Nikon), and

drawn with camera lucida.

The studied material was deposited in two museums,

Museo Nacional de Historia Natural de Santiago de Chile

(MNHN) and Museo Nacional de Ciencias Naturales de

Madrid, Spain (MNCN).
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Explanation of Figures 1 and 2

Figures 1 and 2. Ancula fuegiensis. Figure 1. Lateral view of one

specimen (MNHN 201620). Figure 2. A, View of radular teeth;

a, lateral tooth; b, marginal tooth; B, armature of the labial disc

(MNHN 201620).

Systematics and Descriptions

Suborder Doridacea Odhner, 1934

Family GONIODORIDIDAE H & A. Adams, 1859

Genus Ancula Loven, 1846

Type species. Ancula cnstata {Polycera Alder, 1841) by mono-
typy.

Ancula fuegiensis Odhner, 1926

(Figures 1, 2)

Ancula fuegiensis: Odhner, 1926: 45-46, pi. I, figs. 20, 21.

Distribution: Ushuaia (type locality), Tierra del Fuego

(55°18'S, 68°33'W) Argentina, collected between 22 and

27 m.

Material examined: Punta El Lacho, Las Graces (33°59'S,

Explanation of Figures 3 and 4

Figures 3 and 4. Ancula lentiginosa. Figure 3. Lateral view of

one specimen (MNCN 15.05-20.501). Figure 4. A, View of

radular teeth; a, lateral tooth; b, marginal tooth; c, central plate;

B, armature of the labial disc (MNCN 15.05-20.501).

7r20'W) Chile. 1 specimen collected 11 January 1992,

M. A. Fischer coll. (MNHN, 201620).

Description: Body elongate and smooth. Size is 9 mm in

length alive and 3 mm fixed. Ground color white, center

of dorsum covered with reddish-brown dots.

Rhinophores pale yellow, with 12 slender lamellae (Fig-

ure 1). There are three bipinnate gills.

Radular length 0.53 mm, its formula is 24 (1.1.0.1.1).

Lateral tooth hook-shaped, with 11 to 19 denticles (Figure

2A, a); marginal tooth rectangular, slightly flattened (Fig-

ure 2A, b). Armature of labial disc has rows of three or

four elongate, rectangular plates, joined in compact form.

Masticatory plate terminates in rounded end, which is

slightly curved and lacks denticles (Figure 2B).

Ancula lentiginosa Farmer in

Farmer & Sloan, 1964

(Figures 3, 4)

Ancula lentiginosa: Farmer in Farmer & Sloan, 1964: \A9>-

150, pi. 18, figs. 1, 2, text figs. 1, 2; Lance, 1966:78;

Sphon & Lance, 1968:76; Roller & Long, 1969:425;
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Keen, 1971:829; Abbott, 1974:364; Nyba&ken, 1978:

135; Jaeckle, 1981:240; McDonald, 1983:143-144, fig.

44a, b, text fig. 128.

Previous known distribution: Bahia de los Angeles, Gulf

of California to Marin County, California (Behrens, 1991).

Material examined: Islote Mosquera, Islas Galapagos

(0°30'S, 90°15"W) Ecuador. 11 specimens collected 29 April

1994, J. A. Ortea coll. (MNCN 15.05-20.501).

Description: Body 2 to 3.7 mm. General ground color

hyaline yellow, with small brown dots distributed in vary-

ing densities. Areas of body without color around rhin-

ophores, gills, and center of lateral zone of flanks (Figure

3).

Rhinophores have long basal stem and four thick la-

mellae. There are three bipinnate gills. Between extra-

branchial process and tail, one conspicuous dorsal keel is

extended. Radular length 0.51 mm, its formula is 32

(1.1.0.1.1), lateral tooth has 28 denticles (Figure 4A, a),

marginal tooth rectangular, (Figure 4A, b) in central zone

there is a flat plate (Figure 4A, c). Armature of labial disc

shows imbricate plates, with one to four elongated denticles

and 19 rows (Figure 4B).

Discussion

Odhner (1926) described the species Ancula juegiensis based

on a preserved single 3 mm specimen. In this work, we
present the second record of this species and the color

pattern of a living specimen for the first time. The spec-

imens are very similar, exhibiting small differences in rad-

ular features. In the Odhner specimen, the radula is 1.2

mm long [its formula is 34 (1.1.0.1.1)], with 20 denticles

on the lateral tooth, whereas in our specimen, it is 0.53

mm long and its formula is 24 (1.1.0.1.1), with 11-19

denticles in the lateral tooth.

The record of our specimen extends the known geo-

graphic distribution from Ushuaia, Argentina, (Atlantic

Ocean) to the central coasts of Chile (Pacific Ocean).

On the other hand, Ancula lentiginosa was described with

tripinnate gills (Farmer & Sloan, 1964; Abbott, 1974;

McDonald, 1983), whereas our specimens have bipinnate

gills.

Moreover, one conspicuous keel after the extrabranchial

process, the presence of a central plate in the radula, and

the number and disposition of armature lip plates are

features not described previously.

The known geographic distribution oi Ancula lentiginosa

is extended from the California and Mexican Pacific coasts

to the Islas Galapagos.

Punta El Lacho. Also, we are grateful to Dr. Terrence

Gosliner for his critical review of the manuscript, and Dr.

Bernard Metivier for sending us information from the

Museum National d'Histoire Naturelle de Paris. Finally,

Dr. Lucas Cervera and Lie. Angel Valdes are acknowl-

edged for their critical comments.
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Introduction

Four specimens of two uncommon sacoglossan species,

Elysta gordanae Thompson and Jaklin, 1988, and Ercolama

lozanoi Ortea, 1981, were collected from several samples

along the coasts of the southwestern Iberian Peninsula,

during the development of the project "Fauna Iberica II."

Results and Remarks

Elysia gordanae Thompson and Jaklin, 1988

Two specimens, 8.5 and 8.0 mm in length, were collected

in the intertidal zone at Cafios de Meca, Spain (south-

western Iberian Peninsula; 36°irN, 06°0rW) (February,

1990). An additional third specimen, 14 mm in length,

was collected on the green algae Derbesia sp., also in the

intertidal zone at Playa de Santa Maria del Mar, Spain

(southwestern Iberian Peninsula, 36°31'N, 06°17'W) (May,

1995). The specimens were deposited at the Laboratorio

de Biologia Marina of the University of Sevilla. The head

and the foot are rounded anteriorly. The rhinophores are

inrolled, straight, and relatively short. The dorsal vessels

are inconspicuous. The anus is not situated at the end of

a papilla. The edge of the parapodia is characterized by

the presence of eight to thirteen opaque white protuber-

ances (Figure 1). The 8.5 mm specimen was teratological,

as it had partially fused parapodia. The ground color is

greenish. A pinkish-white coloration, similar to that which

covers the edge of the parapodia, covers the head, rhin-

ophores, and the mid-dorsal region. A small amount of

sky-blue pigmentation is scattered on the sides of the head

and on the parapodial surface (Figure 1). The radular

formulaof the smaller specimen was 12 x 0.1.0. Moreover,

B

Figure 1

Elysia gordanae. General view of one specimen: lateral (A) and

dorsal (B). Length 8.0 mm. AN, anus; OG, olive greenish; OW,
opaque white; PE, pericardium; PI, pinkish; SB, sky-blue.

five discarded preradular teeth were observed in the ascus.

The radular teeth have minute, but conspicuous, denticles

all around the edge (Figures 2A, B, 3A). An egg mass was

laid in the laboratory, and two more were collected close

to the larger specimen. The most remarkable feature is

the possession of orange extracapsular yolk.

Discussion: E. gordanae has been recorded exclusively on

the Slovenian coasts (ex-Yugoslavia) (Thompson & Jaklin,

1988) and on the Mediterranean coast of the Iberian Pen-

insula (Marin & Ros, 1988; Garcia-Raso et al., 1992).

Our specimens constitute the first record from the Atlantic

Ocean and the westernmost record of this species.

' Present address; Departamento de Biologia Animal, Vegetal

y Ecologia, Facultad de Ciencias Experimentales, Universidad

de Jaen, Paraje de "Las Laqunillas" s/n, 23071 Jaen, Spain.

Ercolama lozanoi Ortea, 1981

One specimen, 4.5 mm in length, was collected on the

green alga, Valoma utncularis (Roth) C. Agardh at the
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Figure 2

Detail of the radular teeth of Elysia gordanae (A, B) and Ercolania lozanoi (C, D) from the SEM.

intertidal zone at Canos de Meca (February, 1990). The
specimen was deposited at the Laboratorio de Biologia

Marina of the University of Sevilla. The rhinophores were

long, cylindrical, and somewhat widened at their base. The
foot was notched and slightly bilobed. The cerata were

SOum

Detail of the radular teeth of Elysia gordanae (A) and Ercolania

lozanoi (B) with camera lucida.

distributed almost symmetrically, with 25 on the right side

and 24 on the left side. The anal papilla was prominent

and located on the pericardium (Figure 4A). The ground

color of the body is yellowish white. A large, dark, vio-

laceous black spot is present between the rhinophores. It

continues on both sides of the head to shape into the mid-

lateral zone of the animal. Both extensions of the pigment

are interrupted at the level of the genital papilla. There

are also two dorsal fringes of this color running from the

pericardium to the posterior region of the body where the

pigment bands join. The back also has two opaque white

fringes, joined at the posterior region of the specimen, that

continue to both sides of the anal papilla (Figure 4A).

The elongate, globular cerata are olive green. At a greater

magnification, the internal ochre green color of the diges-

tive gland branch and its ramifications can be seen, as well

as a large number of translucent granules (opaque white

at the cerata apex) all around the ceratal surface (Figure

4C). The radular formula was 9 x 0.1.0 (excluding the

discarded teeth of the ascus). The radular teeth have a

smooth edge (Figures 2C, D, 3B). Data on the reproductive

system were provided by Fernandez-Ovies et al. (1984).

Discussion: Recently, K. Jensen (personal communica-

tion) has stated that she considers it possible that E. lozanoi

is simply a color variation of E. funerea (Costa, 1867).

According to her, this may be one of the cases where
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Figure 4

Ercolania lozanoi. A. Dorsal view of specimen. B. Ventral view

of the anterior region. C. Detail of one ceras. Length 4.5 mm.
AP, anal papilla; DVB, dark violaceous black; GP, genital pa-

pilla; OCG, ochre green; OG, olive green; OW, opaque white;

TW, translucent white; YW, yellowish white.

molecular biology could prove useful. However, we agree

with Ortea (1981) that the body and ceratal coloration of

E. lozanoi is sufficiently diflTerent from E. funerea [= E.

viridis (Costa, 1866)]. Moreover, these color differences

were consistently observed when comparing Canarian and

Iberian specimens with those attributed to E. funerea (as

E. vindis) by Garcia-Gomez (1987) from the Algeciras

Bay (Strait of Gibraltar). We prefer to retain E. lozanoi

as a separate species until additional material can be ex-

amined.

To date, E. lozanoi has been recorded exclusively from

the Canary Islands (Ortea, 1981; Fernandez-Ovies et al.,

op. cit.). Our specimen constitutes the first record of this

species from the Iberian Peninsula and European main-

land and the northernmost record of this species.
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Preference of Adults of the Dorid

Nudibranchs Archidoris montereyensis

(Cooper, 1862), Diaulula sandiegensis

(Cooper, 1862), and Triopha catalinae

(Cooper, 1863) for Shaded over

Lighted Conditions

by

Heather L. Geiger and Alan R. Holyoak

Department of Biology, Manchester College,

North Manchester, Indiana 46962, USA

Biermann et al. (1992) discovered higher mortality rates

among embryos of the dorid nudibranch Archidoris mon-

tereyensis (Cooper, 1862) in egg masses exposed to the

light than in the shade. This conclusion suggests that the

location of egg mass deposition may have profound efTects

on populations and life histories of at least one kind of

dorid nudibranch.

If light-dependent difTerential survival is a long-term

selective force, then adults may respond to this pressure

by showing preference for shaded areas over unshaded

ones. This idea led us to the following question: Do adult

Archidoris montereyensis and other dorid nudibranchs pre-

fer shaded conditions over unshaded ones? We tested the

null hypothesis that adult dorid nudibranchs show no pref-

erence for either shaded or unshaded conditions. We here

report on a laboratory experiment testing that null hy-

pothesis.

In January 1995, we collected three species of dorid

nudibranchs from the floating dock and pier pilings at the

Friday Harbor Laboratories, San Juan Island, Washing-

ton, USA. Archidoris montereyensis and Diaulula sandi-

egensis (Cooper, 1862) were collected primarily from tires

attached to the laboratory's floating dock, and Triopha
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Table 1

Preference for shaded versus unshaded conditions by aduhs

of three species of dorid nudibranchs based on the number
of test specimens in shaded conditions at the end of 60-

minute test runs.

Species

No. in

shaded

end of X'

tank value

Level of

significance

A. montereyensis 12 11 8.34 P < 0.005

D. sandiegensis 5 5 5.00 P < 0.05

T. catalinae 18 15 8.00 P < 0.005

catalinae (Cooper, 1863) were collected from pilings sup-

porting the laboratory's pier. All specimens were kept in

a holding tank with running seawater, in the laboratory,

until they were tested, usually within a day or two. We
know that our A. montereyensis specimens were adults be-

cause we observed several pairs of them copulating in the

holding tank. We have no such supporting observations

for the other species, but we believe that our D. sandiegensis

and T. catalinae specimens were also most likely adults

due to their size.

The apparatus used to test for light versus shade pref-

erences comprised an opaque seawater table approxi-

mately 60 cm wide by 130 cm long, with a drain at one

end and a tygon tube supplying water to the center of the

table. One end of the seawater table was covered with an

opaque black plastic sheet so that half of the tank received

light from the overhead fluorescent lights of the laboratory,

and the other half of the tank was shaded. Windows of

the laboratory were covered during testing so that the only

light entering the seawater table was from overhead lights.

An experimental run began when we placed three in-

dividuals of the same species in the middle of the exper-

imental seawater table. The nudibranchs were oriented so

that the longitudinal axis of each specimen coincided with

the line where the shaded and unshaded areas of the tank

met. Thus, at the beginning of a run, one side of each

nudibranch was in the shade and the other side was in the

light. In addition, we randomized the anterior-posterior

orientation of each specimen along that line in order to

eliminate possible confounding effects of genetic predis-

positions for turning to the left or right. A run ended 60

minutes later when the location of each individual was

recorded. We did four runs of three individuals each for

Archidoris montereyensis, one run of three individuals and

one run of two individuals for Diaulula sandiegensis, and

six runs of three individuals for Triopha catalinae.

The seawater table was drained and cleaned with a

rubber squeegee after every run in order to remove mucous
trails and any residual scents left by test specimens from

prior runs. The black plastic cover was then moved to the

opposite end of the tank so that the shaded and unshaded

Table 2

Effect of drain location on the final location of test specimens

in the experimental apparatus for each species tested.

Species

No. in

drain

end of

tank value

Level of

significance

A. montereyensis 12 5 0.33 P > 0.50

D. sandiegensis 5 2 0.20 P > 0.50

T. catalinae 18 10 0.22 P > 0.50

halves of the tank alternated from one run to the next.

This was done in order to minimize possible effects of

water flow due to the location of the drain at one end of

the tank.

We used the chi-square analysis to test for differences

between the number of individuals that moved to the shad-

ed end of the tank versus the unshaded end, for each species.

We also tested for water-flow effects on slug movement
via chi-square analysis by comparing the number of in-

dividuals that moved to the drain-end of the tank to the

number moving to the non-drain end.

Significantly more individuals of each of the three species

tested moved to the shaded end of the tank than to the

unshaded end: 11 of 12 (9L7%) Archidoris montereyensis,

5 of 5 (100%) Diaulula sandiegensis, and 15 of 18 (83.3%)

Triopha catalinae (Table 1). These results led us to reject

our null hypothesis, that equal numbers of animals would

move to the light and dark areas, and to accept an alter-

native hypothesis—that the nudibranch species tested pre-

fer shaded conditions over unshaded conditions. The effect

of drain location on final location of test specimens was

not significant for any of the three species (Table 2). This

is, to our knowledge, the first time a preference for shaded

conditions has been reported for adult dorid nudibranchs.

Explaining this preference remains problematic, es-

pecially since the species tested may move into sunlit areas

of intertidal pools from time to time. However, the findings

of Biermann et al. (1992) suggest a possible explanation

for the tendency of dorid nudibranchs to move into shaded

areas—that for at least Archidoris montereyensis, there ap-

pears to be selection against progeny of individuals that

deposit egg masses in unshaded areas compared to those

that do so in shaded areas. This differential survivorship

may have an evolutionary effect on the reproductive ecol-

ogy of A. montereyensis by favoring individuals that stay

in darker areas and deposit their egg masses there. Another

possible explanation could be related to the feeding ecology

of some dorid nudibranchs. For example, A. montereyensis

and Diaulula sandiegensis prey on sponges, primarily Hal-

ichondria spp. and Haliclona spp. (Bloom, 1976; Elvin,

1976). Haliclona spp. prefer shaded microhabitats (Bakus

6 Abbott, 1980), and nudibranchs that feed on them may
consequently move into darker areas to search for sponge



Notes, Information & News Page 97

prey. Triopha catalinae, on the other hand, preys on erect

bryozoans (Beeman & WilHams, 1980 and references

therein). There are no strong data showing that erect bry-

ozoans, as a group, are more common in shaded areas than

in unshaded ones. Therefore, a testable hypothesis for the

shade preference by T. catalinae has yet to be developed.
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International Commission on
Zoological Nomenclature

The following appHcations were published on 30 June
1995 in Volume 52, Part 2 of the Bulletin of Zoological

Nomenclature. Comment or advice on these application is

invited for publication in the Bulletin and should be sent

to the Executive Secretary, I.C.Z.N., % The Natural His-

tory Museum, Cromwell Road, London SW7 5BD, U.K.

Case 2903— Tropidoptera Ancey, 1889 (Mollusca, Gas-

tropoda): proposed designation of Endodonta wesleyi

Sykes, 1896 as the type species.

Case 2946

—

Plutoniinae Bollman, 1893 (Arthropoda,

Chilopoda) and Plutoniinae Cockerell, 1893 (Mol-
lusca, Gastropoda): proposed removal of homonymy.

The following Opinions concerning moUusks were pub-

lished on 30 June 1 995 in Volume 52, Part 2 of the Bulletin

of Zoological Nomenclature. Copies of these Opinions can

be obtained free of charge from the Executive Secretary

at the address given above.

Opinion 1805—Dons grandiflora Rapp, 1827 (currently

Dendrodoris grandiflora) and Doridopsis guttata Odhner,
1917 (currently Dendrodoris guttata) (Mollusca, Gas-
tropoda): specific names conserved.

Opinion 1806

—

Ammonites nodosus (currently Ceratites no-

dosus; Cephalopoda, Ammonoidea): specific name at-

tributed to Schlotheim, 1813, and a lectotype desig-

nated.

MOLLUSCS 97

Symposium on the Mollusks of the Indo-West

Pacific and Australasian Region

Rottnest Island, Western Australia

February 1-4, 1997

Organized by The Malacological Society of

Australasia Ltd.

The huge Indo-West Pacific and Australasian region has

a tremendous diversity of mollusks in all environments

—

marine, freshwater, and terrestrial. This will be the first

meeting to bring together malacologists and other inter-

ested scientists working on the mollusks of the region.

The symposium will be held at the Rottnest Environ-

mental Education Centre at Rottnest Island, off the coast

of Perth, Western Australia from February 1-4, 1997.

The first two days of the conference, Saturday, February

1st and Sunday, February 2nd, will be devoted to scientific

sessions, as will Tuesday, February 4th. Excursions will

be held on Monday, February 3rd.

Rottnest Island is on the central coast of Western Aus-

tralia, where there is a mixture of temperate, tropical, and

Western Australian endemic mollusks. An island tour with

the opportunity to explore the local rocky shore habitats

will be organized for Monday, February 3rd.

The Malacological Society of Australasia expects to make
limited travel support available to some student members
living in Australasia who present a paper or poster.

Three symposia are planned:

# Mollusks of environmental or economic impor-

tance

# Evolutionary studies of mollusks

# Contributed paper sessions

Posters are welcomed as an alternative to papers. The
symposium is open to papers and posters on all aspects of

Indo-West Pacific and Australasian mollusks, whether

marine, freshwater, or terrestrial.

Participants are encouraged, but not required, to publish

the papers presented in Molluscan Research, the journal of

The Malacological Society of Australasia. Papers sub-

mitted to Molluscan Research will be subject to the normal

editorial review process.

Post-Conference Tours

Many of the delegates will be visiting Western Australia

for the first time. There will be a five day post-conference

tour to Albany on the south coast of the state, pending

sufficient interest.

To register for the mailing list for further announce-

ments, please contact:

Dr. F. E. Wells, Western Australian Museum, 1 Fran-

cis Street, Perth WA 6000 Australia, Phone: 61 9 427

2745, Fax: 61 9 328 8686.
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BOOKS, PERIODICALS & PAMPHLETS

Life History and Biogeography: Patterns in

Conus Oxford Biogeography Series No. 9

by Alan J. Kohn & Frank E. Perron. 1994. Clar-

endon Press, Oxford. 106 pp.

This book is the ninth contribution to the Oxford Bio-

geography Series, which began publication in 1981 with

Wallace's Line and Plate Tectonics (Whitmore, 1981). The
goal of the series has been to provide dynamic syntheses

of new developments and analytical techniques that reflect

on biogeographical studies. To this end, Kohn & Perron's

monograph on the genus Conus provides a wealth of de-

tailed information concerning reproductive characteristics

and relates them to Indo-Pacific biogeographic patterns

within this speciose group. The authors intend to use this

taxon for testing various hypotheses concerning the rela-

tionships among reproductive parameters and biogeo-

graphic patterns throughout the vast Indo-Pacific province.

The detailed, comprehensive data presented represent over

55 combined years of research by the two authors on this

genus of predatory gastropods. Such extensive, species-

level work is essential to explore the fine-grained nature

of biogeographic history.

The book tests two main hypotheses: (1) the overall

pattern of life history variation in the genus Conus can be

interpreted in terms of differences in egg size; and (2) the

key attribute, egg size, as a determinant of developmental

mode and dispersal ability, also explains observed patterns

of geographic distribution in the genus. By concentrating

on the genus Conus, the authors intend to stimulate others

to test their hypotheses in other marine invertebrates that

exhibit similar ecological and life history characteristics.

The Indo-Pacific region represents the most diverse marine

faunal province in the world, and many questions con-

cerning its biogeographic history remain problematical

(Rosen, 1988). The province covers approximately one

quarter of the earth's ocean surface and is two-dimen-

sional, in contrast to most other marine provinces, which

are linear, usually across latitudes. The province is also

very old; theories concerning the origins of its component

taxa usually incorporate some Tethyan affinity. Kohn &
Perron's book belongs in this biogeographic series because

it is the first to analyze present distribution patterns within

the region in relation to reproductive parameters.

The authors set up tests of their hypotheses in the first

three chapters. The first chapter provides an introduction

to the genus and includes a description of Conus biology

and ecology. Most readers of this review are probably

familiar with the extensive work by the authors on these

subjects. The second chapter describes reproductive char-

acteristics from mating through oviposition, embryonic de-

velopment, larval development and metamorphosis. This

review introduces the reproductive variability and termi-

nology while laying the foundation for proposing working

hypotheses on interrelationships among various reproduc-

tive parameters. The third chapter provides the bulk of

the raw data used for comparative analyses in later chap-

ters. Here they offer species accounts for 62 Indo-Pacific

taxa, giving detailed observations of such reproductive pa-

rameters as egg diameter, eggs per capsule, capsule type,

capsule size, prehatching period, hatching size, minimum
pelagic period, and settling size. In many instances, the

authors present multiple observations for the same species

from disparate locales. This information is nicely sum-

marized in Table 1 of the Appendix. The authors also

describe the methods used to generate this information.

The next two chapters explore the interrelationships of

reproductive parameters and biogeographic patterns.

Chapter four analyzes the relationships between repro-

ductive and life history parameters: egg size, fecundity,

hatching size, adult size, and developmental mode. The
crux of their argument falls here. The authors establish

that egg diameter is constant within a species regardless

of adult size, and that egg size has a strong correlation

with all other reproductive characteristics so that it can be

used as an accurate predictor of other attributes including

maternal investment, prehatching duration, size at hatch-

ing, developmental mode, and larval growth rate. Although

these relationships were documented only in 1 1 species

reared through settlement and metamorphosis (19 species

for hatching size), the correlations and subsequent pre-

dictions of other parameters are extremely valuable and

can be tested by further research on other species. Chapter

five tests the hypothesis that geographic range is correlated

with dispersal potential, again using the predictor of egg

size for 82% of their taxa (51 of 62). The minimum pre-

competent period explains 43% of the normalized variance

in geographic range area.

The book is an excellent step toward teasing out the

factors involved in the historical biogeography of the Indo-

Pacific. The authors are first to admit that a phylogenetic

framework is desperately needed. Unfortunately, as yet no

hypothesis of species-level relationships has been proposed.

The realization and justification of this is awkwardly ad-

dressed: at first the authors claim that because they are

only dealing with one genus they automatically hold con-

stant all variables shared by congeners; yet in the next

sentence, they argue that because the results span 62 spe-

cies from a number of independent lineages, they can ex-

plore correlated patterns (p. 72). The clade Conus encom-

passes over 500 extant species and 55 million years of

history; it would be surprising if there was no phylogenetic

signal.
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passes over 500 extant species and 55 million years of

history; it would be surprising if there was no phylogenetic

signal.

The authors attempt to limit the eflfects of common

ancestry by staying within one genus, yet the amount of

variation among congeners is extreme and continuous in

almost all reproductive categories. In using only one genus,

the authors run a greater chance of violating statistical

independence within their sampled data pool. A violation

of independence might significantly reduce the degrees of

freedom in their analyses. Additionally, this extreme vari-

ation (egg size, as an example, spans more than half the

range known among all prosobranchs) would be interesting

to explore within a phylogenetic framework. Such tests

would help determine how much of this variation is in-

dependently derived in multiple groups (perhaps pointing

to selection) and how much is shared because of common
ancestry.

The authors set out to show that dispersal ability can

explain biogeographic patterns, but do not set up a test

that can falsify such a hypothesis. Instead they explore the

correlation between dispersal potential (again estimated

for 82% of their species) and geographic range area (com-

puted from absolute area projections). Although the cor-

relation explains up to 43% of the variance, this number

might be significantly altered by incorporating the effects

of oceanographic currents rather than using absolute area.

Even so, one cannot always falsify dispersalist scenarios.

Instead, dispersal might be what's left over as an appealing

alternative after falsifying vicariance using a phylogenetic

approach. Although described separately in Chapter six,

information concerning species outside the Indo-Pacific

province may play a significant role in understanding the

biogeographical history within the region, particularly if,

as seems likely, those regions contain sister-groups of clades

that have diversified in the Indo-Pacific.

Obviously, a phylogenetic framework is the next step in

this problem. A species-level phylogeny brings a more

robust, testable framework. Nevertheless, the book appro-

priately focuses attention on those areas of biology that

will be instrumental in unraveling the complex history of

the Indo-Pacific and other faunal provinces. Such species-

level investigations coupled with data on reproductive char-

acteristics and robust phylogenies will undoubtedly elu-

cidate many important biogeographic questions. Research-

ers concerned with how reproductive parameters are in-

terrelated or with the historical biogeography of the Indo-

Pacific should have Kohn & Perron's book on their shelves.

Christopher P. Meyer
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Catalog of the Native Land and
Freshwater Molluscs of the

Hawaiian Islands

by Robert H. Cowie, Neal L. Evenhuis, and Carl C.

Christensen. 1995. Backhuys Publishers, Leiden, The
Netherlands, vi + 248 pp. Price NLG 78,00, available

from Backhuys Publishers, P.O. Box 321, 2300 AH Lei-

den, The Netherlands

Hawaiian land snails epitomize evolution by Darwinian

natural selection, and they also played a seminal role in

determining Darwin's conception of the role of geographic

isolation in the process of new species formation. The
naturalist John T. Gulick (1832-1923) was an American

missionary in Hawaii who made a huge collection of the

genus Achatmella which is endemic to the island of O'ahu.

Based on his experience with the numerous geographic

variants of these Hawaiian land snails he concluded that

geographic isolation is important in the origin of new
species, and he corresponded with Charles Darwin on this

topic. Gulick and his Hawaiian snails were largely re-

sponsible for convincing Darwin of the efficacy of isolation

in producing new species, a notion that was downplayed

by Darwin in the first edition of the Origin of Species

(Lesch, 1975; Sulloway, 1979; Young, 1992). Geographic

isolation has now largely become sine qua non in evolu-

tionary thinking about speciation.

This catalog of Hawaiian terrestrial gastropods is a

compendium of all the species-group and genus-group

names that have been applied in the literature to these

taxa. It is not a taxonomic revision per se or an identifi-

cation guide or a phylogenetic analysis. This catalog con-

tains no illustrations because the authors are using the

most recent taxonomic revisions of the various groups from

the literature and are not making many new taxonomic

judgments themselves. Even if a previous author intro-

duced a plethora of subspecies names for what a reasonable

taxonomist today would consider intraspecific variants and

polymorphic populations, the names are listed in their

proper taxonomic context in this catalog. The Hawaiian

land snail fauna is so diverse and taxonomically compli-

cated that this catalog is essentially a first step for further

taxonomic revision and ultimately for phylogenetic anal-

ysis. To this end it succeeds admirably.

Particular attention has been paid to the subtle details

of synonyms, homonyms and unavailable names {nomina

nuda, etc.). Type localities and type designations have been

extensively documented.

The catalog consists of several sections: introductory

information, the systematic catalog itself, a complete check-
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list of the fauna, and a substantial bibliography. There is

also a thorough systematic index to all listed taxa. For

example, I was able to find easily all references to moom-

omiensis, to check on how many species had been named

from the region called Mo'omomi on the north shore of

Moloka'i, an area I visited in 1993.

For the order of families, the authors (p. 5) chose to

follow Vaught (1989)—a wholly derivative work—even

while mentioning the existence of primary works on the

classification of land mollusks, such as Tillier (1989) and

Zilch (1959-60). This probably does not have much con-

sequence for the families that Cowie, Evenhuis, and Chris-

tensen deal with, but Vaught's work contains some serious

errors elsewhere regarding land snails (B. Roth, personal

communication).

The authors have done a great service to malacology in

the format and content of their extensive bibliography com-

piled by Evenhuis and Cowie. The 30 pages of this well-

researched bibliographic compendium stand alone for its

attention to detail in reporting the precise date of publi-

cation of taxonomic monographs issued in multiple parts,

particularly those from the 19th and early 20th centuries.

A recent revival of interest over the past 20 years in

correctly writing the Hawaiian language using the dia-

critical marks called the glottal stop and macron has ap-

peared in some scientific and some popular publications.

These grammatical subtleties are sometimes best appre-

ciated by a "local" audience in the islands and often un-

appreciated by an international audience. Cowie, Even-

huis, and Christensen have chosen not to write the nu-

merous geographic localities in the text using the diacritical

marks, but rather to transliterate the names from previous

publications and museum records (R. H. Cowie, personal

communication) where the diacritical marks were not used.

For this essentially historical catalog of Hawaiian land

snail names, the decision was warranted because adding

the diacritical marks could have introduced unnecessary

interpretation of the identity of a particular geographic

locality. Future scientific studies (of land snails or any

other taxa) that do not rely heavily on transliteration of

published works should use the diacritical marks; to do

otherwise is a disservice to the Hawaiian language because

the meanings of words change with the presence/absence

of the marks (Pukui & Elbert, 1971). Realizing that the

International Code of Zoological Nomenclature does not

permit diacritical marks in generic names or specific ep-

ithets (and many endemic Hawaiian land snails have Ha-
waiian species names), the marks should nonetheless be

used (correctly) whenever possible. For example, Hawai'i

is correct and Hawaiian is incorrect.

It is interesting to note that the most widely known
group of Hawaiian land snails (in terms of the popular

literature of Hawaiian biodiversity; see, for example, color

photos in Kay, 1983, and color plate in Young, 1992), the

genus Achatinella, contains no full species named after 1914

and no subspecies named after 1958. This is a testament

to how intensively and extensively this diverse group of

gastropods was collected and studied primarily in the mid-

to late- 19th century. Previous authors overindulged in for-

mally naming color variants, providing a difficult historical

background for any future taxonomic revision. Sadly, many
species of Achatinella, and species of other genera, are now
extinct in the islands due to habitat alteration and destruc-

tion, introduced snail predators, rats, and ants.

Discussions of Hawaiian biodiversity often make ref-

erence to the subfamily Achatinellinae (and the genus

Achatinella in particular) because of their relatively large

size and striking shell color patterns. With just over 200

species names in 12 genera, one would also get the im-

pression that this is also the most diverse group of native

terrestrial gastropods in the islands. However, the lesser-

known ground-dwelling family Amastridae consists of 325

species in eight genera. Ironically, as the authors state on

page 37, Achatinella might only consist of a dozen or so

valid species, suggesting the remaining taxa could be po-

tentially subsumed as intraspecific and polymorphic var-

iants in a future taxonomic revision.

This catalog is a very important contribution in bringing

the Hawaiian land snail fauna onto an equal phylogenetic

footing with the numerous other exemplars of Hawaiian-

style insular evolution, such as Hawaiian Drosophila, Ha-

waiian crickets, and Hawaiian silverswords. Both John T.

Gulick and Charles R. Darwin would be proud of this

new treatment of Hawaiian terrestrial gastropods.

Matthew J. James
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Arcoid and Limopsoid Bivalves
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Abstract. Shell pores with cellular content (caeca) are present in various moUuscan groups. Up to

now, the functions of the caeca are speculative, and also homology is questionable. To clarify the caeca

of bivalve shell pores (tubules), the ultrastructure of the mantle of several species of arcoid and limopsoid

bivalves has been investigated using microwave supported fixation and transmission electron microscopy.

In general, the outer mantle epithelium is composed of several cell types: caecal cells have processes

that extend to the periostracum; supporting cells have prominent tonofilaments that attach the mantle

to the shell, many mucous cells, and enigmatic microvillar pads that may have a photoreceptive function.

The hemocoel is vascularized and contains cells that are typical of the bivalve hemocoel such as

amoebocytes, rhogocytes (pore-cells), muscle and nerve fibers, and gliointerstitial cells. The inner mantle

epithelium is quite homogeneously composed of a partly ciliated, squamous epithelium with a brush

border suggesting metabolic and respiratory functions.

Structure (monocellular) and mode of development (secondary etching) contradict speculation con-

cerning homology of bivalve caeca with those of other molluscan groups.

INTRODUCTION

The molluscan mantle is a multifunctional organ playing

a crucial role in the formation of the mineralized exo-

skeleton (spicules, shell), in regulation of the pallial water

currents, and in reception of sensory information (Beed-

ham, 1958; Stasek & McWilliams, 1973). Whereas the

ultrastructure of the molluscan and especially the bivalve

mantle edge has been studied in great detail (see Table 1),

the epithelium of the inner (toward the mantle cavity) and

outer (toward the shell) surface of the mantle has received

considerably less attention.

Shell pores (often called tubules) with cellular content

(caeca) have been reported in several molluscan groups

(see below), as well as in lophophorates (Brachiopoda and

Bryozoa; Owen & Williams, 1969; Tavener-Smith & Wil-

liams, 1972; Reindl et al., 1995) and ostracod and cirri-

pedian Crustacea (e.g., Klepal & Barnes, 1975; Keyser,

1980, 1981). The ultrastructure of the polyplacophoran

caeca (so-called aesthetes) is well documented (see review

by Eernisse & Reynolds, 1994), whereas caeca of conchi-

feran mollusks are poorly known. The ultrastructure of

fissurellid caeca (Vetigastropoda) was described recently

(Reindl & Haszprunar, 1994). Salvini-Plawen (1985)

proposed homology of the conchiferan caeca with the po-

lyplacophoran aesthetes and the mantle papillae of the

aplacophoran groups. Up to now, the ultrastructure of the

organic content of bivalve tubules, the caeca, has been

completely unknown.

Most bivalve tubules, including those of the Arcoidea

and Limopsoidea, penetrate all shell layers except the out-

ermost organic layer, the periostracum. They are known
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Table 1

EM-studies on the bivalve mantle (including LM-studies on caeca).

Group-species Method Subject Reference

Arcoidea

Arcidae (6 species)

Glycymeris glycymens (Linnaeus, 1767)

Glycymens pectinata (Gmehn, 1791)

Pterioidea

Pinctada margantifera (Linnaeus 1758)

Ostreoidea

Crassostrea virginica (Gmelin, 1791)

Unionoidea

Amblema plicata perplicata Conrad, 1841

Anodonta cygnea (Linnaeus, 1758)

Anodonta cygnea (glochidium)

Margantifera margantifera (Linnaeus, 1758)

Anodonta cygnea (Linnaeus, 1758)

Corbiculoidea

Corbicula fluminea (Miiller, 1774)

Musculium lacustre (Miiller, 1774)

Veneroidea

Mercenana mercenana (Linnaeus, 1758)

Ruditapes philippinarum (Adams & Reeve,

1850)

SEM Shell; mantle Waller (1980)

Physiology Whole mount Shibata (1971)

LM; TEM; SEM Shell; mantle Waller (1980)

TEM; histochemistry Whole mantle Jabbour-Zaheb et al. (1993)

LM; TEM; SEM Mantle lobes Morrison (1993)

SEM; (LM) Whole mantle Peth et al. (1978)

TEM/SEM; X-ray; Whole mantle Machado et al. (1988)

cytochemistry

TEM Whole mantle Durfort (1984, 1985)

TEM; histochemistry Mantle edge

epithelium

Aleksandrova (1987)

SEM; LM Mantle; caeca Araujo et al. (1994)

LM Mantle; caeca Schroder (1907)

TEM; histochemistry Outer mantle

epithelium

Neff (1972)

LM; TEM; SEM Mantle edge;

periostracum

PaiUard & Le Pennec (1993)

to be secondarily formed, meaning that the caeca penetrate

the previously formed shell (Waller, 1980). By contrast,

members of the Mytilidae, Lucinidae, and Chamidae pos-

sess tubules which penetrate only the endostracum. The

tubules of Carditidae and Lyonsidae extend through both

the endostracum and the mesostracum. The tubules of the

Spondylidae pierce all shell layers including the perios-

tracum (Taylor et al., 1969, 1973). The mode of formation

is unknown in these cases.

In order to increase our knowledge of the bivalve mantle

and in particular of its caecal processes, we describe here

for the first time the ultrastructure of the mantle epithelium

and caeca of arcoid and limopsoid bivalves. This study

should illuminate the functional questions which depend

upon detailed information of this structure. In addition,

the data should provide evidence in favor of or against the

proposed homology with other moUuscan caeca (aesthetes).

MATERIALS and METHODS

Species Investigated

Eight representatives (several specimens each) of the

order Arcoida were investigated (systematics after Vaught,

1989):

ARCOIDEA-Arcidae: Area noae Linnaeus, 1758; (ju-

veniles); Area tetragona Poll, 1795; Area ventrieosa La-

marck, 1819; Anadara inaequwalvis (Bruguiere, 1789); and

Barbatia barbata (Linnaeus, 1758) (juveniles).

ARCOIDEA-Noetiidae: Stnarca lactea (Linnaeus,

1758); and Areopsis adamsi (Dall, 1886) (juveniles).

LIMOPSOIDEA-Limopsidae: Lissarea notoreadensis

(Melvill and Standen, 1907).

Specimens of Barbatia barbata, Area tetragona, and An-

adara inaequwalvis were collected by scuba diving in shal-

low water (5 to 25 m) in the Mediterranean Sea oflf Calvi

(Corsica). Areopsis adamsi was collected by scuba diving

(6 m deep) in the Caribbean Sea 30 miles south of Cancun

on the east coast of Yucatan (Mexico). Specimens of Area

ventrieosa were taken from an aquarium with tropical con-

ditions, where they had been introduced with corals from

the Indo-Pacific. Several Lissarea notoreadensis were kindly

provided by Dr. Stefan Hain (Alfred-Wegener-Institut,

Bremerhaven, FRO) and were taken from an aquarium

maintained at — 1 to + 1°C, where they had been kept alive

for several months. They were originally collected in the

Weddell Sea (Antarctic) (Hain, 1990).

Fixation Methods

Specimens were fixed according to the procedure of Ei-

senman & Alfert (1982). Pieces of various areas of the

shell with the attached mantle epithelium were prefixed
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for 10 minutes on ice in a "cocktail" of 0.05% OSO4 and

4% glutaraldehyde in 0.2 M cacodylate-buflfer. To this,

0.1 M NaCl and 0.35 M sucrose were added to adjust the

osmolarity. The solution was stabilized at pH = 7.2 by

adding 0.1 M HCl. The pieces were then treated with the

same solution but without the OSO4 component (main-

fixative) for at least 2 hours but usually overnight, followed

by three rinses in 0.2 M cacodylate buffer. For the final

osmification, the pieces were treated with 1% OSO4 in 0.3

M NaCl and 0.2 M cacodylate buffer for about 2 hours.

After this procedure, the pieces were again rinsed in buffer

three times. Each time, the buffer solution was diluted 1:1

with distilled water. After dehydration in an ethanol series,

the pieces were embedded in low viscosity resin (Spurr,

1969).

However, this fixation protocol did not provide optimal

results. In particular, the fixation chemicals did not infil-

trate sufficiently into the very long and thin caecal processes

within the calcified part of the shell. Therefore, for the

fixation of Area none and Striarca lactea, we subsequently

used the Eisenman & Alfert (1982) procedure of fixation

with additional application of a microwave oven with elec-

tronic control of temperature (H2500 by Energy Beam
Sciences, Agawam, MA, USA). The temperature control

of the oven was disabled, and a digital timer controlled the

process.

In a microwave oven, a high frequency tube ("mage-

tron") converts the electrical power into microwave energy.

These electromagnetic waves reach the whole volume of

the oven, because they are reflected by a rotating metallic

reflector and also by the lateral walls of the oven. The
high frequency microwave energy modifies the tissue sam-

ples so that infiltration of the fixatives is much quicker

than usual (Kok & Boon, 1992). This fact enables one to

(1) minimize the fixing time which leads to a considerable

reduction of artifacts and (2) to preserve satisfactorily also

very thin and long subjects as is the case in the arcoid

caeca. Indeed, without the support of microwaves, we failed

to fix these structures sufficiently.

Processing and timing of fixation for Area noae:

(1) 10 min. "cocktail" on ice and 2x5 sec microwave,

after which the temperature of the solution was 40°C.

(2) 1x8 sec. microwave in the main-fixative followed

by main-fixation overnight on ice.

(3) 2x6 sec. microwave in the Os04-fixative and stor-

age in this fixative for 2 hours on ice.

Processing and timing of fixation for Striarca lactea:

(1) 10 min. cocktail and 2 x 2 sec microwave, after

which the temperature of the solution was 40°C.

(2) main-fixation overnight on ice.

(3) 2 sec microwave in the OSO4 fixative (40°C), after

which the tissue was stored in this fixative for 2 hours on

ice.

Further Treatment

After dehydration, embedding, and polymerization, the

resin blocks were prepared for decalcification. For this

procedure a resin block was trimmed until the calcified

shell appeared at the (cutting) surface. The trimmed block

was then put into 15% acetic acid for about 12 hours. After

rinsing with distilled water, drying at 60°C, and reinfil-

tration of the etched cavity with resin, the block was trimmed
again to prepare it for sectioning. This method resulted in

sufficient fixation of the very long, thin, fragile caeca within

the shell.

Serial semithin sections (2 /um) were cut with "ralph-

knives" according to the method of Smith & Tyler (1984),

and single semithin sections (0.35 /um) were cut with di-

amond knives. Both were subsequently stained with meth-

ylene blue (Richardson et al., 1960) for about 1 minute

at 80°C.

Ultrathin sections (75 nm) were cut with a diamond
knife and put on slot grids covered with a pioloform-film

(a polyvinyl formaldehyde dissolved in chloroform) to in-

crease the stability of the sections. Sections were stained

for 30 minutes at 40°C with saturated uranyl acetate and

for 10 minutes with lead citrate (Reynolds, 1963) at 25°C.

The sections were examined and photographed with a

Zeiss EM 902 transmission electron microscope.

RESULTS

Because the fine structure of the mantle epithelium and

of the caeca was very similar in all the species investigated,

a common description is provided. Differences between

species will be mentioned where they occur.

Gross Morphology of the Mantle

The mantle of all investigated species consisted of three

main layers (see Figure 1);

(1) The outer mantle epithelium underlay the shell. It

was of variable height (8-20 ji^m) and was composed of

several cell types (see below), including the caecal cells.

Each caecal cell had an extension, the caecum, that pen-

etrated the mineralized shell layers and contacted the peri-

ostracum.

(2) The hemocoel was bordered by the basement mem-
branes of the outer and inner mantle epithelia and con-

tained various cell types which did not form an epithelium.

(3) Finally, a squamous, relatively homogeneous layer

formed the inner mantle epithelium, which bordered the

mantle cavity.

Gross Morphology and Ultrastructure of the Caeca

Each caecum was an unbranched process of a single,

specialized cell of the outer mantle epithelium. Usually

caeca did not take the shortest route to the periostracum,

but followed a curved course. Most proximally they grew
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more or less parallel to the mantle epithelium, where some

caeca contacted each other. In Barbatia barbata, and to a

lesser extent in Area noae, the caeca could contact each

other and formed a reticulate construction about halfway

across the shell section. At the outer third of the shell, the

caeca lost contact again, and each of them connected in-

dividually with the periostracum. In all the other species

investigated, the number of caeca without contacts out-

numbered the reticulate constructions.

Each caecum consisted of a small, slightly extended,

distal head (diameter 3-6 nm) and a very long and fragile

proximal stalk (diameter 1.5-3 nm). Because the caecum

extended across the entire mineralized part of the shell (its

length depended upon the thickness of the shell [0.1-1

mm]), the diameter remained constant.

The whole caecum was surrounded by a thin, continuous

organic matrix that was slightly thicker at the distal head

of the caecum (Figure 2a). Any kind of perforation was

lacking. The apical portion of the organic matrix was

connected tightly to the periostracum by very fine, organic

fibers called "brush" (Figure 2b). The periostracum of

Arcidae usually consisted of two layers that were more

{Striarca lactea) or less {Area noae) distinct (Figure 2b). In

Lissarca notorcadensis the periostracum consisted of more

than two layers (Figure 4b).

The caecal head varied between species (Figures 2a-

2d) and also within the same individual. It might contain

many mitochondria and occasionally a Golgi body. Dis-

tally, a dense microvillar border was developed (see Figure

2a-c). In contrast to the head, mitochondria were only

occasionally found in the caecal stalk. Instead, a distinct

microtubular cytoskeleton (see Figure 2d) was present, and

centrioles (diplosomes) occurred occasionally within the

stalk (see Figure 1).

The cytoplasm of the cell body appeared more elec-

tronlucent than the cytoplasm of the adjacent cells (Figure

4d). The nucleus was usually located in the proximal cell

body, but in some cases it extended slightly into the distal

stalk (Figure 3d, e). Centrioles were present occasionally,

as were Golgi bodies (Figures 1, 4d). The cells contacted

the underlying basal matrix via a thin cellular process, as

confirmed by means of semithin, serial sections.

Fine Structure of the Outer Mantle Epithelium

The outer mantle epithelium was composed of six (or

occasionally seven) different cell types, which were inter-

connected via belt desmosomes: caecal cells (described

above), mucous cells, supporting cells, interstitial cells and

nerve processes, sensory processes, microvillar bodies, and

occasionally "dark cells." All cells contacted the underlying

basal matrix. The epithelium was separated from the min-

eralized shell by a thin layer of organic matrix and from

the connective tissue by a basal membrane (for terminology

see Pedersen, 1991).

Mucous or storage cells were filled with tightly packed,

large (3-4 ^m), globular and homogeneous granules (Fig-

ure 4d). The size and staining of the content of the mucous

cells differed slightly between species.

Supporting cells had many prominent tonofilaments

(Figure 3a). Many anchorlike, apical hemidesmosomes

connected the cells with the organic matrix of the miner-

alized shell (see Figure 4a, c). In Barbatia barbata and the

three Area species studied, these hemidesmosomes were not

as well defined as they were in the other species. In Arcopsis

adamsi, Area tetragona (Figure 3a), and Anadara inaequi-

ualvis, the supporting cells had prominent apical microvilli,

and each microvillus enclosed an apical hemidesmosome.

The supporting cells of all other species investigated only

occasionally exhibited a few, small microvilli, which al-

ways lacked hemidesmosomes. The supporting cells also

contained oval mitochondria and many glycogen granules,

which were concentrated in clusters of the a-type. In Area

tetragona and Anadara inaequwalvis, the glycogen formed

large clusters that were situated adjacent to the organic

matrix (Figure 3a).

Nerve processes and interstitial cells were occasionally

present at the basis of the outer mantle epithelium (Figure

3a). Both were characterized by distinct neurosecretory

vesicles of various types.

Figure 1

Diagrammatic representation of a cross section of arcoid shell

(including caeca) and mantle epithelium, based primarily on

observations oi Area noae. External environment to the left, mantle

cavity to the right, the thickness of the shell is reduced to 2% of

original size.

ahd, apical hemidesmosomes; am, amoebocyte; bd, belt desmo-

some; bhd, basal hemidesmosomes; bm, basal matrix; br, brush;

cae, caecum (cell body and process); ce, centriole; cf, collagen

fibers; ci, cilia; cr, cross sections of caeca; da, diaphragmic area

of rhogocyte; ecm, extracellular matrix; ee, external environment;

eg, electron dense granules; er, endoplasmatic reticulum; gi,

gliointerstitial cells; gl, glycogen; go, Golgi body; he, hemocoel;

ib, invaded bacteria; ie, inner mantle epithelium; mb, microvillar

body; mc, mantle cavity; mf, muscle fiber; mi, mitochondria; mt,

microtubules; mu, mucous cells; mt, microtubules; mv, microvillar

border; n, nucleus; np, nerve process; oe, outer mantle epithelium;

of, organic fibers of nacre; om, organic matrix; pe, periostracum;

pr, free polyribosomes; rh, rhogocyte (pore cell); sbd, specialized

belt desmosome; sec, sensory cilium; sh, mineralized part of shell;

si, secondary lysosome; sp, sensory process; su, supporting cell;

tf, tonofilaments; va, vacuole.
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Figure 2

Ultrastructure of caecal processes (TEM). All scale bars in ixm. Figure 2c. Area ventricosa: caecal head with microvillar border

Figure 2a. Barbatia barbata: oblique section of caecal head with ("^^) ^""^ '"^"y mitochondria (mi).

surrounding organic matrix (om) and microvillar border (mv). Figure 2d. Striarca laclea: cross section of a caecal stalk with

Figure 2b. Striarca lactea: double-layered periostracum (pe) and microtubuiar skeleton (mt) and is surrounded by organic matrix

most distal part of caecal head with microvillar border (mv)

interconnected by organic fibers of the "brush" (br). ee, external

environment.

(om).



Figure 3

Ultrastructure of the outer mantle epithelium (TEM). All scale

bars in fim.

Figure 3a. Area tetragona: supporting cell (n, nucleus) with an-

chorlike hemidesmosomes (ahd), tonofilaments (tf) and glycogen

deposits (gl). Note the presence of sensory cilia (ci) in the cleft

below the organic matrix of the shell (sh), and the nerve process

(np) and interstitial cells (i) at the bases of the outer epithelium.

Figure 3b. Anadara inaequwalvis: "dark cell" (n, nucleus).

Figure 3c. Anadara inaequwalvis: sensory process (sp) with neu-

rotubuli, many mitochondria (mi), free polyribosomes (pr), and

cilia (sec) below the shell (sh).

Figure 3d. Barbatia barbata: caecal cell with belt desmosomes (bd)

and a nucleus (n) which extends into the caecal canal (cae) of

the shell (sh).

Figure 3e. Barbatia barbata: caecum cell with electron-dense nu-

cleus (n) and distinct lysosomes (arrowhead).
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Figure 4

Ultrastructural details. All scale bars in ^m.

Figure 4a. Area noae: supporting cell of the outer mantle epithe-

lium with anchorlike apical hemidesmosome (ahd) and two sen-

sory cilia (ci) below the organic matrix (om) of the nacreous layer

of the shell (sh).

Figure 4b. Lissarca notorcadensu: three-layered periostracum (pe)

being invaded by bacteria (ib) from the external environment

(ee).

Figure 4c. Barbatia barbata: supporting cell of the outer mantle

epithelium with anchorlike hemidesmosomes (ahd) below the
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Elongated sensory processes bearing cilia were also pres-

ent in the outer mantle epithelium (Figure 3c). The sensory

processes were characterized by many fine vesicles in their

cytoplasm and by continuity with a nerve process from the

underlying connective tissue. Belt desmosomes with a

thickened inner portion were also characteristic of this cell

type. The cilia of these cells usually occurred immediately

below the organic matrix of the shell (Figures 3a, c, 4a).

They laid just below the cell surface, being situated within

an extracellular cleft between the surface of the mantle

epithelium and the mineralized shell.

Microvillar bodies or pads were only observed in Bar-

batia barbata and Area none, where they were very common
(Figures 1, 4d). These cells were easy to detect because of

their prominent, apical, lens-shaped, microvillar border.

Usually these cells were solitary, but sometimes two or

three cells of this type were found adjacent to each other,

and together they comprised a very prominent microvillar

pad. These lens-shaped pads formed slight elevations into

the mineralized part of the shell because the pads were

slightly taller than the adjacent cells of the outer mantle

epithelium. These cells also exhibited a special kind of

belt desmosome, the inner side of which was strengthened

by electron-dense material (Figure 4d). The oval nucleus

was surrounded by many spherical pigment granules. As

seen in light microscope sections, the cell contacted the

basal matrix via a thin process. The microvillar bodies

were usually bordered by supporting cells, sometimes also

by mucous cells. There was a close positional relationship

of the microvillar bodies to the caeca cells (Figures 1, 4d).

Occasionally special "dark cells," with a very dense

cytoplasm and characteristic protuberances, were detected

in the outer mantle epithelium (Figure 3b). These cells

had a very low nucleus-cytoplasm ratio.

Fine Structure of the Hemocoel

The connective tissue of the mantle was mainly filled

by hemolymph and an extremely fine to nearly invisible

extracellular matrix. Seven different cell types were found

in this part of the tissue: rhogocytes, amoebocytes, elements

of the gliointerstitial system, nerve processes, muscle cells,

fibroblasts with collagen fibers, and phagocytes.

Rhogocytes or pore cells (see review by Haszprunar, in

press) were very common (Figure 5a, c) and exhibited

various shapes. These cells were characterized by a sur-

rounding extracellular matrix and by distinct slit areas,

which in cross section give the appearance of "pores." The

slits were provided with a fine diaphragm. The cell body

contained a round nucleus, many vacuoles and mitochon-

dria, an extensive endoplasmic reticulum, rarely residual

bodies, and occasionally some electron-dense granules.

Amoebocytes (Figure 5b) were also very common in this

layer of the mantle. The usually elongated cells were char-

acterized by long pseudopodialike extensions which pro-

truded in all directions. The cytoplasm appeared very ho-

mogeneous, containing many mitochondria; there were dis-

tinct areas of the cell showing tubular endoplasmic retic-

ulum.

Elements of the gliointerstitial system (Figure 5a, b)

were regularly found in the hemocoel in the vicinity of

nerve processes and muscle fibers. The most characteristic

elements of this system were oval granules (diameter 0.5

^m), which were filled with a very homogeneous, electron-

dense material. No nucleus could be found in any of these

cells.

Striated collagen fibers, which were produced by fibro-

blasts, were rare (Figure 5a), but small muscle fibers were

common in the connective tissue (Figure 6a).

Prominent nerve processes were surrounded by a layer

of extracellular matrix (Figures 4d, 5b). Occasionally also

perikarya with nuclei were present in these distal nerves.

Phagocytes were detected only in Lissarca notorcadensis.

This cell type phagocytosed invading bacteria (Figure 4d).

Fine Structure of the Inner Mantle Epithelium

The inner mantle epithelium was mainly composed of

very flat, elongated cells (Figure 6a-c). These cells exhib-

ited a prominent microvillar border, the height of which

ranged from 0.4-2 /im. The epithelial cells contained oval

nuclei, spherical mitochondria, and clusters of electron-

dense granules. Cilia were occasionally observed between

the microvilli (Figure 6b). In Area noae, vacuoles were

present in the epithelial cells (Figure 6c).

DISCUSSION

Caeca

Many authors have discussed the degree of penetration

of shells by tubules. Taylor et al. (1969) remarked that

tubules penetrate across the entire shell including the peri-

ostracum. Wise (1971) found that in the Anadarinae, a

subfamily of Arcidae, the tubules penetrate all of the min-

eralized shell layers as well as the periostracum. However,

in the species included in this study, the periostracum is

organic matrix (om) and the organic fibers (of) of the nacreous

layer of the shell (sh).

Figure 4d. Area noae: cross section of whole mantle epithelium.

Outer mantle epithelium with various cell types, hemocoel re-

duced, inner mantle epithelium with microvillar border. Abbre-

viations: and, apical hemidesmosomes; bhd, basal hemidesmo-

somes; bm, basement membrane; cae, caecum; ce, centriole; mb,
microvillar body; mi, mitochondria; mu, mucous cells; n, nucleus;

np, nerve process; om, organic matrix; sbd, specialized belt des-

mosome; sh, mineralized part of shell; su, supporting cell; tf,

tonofilaments.
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Figure 5

Ultrastructure of hemocytes (TEM). All scale bars in fim.

Figure 5a. Barbatia barbata: collagen fibers (cf) between glioin-

terstitial cell (gi) and rhogocyte (rh) with nucleus (n) and sec-

ondary lysosome (si).

Figure 5b. Barbatia barbata: amoebocyte (am) with nucleus (n),

nerve process (np), gliointerstitial cells (gi), and muscle fibers

(mf) below the basement membrane (bm).

Figure 5c. Barbatia barbata: detail of a rhogocyte (rh) showing

the slits with diaphragms (da) and the surrounding extracellular

matrix (ecm).

Figure 5d. Lissarca notorcadensis: phagocyte with invaded bacteria

(ib).
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Figure 6

Ultrastructure of the inner mantle epithelium (TEM). All scale

bars in ixm.

Figure 6a. Barbatia barbata: cell with nucleus (n) and microvillar

border (mv) of the inner mantle epithelium, which is underlain

by a basement membrane (bm). Muscle fibers (mf) are present

in the hemocoel.

Figure 6b. Barbatia barbata: ciliated (ci) cell with nucleus (n) and

microvillar border (mv). The inner mantle epithelium is under-

lain by a basement membrane (bm). A rhogocyte (rh) is present

in the hemocoel.

Figure 6c. Area ventricosa: cells (n, nucleus) of inner mantle

epithelium containing large vacuoles (va) with vacuoles of un-

known function.
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not perforated, which is in accordance with the data pre-

sented by Waller (1980) and Carter (1990).

We decalcified the shell after it was embedded in plastic

to prevent shrinking of soft tissue. Nevertheless, the ob-

served reticulate formation of caeca in Barbatia barbata and

Area noae might be a preparation artifact, because it does

not agree with observations of non-decalcified shells in

which all caeca are reported as solitary structures (Waller,

1980).

Salvini-Plawen (1985) considered conchiferan and po-

lyplacophoran caeca to be homologous organs. The arcid

caeca indeed share several structural similarities with the

caeca of fissurellid limpets and with the aesthetes of the

Polyplacophora. Particularly close resemblance is found

between the arcoid caeca and the polyplacophoran mi-

croaesthetes, because both are unicellular structures,

whereas the macroaesthetes and the fissurellid caeca are

multicelluluar organs. However, many fine-structural sim-

ilarities are also present in the clearly analogous caeca of

brachiopods, probably due to similar function(s) (Reindl

et al., 1995). Moreover, the fundamental developmental

difTerences of the secondarily formed arcoid caeca (Waller,

1980) with the primarily formed caeca of the remaining

groups suggest analogy rather than homology (Reindl &
Haszprunar, in press).

Apart from the Arcoidea and Limopsoidea, where shell

tubules have been reported in all species studied (Omori

et al., 1962; Omori & Kobayashi, 1963; Oberling, 1964;

Kobayashi, 1964, 1969, 1980; Shibata, 1970, 1976, 1979,

1980; Waller, 1980; see review by Carter, 1990), bivalve

caeca have only been studied in the Corbiculoidea (Schro-

der, 1907; Robertson & Coney, 1979; Tan Tiu & Prezant,

1989; Adler & Fiechtner, 1992; Araujo et al., 1994). In

both Arcoidea and Corbiculoidea, the caeca are unicellular

structures that are secondarily formed by specialized cells

of the outer mantle epithelium after the previously formed

shell which is penetrated.

Although the phylogeny of bivalves is still a matter of

much speculation, higher clades like the Pteriomorpha are

accepted by most authorities (see reviews by Allen 1985,

Vaught 1989). In light of the distant systematic relation-

ship of Arcoida (Pteriomorpha) and Corbiculoidea (Het-

erodonta) the similarity of the structure and development

of the caeca is remarkable. On the other hand, a general

homology of the caeca within the bivalves is unlikely, first,

because of the general rare presence of caeca among all

bivalve groups, and second, because caeca of different

structure and origin occur in more closely related groups

(e.g., Mytilidae in Pteriomorpha, Chamidae in Hetero-

donta; Taylor et al., 1969, 1973).

Possible Functions of Caeca

Although it provides protection, a calcified shell may
limit the exchange of materials and information between

an organism and its environment (Watabe, 1984; Wil-

liams, 1984). Shell tubules may help to improve this ex-

change by extending the living cellular content (caeca) to

the periostracum layer.

A photoreceptive function has been demonstrated for the

aesthetes in polyplacophorans (Boyle, 1972) and has been

assumed for bivalve caeca by Omori et al., (1976). How-
ever, we could not find any kind of photosensitive structures

or pigments or nervous processes contacting the caeca to

transmit the received information. Thus we agree with

Waller (1980) that it is very unlikely that additional pho-

toreceptors would be present beneath the shell, because

those on the mantle margin can provide nearly 360° re-

ception to slight changes in light intensity (Braun, 1954).

A second possible function is that tubulation serves to

anchor the mantle to the shell in the region proximal to

the pallial line. Indeed, the caeca considerably increase the

area of adhesion of the mantle to the shell. However, shell

attachment seems unlikely to be an important function,

because it is already performed by specific adhesive cells

(supporting or true tendon cells with tonofilaments; see

Bubel 1984). In addition; if the attachment of the mantle

to the shell is an important function, one would expect

tonofilaments or actin fibers, which are suitable for me-

chanical stress, to extend into the tubules. This is not the

case, however.

A third possible role of caeca is in gas exchange. Alekseev

(1987) proposed this function for the caeca of Pisidiidae

(Corbiculoidea). Tubulation certainly increases the contact

area of the mantle epithelium with the free environment

and thus facilitates gas exchange and the buffering of met-

abolic products that may result from anerobic metabolism

when the valves are closed (Lutz & Rhoads, 1977). How-
ever, this hypothesis is in contrast to the results of Shibata

(1971a, b, c), who investigated Anadara subcrenata by phys-

iological methods and found no evidence for any role in

gas exchange. In addition, the non-perforated periostra-

cum contradicts this idea (see Waller, 1980 for detailed

discussion).

A storage function, as discussed for Polyplacophora

(Boyle, 1974; Fischer, 1988; Baxter et al., 1990) and

Brachiopoda (Peck et al., 1989; Peck, 1992; Reindl et al.,

1995), is improbable. We could not find any specific stor-

age material such as mucus or glycogen within the caeca.

Moreover, there is limited space for storage in the long

and fragile caeca, and the restricted volume of all caeca

within an animal argues against this possible function.

Because caeca penetrate the shell after its formation, a

function with respect to shell secretion also appears un-

likely.

The only function which seems acceptable at present is

that the caeca are involved in chemical secretion for the

purpose of deterring boring organisms. However, this se-

cretion does not prevent settlement on the shell, because

we found many epizoic and/or epiphytic organisms sitting

on the periostracum immediately above a caecum. The
caeca are certainly chemically active in order to perforate

the shell and it is possible that they remain in this state

after reaching the periostracum. This hypothesis is sup-
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ported by the fact that in our investigated species we never

found any kind of boring algae, fungi, or bacteria pene-

trating the minerahzed shell. However, negative evidence

always is unsatisfactory, and we must conclude that the

function of arcoid caeca is far from being clarified.

Cilia of The Outer Mantle Epithelium

The cilia, which emerge from the sensory processes of

the outer mantle epithelium, are situated in the narrow

space between the apical surface of the outer mantle ep-

ithelium and the shell. These cilia lack roots, suggesting

a sensory function in spite of their "normal" 9-1-2 con-

struction (Barber, 1974, Moran & Rowley, 1983). They

may detect invading debris and may induce defense re-

actions of the mantle epithelium.

Microvillar Pads

The ultrastructure of the microvillar pads suggests a

sensory function because of the specialized desmosomes

and the dense arrangement of the microvilli. However, we
failed to detect an axon associated with any of these cells.

The structure of the microvillar pads is very similar to

rhabdomeric photoreceptors and therefore suggests pho-

tosensitivity of this cell type. On the other hand, photo-

reception is hard to accept because the pads are situated

below the thick mineralized shell and the pigmented peri-

ostracum (see also above for caeca). Without further phys-

iological studies, it is impossible to present a conclusive

functional interpretation of the microvillar pads.

So far as is known, the microvillar pads are restricted

to members of the subfamily Arcinae {Area noae; Barbatia

barbata), where they are very common in the outer mantle

epithelium. In contrast, microvillar pads are lacking in the

remaining species.

Mucous Cells

These cells are very common in the outer mantle epi-

thelium, and only a narrow space is left between their

apical surface and the mineralized shell. It is unknown
whether distal or proximal secretion occurs, or whether

storage is their main function. The mucous cells might

also be involved in the production of the organic matrix

of the shell.

Supporting Cells

This cell type has two functions. First, supporting cells

work as a "pillar" for the entire outer mantle, because

they are present in large numbers and are regularly in-

terspersed between the other cell types of the outer mantle

epithelium. In addition, this cell type is responsible for the

attachment of the mantle to the shell by numerous prom-

inent tonofilaments with their apical hemidesmosomes.

Bubel (1984) reviewed the cell types which attach the

various muscle fibers to the shell and called them "tendon

cells." In our species, a smooth transition occurs between

true tendon cells (with attached muscles) and supporting

cells with very few tonofilaments.

Rhogocytes

Rhogocytes are diagnostic for mollusks. They have been

described in the hemocoel of members of nearly all mol-

luscan classes under many different terms such as "Plas-

mazelle," "Leydig cells," "brown cell," "vakuolisierte

Rundzelle," "Blasenzelle," "cellule excretrices du tissu

conjonctif," and mostly as "pore cells" or "rhogocytes"

(see recent review by Haszprunar, 1996). As outlined else-

where (Haszprunar, 1996), the term "rhogocyte" (Greek;

slit-cell) should be preferred, because actually slits are

present rather than pores. As reviewed by Simkiss & Ma-
son (1983), Mason et al. (1984), and Nott et al. (1993),

pore cells are thought to play an important role in the

metabolism of respiratory pigments and of metal ions in

general. In general, the granules of the rhogocytes contain

iron or copper ions according to the respective respiratory

pigments. Rhogocytes also contain lysosomes, so it is pos-

sible that they are more catabolic than anabolic. Rhogo-

cytes might also be involved in calcium metabolism. Most

recently Morse & Cooper (1993) showed that rhogocytes

take up hemolymph fluid via endocytosis. Without addi-

tional experiments, it is impossible to state any specific

function of the rhogocytes in the arcoidan mantle.

Gliointerstitial System

According to Nicaise (1973), the molluscan gliointer-

stitial system forms a connection between muscles and

nerves. These cells may be found at the base of the epi-

dermis and also (as in this case) as "free" cells in the

primary body cavity. It is supposed that the gliointerstitial

system stores inorganic cations, thus participating in the

ion regulation of neurons and perhaps also of muscle cells

(Nicaise, 1973). In addition, this system is able to transport

metabolites throughout the intercellular matrix (Nolte et

al., 1976).

Amoebocytes

These cells, which are found throughout the hemocoel,

are probably involved in defense against bacteria that have

entered the animal's body. The rarely observed "phago-

cytes" might be amoebocytes in an active state, or might

be another distinct cell type.

Inner Mantle Epithelium

The microvillar border of the squamous epithelium

probably plays an important role in gas and metabolic

exchange and therefore in respiration and excretion. Fur-

thermore, Manahan et al. (1982) demonstrated transport

of dissolved amino acids throughout the inner mantle ep-

ithelium by a demonstration of an uptake from natural

seawater. The function of the few cilia is in all probability
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the maintenance of a continuous water flow over tiie ep-

ithelial surface.

General Remarks

The present investigations reveal that the mantle of

arcoid and limopsoid bivalves is much more complicated

and specialized than previously assumed. Nonetheless this

study should encourage people to do comparative work on

other bivalve groups. Such comparative data should enable

us to increase our understanding of this important bivalve

organ and to enlighten also phylogenetic relationship be-

tween the bivalve groups.
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Abstract. Taxonomic studies of teuthoids have emphasized characters of the hectocotylus, a modified

arm that male squids use in copulation. Although gonatid squids reportedly lack a hectocotylus, one of

the arms in the fourth, or ventral, pair is reported here to be modified to form a hectocotylus in male

specimens of Berryteuthis magister magister (Berry, 1913) collected in the eastern Pacific and Bering

Sea. The stalks of the eighth to the seventeenth suckers from the beak are enlarged in both the dorsal

and medial dorsal sucker rows. The hectocotylus may have remained undetected because the changes

are comparatively subtle and affect the middle, rather than the distal, part of the arm. These factors

and the small size of males in fishery trawls from the western Pacific seem more likely to explain the

difference between these specimens and reports of western Pacific specimens of B. magister than does

species-level separation of the populations. This hypothesis is supported by the similarity of spermat-

ophores, sperm reservoirs, and ovarian eggs from eastern Pacific specimens reported here to those

previously described from western Pacific specimens.

INTRODUCTION

The internal reproductive anatomy of oceanic squids is

poorly known. Systematic studies of teuthoids, including

those of the oegopsid family Ommastrephidae (Roeleveld,

1988) and the myopsid family Loliginidae (Natsukari,

1983, 1984), have extensively cited external characters

associated with the hectocotylus, an asymmetrically mod-

ified arm which is known or presumed to aid in transfer-

ring spermatophores to females (Voss & Voss, 1983).

The terminology associated with the hectocotylus was

reviewed by Voss & Voss (1983). Modified suckers, sucker

stalks, or arm membranes are common specializations that

form the hectocotylus; they may affect the entire arm or

be restricted to a portion of the arm. The hectocotylus is

inferred to transfer spermatophores to the female where

the spermatophoric reaction generates a sperm reservoir

that females carry until they spawn (reviewed by Arnold

& Williams-Arnold, 1977), although exact mechanisms of

sperm transfer and sperm storage are little known. The
basic data concerning the taxonomic distribution of a hec-

tocotylus and the morphological diversity of hectocotyli

among the 27 recognized teuthoid families and among
sepioids and octopods have been invoked as evidence that

the modifications have evolved in polyphyly.

Among oegopsid squids are the gonatids, a monophyletic

family identified by the presence of four rather than two

sucker rows on each arm. Most of the family's 19 recog-

nized species occur at high latitudes in the North Pacific

Ocean; two species occur in the North Atlantic and one

in the Antarctic Ocean (Nesis, 1987). The reproductive

biology of Berryteuthis magister (Berry, 1913), which rang-

es from the Sea of Japan to the California Current, may
be the best known of any gonatid species (Okutani et al.,

1988). Females of B. magister with ovarian eggs up to 5

mm long carry sperm reservoirs imbedded in their inner

mantle musculature (Nazumi et al., 1979).

The comparatively few males that have been studied

have a small testis (< 2-37o of the body weight) through

the life cycle (Kubodera, 1992), and are reported to lack

a hectocotylus (Kasahara et al., 1978; Nesis, 1987). This

paper, however, documents the presence of a hectocotylus

in specimens of Berryteuthis magister from the eastern Pa-

cific Ocean and the Bering Sea. The spermatophore, sperm
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Table 1

Specimens closely examined, and in some cases dissected, by museum catalogue number, with locality, date of collection,

sex, and mantle length in mm. Additional specimens from the Canada Museum of Nature (CMN 66-258, 45603), the

United States National Museum (USNM 00814639, 00814640), and the holotype at the California Academy of Sciences

(CAS 017965) were also consulted.

California Academy of Sciences, San Francisco, USA.

CAS 019834. 57°49.9'N; 173°38'W; 146-137.2 m. May 1976. 12 submature.

CAS 019962. 56°34.8'N; 172°3'W; 151.8-153.6 m. May 1976. 13 immature.

CAS 019989. 54°37.8'N; 166°54.0'W; 409 m. April 1976. n = 2 immature.

CAS 096135. 52°19.8'N; 174°7.58'E; 336-418 m. August 1980. n = 3 immature.

CAS 096140. 54°20'09"N; 167''40'06"W; 840-850 m. June 1979. 13, 249 mm (with right-handed hectocotylus); 19 243 mm (copu-

lated).

Field Museum of Natural History, Chicago, USA.

FMNH 278024. near Vancouver, British Columbia. No date. 12, 186 mm (with right-handed hectocotylus); 12 156 mm.
FMNH 278036. 55°41,8'N; 168°47,52'W; 162 m. July 1994. 12, 251 mm (copulated).

FMNH 278037. 60°31.00'N; 171°53.39'E; 139 m. September 1994. 13, 203 mm (with left-handed hectocotylus); 222 234 mm; 235

mm.
FMNH 278038. 59°40.97'N; 167°7.86'E; 265 m. September 1994. 13 195 mm (with left-handed hectocotylus); 329 244 mm; 240

mm; 245 mm.

reservoir, and ovarian eggs from females are also described.

Berryteuthis magister magister (Berry, 1913), the subspecies

considered here, contrasts with the apparently sympatric

western Pacific taxon B. magister nipponensis Okutani and

Kubodera, 1987, in the size of medial suckers on the club

and its quasibenthic habits (Okutani & Kubodera, 1987).

MATERIALS and METHODS
Specimens in nine lots of specimens of B. magister magister

were closely examined; those that showed evidence of re-

productive maturity, e.g., spermatophores visible within

the mantle cavity, were dissected (Table 1). Most of the

specimens studied were collected west of British Columbia

and in the Bering Sea; these areas have been considered

to be important spawning sites for the species (Kubodera

& JefTerts, 1984; Okutani, 1988). The presence of sper-

matophores in the penis or eggs in the oviducts identifies

reproductively mature specimens (Mangold, 1987).

RESULTS

On one of the fourth, or ventral, arms of mature males of

B. magister, stalks of the suckers in the dorsal and medial

dorsal sucker rows are enlarged to form papillae, and the

suckers are reduced in size (Figure 1). The modified arm
may be either the right (n = 4) or the left (n = 2) ventral

arm of the male; the opposite arm appears entirely un-

modified. Both ventral arms appear to be unmodified in

specimens under 150 mm mantle length, although only

two of these were closely examined.

The modifications that constitute the hectocotylus are

restricted to the middle part of the arm. On the dorsal

sucker row, the stalk of the eighth sucker from the arm

base (at about half of the arm length from the beak) is

subtly enlarged. Stalks of the nine succeeding suckers in

both the dorsal and medio-dorsal rows are sufficiently en-

larged to compress the area occupied by the ventral and

medial ventral sucker rows (Figure lb). The oral ring of

the affected suckers is smaller in diameter than the cross

section of the papilla, and smaller than the sucker ring of

the ventral suckers, but the dorsal and ventral sucker rings

carry the same number of teeth. On unmodified arms of

females (Figure Ic), each of the four sucker rows occupies

roughly an equal area of the arm's surface, and the di-

ameter of the sucker ring exceeds the diameter of the sucker

stalk. In males with a hectocotylus, the distal suckers and

the arm membrane are unmodified.

Each male with a hectocotylus is fully mature, as doc-

umented by spermatophores densely packed in the sper-

matophore sac (Figure 2). The very short penis, which is

the terminus of the spermatophore sac, ends far from the

mantle opening (Figure 2). A muscle inserts medially on

the penis near where the spermatophore sac tapers to form

the penis. This muscle, judging from its medial and an-

terior origin on the visceral membrane, may help extend

the penis when it transfers spermatophores to the hecto-

cotylus prior to copulation. Despite the large number of

spermatophores in the penis and spermatophore sac, the

testis is very small.

A spermatophore extracted from the penis of the male

specimen (CAS 096140) is illustrated in Figure 3a. The

length of four spermatophores from this individual ranged

in length from 17.25 to 19.5 mm, with a width of 0.75

mm. The length of most sperm masses ranged from 12.0

to 15.5 mm, although one spermatophore had a sperm

mass only 6 mm in length. Spermatophores from the male
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Figure 1

The hectocotylus of B. magister in lateral view (a) and oral views (b). The dramatic enlargement of the dorsal and

medio-dorsal sucker stalks begins at the eighth sucker from the mouth. Compare with the oral surface of the fourth

right arm of a female (c) (both CAS 096140).
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Figure 2

The mantle cavity of a male of B. magister (CAS 096140). Note the comparatively short penis (p), and the densely

crowded spermatophore sac (ss) which covers the small testis.

specimens collected in the Bering Sea (Table 1), perhaps

because they were frozen prior to fixation, could not be

recovered intact.

Two females that had copulated, as evidenced by the

presence of sperm reservoirs imbedded in their inner man-
tle musculature, were examined. Dorsally, the skin on the

females' mantles is generally intact, and the consistency of

the mantle muscle is firm. The dorsal mantle of one of the

females, however, has a regular series of tears that appears

to be consistent with damage from the arm hooks of a

conspecific. The sperm reservoirs lodged in the internal

mantle appear to have been inserted there rather than

having penetrated the mantle wall (Figure 4); the outer

mantle is intact, and removal of the sperm reservoirs from

the inner mantle leaves only very faint circular scars.

Sperm reservoirs, measuring 13.0-17.8 mm in length,

are firmly inserted into the inner mantle musculature

slightly anterior to the base of each gill and immediately

ventral to the opening of the distal oviducal gland (Figure

4). In the female specimen from CAS 096140, over three

times as many reservoirs are lodged in the left (approx.

170) as are in the right (approx. 50) side of the mantle

(Figure 4). Sperm reservoirs on the female's left side are

flaccid, without what appear to be the distal white sperm

storage areas that are conspicuous on those on the right

side. In a second female (FMNH 278036), a total of 87

sperm reservoirs with distal white sperm masses and scars

of implanted reservoirs are present only in the left side of

the mantle.

Sperm reservoirs (Figure 3c), extracted from the mantle

muscles of the females, have three distinct portions; the

reservoir tip that was extracted from the mantle muscle

has a thick, collar-type ring. The sperm reservoirs avail-

able did not allow the internal structure to be seen.

The large ovaries, nidamental glands, and the presence

of eggs in the oviducts (Figure 4) indicate that these females

have reached full reproductive maturity, although the ova-

ry appears to occupy a lesser volume of the mantle than

has been depicted in other fully mature female squids. The
length of ovarian eggs varies from 0.9 to 4.0 mm (Figure

5); the largest eggs are free in the ovary or in the oviduct.

DISCUSSION

The enlargement of the stalks of the dorsal and medial

dorsal sucker rows on one of the fourth arms of males of

the gonatid squid, B. magister, constitutes a hectocotylus.

Although Kasahara et al. (1978) stated explicitly that no
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male of B. magister examined had a hectocotylus, the pres-

ence of a hectocotylus may have been overlooked in western

Pacific specimens of this species. The penis of west Pacific

specimens of B. magister, as described by Okiyama (1970)

and illustrated by Kasahara et al. (1978:figure 3) is as

short as in specimens reported here. Squids with a hec-

tocotylus typically have a very short penis (Nesis, 1987),

as do specimens of B. magister. Squids without a hecto-

cotylus typically have a very long penis that can be pro-

truded far out of the mantle. Nesis (1987), in making this

generalization, cited the gonatids as an example; the penis

of Gonatopsis borealis Sasaki, 1923, extends nearly to the

mantle opening (Sasaki, 1929:plate XXX; Young, 1972;

Okiyama, 1970) as it does in Gonatopsis octopedatus Sasaki,

1920 (Okiyama, 1970).

Although the short penis may have suggested to re-

searchers that males of B. magister had a hectocotylus,

several factors likely contributed to its having remained

undetected. Perhaps most significant among these factors

is the small size of males studied by previous workers.

The males that Kasahara et al. (1978) and Nazumi et

al. (1979) studied ranged in mantle length from 133 to

161 mm; the present study finds hectocotyli on specimens

with mantle lengths of from 186 to 249 mm (Table 1).

Kubodera (1992) documented that specimens from the Sea

of Japan tend to be smaller than do those from more

northern populations; he suggested that the population was

genetically isolated by the presence of a shallow sill. The
present results could be argued to support that hypothesis;

however, the fact that hectocotyli were not found on spec-

imens with mantle lengths less than 185 mm suggests that

it develops late in ontogeny. Voss & Voss (1983) stated

that asymmetric hectocotyli develop earlier in ontogeny

than do symmetric modifications; this is consistent with

their prediction that asymmetric hectocotyli contribute pri-

marily to spermatophore transfer, and symmetric hecto-

cotyli do not. Regardless of its ontogeny, if males living in

warmer waters, such as the Sea of Japan, have smaller

body sizes, their hectocotyli are also predicted to be smaller

and less conspicuous.

Western Pacific males are also smaller than, and greatly

outnumbered by, females (Kasahara et al., 1978; Nazumi
et al., 1979; Yuuki & Kitazawa, 1986; Kubodera, 1992).

That females live longer than males is a suggested means

by which they reach larger sizes (Yuuki & Kitazawa,

1986). The size dimorphism, however, may be due to the

sex-linked difference in growth rates estimated by authors.

Statolith analysis, such as Jackson (1989) performed on

\

1mm

Figure 3

(a) The spermatophore from the penis of B. magister, illustrated

in its entirety; (b) a view of the head of the spermatophore (from

CAS 096140). (c) Sperm reservoir from the mantle muscle of a

gravid female of B. magister from the same lot.
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Figure 4

The mantle cavity of a female B. magister (CAS 096140). Note the enlarged ovary and nidamental glands and the

presence of eggs in the oviducts. The sperm reservoirs imbedded in the left mantle are flaccid and lack sperm; those

on the right are rigid with masses of white sperm.

1mm
Figure 5

An ovarian egg of B. magister (CAS 096140).
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the very strongly size-dimorphic species, Idiosepius pyg-

maeus Steenstrup, 1881, could be used to assess sex-linked

differences in age and growth.

The very small testis and penis in B. magister (Yuuki

& Kitazawa, 1986; Kubodera, 1992) may also have com-

plicated the identification of mature males. The testis of

B. magister weighs half of what it does in G. borealis and

only a tenth of what it does in the onychoteuthid species

Onychoteuthis borealijaponicus Okada, 1927 (Kubodera et

al., 1983). The small size of these features could have

suggested that males with spermatophores were less than

maximally mature, despite the presence of spermatophores

in the very small penis.

The position of the hectocotylus of B. magister, restricted

to the middle portion of the arm, and the somewhat subtle

modifications which constitute it may have also contributed

to why it has been overlooked. Distal modifications and

those affecting the arm membrane appear to be most com-

mon among oegopsids (Roeleveld, 1988). The restriction

of modifications that form teuthoid hectocotyli to the mid-

dle portion of the arm, however, are known (e.g., Nat-

sukari, 1983). The subtlety of the modifications reported

here may be notable when compared to other oegopsids,

but neither their subtlety nor their placement affects the

arm's definition as a hectocotylus, following Voss & Voss

(1983).

Because these potential problems have hindered the

identification of the hectocotylus, and full demonstration

that west Pacific specimens of B. magister lack a hecto-

cotylus is wanting, defining a new taxon based on the

presence of a hectocotylus would currently be inappro-

priate. As within-species variation in the "handedness" of

the hectocotylus is also known (Roeleveld, 1988), this vari-

ation does not demonstrate the existence of species-level

differences. Additional information concerning characters

that could support or refute separation of the populations

is required. For example, among the 19 species of gonatids,

spermatophores have been previously illustrated only in

the species description of B. anonychus Pearcy & Voss,

1963, and for Gonatopsis octopedatus by Okiyama (1970).

Sperm reservoir placement (Figure 4) in these females

of B. magister is consistent with that reported for five spec-

imens from the western Pacific (Nazumi et al., 1979).

Females in both reports have sperm reservoirs on either

the right or left side of their mantles. Whether the data

available on sperm reservoir morphology (Figure 3c) are

currently able to contribute to ascertaining taxonomic af-

filiation is somewhat questionable. The sperm reservoir

illustrated by Nazumi et al. (1979) is inconsistent with

the sperm reservoir measurements reported here. In ad-

dition, one of a single cluster of reservoirs illustrated has

two rather than three divisions.

The presence of a hectocotylus in B. magister, considered

to be one of the basal gonatids by Nesis (1973), may offer

insight into higher order teuthoid phylogeny. An asym-

metrical hectocotylus had been reported among six oegop-

sid families (Enoploteuthidae, Lycoteuthidae, Architeu-

thidae, Ommastrephidae, Thysanoteuthidae, Cranchi-

idae), both myopsid families (Loliginidae, Pickfordiateu-

thidae), most sepioids, and all incirrate octopods (Voss &
Voss, 1983). That an asymmetric hectocotylus occurs across

cephalopod orders and in both teuthoid suborders suggests

that it may be a plesiomorphic character. Of the oegopsid

families with this character, all, except the highly derived

cranchiids (Voss & Voss, 1983), also share a primary conus

that has been argued to be plesiomorphic (Toll, 1982;

Donovan & Toll, 1988).

Whether the hectocotylus is a gonatid plesiomorphy, a

remnant of an ancient common ancestor that was lost with-

in the clade, as Voss & Voss (1983) postulated for the

Cranchiidae, is shared by other gonatids, or is a unique

adaptation to the quasibenthic habits of B. magister ma-

gister is unknown. To better our understanding of repro-

ductive biology and evolution of the squids, we require

additional insight into the occurrence and morphology of

the hectocotylus and other phylogenetically informative

characters among the diverse teuthoid families.
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Abstract. Three new species of Praesargana, P. argentea, P. confraga, and P. kennedyi, are the first

sarganines reported from southern California. These rare muricacean gastropods of late Turonian age

occur in the Baker Canyon Sandstone Member and the overlying lower part of the Holz Shale Member
of the Ladd Formation in the Santa Ana Mountains, Orange County, California. Inclusion of P. argentea

and P. kennedyi in Praesargana broadens the concept of the genus to include species that have spiny

sculpture, and species that lack a strong axial component to the sculpture. One species of Praesargana,

P. condom (White, 1889), was previously known from the Turonian of northern California. This threefold

increase in diversity in a more southern fauna suggests that Praesargana may be indicative of a warm-
temperate to tropical climate. Sarganinae resemble predaceous Muricidae rather than ciliary-feeding

Trichotropidae, but have a fold on the columella and a protoconch more like that of Pyropsinae. For

these reasons, despite recent assignments to other families, Sarganinae are included in the family

Tudiclidae of the Muricacea.

INTRODUCTION

Although gastropods of Cretaceous age from the Santa

Ana Mountains, Orange County, California, have been

described in several papers (e.g., Packard, 1992; Popenoe,

1937; Saul & Popenoe, 1993), the faunas are incompletely

known. This paper describes three new muricacean species

of late Turonian age from the Baker Canyon Sandstone

Member and the overlying lower part of the Holz Shale

Member of the Ladd Formation. Figure 1 plots the lo-

calities at which these species have been found on a geologic

map.

At least 38 other moUuscan taxa are present at the 10

localities that yielded these new species (Table 1). The
ammonite Subprionocyclus sp. indicates a late Turonian

age for these deposits (Matsumoto, 1959, 1960). Most of

these fossiliferous beds may be storm deposits, but, at USGS
loc. 2759, specimens of Anchura (Helicaulax) tricosa Saul

& Popenoe, 1993, with elongate outer lip and rostral ex-

tensions preserved, suggest that these shells could not have

undergone much transport or reworking by wave action.

Saul (1982) considered the mollusks of these assemblages

to have lived from the sublittoral to depths not greater than

40 m. At LACMIP 16644 the impression of a fragment

(roughly 2 cm x 0.7 cm) of a coral colony was found.

About 35 calices are present on the fragment, which pos-

sibly used a gastropod shell as substrate. Corals are rare

in Pacific Slope Late Cretaceous deposits, and colonial

corals even rarer. If this was a hermatypic coral, it suggests

clear, normal salinity water above 18°C at a site of low

sedimentation in water less than 50 m deep (Wells, 1956:

F353). If the specimen was not transported downslope, it

suggests a probable depth limit for these faunas.

These three new species have apertural features char-

acteristic of the Late Cretaceous muricacean subfamily

Sarganinae Stephenson, 1923. At present the subfamily

comprises only Sargana Stephenson 1923, and Praesargana

Saul & Popenoe, 1993, and each genus contains but few

species. Additionally, Rapana tuberculosa Stoliczka, 1867,

from near Serdamungalum, southern India may be a sar-

ganine. In the illustrations and description of/?, tuberculosa

from the Trichinopoly Group of Turonian-Coniacian age

(Acharyya & Lahiri, 1991), the description of the very

narrow anterior siphonal canal is especially suggestive of

Sarganinae. According to Stoliczka (1867:156), the de-

scription of this species was prepared before the specimen

accidentally fell into acid, and the illustration was drawn

after the spines had been partially etched away. Petuch

(1988:12) has suggested that Ecphora proquadncostata

Wade, 1917, should be placed in an as yet unnamed sub-
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i^ = fossil locality

fl =CIT1292
= CIT 1891 & UCLA 4235

^ = USGS 2759
"(^ = CIT 80

g = CIT 82

g = LACMIP 16645
77 = LACMIP 16644

g = CIT 454

g)= CIT 1064

QUATERNARY
Qac =

Alluvium & colluvium

Qt =
Terrace deposits

TERTIARY
Ts =

Sespe Formation

Tsa =
Santiago Formation

Tsi =

Silverado Formation

CRETACEOUS
Williams Formation

Kwp =

Pleasants Sandstone
Member

Kws =

Schultz Ranch Member

Ladd Formation

Klh =
Holz Shale Member

KlhSC =
Sandstone & con-

glomerate lenses

within Holz

Klb =
Baker Canyon Member

Kt =
Trabuco Formation

JURASSIC
Jsp =

Santiago Peak
Volcanlcs

Jbc =

Bedford Canyon
Formation

2 Miles

2 Kilometers

Figure 1

Geologic map of a portion of the northern Santa Ana Mountains, Orange County (after Morton, Miller, and Fife,

1973), with localities yielding specimens of Praesargana species. Map includes parts of Black Star Canyon (1967),

Corona South (1967), El Toro (1968), and Santiago Peak (1954) USGS 7 1/2-minute quadrangles.
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Table 1

List of species associated with three Praesargana n. sp. LocaUties yielding Praesargana spp. are listed left to right in

ascending stratigraphic order and toward deeper water deposits. Of the three species, P. kennedyi seems to have lived on

shallowest bottoms and nearest to shore. Praesargana argentea and P. confraga are both associated with Anchura (H?)

tricosa in moderate depth shelfal assemblages that include ammonites. (See Saul, 1982, for listings of shallower and deeper

water Santa Ana Mountains Cretaceous faunas).

Map
Number

Biota associated with Locality 1 4 3 5 2 2 8 1 6 9

Praesargana spp. number 1292 80 2759 82 4235 1891 454 16644 16645 1064

Trigonarca californica Packard, 1922 n n B
Pinna calamitoides Shumard, 1859 D D B
Lima beta Popenoe, 1937 D A B
Alleinacin sulcata (Packard, 1922) D B
Ambocardia delta (Popenoe, 1937) D D D B
Callistalox arata (Gabb, 1864) D D D B
"Aporrhais" vetus Packard, 1922 D D G
Ampullina pseudoalveala (Packard, 1922) D D D D D n ? G
Gyrodes dowelli White, 1859 D n G
Praesargana kennedyi, sp. nov. • • • G
Varens formosus Saul & Popenoe, 1993 D a D D G
Glycymeris pacificus (Anderson, 1902) D A D B
Pterotrigonia klamathonia (Anderson, 1958) D A D D B
Crassatella gamma Popenoe, 1937 D B
Paraesa? zeta (Popenoe, 1937) A B
Liopistha anaana (Anderson, 1902) B
Latiala nodosa (Packard, 1922) n A n D D G
Anchura (Helicaulax) tricosa Saul & Popenoe, 1993 A D A D G
Praesargana argentea, sp. nov. • • • • G
Cucullaea (Idonearca) gravida (Gabb, 1864) n B
Tenea mflata (Gabb, 1864) small var. A A B
Corbula sp. D D D B
Turritella hearni Merriam, 1941 A ? G
Varens anae Saul & Popenoe, 1993 D G
Praesargana confraga, sp. nov. • • • G
pycnodontid A A A B
Pachycardium coronaense (Packard, 1922) D D B
Calva regina Popenoe, 1937 n D B
lAtira sp. n D G
Sciponoceras sp. ^ C
Subprionocyclus sp. ^ ^ ^ C
Inoceramus sp. n B
Neophylloceras sp. ^ C
Cyprimeria moorei Popenoe, 1937 n B
Aporrhais n. sp. D D G
Carota dilleri (White, 1889) D G
Biplica cf. B. isoplicata Popenoe, 1957 D G
Ellipsoscapha ? sp. D G
Eutrephoceras sp. D C
pachydiscid ammonite ^ C
colonial coral D
Indogrammatodon sp. D B
Turritella iota Popenoe, 1937 D G
Arrhoges sp. nov. D G

= abundant; A = common; D = rare; if = Praesargana spp., all are rare; -j^ = ammonite, all are rare; B = Bivalvia; C =

Cephalopoda; G = Gastropoda.

genus oi Sargana, but E. proquadricostata has an internally Sargana has been recorded from the Senonian of Pon-

denticulate outer lip and a moderately wide siphonal canal. doland, South Africa, and the Campanian-Maastrichtian

It lacks a columellar fold and a posterior notch at the of the Gulf and Atlantic Coasts of North America. Prae-

suture. sargana was previously known from P. condom (White,
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Table 2

Characteristics of Tudiclidae, Tudiclinae, Pyropsinae, and Sarganinae.

Tudiclidae Tudiclinae Pyropsinae Sarganinae

Shell Shape and Size

Rapiform or pyriform, small

to large size, commonly
with moderate to long an-

terior siphonal neck

Whorl Shape

Angulate, biangulate, or

rounded

Anterior Canal

Commonly long

Protoconch

Paucispiral, low

Aperture

Rounded, commonly nearly

as wide as high, commonly
subangulate at shoulder

Columellar Fold

One fold or swelling at en-

trance to siphonal canal or

no fold

Medium to large size, with

moderate to long anterior

siphonal neck

Angulate or biangulate with

abrupt basal constriction

Long and narrow, nearly

straight

Low to papillate in earlier

species becoming bulbous

in late species

Rounded, nearly as wide as

high, inside of outer lip

lirate or smooth

One fold at entrance to si-

phonal canal; inner lip

wraps over fold leaving

umbilical chink

Medium to large size, with

moderate to long, tapering

anterior siphonal neck

Angulate to rounded, abrupt-

ly to smoothly constricted

basally

Moderate to long, more or

less narrow, nearly

straight

Low to nearly flattened

Rounded to elongate, ex-

panded, commonly suban-

gulate at shoulder

One fold or swelling at en-

trance to siphonal canal or

no fold; inner lip wraps

over fold or swelling leav-

ing umbilical chink

Small to medium size, with

short to moderately long

anterior siphonal neck,

bent back to left, forming

wide to moderte umbilicus

Angulate or subangulate,

abruptly to smoothly con-

stricted basally

Short to moderately long,

very narrow

Low to fiat

Rounded, nearly as wide as

high, some with angulation

at shoulder

One fold at entrance to si-

phonal canal opposite pro-

jecting tubercle on inside

of outer lip

1889) of Turonian age in northern California; this paper

adds three species from southern CaUfornia for a tripling

of diversity in the more southern fauna. This is the first

record of a possible latitudinal species diversity gradient

within a sarganine genus. Praesargana and Sargana oc-

curred both north and south of the equator in warm-
temperate to subtropical faunas, and they apparently were

more specifically diverse nearer the equator. Presently the

sparse geological record of this group suggests that the

Sarganinae may be a tropical to warm-temperate group.

California also provides, at present, the geologically ear-

liest record of the sarganines, although the possible Indian

record may be nearly contemporaneous. The geologically

latest records are from the Gulf Coast of North America.

The record is too meager to support a sarganine origin in

the eastern Pacific or a direction of migration.

Abbreviations used in this paper include CIT, Califor-

nia Institute of Technology (collections at LACMIP);
LACMIP, Natural History Museum of Los Angeles

County, Invertebrate Paleontology; UCLA, University of

California, Los Angeles (collections at LACMIP); USGS,

United States Geological Survey; USNM, United States

National Museum.

SYSTEMATIC PALEONTOLOGY
Superfamily MURICACEA Rafinesque, 1815

Family Tudiclidae Cossmann, 1901

Confusions resulting from orthographic meddling with the

name Tudicla Roding, 1798, and resultant spellings of

Tudiclidae were resolved by Rosenberg & Petit (1987).

Composition and characteristics of the Tudiclidae were

discussed by Saul (1988). With the placement of Sargan-

inae in Tudiclidae (Saul, 1995), the family comprises Tud-

iclinae Cossmann, 1901, Pyropsinae Stephenson, 1941,

and Sarganinae. Table 2 lists and contrasts some of the

characteristics of these three named subfamilies. Only the

Tudiclinae is represented in a modern fauna, and the soft

part anatomy of the sole living species, Tudicla spiralis

(Linnaeus, \1()1), is unknown. Although these subfamilies

have not previously all been assigned to a single family,

their shells are sufficiently similar to be confamilial. The
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type species of Tudicla, T. spinllus (Linnaeus, 1767), from

the Bay of Bengal has an internally lyrate outer lip and

a large mammillate protoconch of one and a half round,

swollen, glossy whorls. Protoconchs of geologically older

species of Tudicla are, however, smaller and much less

bulbous, as, for instance, is that of Tudicla rusticula (Bas-

terot, 1825), a mid-Miocene species from the Vienna Basin

of Austria. Protoconchs of Pyropsinae of Cretaceous and

earliest Tertiary age consist of about one and a half round,

smooth whorls, but they are smaller and lower than those

of Tudicla.

Subfamily Sarganinae Stephenson, 1923

The family Sarganidae was erected by Stephenson (1923:

377) to include Sargana and an undescribed genus from

the Ripley Formation of Georgia and Alabama later de-

scribed by Wade (1926:177) as Schizobasis. Stephenson

(1952:181) formally included Schizobasis Wade and Hil-

lites Stephenson, 1952, in the Sarganidae, but Sohl (1964:

174) disassociated Hillites and Schizobasis from Sargana

and placed them in the Moreinae Stephenson, 1941. In

addition, Sohl (1964:174) considered Sargana sufficiently

similar to Rapana Schumacher, 1817, and other Rapaninae

Gray, 1853, to be included in that subfamily of the Mur-
icidae. Ponder & Waren (1988:305) resurrected the sub-

family Sarganinae and placed it with a query in the Mur-
icidae. Garvie (1991) placed Sargana in Trichotropidae

and then in Cancellariidae (Garvie 1992). Tracey et al.

(1993) suggested that Lowenstamia Sohl, 1964, and Sar-

gana, which they comment upon under Coralliophilidae

Chenu, 1859, are possibly neotaenioglossan muricacean

homeomorphs. Saul (in press) proposed including the Sar-

ganinae in the Tudiclidae.

Stephenson (1952) distinguished Sarganidae from Mur-
icidae on the basis of its flattened spire and the columellar

fold, but Sohl (1964), in assigning Sargana to the Rapan-

inae, pointed out that some Muricidae (e.g., Murex Lin-

naeus, 1758) have a similar fold on the columella and that,

^''Sargana itself is muricid in the character of its ornament

and its siphonal canal." The muricid genera Antinotrophon

Dall, 1902, Ecphora Conrad, 1843, and Rapana "have

similar umbilical characters" (Sohl, 1964). An open um-
bilicus formed by a revolving, strongly deflected anterior

canal is also present in Poirieria Jousseaume, 1880, and

Paziella Jousseaume, 1880, two muricine taxa recognized

from the Cretaceous (Garvie, 1991, 1992). The openness

of the umbilicus is greatly exaggerated in Sargana, how-

ever. This feature, in conjunction with the shape of its

protoconch (Figure 2) and early whorls, suggests that Sar-

gana and Praesargana be placed not in Rapaninae but in

Sarganinae.

Although Garvie (1991) indicated that Sargana is a close

relative of trichotropids in the Neotaenioglossa on the basis

of the protoconch, other characteristics suggest that it is

muricacean in its affinities. Overall shape of the Sargan-

inae is very similar to that of the predaceous muricids.

Sarganines have a very well defined, elongate anterior

siphonal canal and a well-marked, posterior notch (Figures

7, 10). Both features, although not confined to predators,

are unknown among ciliary feeders such as the trichotro-

pids. Late Cretaceous trichotropids are sufficiently similar

to modern species to suggest that they had already evolved

a mode of life comparable to that of modern species.

Garvie (1992) gave no reason for placing Sargana in the

Cancellariidae. Shell shape, sculpture, and apertural fea-

tures are sufficiently different that they can hardly have

been the basis for this assignment, nor is the protoconch

similar. For instance, the protoconch of Cancellaria arnoldi

Dall, 1909, from the San Diego Formation of Pliocene

age, San Diego, California, has more whorls and is higher

than protoconchs of Sargana and Praesargana, and it lacks

the carina present in sarganine protoconchs.

The protoconch of both Sargana and Praesargana is pau-

cispiral, low, rapidly expanding, and becomes carinate

after about one and a half whorls. In Praesargana the

protoconch is slightly less flattened than in Sargana. In

their paucispiral protoconchs, sarganines differ from the

earliest representatives of most muricid groups in which

multispiral protoconchs are present (Yokes, 1971). Where-
as Muricinae and Rapaninae have multispiral protoconchs

that probably indicate planktotrophic larvae (Kool, 1993b),

the protoconchs of the Ocenebrinae, which appear slightly

later in the geologic record, are paucispiral (Kool, 1993a,

b). Kool (1993b) emphatically based his revision of the

Rapaninae upon gross anatomy, radular, opercular, and

protoconch morphology, and shell ultrastructure. He dis-

cussed placement of only one fossil genus, Ecphora Conrad,

1843, which he tentatively placed in Ocenebrinae Coss-

mann, 1903, because of its paucispiral protoconch, an as-

signment unequivocally endorsed by Vermiej & Kool

(1994). The sarganine protoconch differs from that of ra-

panine, ocenebrine, and muricine protoconchs illustrated

by Kool (1993a, b) in being very low-spired. Paucispiral

protoconchs are also present in Pyropsinae (Sohl, 1964),

and sarganine protoconchs are similar to those of the pyr-

opsines Pyropsis Conrad, 1860, and Napulus Stephenson,

1941, in being paucispiral, rapidly expanding, and in be-

coming carinate after about one and a half whorls. Pro-

toconchs of Napulus spp. and relatively high-spired Pyr-

opsis spp. are not as flattened as the protoconch of Sargana

stantoni (Weller, 1907). As pyropsines are included in

Muricacea (Ponder & Waren, 1988), the protoconch of

sarganines is similar to that of these muricaceans.

Sarganinae, comprising Sargana and Praesargana, have

a paucispiral protoconch, a low spire, a rough-textured

ornate shell, a fold on the columella, a very narrow anterior

canal, the posterior siphonal notch adjacent to the suture

rather than at the shoulder, and a moderate to wide um-
bilicus with a lacinate carina.

Genus Praesargana Saul & Popenoe, 1993

Type species: by original designation Trophon condoni

White 1889, from the Turonian of northern California.
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Figures 2-4, 7-9, 12 Sargana stanlom (Weller, 1907) hypotypes from LACMIP loc. 10326. 2-3, 7 LACMIP 12331,

2, apical view, x2; 3, back view, xl.5; 7, apertural view, xl.5. 3, 9, 12 LACMIP 12332, 3, back view, xl; 9,

apertural view, x 1.5; 12, labral view, x2. 8, LACMIP 12333, showing columellar fold, x 2. Figures 5-6, 10-11.

Praesargana argentea Saul, sp. nov. all xl.5. 5-6, 10, holotype, USNM 482399 from USGS loc. 2759; 5, apical

view; 6, back view; 10, apertural view; 11, paratype, LACMIP 12324 from LACMIP loc. 16644, latex pull of

back view. Figures 13, 17-20. Praesargana confraga Saul, sp. nov. all xl. 13, 20, paratype LACMIP 12326 from

LACMIP loc. 16524; 13, apical view, apparent rib on ramp is a crack formed during depression of the spire; 20,

apertural view. 17-19, holotype LACMIP 12325 from CIT loc. 82; 17, apertural view; 18, umbilical view; 19,

back view. Figures 14-16, 21-23. Praesargana kennedyi Saul, sp. nov. all x 1. 14, 16, 22, holotype LACMIP 12328

from CIT loc. 1292; 14, apertural view; 16, back view; 22, ablabral view. 15, 23, paratype LACMIP 12329 from

CIT 1891; 15, apertural view; 23, apical view. 21, paratype LACMIP 12330 from CIT loc. 80, apical view.

Discussion: Praesargana was placed in Sarganidae because

of its resemblance to Sargana Stephenson, 1923 (Saul &
Popenoe, 1993) (Figures 2-4, 7-9, 12). As characteristic

of Praesargana but not of Sargana, Saul & Popenoe (1993)

listed: (1) no spiral sulcus at base of whorl; (2) finer, more

regular, and not spiny sculpture; (3) smaller, shallower

umbilicus; and (4) shorter, straighter, more open siphonal

canal. Inclusion of the new species, P. argentea, P. con-



L. R. Saul, 1996 Page 131

fraga, and F. kennedyi, in Praesargana requires modifi-

cation of this list of characteristics. The range of sculpture

ascribed to Praesargana is expanded to include spines at

the intersection of axial and spiral components as in P.

argentea and spiral sculpture only, without any axial com-

ponent, as in P. kennedyi. The length of the anterior

siphon is a specific character. Width and depth of the

umbilicus of Praesargana also vary by species, and the

umbilicus may be as wide and deep as in Sargana.

Sargana and Praesargana are very similar. Sargana has

a flatter protoconch. The whorl profile of Praesargana is

angulate and widest at the shoulder, tapering toward the

siphonal neck, rather than globose and abruptly constricted

at the neck, as in Sargana. The spiral sulcus at the base

of the whorl on Sargana stantoni is accentuated by spiral

rows of spines above and below it. Stephenson (1923, 1952)

and Sohl (1964) emphasized the importance of the spiral

sulcus as characteristic of Sargana. Although on Praesar-

gana confraga, a row of spines at the base of the whorl

causes the neck to appear more abruptly constricted than

in other Praesargana, Praesargana lacks the abrupt basal

constriction and narrow spiral sulcus of Sargana.

Praesargana and Sargana have thus far been found in

different areas. Sargana stantoni (Weller, 1907) is from the

Campanian to early Maastrichtian (Sohl, 1964) of the

Atlantic and Gulf Coasts of North America and Sargana

geversi (Rennie, 1930) from the Senonian of Pondoland,

South Africa (Sohl, 1964; Stephenson, 1941). Praesargana

is thus far only known from Turonian deposits of the

Pacific Slope of North America.

Praesargana argentea Saul, sp. nov.

(Figures 5-6, 10-11)

Diagnosis: A Praesargana with angular whorl profile and

four strong spiral cords on the body whorl; suture not

overlapping shoulder of previous whorl; varices foliate and

forming spines at intersections with cords.

Description: Shell medium-sized, very low-spired; whorls

angulate at shoulder, expanding rapidly; ramp barely slop-

ing, concave to flat; suture abutting below shoulder of

previous whorl; whorl sides slightly convex, sloping slight-

ly inward from shoulder to anteriormost strong cord then

strongly constricted; umbilicus moderately wide. Sculpture

of four spinose, strong cords, strongest on shoulder, weakest

at base of whorl; spiral cords crossed by about 14 foliate

axials, forming spines at intersections with four major

cords; shoulder spines strongest, flattened axially, elongate

spirally, and bent apexward. Aperture rather quadrate,

strongly constricted to form very narrow, bent, anterior

siphonal canal; inner lip well demarked, detached from

columella at base of body whorl, extending toward outer

lip to form very narrow anterior canal; posterior siphonal

notch well defined, at suture; outer lip apparently with

denticle opposite columellar fold.

Type specimens: Holotype USNM 482399; paratype

LACMIP 12324 from LACMIP loc. 16644.

Type locality: USGS loc. 2759, Ladd Canyon, near Sil-

verado Canyon, Santa Ana Mountains, Orange County,

California; Ladd Formation, basal Holz Shale Member.

Dimensions: Of holotype, height 21.8 mm; diameter 21.8

mm; spire height 3.6 mm.

Remarks: Description is based on the holotype, USNM
482399, the most complete of four available specimens.

The paratype LACMIP 12324 is a rock mold. Some as-

pects of the sculpture show more clearly on a latex pull

from this paratype than on the holotype. Two other poor

but identifiable specimens are from LACMIP loc. 16645

and UCLA loc. 4235. The aperture of P. argentea is more
angulate than that oi Praesargana condom or Sargana stan-

toni (Weller, 1907), especially at the shoulder, where the

presence of a spine gives the aperture of P. argentea a

more muricidlike aspect. Possibly a more mature specimen

might develop a rounder aperture without an apparent

siphon at the shoulder. The holotype of P. argentea is,

however, larger than most specimens of S. stantoni and

figured specimens of 5". geversi, or S. ? tuberculosa (Stoliczka,

1867). The sculpture of P. argentea differs from that of

P. condom and S. stantoni in having no spiral sculpture on

the ramp and the axial elements and the spiral cords sim-

ilarly spaced. Praesargana argentea lacks the secondary

ribs of P. condom and S. stantoni and has larger and fewer

spines.

The protoconch is apparently present in the holotype,

but the shell material is recrystallized, and no fine details

are preserved. The early whorls resemble those of S. stan-

toni in being flattened and angulate. Among the four Cal-

ifornia Praesargana species, the spire of P. argentea is most

like that of S. stantoni (Figures 3, 4, 7, 9, 12) in having

the suture below the spinose shoulder. Praesargana argen-

tea differs from S. stantoni in having a higher spire, a more

angulate, straighter sided whorl with fewer cords, and no

spiral sculpture or spines on the ramp. Praesargana ar-

gentea has a higher spire than either P. confraga or P.

kennedyi. It differs from P. kennedyi in having foliate

varices and four rather than two spiral cords. It differs from

P. confraga and P. condom in having fewer but stronger

foliate varices, fewer but stronger spiral cords, and a whorl

profile that is more strongly angulate and broader at the

shoulder.

The holotype of Praesargana argentea was found in

association with Anchura (Helicaulax) tricosa Saul & Po-

penoe, 1993, as were the two paratypes from the basal

Holz Shale Member on the east side of Silverado Creek

south of the old Holz Ranch.

Etymology: The specific name is from Latin, argentum,

silver, and refers to the occurrence of this species in Sil-

verado Canyon.
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Praesargana confraga Saul, sp. nov.

(Figures 13, 17-20)

Diagnosis: A Praesargana with subangular whorl profile

and four or five spiral cords on the body whorl; no spiral

sculpture on ramp; suture overlapping the shoulder of the

previous whorl; varices moderately foliate and forming low

spines at intersection with cords.

Description: Shell medium-sized, very low-spired, whorl

angulate at shoulder, expanding rapidly; ramp slightly

sloping and concave; suture overlapping shoulder of pre-

vious whorl and forming nodular welt; whorl sides slightly

convexly rounded below shoulder, constricted at base to

form short, stout siphonal neck; umbilicus deep and mod-

erately wide, bordered by a laciniate carina. Protoconch

paucispiral, consisting of about two rapidly expanding

whorls, becoming carinate, surrounding an apical dimple.

Sculpture of four or five strong spiral cords, strongest on

shoulder; spirals crossed by 23-28 foliate varices forming

short spines at intersections with major cords. Aperture

with posterior sinus and very narrow anterior canal; inner

lip well demarked, thick; outer lip unknown.

Type specimens: Holotype LACMIP 12325 from CIT
loc. 82; paratype LACMIP 12326 from LACMIP loc.

16524 Santa Ana Mountains; 12327 from LACMIP loc.

10873 (=CIT loc. 454) near Silverado Canyon, Santa Ana
Mountains, Orange County, California.

Type locality: CIT loc. 82, south side Silverado Canyon,

south of Holz Ranch, Santa Ana Mountains, Orange

County, California, Ladd Formation, transition zone be-

tween Holz Shale and Baker Canyon Sandstone Members.

Dimensions: Of holotype LACMIP 12325, height 21.4

(lacking part of siphon), diameter about 23 mm, spire

height 4.0 mm; of paratypes LACMIP 12326, height 9.8

(incomplete, lacks part of base and anterior siphon), di-

ameter 26 mm, height of spire 3.4 mm (crushed); 12327

height 17.5 (incomplete, lacking anterior siphon), diameter

21 mm (lacking shell), height of spire 3.8 mm.

Remarks: Presargana confraga is described from four spec-

imens. A specimen from CIT 454 is small and quite bian-

gulate, suggesting that young P. confraga were biangulate,

broader at the shoulder, and had the anterior angulation

at the third spiral. A fifth specimen from CIT loc. 1064

is too poor to provide additional morphologic information.

The most complete specimen is the holotype, which lacks

the outer lip and part of the anterior canal. Paratype

LACMIP 12326 also lacks the outer lip, and the base is

broken ofif at the fourth spiral cord. Both of the other

specimens lack most of the shell.

Praesargana confraga is similar to P. condom in shape

and sculpture, but P. confraga has a sharper shoulder, a

wider and deeper umbilicus, fewer spiral cords and axial

ribs, and spinier sculpture. It lacks spiral sculpture on the

ramp. Praesargana confraga, which as an adult has a more
rounded whorl and a more constricted base than other

California species, has a whorl profile most like that of .9.

stantoni. The spires of these two are quite different, how-
ever, because the suture of P. confraga overlaps the shoul-

der of the earlier whorl rather than abutting below the

shoulder spines. The spire of P. confraga also differs from

that of P. argentea, which is similar to that of S. stantoni.

Praesargana confraga has one more cord than P. argentea

and two fewer than most 6". stantoni. Praesargana confraga

differs from P. kennedyi in having a more rounded shoul-

der, four or five strong cords rather than two on the body

whorl, and varices that are spinose at the cords.

Etymology: The specific name is from Latin, confragus,

broken, rough, uneven.

Praesargana kennedyi Saul, sp. nov.

(Figures 14-16, 21-23)

Diagnosis: A Praesargana with a very angulate whorl pro-

file emphasized by a strong broad cord at the shoulder and

having a second weak to moderately strong cord about 2

mm anterior to the shoulder and no axial varices.

Description: Shell of moderate size, thick, very low-spired;

whorls strongly angulate at shoulder, rapidly expanding;

ramp flat to barely sloping; suture at or barely below

shoulder of previous whorl; whorl sides nearly flat,

straightly sloping to siphonal neck; umbilicus deep, nar-

row. Protoconch paucispiral, consisting of about two rap-

idly expanding whorls, becoming flatly carinate, surround-

ing an apical dimple. Sculpture dominated by strong, broad

cord at shoulder and lesser broad cord about 2 mm anterior

to shoulder; fine axial and spiral threads forming fine

cancellate pattern on whorl sides. Aperture roundish, sub-

angulate at shoulder; inner lip thick, detached from col-

umella at base of body whorl, rounding away from pen-

ultimate whorl toward outer lip; posterior siphonal notch

well defined, at suture; outer lip bearing a strong dentic-

ulation at base of whorl opposite fold on columella; anterior

siphonal canal very constricted, moderately long and deep.

Type specimens: Holotype LACMIP 12328, paratypes

LACMIP 12329 from CIT loc. 1891, paratype LACMIP
12330 from CIT loc. 80.

Type locality: CIT loc. 1292, west side of Ladd Canyon

approx. 0.8 km north of Silverado Canyon, Santa Ana
Mountains, Orange County, California, Ladd Formation,

Baker Canyon sandstone Member.

Dimensions: Of holotype, height 29 mm, diameter 25.4

mm (incomplete), spire height 3.8 mm; paratype 12329,

height 20.7 mm (lacking anterior siphon), diameter 26.8

mm, spire height 3.7 mm; paratype 12330, height 14 mm
(incomplete, lacking anterior siphon), diameter 24.7 mm,
spire height 2.7 mm.
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Remarks: Three specimens are assigned to this taxon; all

are rather top-shaped and have a strong cord at the shoul-

der and a lesser, more anterior cord on the whorl flank.

The spire varies from nearly flat to convex; sutures abut

the shoulder flatly or are slightly stepped; strength of the

cords diflfers between the three specimens. The absence of

varices or axial ribs makes this species clearly distinct from

other known Praesargana. The growth lines are very strong

and give the surface a rough aspect. On all available spec-

imens, the posterior portion of the outer lip is broken.

Etymology: The species is named for G. L. Kennedy.
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LOCALITIES CITED

CIT localities have been given LACMIP numbers. Most

of the CIT and UCLA localities of the northern Santa

Ana Mountains were plotted on Popenoe, 1942: fig. 2, and

Saul & Bottjer, 1982: maps 1-3.

80 CIT (= LACMIP 8194); In sandstone above cgl.,

at fork of Silverado and Ladd Canyons on north

side of Silverado Canyon, NW Va, SW Va sec.8, T.

5 S, R. 7 W, El Toro quadrangle Santa Ana Moun-
tains, Orange County, California. Coll: B. N.

Moore, 1926. Ladd Formation, Baker Canyon

Sandstone Member. Turonian

82 CIT (= LACMIP 8195): Limey sandstone bed

near base of shale, south of roadcut at Holz's Ranch
(locality may become obscured by slides), Silverado

Canyon, east edge of SE 14, SE Vi, sec.7, T. 5 S,

R. 7 W, El Toro quadrangle, Santa Ana Moun-
tains, Orange County, California. Coll: B. N.

Moore, 1927 Ladd Formation, Holz-Baker Can-

yon transition. Turonian.

454 CIT (= LACMIP 10873): Cretaceous shale, fire-

line about Hough's 80 on south side of stream,

about 400' ( ?) above creek, Silverado Canyon, 450'S,

875'E of NW cor. sec. 16, T. 5 S, R. 7 W, Santiago

Peak quadrangle, Santa Ana Mountains, Orange

County, California. Coll: B. N. Moore, August,

1 929. Ladd Formation, lower Holz Shale Member.

Turonian.

1064 CIT (= LACMIP 10893): Area south of Harding

Canyon, Vulture Crags, lower part of shale section

just north of first large canyon cutting across Cre-

taceous beds south of Harding Canyon, about 2

mi. S42°E of the dam in Harding Canyon and 6800'

N55°E of juncture of Santiago Creek and Trabuco

Canyon Rds., 2600'N, 1625'E of SW cor. sec.34,
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T. 5 S, R. 7 W, Santiago Peak quadrangle, Santa

Ana Mountains, Orange County, California. Coll:

W. P. Popenoe, October 14, 1934. Ladd Forma-

tion, lower Holz Shale Member. Turonian.

1292 CIT (= LACMIP 8177): Bluffs at base of Baker

Canyon Sandstone, Vi mi. north of Silverado Can-

yon, west side Ladd Canyon, 1 800'S, 600'E ofNW
cor. sec.8, T. 5 S, R. 7 W, Black Star Canyon

quadrangle, Santa Ana Mountains, Orange Coun-

ty, California. Coll: W. P. Popenoe, April, 1936.

Ladd Formation, Baker Canyon Sandstone Mem-
ber, lowermost fossiliferous beds. Turonian.

1891 CIT (= LACMIP 10111): Just south across gully

from locality CIT 1290, Holz Ranch Silverado

Canyon, about 2675'S, 725'W of NE cor. sec.7, T.

54 S, R. 7 W, Black Star Canyon quadrangle,

Santa Ana Mountains, Orange County, California.

Coll: W. P. Popenoe, March 1939. Ladd Forma-

tion, transitional beds top of Baker Canyon Sand-

stone or base of Holz Shale Member. Turonian.

2759 USGS: Near Silverado Canyon, in lower part of

Ladd Canyon, Santa Ana Mountains, Orange

County, CaHfornia. Coll: S. Bowers, April 24, 1903.

Ladd Formation, Baker Canyon Sandstone Mem-
ber. Turonian.

4235 UCLA: Dip slope of Baker Canyon Sandstone

cropping out about 0.3 mi. NW of old Holz Ranch

house, 2600'N, 700'W of SE cor. sec.7, T. 5 S, R.

7 W, Black Star Canyon quadrangle, Santa Ana
Mountains, Orange County, California. Coll: W.
P. Popenoe. Ladd Formation, Baker Canyon Sand-

stone Member. Late Turonian.

10386 LACMIP: Coon Creek, type locality, 36 inches to

51 inches above base, McNairy County, Tennessee.

Coll: H. A. Lowenstam, October 23, 1955. Ripley

Formation. Late Campanian, Nostoceras hyatti zone.

16524 LACMIP: Santa Ana Mountains (precise locality

unknown), Orange County, California. Coll:

UCLA summer field student, 1948. Ladd For-

mation, Baker Canyon Sandstone Member. Tu-
ronian.

16644 LACMIP: Silverado Creek, S of Holz Ranch, about

0.15 km S of Silverado Canyon Road, W side of

narrows, E side of creek, near W line sec. 8, 0.23

km N of SW cor. sec.8, T. 5 S, R. 7 W, El Toro

quadrangle, U.S.G.S., 1968, Santa Ana Moun-
tains, Orange County, California. Coll: W. P. El-

der, L. R. Saul, & W. V. Sliter, March 23, 1994.

Ladd Formation, basal Holz Shale Member. Tu-
ronian.

1 6645 LACMIP: Silverado Creek S of Holz Ranch, about

90 m N of bend to W, E side of creek near E line

of sec.7, 0.225 km N of SE cor. sec.7, T. 5 S, R.

7 W, El Toro quadrangle, U.S.G.S., 1968, Santa

Ana Mountains, Orange County, California. Coll:

L. R. Saul, March 23, 1994. Ladd Formation,

basal Holz Shale Member. Late Turonian.

Note added in proof:

M. G. Harasewych has just written that he has recently

dissected preserved specimens of the type species of Tudicla,

and its anatomy is that of a buccinid.
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Abstract. The protoconch of the small, rare gastropod Cypraeogemmula warnerae Effinger, 1938, is

illustrated for the first time; the pattern of rhombs indicates that this genus belongs to family Ovulidae.

Only well-preserved specimens of this species show the protoconch. This new information is based on

recently collected specimens from lower Eocene rocks of western Washington.

The genus Cypraeogemmula is only known from two species, C. warnerae from the lower to upper

Eocene of western Washington and C. liliputana (Schilder, 1922) from the lowermost Oligocene of

northern Germany. Previously, C. warnerae was known only from the upper Eocene of western Wash-
ington.

INTRODUCTION

The small ovulid gastropod Cypraeogemmula warnerae Ef-

finger, 1938, is a rare species from Eocene rocks in western

Washington (Effinger, 1938; Durham, 1944; Squires &
Goedert, 1995) (Figure 1). Recent collecting in western

Washington has yielded a few additional specimens of this

species. Some of these specimens are well preserved and

show the protoconch, which has not been previously il-

lustrated for the genus.

Only two species-level taxa are known for the genus

Cypraeogemmula. Other than C. warnerae from Washing-

ton, the remaining taxon is C. liliputana (Schilder, 1922),

from Lattorf, northern Germany. The Lattorf area is the

stratotype of the Lattorfian Stage, and, based on studies

of calcareous nannofossils, Berggren et al. (1985) assigned

this stratotype to the lowermost Oligocene.

The molluscan stages for the Pacific coast of North

America used in this report stem mainly from Clark &
Yokes (1936), who proposed five mollusk-based Eocene

stages, namely, "Meganos" (lowermost Eocene), "Capay"

(middle lower Eocene), "Domengine" (upper lower to lower
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Figure 1

Index map to localities where Cypraeogemmula warnerae Effinger,

1938, has been found. Unless otherwise noted, localities are CSUN
localities.

middle Eocene), "Transition" (lower middle Eocene), and

"Tejon" (middle middle Eocene to upper Eocene). The
stage names are placed in quotes because they are informal

terms and generally the same as formation names. Givens

(1974) modified the use of the "Capay Stage," and it is in

this modified sense that the "Capay Stage" is used herein.

The upper Eocene to lower Oligocene Pacific Northwest

Galvinian Stage (= upper part of the "Tejon Stage") of

Armentrout (1975) is also used in this report.

Abbreviations used for catalog and/or locality numbers

are: CSUN, California State University, Northridge;

LACMIP, Natural History Museum of Los Angeles

County, Invertebrate Paleontology Section; UCMP, Uni-

versity of California Museum of Paleontology (Berkeley);

UW, University of Washington, Seattle.

SYSTEMATIC PALEONTOLOGY

Superfamily CYPRAEACEA Rafinesque, 1815

Family OvuLiDAE Fleming, 1822

Discussion: We use the classification of Ponder & Waren

(1988) herein. Dolin (1991a) noted that the family Ovu-

lidae is characterized by a multispiral planktotrophic pro-

toconch with a sinusigeriform aperture and obliquely de-

cussate sculpture. Bandel & Riedel (1994) confirmed that

protoconch sculpture in the Ovulidae is distinguished by

a pattern of rhombs, different from the coarsely cancellate

protoconch found in the closely related family Cypraeidae.

Bandel & Riedel (1994) also reported that, although the

protoconchs of Ovulidae have a sinusigeriform aperture,

this type of aperture is known from many gastropod taxa

and usually cannot be used to characterize taxa higher

than the species level.

We prefer not to assign C. warnerae to a subfamily until

the diagnostic morphologic characters of the subfamilies

of Ovulidae are more completely understood.

Genus Cypraeogemmula Vredenburg, 1920

Type species: Trivia scabriuscula Koenen, 1890 [nonTnvia

scabriuscula (Gray, 1827)], = Cypraea liliputana Schilder,

1922, by monotypy, early Oligocene, Lattorf, northern

Germany.

Koenen's (1890) name Tnvia scabriuscula is a secondary

homonym because Gray's (1827) name Cypraea scabrius-

cula is known to belong to the genus Trivia. Vredenburg

(1920:1 14) used Koenen's species name when he proposed

the type species of genus Cypraeogemmula. The replace-

ment name, Cypraea liliputana Schilder, 1922, for Koenen's

name was allocated to genus Cypraeogemmula by Schilder

(1927).

Cypraeogemmula warnerae Effinger, 1938

(Figures 2-8)

Cypraeogemmula warnerae Effinger, 1938:381, pi. 47, figs.

29, 35; Weaver, 1942 [1943]:394-395, pi. 77, fig. 2;

Durham, 1944:117, 165; Schilder, 1961:147; Schilder

& Schilder, 1971:22, 168; Groves, 1993:12; Squires &
Goedert, 1995:table 1.

Holotype: UCMP 33588, lost (D. R. Lindberg, personal

communication).

Type locality: "Gries Ranch beds" in the lower part of

the Lincoln Creek Formation, UCMP loc. 3607, Lewis

County, western Washington.

Geographic distribution: Jefferson, Thurston, and Lewis

counties, western Washington.

Stratigraphic distribution: "Capay Stage" (middle lower

Eocene) to Galvinian Stage (upper Eocene part). "CAPAY
STAGE": Upper part of the Crescent Formation, Black

Hills, Thurston County, western Washington (herein).

MIDDLE EOCENE: Transition beds between the upper

part of the Crescent Formation and the overlying lower

part of the Mcintosh Formation, northern Doty Hills,

Lewis County, western Washington (Squires & Goedert,

1995). GALVINIAN STAGE: "Gries Ranch beds" in

the lower part of the Lincoln Creek Formation, near Vad-

er, Lewis County, western Washington (Effinger, 1938);

lower part of the Quimper Sandstone, Discovery Bay,
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Quimper Peninsula, Jefferson County, western Washing-

ton (Effinger, 1938; Durham, 1944).

Discussion: Ten specimens were found during the course

of this present study. A single, exceptionally well preserved

specimen 3 mm in height, was found at CSUN loc. 1563

in the upper part of the Crescent Formation in the Larch

Mountain area. Black Hills, near Olympia, western

Washington (Figures 2-8). Seven specimens were found

at CSUN loc. 1567, and two were found at CSUN loc.

1570. Both of these localities are in the transition zone

between the Crescent Formation and the Mcintosh For-

mation in the northern Doty Hills area, Thurston County,

western Washington. Preservation of the specimens at

CSUN loc. 1567 is generally poor to good; two specimens

show the protoconch. Preservation of the specimens at

CSUN loc. 1570 is overall very good.

The specimens of Cypraeogemmula warnerae found dur-

ing the course of this present study range from 2 to 5 mm
in height. The spire is visible only on juvenile or early

adult specimens. On more mature specimens between 4.5

and 5 mm in height, the spire is involute and completely

obscured by the subsequent whorls. The lost holotype of

C. warnerae measured 4.1 mm in height, and published

illustrations of h (Effinger, 1938:pl. 47, figs. 29, 35; Weav-
er, 1942 [1943];pl. 77, fig. 2) show no hint of a spire.

Durham (1944:165) designated three non-figured referred

specimens of C. warnerae (UCMP 35334-35336) from

UCMP loc. A1802 in the lower part of the Quimper
Sandstone, Quimper Peninsula, Jefferson County, western

Washington. Specimen 35334 is 3.5 mm in height and

shows a few of the spire whorls, although the shell is

missing on the spire. Specimen 35335 is 5.5 mm in height

and is the largest known specimen of C. warnerae. This

poorly preserved specimen would have been involute if the

posterior part of the shell had not been worn off, thereby

exposing the spire. The third referred specimen is a worn
fragment.

The holotype, Durham's three referred specimens, and

specimens collected during the course of this present study

indicate that adult specimens of C. warnerae are about 3

mm or greater in height, and the most mature specimens

have an involute spire.

Effinger (1938) briefly described the spire of C. war-

nerae, so we assume that he observed juvenile or early

adult specimens. Unfortunately, he did not illustrate any

of them as paratypes, nor did he assign any of them catalog

numbers for future study. Based on an extremely well

preserved specimen from CSUN loc. 1563, as well as ad-

ditional specimen from CSUN loc. 1567, the following

additional information can now be added: protoconch (=

spire in this species), approximately 0.4 mm long, mul-

tispiral (four whorls), inclined to the right side, and entire

right side covered by the body whorl; initial whorl of

protoconch low, rounded, smooth, and naticiform; second

whorl of protoconch tabulate with oblique axial sculpture

anterior to the tabulation and with no ornamentation pos-

terior to the tabulation, third and fourth whorls of pro-

toconch with oblique decussate (rhomboidal) axial sculp-

ture crossed by four to five spiral ribs, each spiral rib

bisecting a rhomb and thereby producing a distinctive tri-

angular pattern; protoconch set off from rest of teleoconch

by a smooth "shelf."

Effinger (1938) and Weaver (1942[1943]) assigned C.

warnerae to family Cypraeidae, but the pattern of rhombs

observable on the protoconch of C. warnerae indicates that

this species is an ovulid rather than a cypraeid. The rhomb
pattern of C. warnerae is very close to that in other ovulids

(Pezant, 1910:pl. 14, figs. 14a-c; 1911:24; Liltved, 1989:

fig. 226; Dolin, 1991b:fig. 2b; Bandel & Reidel, 1994:pl.

8, fig. 10; text fig. 10). The rhomb pattern of C. warnerae

is very different from the cypraeid cancellate pattern, which

is illustrated in Bandel & Reidel (1994:pl. 8, fig. 9).

The type locality of C. warnerae is in the "Gries Ranch

beds." Durham (1944) assigned these beds to his Molo-

pophorus stephensoni Zone. Armentrout (1975) assigned

this zone to the middle part of his Galvinian Molluscan

Stage of late Eocene age and included the "Gries Ranch
beds" in the lower part of the Lincoln Creek Formation.

Effinger (1938:table 1) listed C. warnerae as also present

at Woodman Wharf on the Quimper Peninsula, Jefferson

County, western Washington. Durham (1944:112) re-

ported that UCMP loc. A 1802 is the same as "Woodman
Wharf." Durham (1944:117), furthermore, found six

specimens of C. warnerae at UCMP loc. A 1802 and re-

ported that this locality is from his Molopophorus stephen-

soni Zone.

The specimens of C. warnerae from CSUN loc. 1563

are from rocks in the upper part of the Crescent Formation

that Squires & Goedert (1994, in press) assigned to the

"Capay Stage" (middle lower Eocene). The specimens of

C. warnerae from CSUN Iocs. 1567 and 1570 are from

Explanation of Figures 2 to 8

SEM micrographs = Figures 5-8. All non-SEM specimens coated with ammonium chloride. Figures 2-8. Cy-

praeogemmula warnerae Effinger, 1938, LACMIP catalog number 11372, CSUN loc. 1563 [= LACMIP 16655],

height 3 mm. Figure 2. Apertural view, xl3.3. Figure 3. Oblique apical view, low-level lighting used to show
"shelf that separates protoconch from the teleoconch, xl5. Figure 4. Abapertural view, xl3.3. Figure 5. Aba-

pertural view, x40. Figure 6. Left-lateral view, x40. Figure 7. Left-lateral view of protoconch, xl50. Figure 8.

Left-lateral view of apical part of protoconch, x400.
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transition beds between the upper part of the Crescent

Formation and the overlying lower part of the Mcintosh

Formation; Squires & Goedert (1995) assigned these tran-

sition beds to the middle Eocene.

Apparently Cypraeogemmula wamerae inhabited shal-

low-water marine environments even though its shells can

be found in deep-water deposits. Although EfTinger (1938)

considered the "Gries Ranch beds" to represent a warm-
water nearshore or littoral environment, Hickman (1984)

believed that these beds, as well as the Quimper Sandstone,

were probably deposited in deep water, subject to the influx

of nearshore mollusks that were transported downslope.

Squires & Goedert (1995) interpreted the depositional

environment of CSUN Iocs. 1567 and 1570 as having been

on the flank of an oceanic volcanic island in outer shelf to

upper slope (bathyal) muds subject to the influx of shells

of nearshore and shallow-marine megainvertebrates (mol-

lusks, solitary corals, etc.) and pebbly basalt debris. Squires

& Goedert (1994, in press) interpreted the depositional

environment of CSUN loc. 1563 as adjacent to a rocky

shoreline formed by the extrusion of basalt. Warm-water,

shallow-marine moUusk shells and colonial corals were

transported only a short distance and deposited in muddy
matrix coquina that filled cracks between boulders of ba-

salt. This last locality provides the best control as to the

paleoecology of C. wamerae. We conclude that this species

was a shallow-water marine species, even though it com-

monly ended up being transported into deeper waters. Its

small size could have easily contributed to its being trans-

ported. Most extant species of ovulids are warm-water,

shallow-marine forms that prey upon stony corals (either

solitary or reef type) or on gorgonians (Keen, 1971).

The teleoconch morphology of Cypraeogemmula lilipu-

tana (Schilder, 1922) is very close to C. wamerae. The
largest known specimens of C liliputana are 3.2 mm in

height. Based on illustrations and/or descriptions of the 3

mm-high holotypeof C liliputana (Koenen, 1890:565-566,

pi. 39, figs. 8a-c; Wenz, 1941:1001, fig. 2874), the teleo-

conch of C. liliputana has a more projecting anterior canal,

a more rectangular-shaped aperture, and more widely

spaced primary spiral ribs. Although the spire is somewhat

visible on the illustrations of the holotype of C. liliputana,

the details are not discernible. Koenen (1890:565), in the

description of this species, referred to the spire as consisting

of four smooth, convex whorls that are inclined and at-

tached to the body whorl. The relationship of the spire to

the body whorl is the same as in C. warnerae. Koenen's

(1890) description of the spire as smooth must have been

based on observations without the aid of magnification.

We concur with Schilder (1961) and Schilder & Schilder

(1971) that Cypraeogemmula liliputana and C warnerae

both belong to the genus Cypraeogemmula. Vredenburg

(1920) did not base his definition of this genus on proto-

conch characters, but knowing these characters is crucial

in familial assignment. As discussed above, our studies of

the protoconch of C warnerae now allow assignment of

the genus Cypraeogemmula to the family Ovulidae. If the

whereabouts of the holotype of C. liliputana ever becomes

known or when suitable material becomes available, it

would be helpful to have SEM micrographs of the spire

of this species. We predict that its spire will be found to

show rhombs as in the otherwise similar C. warnerae.

ACKNOWLEDGMENTS
Gail H. Goedert helped collect the fossils. David R. Lind-

berg (UCMP) loaned hypotype specimens. Suzanne Hen-
derson and Jean Crampon (Alan Hancock Foundation,

University of Southern California) aided in locating rare

and/or obscure references. Daniel Geiger (University of

Southern California, Department of Biology) kindly trans-

lated parts of Koenen (1890) and Schilder (1961). James
H. McLean (LACM Malacology) and LouElla Saul

(LACMIP) reviewed early drafts of the manuscript. Two
anonymous reviewers critically evaluated the manuscript

and made valuable comments.

LOCALITIES CITED

CSUN 1563 [= LACMIP loc. 16655]. At elevation of 680

m (2230 ft.), exposed in roadcut on NE side of logging

road, 300 m N and 50 m E of SW corner of section 1,

T. 17 N, R. 4 W, and 500 m S32°E of Larch Mountain,

47°59'03"N, 123°8'W, U.S. Geological Survey, 7.5-min-

ute, Capitol Peak Quadrangle, provisional edition 1986,

Black Hills, Thurston County, western Washington.

Crescent Formation. Age: Middle early Eocene ("Capay

Stage"). Collectors: J. L. & G. H. Goedert, 1992-1994;

J. L. Goedert & S. R. Benham, 1995 (Squires & Goe-

dert, 1994).

CSUN 1567, 1570 [= LACMIP Iocs. 16849, 16850]. Lo-

calities are about 4 m apart, in ascending stratigraphic

order, in a quarry at E end of bluff overlooking W side

of Garrard Creek, 46 m N and 518 m W of SE corner

of section 21, T. 15 N, R. 5 W, U.S. Geological Survey,

7.5-minute, Cedarville Quadrangle, 1986, northern Doty

Hills, extreme NW corner of Lewis County, western

Washington. Transition zone between the upper part

of the Crescent Formation and the overlying lower mem-
ber of the Mcintosh Formation. Age: Middle Eocene.

Collectors: J. L. & G. H. Goedert, 1993-1994 (Squires

& Goedert, 1995).

UCMP 3607 [= UW 239]. South bank of Cowlitz River

at old Gries Ranch, section 25, T. 1 1 N, R. 2 W, U.S.

Geological Survey, 15-minute, Castle Rock Quadrangle,

1953, Lewis County, western Washington (Effrnger,

1938:fig. 2; Weaver, 1942 [1943]). "Gries Ranch beds"

in the lower part of the Lincoln Creek Formation. Age:

Late Eocene. Collector: W. L. Effinger, circa middle

1930s.

UCMP A1802. On beach 0.4 km N of Woodman's Station

(= Woodman Wharf), Discovery Bay, SW 1/4 of NE
1/4 of section 8, T. 29 N, R. 1 W, U.S. Geological
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Survey, 7.5-minute, Port Townsend South Quadrangle,

1981, southwestern Quimper Peninsula, Jefferson

County, western Washington (Effinger, 1938; Durham,

1944). Lower part of the Quimper Sandstone. Age: Late

Eocene. Collector: W. L. Effinger?, circa middle 1930s

(Effinger, 1938; Durham, 1944).
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Abstract. Copulation and spawning of male-female pairs of the South American apple-snail Pomacea

canaliculata were periodically observed in aquaria. Copulation occurred under water (2.9 ± 0.3 times/

week, mean ± SEM) and was more frequently recorded in the morning (45%) and afternoon (37%)

than in the evening (18%). Most copulations were recorded in one or two subsequent observations,

although some were recorded in up to five subsequent observations (encompassing more than 30 h);

some of these long copulations were interrupted by spawning and then resumed, which suggests that

some copulation may indeed be series of several copulatory episodes.

Spawning occurred above water level (1.4 ± 0.1 times/week) and mostly at night (93%). The number
of eggs per spawn was 101.0 ± 6.8 eggs (mean ± SEM), its mean volume was 9.9 ± 0.2 mm^, and

the percentage of fertile eggs was 42.6 ± 2.7. The number of eggs produced, the mean egg volume, and

the percent of fertile eggs did not differ significantly between the first and second spawn produced

directly after copulation. When several spawns (up to five) were produced in succession, without

intervening copulations, the number of eggs per spawn was within the normal range, but the fertility

of the eggs produced varied from normal to null values. The adaptive significance of these findings in

comparison with what is known in other ampullariid gastropods is discussed.

INTRODUCTION

The apple-snail Pomacea canaliculata (Lamarck, 1822) is

a widespread freshwater snail in southern South America

(Argentina, Bolivia, Paraguay, Uruguay, and Brazil) where

it lives in lentic waters showing a rather wide range of

salinity and hardness (Hylton-Scott, 1957; Bachmann,

1960; Castellanos & Fernandez, 1976).

Ampullariid gastropods have received considerable at-

tention in the past (Sachwatkin, 1920; Hagler, 1923; Pra-

shad, 1925; Hylton-Scott, 1943, 1957; Bachmann, 1960;

Andrews, 1964, 1965a, b) because of their exhibiting both

"primitive" prosobranch characters and specializations,

such as the combined occurrence of a ctenidium and a lung

(the lung is used by the female of many ampullariid species

while spawning above water level).

At present there is a revival of interest in this family,

mainly because of its use as human food (Lum-Kong &
Kenny, 1989) and/or its role as the biological antagonist

of aquatic weeds (Thomas, 1975; Cazzaniga, 1981, 1983)

and schistosome-bearing gastropods (Chernin et al., 1956;

Ferguson & Palmer, 1958; Milward-de-Andrade, 1959;

Milward-de-Andrade & Souza, 1979; Cazzaniga, 1990b).

In particular, Pomacea canaliculata has received consid-

erable attention because of the concern created by the an-

thropogenic spread of this species to Asia (Cazzaniga, 1987)

where it may act as an intermediate host for Angiostron-

gylus cantonensis (Asaka & Sato, 1987; Kondo & Tanaka,

1989). It has also become a threat to rice crops (Leon-

Dancel, 1970; Nishimura et al., 1987).

The core of the present paper is a quantitative study of

some basic aspects of reproduction in P. canaliculata, and

is part of a broader study of the environmental factors

controlling the seasonality of reproduction in this species.

Also, the results of some non-quantitative, but behaviorally

detailed observations of copulation and spawning in this

species, are reported.
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MATERIALS and METHODS
Sexually mature individuals of Pomacea canaliculata, of

both sexes, were collected in Palermo Park (Buenos Aires,

Argentina) during the spring and summer of 1993. The

apple-snails were maintained in outdoor ponds until they

were used for studies.

Non-quantitative observations of the behavior of the

apple-snails during copulation and spawning were made

in laboratory aquaria during the spring and summer

months. Fresh lettuce was provided ad libitum (Estebenet

& Cazzaniga, 1992); however, other environmental con-

ditions, such as temperature and illumination, were largely

uncontrolled.

The quantitative observations were conducted in four

56 X 41 X 20 cm aquaria. Each aquarium was divided

with a plastic mesh into 10 11 x 20 x 20 cm compart-

ments. The shell lengths of the individuals used ranged

from 34 to 48 mm (sexual maturity is reached at about

25 mm shell length in this species: Martin, 1986; Estebenet

& Cazzaniga, 1992). A pair comprising a male and a

female individual (sex was determined by the shape of the

operculum, according to Cazzaniga, 1990a, and confirmed

at autopsy at the end of the experiments) was placed in

each compartment. Individuals which died during the ob-

servations (one male and eight females) were replaced by

other individuals of the same sex, since observations made
in the course of another study (Albrecht & Castro-Vaz-

quez, unpublished) indicated that replacement of the "fa-

miliar" partner did not modify the frequency of copulation

thereafter.

Results are reported only of the 79 males and 71 females

that remained alive and could be observed during the whole

period of observation (2 weeks). Continuous water renewal

(about 10 times/day) was ensured by a constant input flow

(at 23-27°C) and by keeping water level 10 cm above the

base of the aquarium. The aquaria were artificially illu-

minated (14 h/day) with 15 W white fluorescent tubes

located 22 cm above water. The animals were fed fresh

lettuce ad libitum.

Two replicate sets of observations were run, after at

least 1 week of adaptation of the animals to the mesh

compartments (starting on 8 February and 31 March 1994,

respectively), and they were pooled for presentation. After

the starting date, the animals were observed for copulation,

and spawning during 14 days at 7:00-8:00 A.M., 1:30-2:

30 P.M., and 8:00-9:00 P.M. A single episode of copu-

lation was recorded if copulatory activity was recorded on

one or more than one consecutive observation. An episode

of spawning was recorded whether a female was seen

during egg-laying or whether an egg mass was already

deposited.

The spawns were collected as soon as they were ob-

served, and the egg masses were dispersed in 2% sodium

hydroxide, washed and air-dried thoroughly, and the eggs

were counted. The mean egg volume was calculated on

the basis of the mean diameter of a ten-egg sample of each

spawn, as measured with a caliper to the nearest 0.1 mm.
The spawn volume was calculated as the product between

the mean egg volume and the number of eggs in the spawn.

Later, the eggs were incubated in an air-conditioned room
at 24-26°C for 10-15 days, when the percentage of fertile

eggs (i.e., those with developing embryos) was determined

for each spawn.

The correlation between the spawn measurements

(number and mean volume of eggs, volume of the spawn,

and percentage of fertile eggs) and the live mass of the

female which laid the spawn were evaluated with the

Spearman ranks test (Siegel, 1956). The same test was

also used to evaluate correlations among the spawn mea-

surements themselves.

RESULTS

Behavioral Patterns of Copulation and Spawning

During copulation, the male is attached to the last whorl

of the female's shell while gripping its aperture with the

muscular penial sheath. He remains there for the entire

period of copulation (10-18 h), with his head partly with-

drawn into the shell, and he does not loosen his grip even

if the mating pair is lifted from the water. Although some

decrease in locomotor activity of the female is also evident,

she may still move around, hauling the male, with her

head and palps extended, and she frequently feeds during

copulation; she also responds to disturbances in the usual

way, by withdrawing into her shell. Periods of immobility

of the female occur mainly in proximity to the surface,

either attached to the aquarium walls or floating, so that

both partners are able to ventilate their lungs during cop-

ulation. In those cases in which the initial attempts at

copulation could be observed, the male crawled over the

female's shell, with his head partly withdrawn into the

mantle cavity while thrusting out the penial sheath. Then
he aimed to grip the female's shell aperture, first advancing

the tip of the penial sheath over and alongside the female's

head until the muscular penial sheath was finally inserted

into the mantle cavity above the right nuchal lobe of the

female. At that time, the thin and long penis is presumably

stretched out and introduced into the pallial oviduct, but

this cannot be ascertained during such direct observations.

Females laid their eggs several centimeters above water

level, usually upon the aquarium walls. When the female

attains the spawning place, she relaxes the columellar mus-

cle while the foot remains firmly attached to the substra-

tum, and the right nuchal lobe covers the opening of the

pallial oviduct. Then the pink eggs appear (usually one

by one, sometimes in pairs) from below the right nuchal

lobe on the dark background of the female's body. No
movements or contractions of the female are apparent,

except that a groove is formed on the right side of the foot

(termed the ovipositor by Andrews, 1964), as if between

two bundles of the columellar muscle, and the eggs progress

in order along the groove until reaching the proximity of
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Table 1

Records of copulation and spawning at different times of

the day, in couples of P. canaliculata.

Figure 1

Sketches of a female Pomacea canaliculata laying eggs on a vertical

surface, outside water. The head is partially retracted and only

the labial palps (Ip) are seen. An ovipositor groove (og) is formed

on the right side of the foot, while movements of the upper edge

of the propodium (pp) accomodate the eggs in rows. Finally

(sketch on the right), the eggs accumulate on the right and upper

part of the propodium. The operculum is indicated as op.

the foot's edge. The upper end of the groove swings slowly,

thereby arranging the eggs along the edge of the propo-

dium; also, fibrillar movements of this edge may accom-

modate the eggs in their final position in the spawn. Es-

pecially when the spawn being produced is a large one,

the eggs start accumulating on the right part of the pro-

podium (Figure 1). When spawning is ended, the female

again contracts the columellar muscle; she detaches the

propodium, dropping the lower part of the spawn on the

substratum, and sometimes she turns left, facing water;

finally, she drops or slides down into the water. The whole

process may take from several minutes to more than 1

hour. The females crawling above water level may be easily

induced to drop into the aquarium by any light or sound;

however, once spawning begins, they are remarkably re-

fractory to either light or sound stimulation.

Quantitative Aspects of Copulation

The frequency of copulation was 2.9 ± 0.3 times/week

(mean ± SEM, computed for 73 couples and 422 episodes).

Five males (out of 78) did not show any copulatory activity

during the period of observation. Two additional males

that were mistakenly put together in the same compart-

ment showed four episodes of homosexual copulation dur-

ing the 2 weeks of observation.

Most heterosexual copulations were recorded on either

one (273/422, 64.7%) or two (1 26/422, 29.9%) consecutive

observations; however, 14 couples were seen copulating on

three consecutive observations, five couples on four obser-

vations, and four on five observations. Interestingly, in four

of the latter nine cases, spawning occurred between the

7;00- 1:30- 8:00-

8:00 AM 2:30 PM 9:00 PM
Copulating couples* 273 225 110

45% 37% 18%
Spawns deposited** 167 10 2

93% 6% 1%

* 78 couples; in 8 cases the female died during the observations

and was immediately replaced.

** 62 females; 9 additional females did not lay eggs during the

observation period.

two last observations, indicating that the female must have

interrupted copulation during egg-laying, but that she ac-

cepted the male again once she returned to water.

Copulatory activity showed a daily rhythm (Table 1),

being more frequently observed in the morning (7:00-8:00

A.M.) and afternoon ( 1 :30-2:30 P.M.) than in the evening

(8:00-9:00 P.M.); all these differences were statistically

significant (P < 0.001, x^ test).

Quantitative Aspects of Spawning

Most spawning activity occurred during the night since

most egg masses were already found on the 7:00-8:00 A.M.
observations (Table 1); however, some spawning also oc-

curred in the morning (i.e., between the 7:00-8:00 A.M.
and the 1:30-2:30 P.M. observations) and, occasionally,

in the afternoon (i.e., between the 1:30-2:30 P.M. and the

8:00-9:00 P.M. observations). Although the period be-

tween the 7:00-8:00 A.M. and the 1:30-2:30 P.M. ob-

servations is shorter than the period between the 8:00-

9:00 P.M. and the 7:00-8:00 A.M. observations (7 and 10

hours, respectively), this difference cannot account for the

large difference between the number of spawns observed

at 7:00-8:00 A.M. (93%) and that observed at 1:30-2:30

P.M. (6%).

Sixty-two out of 7 1 females laid eggs at least once during

the period of observation; in total, 179 spawns were de-

posited by these females (frequency: 1.4 ± 0.1 times/week;

mean ± SEM). Measurements of the spawns (i.e., the

number and size of eggs produced and the percentage of

fertile eggs) and of the female (i.e., the live mass) which

laid the spawn are shown in Table 2. No correlation was

found between the spawn measurements and the live mass.

Also, weakly positive but significant correlations were found

between the spawn volume and the percentage of fertile

eggs in the spawn (r^ = 0.4159; P = 0.001; Spearman

ranks test) and between the mean egg volume of a spawn

and the percentage of fertile eggs (r^ = 0. 1 886; P = 0.0222);

other correlations (between the spawn measurements

themselves) were not significant.

Most spawning occurred as single episodes of egg-laying
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Table 2

Live mass of female individuals of P. canaliculata and

measurements of their laid spawns.

Mean ± SEM n**

Table 3

Number and fertility of the eggs produced by female Po-

macea canaliculata during the first and second spawning

occurring after an observed copulation.

Live mass of the

female (g)

Number of eggs

per spawn

16.6 ± 0.48

101.0 ± 6.8*

9.9 ± 0.2*

998.8 ± 66.7*

42.6 ± 2.7*

62

62

60

60

56

Spawning order

after the last

observed

copulation

Number of eggs

per spawn
Percent of

fertile eggs

Mean egg volume

(mm^)
Spawn volume (mm')

% of fertile eggs

1" spawning

2"'' spawning

107.4 ± 6.0

(147)

94.4 ± 18.4

(14)

48.3 ± 2.2

(125)

50.6 ± 6.8

(12)

* First, a mean value was calculated for each female, and then

the "weighted" mean was calculated as the mean value of the

means of all individual females.

** Number of females whose spawns were included in the

mean.

between copulatory episodes {n = 133); however, 14 fe-

males showed two consecutive episodes of egg-laying (i.e.,

with no observed copulation in the intervening period),

and four females (which did not copulate during the period

of observation) did deposit eggs three to five times. An
additional female neither deposited eggs nor copulated dur-

ing the observation period. When the first spawn deposited

after copulation (in those 14 females) was compared with

the second one (deposited with no intervening, additional

copulations by the same females), no significant differences

in either the number of eggs or the percentage of fertile

eggs were found (Table 3; Student's i-test). Also, two of

the four females that produced eggs, but which were never

observed copulating, showed numbers of eggs per spawn

that were rather low (37-94 eggs) but still within the

normal range; the fertility of those spawns was also within

the normal range (32-70%). The remaining two females

produced spawns of normal size (63-186 eggs) but of low

fertility (0-21%).

DISCUSSION

Copulation and its Relation to Spawning

Copulation in Pomacea canaliculata was recorded more

frequently in the morning and afternoon than in the eve-

ning, whereas spawning occurred mostly during the night.

A similar daily rhythm for both processes has been men-

tioned by Guimaraes (1981) for the congeneric species P.

haustrum (Reeve, 1856). The behavioral patterns of cop-

ulation in P. canaliculata (Andrews, 1964; and this paper)

are similar to those of another South American ampullariid

species {Marisa cornuanetis, Linnaeus, 1758; Demian &
Ibrahim, 1971) mainly in that the male starts crawling

over the last whorl of the female's shell and finally secures

her shell aperture with the penial sheath. A similar pattern

of copulation was observed in the common Indian apple-

Figures between brackets indicate number of cases. Other fig

ures indicate mean ± SEM.

snail Pila globosa (Swainson) (Bahl, 1928). Copulation in

P. canaliculata is peculiarly long (10-18 h, vs. 1-3 h in P.

haustrum, 1-6 h in M. cornuanetis, and 3 h "or more" in

Pila globosa).

Previous studies (Bachmann, 1960; Andrews, 1964) have

suggested that spawning in this species may be induced by

the stimuli of copulation. Since fertilization is an internal

process in P. canaliculata, the sequential occurrence of cop-

ulation and spawning may be important to ensure that

eggs would not be laid without previous fertilization; oth-

erwise, the female investment in spawning would be wast-

ed. However, a simple hypothetical model relating each

spawning to a previous copulation is in contrast to some

of our present findings: (1) that the observed frequency of

copulation was about double that of spawning (see Re-

sults), and (2) that several spawnings not directly preceded

by copulation were observed (Table 3; see also Estebenet

& Cazzaniga, 1993).

A parsimonious model that ensured fitness and that, in

turn, was in agreement with the current data should be

worked out. One can speculate that the development of

the female's sexual attractiveness and receptivity (Beach,

1976) may occur in cycles that are entrained somehow by

the ovarian cycle of oogenesis and spawning (Martin, 1986),

thereby resulting in the temporal coordination of copula-

tion and egg-laying. On an annual or seasonal time scale,

the latter is certainly true, since copulation and spawning

occur at the same time of the year (Hylton-Scott, 1957;

Bachmann, 1960). Also, the ability of at least some females

to produce several fertilized spawns after a single copu-

lation (see Table 3) makes copulation unnecessary before

each spawn. This suggests that a parallel, synchronic ac-

tivation of oogenesis and spawning on one part, and of

attractiveness and receptivity of the female for copulation

on the other, may only be needed to attain optimal fertility.

Regarding the possibility of coordinating copulation and

spawning on a smaller time scale (i.e., referring to cycles

of both processes that would occur within the breeding

season), it is worth mentioning that Andrews (1964) ob-
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served that when one male is attempting to copulate, other

males also seem interested in the same female; this was be

interpreted to mean that the female has become more at-

tractive at that time, and one can further speculate that

this attractiveness is entrained by the ovarian cycle. Un-
fortunately, our observations of the initiation of copulation

were always made on isolated couples, so that we cannot

confirm or reject Andrews's suggestion. But we did observe

a strict coexistence of the drives to copulate and to spawn

in the few cases in which copulation was interrupted by

spawning and was immediately resumed (see Results).

Incidentally, it should be noted that these cases also suggest

that those copulations encompassing three to five obser-

vations (i.e., up to more than 30 h periods) might have

indeed occurred in a series of several copulatory episodes.

Finally, regarding the case of homosexual mating that

was reported here (see Results), we will also mention our

recent observation of a triad composed of a medium-sized

female, a large male, and a small male (in that order) that

were found copulating in tandem in a heavily populated

aquarium. When the triad was isolated in another aquar-

ium and observed for several weeks, the small male was

repeatedly observed copulating with either the large male

or the female, while the large male copulated only with

the female. These cases, and the observation mentioned by

Andrews (1964) on the heterosexual attractiveness of fe-

males, clearly illustrate how far we are from understanding

the factors influencing mate choice in this species. Addi-

tionally, since there is no evidence that homosexual mating

is more than a male clasping another male with its penial

sheath, one may consider that male snails may simply clasp

any snail they can get a hold of, and that female receptivity

may play little part in copulation.

Spawning Behavior and the Spawn

The act of spawning occurred mainly during the night

since most egg masses were already found in the morning.

In nature, spawning occurs either on the emergent stems

of plants (mainly Scirpus, Typha, Sagittana) or on banks.

Spawning in M. cornuanetis is also nocturnal (Demian &
Ibrahim, 1971); these females lay their eggs under water,

but close below the surface and, as those of P. canaliculate,

only interrupt spawning if stimulated strongly (such as

being removed from the spawning place or being lifted

from water). In Pila globosa, on the contrary, egg-laying

usually takes place in the morning (Bahl, 1928).

Some of the spawn parameters (number of eggs per

spawn and mean egg volume) that we reported here are

partially in agreement with those mentioned by Andrews

(1964), although apparently her data were not based on

systematic counts or measurements. The percentage of fer-

tile eggs reported by Estebenet & Cazzaniga (1993) is

much higher than those reported here, which may be ac-

counted for by differences in methodology to incubate the

eggs. The measurements made on 30 spawns by Fujio et

al. (1991) yielded a number of eggs per spawn that was

much higher (230 ±19, mean ± SEM) than ours, but a

similar percentage of eggs with developing embryos (44.5

± 3.6%). However, in another paper on the same group

Fujio & von Brand (1990) mention a range of 200 to 700

eggs per spawn for their apple-snails. We think this sug-

gests that their animals, which were from a closed colony

whose origin is not mentioned, may in fact be P. insularum

(Orbigny, 1835), which produces much larger spawns

(Bachmann, 1960), or may be an aquaculture strain off*.

canaliculata that was artificially selected for fecundity.
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Abstract. Doridacean nudibranchs are known to use natural substances for chemical protection. In

previous studies on the chemical defenses of several species of doridacean nudibranchs, we localized,

isolated, and characterized diverse chemicals extracted from these animals. In this study, light and

electron microscopic analyses of some mantle structures, which may be involved in the production or

storage of these chemical defenses, were undertaken. The studied species of the genera Hypselodoris and

Chromodons presented mantle epithelia with ciliated cells and mucous cells, as well as mantle dermal

formations (MDFs), in the subepithelial layer. Dons verrucosa presented a spiculate epithelium and

clear vesiculated cells in the subepithelial layer. Peltodoris atromaculata and Dorwpsilla areolata presented

spicules in the subepithelial layer, and epithelia with ciliated cells and abundant mucous cells. In the

borders of the mantle and gill epithelia of Dendrodons limbata, three cell types were identified: ciliated

cells, mucous glandular cells, and macrovacuolated cells. Only ciliated cells and mucous cells were

observed in the rhinophore epithelium of D. limbata.

INTRODUCTION

Doridacean nudibranchs have been the subject of many
studies concerning their defensive systems against potential

predators. Their defensive mechanisms include mantle

spicules, toxic and deterrent secretions, behavioral strat-

egies, crypsis, and others (Thompson, 1960a; Edmunds,

1966, 1968, 1987; Ros, 1976; Faulkner & GhiseHn, 1983;

Gosliner & Behrens, 1990). Furthermore, these nudi-

branchs provide an interesting source of natural products

(Karuso, 1987; Cimino & Sodano, 1989; Avila, 1992, 1995;

Faulkner, 1993, and references therein).

Defensive chemicals of the Doridacea have been ana-

tomically located in only a few species: Hexabranchus san-

guineus (Riippell and Leuckart, 1828), Dendrodons spp.,

Doris verrucosa Linnaeus, 1758, Dorwpsilla areolata Bergh,

1880, Hypselodoris spp., and Chromodoris spp. (Pawlik et

al., 1988; Garcia et al., 1990; Avila et al., 1990a, 1990b,

1991a, 1991b; Gavagnin et al., 1992; Fontana et al., 1993,

1994; Spinella et al., 1994). Defensive metabolites in these

species have been shown to be concentrated in the mantle

(Table 1), although the origins of these chemicals are very

diflferent. In Hypselodoris spp. and Chromodoris spp., they

are obtained from dietary sources, and in Dendrodons spp.

(and probably Doris verrucosa and Doriopsilla areolata), by

de novo biosynthesis.

Surprisingly, the fine structure of the mantle in the

Doridacea has received little attention in the past. The
majority of studies have concentrated on the Eolidacea and

their cerata (Edmunds, 1966; Schmekel & Wechsler, 1967;

Harris, 1973; Todd, 1981; Porter & Rivera, 1980, 1983;

Arias et al., 1984). Some other groups of opisthobranchs
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Table 1

Location by anatomical dissection of the main natural products described in the doridacean species studied.

Species Main chemicals Location References

Hypselodoris cantabrica

Hypselodoris webbi

Hypselodoris villafranca

Hypselodoris orsini

Chromodoris bntoi

Dons verrucosa

Peltodoris atromaculata

Doriopsilla areolata

Dendrodons limbata

Longifolin

Dendrolasin

Nakafuran-9

Agassizin and other sesquiterpenoids

Longifohn

Nakafuran-9

/w-tavacfuran

Longifohn

Dendrolasin

Nakafuran-9

Agassizin and other sesquiterpenoids

6-keto-deoxoscalarin

Several diterpenoids

Verrucosins

Petroformynes

fnNpallescensin-A

Acetoxy derivatives of en^pallescensin-A

Olepupuane (and polygodial)

7-Deacetoxy-olepupuane

All in MDFs and digestive

gland

All in MDFs and digestive

gland

All in MDFs and digestive

gland

MDFs

MDFs and digestive gland

Mantle

Digestive gland only

Mantle

Border of mantle

Border of mantle

Gills

Fontana et al. (1993)

Garcia et al. (1990)

Avila et al. (1990b, 1991b)

Fontana et al. (1994)

Avila et al. (1991b)

Fontana et al (1993)

Cimino et al. (1993)

Avila (1993)

Avila (1993)

Cimino et al. (1986, 1988)

Avila et al. (1990a)

Castiello et al. (1980)

Cimino et al. (1982)

Avila (1993)

Avila (1993)

Spinella et al. (1994)

Avila et al. (1991a)

have also been examined (Herdman, 1890; Thompson &
Slinn, 1959; Haefelfinger, 1961; Thompson, 1960a, 1960b,

1969, 1983; Thompson & Colman, 1984; Thompson &
Gathercole, 1986; Marin et al., 1991). Examples also in-

clude the work of Herdman & Clubb (1892) on the struc-

ture of cerata and dorsal papillae of some Nudibranchia,

and that of Kress (1981) and Foale & Willan (1987) on

some dorids that present caryophyllid tubercles. Potts (1981

)

described the epithelial structure of the gills, mantle, and

foot in the two dorids Onchidoris bilamellata (Linnaeus,

\1()1) and Archidoris pseudoargus (Rapp, 1827).

Recently, some studies have described the mantle of some

cryptobranch dorids, and have tried to relate its structure

to their chemical defensive mechanisms (Thompson, 1960a;

Edmunds, 1968; Garcia et al., 1990, 1991). Garcia et al.

(1991) studied the mantle dermal formations (MDFs) in

some species of Hypselodoris and Chromodoris. Previously,

these structures were simply called glands (Odhner, 1932),

cream glands or white glands (Edmunds, 1981), mantle

glands (Rudman, 1984), or subepidermal glands (Ortea,

1988).

In this paper we present a light and transmission elec-

tron microscopic (TEM) study of the mantle border and

related structures in some chemically protected Doridacea

(Table 1). In Hypselodoris and Chromodoris spp., the MDFs
were studied because they contain the defensive allomones

(Table 1). The epithelium was also examined. In Den-

drodoris limbata, the borders of the mantle and the gills

were analyzed, because diflferent chemicals have been de-

scribed in those regions (Table 1). These were compared

with the rhinophores, which do not contain chemicals (Avi-

la, 1993). To the best of our knowledge, this is the first

study on the mantle histology of D. limbata. We have

therefore provided a more detailed description. The mantle

epithelia of Doris verrucosa, Peltodoris atromaculata Bergh,

1880, and Doriopsilla areolata were compared with those

mentioned earlier.

MATERIALS and METHODS
Doridacean mollusks were collected at various sites along

the Spanish coast (Mediterranean and Atlantic shores)

from 1987 to 1992 (Table 2). The animals were collected

either by SCUBA (between and 25 m depth) or by

snorkeling. Several Dendrodons limbata (Cuvier, 1804) and

Doriopsilla areolata specimens were collected by trawling

at about 80 m depth.

Specimens of all the collected species (Table 2) were

relaxed in 7% MgClj and dissected carefully to obtain the

mantle border, mantle dermal formations (MDFs) (if pres-

ent), as well as gills and rhinophores where appropriate.

Tissue slices of all these structures were processed for

electron microscopy by fixing them in 2.5% glutaraldehyde

in seawater buffered with sodium cacodylate, for 24 h.

Samples were postfixed for 2 h with 2% OSO4, washed,

dehydrated in a graded ethanol series, and embedded in

Spurr's resin. Before ultrathin sections were cut, semithin

sections (1 ;um thick) were made and stained with meth-

ylene blue (0.5%)-borax (0.5%) to select appropriate areas,

and for light photomicrography. Ultrathin sections were



Page 150 The Veliger, Vol. 39, No. 2

Table 2

Localities of collection, dates and number of specimens of the species studied. (Atl: Atlantic

Ocean; Med: Mediterranean Sea).

Species Locality

Number of

specimens Date of collection

Hypselodons orsini (Verany, 1846)

Hypselodoris cantabrica Bouchet and Ortea, 1980

Hypselodons webbi (d'Orbigny, 1839)

Hypselodoris vtllafranca (Risso, 1818)

Chromodoris britoi Ortea and Perez, 1983

Doris verrucosa Linnaeus, 1758

Peltodoris atromaculata Bergh, 1880

Donopsilla areolata Bergh, 1880

Dendrodoris limbata (Cuvier, 1804)

Blanes (Med) 2 April 1992

Santander (Atl) 6 April 1988

Palamos (Med) 2 April 1992

Blanes (Med) 2 December 1987

Blanes (Med) 7 July 1991

Cubelles (Med) 4 August 1991

Blanes (Med) 2 May 1991

Blanes (Med) 2 March 1992

Blanes (Med) 2 November 1987

Blanes (Med) 3 March 1992

cut using a Reichert-Jung Ultracut ultramicrotome and

glass knives. Sections were picked up on copper grids (200

mesh) and double stained with uranyl acetate 2% (30 min)

and lead citrate (10 min). Observations and micrographs

were made using a Philipps 301 Transmission Electron

Microscope (TEM).
Samples of Dons verrucosa and Hypselodoris villafranca

(Risso, 1818) were fixed in ethanol (70%), carefully dis-

sected to obtain small pieces of mantle, and processed for

light microscopy (LM) in order to provide a general view.

These samples were embedded in paraffin, sectioned (7-

12 /um), and stained with Schiff's reagent and toluidine

blue, or with Mallory's triple stain.

Merck Universalindikator pH paper (pH 0-14) was

used to determine the pH of mantle, foot, and mucous

secretion. The secretion was obtained by slightly disturbing

the animals.

RESULTS

Histological Descriptions

The MDFs of Hypselodons orsini (Verany, 1846) are

located only in the posterior part of the mantle (Avila,

1993). The MDFs were irregularly shaped, with a matrix

of vacuolated cells surrounded by a thin muscular layer.

Aggregates of monovacuolated cells with peripheral nuclei

were observed in the matrix by LM. Most of their cyto-

plasmic space was occupied by a very large, non-staining,

frothy appearing vacuole. Some of these cells were also

observed in the epithelium of the visceral face of the mantle.

Two cell types were identified in the epithelium of H.

orsini: ciliated cells and mucous glandular cells. Ciliated

cells were the most abundant cells in the epithelium (Fig-

ure 1). The cells were prismatic, more elongated, and

possessed more microvilli than those of the other species

studied, such as Dendrodoris limbata (see below). The nu-

clei occupied a mid-basal position, while characteristically

the apical pole was extraordinarily vacuolated (Figure 1).

Lysosomic structures and exocytotic formations were pres-

ent. The external apical pole resembled the brush border

of invertebrate and vertebrate enterocytes, and it probably

has an absorptive function. The microvilli were uniformly

sized and immersed in a well-developed glycocalyx. Cilia

were seldom observed between the microvilli. Mucous
glands were observed in a 1:10 proportion with respect to

the other cells. Their secretion granules typically showed

different degrees of condensation and electron densities, as

they were probably released individually from the cell

surface (Figure 1). Occasionally, the granules were fused

before being excreted. Exocytosis seemed to be the secreting

mechanism in that case.

The mantle epithelium of Hypselodoris cantabrica Bouchet

and Ortea, 1980, presented ciliated cells and glandular

mucous cells, with either basophilic or granulated contents

(Figure 2). The MDFs were very voluminous in this spe-

cies (Figure 3). The periphery of the MDFs was less

basophilic than those in other Hypselodons species (see

below), displaying more fibrillar than cellular elements.

The MDFs presented a unique and distinctive morphol-

ogy. The internal vesicles were more polyhedric than in

other species (see below). The vesicular boundaries were

difficult to see by LM, but under TEM, the pattern re-

flected either the fusion of many vesicles, or the remains

of entire vesicles which could have been disrupted during

fixation (Figure 4).

The epithelium of the mantle of Hypselodons webbi

(d'Orbigny, 1839) (Figure 5) was quite similar to that of

H. orsini, for which we provided a detailed description

above. It was composed of ciliated cells and glandular

mucous cells, while the MDFs were almost identical in

their ultrastructure to those of H. cantabrica (see below).

Aggregates of small numbers of cells were occasionally

observed in the subepithelial layer. These cells contained

a macrovesicle formed by a strongly electron-dense ma-

terial, and peripherally, non-membrane-bound electron-

lucent vesicles (Figure 6).

The MDFs of Hypselodons villafranca were multicel-

lular aggregates (Figure 7). These were surrounded by a
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Figure 1

Hypselodoris orsini. TEM of the mantle epithelium showing ciliated cells with microvilli and a mucous glandular

cell (scale bar = 5 Mm), mu: mucous cell; mv; microvilli; n: nucleus.

group of mononucleated and occasionally, binucleated cells.

By LM, the internal vesicles were delimited by a muscular

basophilic sheath. These encapsulated vesicles yjtvt spher-

ical or polygonal. Adjacent vacuolated cells appeared to

coalesce. The epithelium presented ciliated cells and mu-
cous glandular cells with no differences when compared

with those reported above.

Ciliated cells bearing microvilli were observed in the

epithelium of Chromodoris bntoi Ortea and Perez, 1983

(Figure 8). The microvilli were of larger diameter, and

the fuzzy glycocalyx (Figure 9) was very developed, much
more than observed, for instance, in D. limbata. A large

number of mucous glandular cells was observed both in

the epithelium and in the subepithelial layer. Inside the

subepithelial mucous cells, granules in different phases of

compaction were observed (Figure 10). A few cells con-

taining electron-dense granules were also observed in the

subepithelial layer (Figure 8).

The MDFs in Chromodoris britoi possessed smaller vac-

uolar cells than in Hypselodoris species. Inside the MDFs,

Figure 2

Hypselodoris cantabrica. Schematic representation of a section of

the posterior part of the mantle showing epithelial cells and a

mantle dermal formation (MDF) (scale bar = 25 ^m). ec: epi-

thelial ciliated cells; mdf: mantle dermal formation; ms: muscular

capsule; mu: mucous cells.
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Figures 3-4

Hypselodoris cantabrica. 3: Semithin section of a posterior mantle dermal formation (MDF) (scale bar = 50 fixvi).

4: TEM of the internal part of a MDF (arrows indicate points of either fusionated or broken vesicles; scale bar =

5 Mm)- ec: epithelial cells; mdf: mantle dermal formation; ms: muscular capsule.

Figure 5

Hypselodoris vjebbi. Schematic representation of a mantle section

showing the different types of cells in the epithelium and in the

subepithelial layer (scale bar = 12.5 fim). c: cilia; ec: epithelial

ciliated cells; gc: glycocalyx; v: non-membrane-bound electron-

lucent vesicles included in a strongly electron-dense material.

the empty vacuolar cells were of different diameters, being

irregular and closely packed (Figure 11). These vesicles

presented a highly electron-dense peripheral area. The
muscular capsule in the MDFs of C. bntoi was thin with

respect to that observed in Hypselodoris spp.

In the mantle protuberances of Dons verrucosa, a retic-

ular middle area and a very thin epithelium were observed.

Spicules were situated almost radially, with irregular dis-

tribution (Figure 12). The spicules originated in the sub-

epithelial layer, and traversed the epithelium. Some cells

containing clear vesicles were also observed in the sub-

epithelial layer in different sections of the mantle.

The mucous secretion of Peltodoris atromaculata was a

transparent fluid. Putatively, the cells responsible for this

secretion were the epithelial mucous cells, which were very

abundant (Figure 13). Large glandular mucous cells were

present, with their granules in diflferent degrees of con-

densation, and were situated both below and adjacent to

the ciliated cells. Ciliated cells were also abundant, es-

pecially in the smaller mantle protuberances, and some

presented microvilli (Figure 13). Spicules were observed

in the subepithelial layer, where they were probably pro-

duced; these did not reach the epithelium (Figure 14).



C. Avila & M. Durfort, 1996 Page 153

Figure 6, 7

Figure 6. Hypselodons webbi. TEM of the highly electron-dense

vesicles in the subepithelial layer cells (scale bar = 1 nm). v: non-

membrane-bound electron-lucent vesicles included in a strongly

electron-dense material.

Figure 7. Hypselodons villafranca. Histological section (LM) of

a posterior mantle dermal formation (MDF) and epithelium

stained with Mallory's reagent (scale bar = 20 iim). ec: epithelial

cells; mdf: mantle dermal formation; ms: muscular capsule.

Two types of epithelial cells were observed in the mantle

border of Donopsilla areolata: ciliated cells and numerous

mucous glandular cells. Ciliated cells had basal nuclei and

bore microvilli with rugose morphology (which could per-

haps be a fixation artifact). Abundant vacuoles were ob-

served in their apical zone. Mucous glandular cells con-

tained secretion granules in different phases of conden-

sation. Spicules were present in the subepithelial layer.

In the border of the mantle of Dendrodoris limbata, three

cell types were distinguished in the epithelium (Figure

15). Ciliated cells were the most abundant. Mucous glan-

dular cells and a small number of macrovacuolated cells

were also present. Ciliated cells bore kinocilia alternating

with microvilli, which occasionally showed rugose mor-

phology, again possibly a fixation artifact. The typical

basal nucleus was slightly elliptical. Contacts between cil-

iated cells and between ciliated cells and macrovacuolated

cells were of the desmosome type. Mucous cells contained

secretion vesicles in their apical regions.

Macrovacuolated cells (Figure 16) showed macroinclu-

sion bodies that resembled monovacuolated adipose cells

of vertebrates. In mature cells, the cytoplasm was displaced

to one side where mitochondria, dictyosomes, and a poorly

developed rough endoplasmic reticulum predominated. The
nucleus was laterally displaced and in a position opposite

the luminal face, thus conferring a strong polarity to the

cell. Below this cell, there was usually a replacement cell.

When the vacuole of the mature cell is liberated by ma-
croexocytosis, the cell probably disintegrates, and the emp-

ty space is reoccupied by the newly developing basal cell.

Below the mantle epithelium, large glandular mucous

cells were observed. These subepithelial cells were very

apparent by their number and by their highly vesicular

morphology. They presented at least two types of vesicles
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Figure 8

Chromodoris britoi. Schematic representation of the mantle epithelium and subepithelial layer showing the different

types of cells found (scale bar = 5 iim). c: cilia; eg: electron-dense granules; mu: mucous glandular cells; mv:

microvilli; n: nucleus.

(Figure 15). The first type contained granules with a re-

ticular matrix that probably condensed with age, thus ap-

pearing highly electron-dense. The second one contained

vesicles with secretion granules, which require further mi-

croanalysis.

Between the aggregates of glandular mucous cells in the

subepithelial layer, some highly electron-dense cells re-

sembling endocrine cells were observed (Figure 17). These

cells were very conspicuous due to their unique morphol-

ogy and to the presence of electron-dense granules.

In the gills of D. limbata, the epithelium showed the

same basic cell types as those described from the border

of the mantle, but with some difTerences. Ciliated cells

(Figure 18) had a larger proportion of microvilli than the

mantle cells. These microvilli were very long and showed

a rugose aspect, which could again be a fixation artifact.

Occasionally, some microvilli were observed divided into

two or three branches (from their base or in their apical

zone). In all cases, the microvilli were covered by a very

evident glycocalyx.

Macrovacuolated cells were also conspicuous in the gill

epithelium of D. limbata. In this tissue, it appears that the

whole cell disrupts (holocrine secretion). Glandular mu-
cous cells were also found both in the epithelium and in

the subepithelial layer. In the subepithelial layer, they

contained more abundant secretory granules than in the

border of the mantle, and in this case, their vesicles typi-

cally formed a polylobulated structure (Figure 19). These

vesicles were arranged both radially and circularly around

the nucleus.

The epithelium of the rhinophores of D. limbata was

formed mainly by prismatic ciliated cells. There was a

voluminous nucleus basally and apical vesicles that seemed

to correspond to lysosomes because of their aspect and

contents (Figure 20). There were numerous ciliated pits

on the surface separated by areas with dense microvilli

Figures 9-11

Chromodoris britoi. 9: TEM of the apical region of an epithelial mantle cell showing the fuzzy glycocalyx, cilia, and

secretory vesicles. 10: Ultrathin section of the subepithelial layer showing a mucous cell with granules in different

degrees of condensation. 11: TEM of a mantle dermal formation (MDF) showing the different-sized internal

vacuolar cells. (Scale bars = 1 ^m). c: cilia; gc: glycocalyx; mdf: mantle dermal formation; ms: muscular capsule;

mu: mucous cell; mv: microvilli.
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Figure 14

Peltodoris atromaculata. Schematic representation of the mantle

skin showing the different cells and structures observed (scale

bar =10 ixm). c: cilia; mu: mucous cell; n: nucleus; sp: spicule.

(thin, rugose, and both simple and divided). Apical des-

mosomelike junctions were found between the cells, while

tight junctions were found in the baso-lateral zones. To-

gether with the abundant ciliated cells, mucous glandular

cells were found in a proportion of 20:1. This proportion

varied within different regions of the rhinophore.

pH Measurements

The secretion, mantle, and foot of all the species tested

presented neutral pH (Table 3).

DISCUSSION

The results of the pH measurements (Table 3) are con-

sistent with the histological data and with the chemical

defense strategy of each particular species. For Hypselo-

doris webbi and Hypselodoris villafranca, these results agree

with those previously reported by Ros (1976). However,

our results disagree with those of Edmunds (1968) for

Dons verrucosa, and Ballesteros & Ortea (1980) for Do-

riopsilla areolata. In both cases, the presence of natural

products in the mantle (Table 1) is consistent with the

absence of acid secretion. In the presence of acid, their

chemical structure would certainly be affected. For the

remaining species analyzed, there were no previous records

of pH measurements in the literature.

Figure 15

Dendrodoris limbata. Schematic representation of the border of

the mantle showing the described types of cells, (scale bar =10
^m). c: cilia; ec: epithelial cells; eg: electron-dense granules; mc:

macrovacuolated cell; mu: mucous cell; mv: microvilli; n: nucleus;

sg: secretory granules (see also Figure 16); he: highly electron-

dense cell (see also Figure 17).

The histological structures described in the different

species are summarized in Table 3. A large number of

mucous cells in the epithelia was common to all the species

studied. This observation is consistent with the necessity

for copious amounts of mucus, as has been suggested for

other nudibranchs by Porter & Rivera (1983). As described

by Potts (1981), Archidoris pseudoargus presented epithelial

mucous cells, as well as dense granular cells. Potts (1981)

also described some vacuolated cells on the edge of the

mantle; in the gill epithelium, he found ciliated cells, vac-

uolated mucous gland cells, and some small wedge-shaped

cells. The ciliated cells and the vacuolated mucous cells

probably correspond to the cells described in our study.

However, Archidoris pseudoargus possessed fewer ciliated

cells in the dorsal mantle (Potts 1981) as compared with,

for instance, Dendrodoris limbata. In our study of the rhin-

ophores of D. limbata, we did not find any of the non-

ciliated, highly vacuolated cells described by Arias et al.

(1984) in the rhinophoral epithelium of Facelina coronata

(Forbes and Goodsir, 1 839). The fact that these two species

Figure 12, 13

Figure 12. Dons verrucosa. Histological section (LM) of a mantle
protuberance, stained with Schiffs reagent and toluidine blue

(scale bar =10 iixn). ec: epithelial cells; sp: spicules.

Figure 1 3. Peltodoris atromaculata. TEM of the mantle epithelium

showing mucous cells and ciliated cells with microvilli (scale bar
= 1 Mm), c: cilia; mu: mucous cells; mv: microvilli.
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Figures 19-20

Dendrodoris limbata. 19: TEM of the gill subepithelial layer showing secretory granules around the nucleus (scale

bar = 1 fim). 20: TEM of the rhinophore epithelium cells, with cilia, microvilli, and lysosomal vesicles (scale bar

= 1 ixm). c; cilia; ly: lysosome; mv: microvilli; n: nucleus; sg: secretory vesicles and granules.

belong to distinct nudibranch groups could account for this

difTerence.

Defensive chemicals are not randomly distributed in the

mantle, but are located in specific sites (Table 1). The first

report on the localization of toxic substances in doridacean

molluscs was probably that of Crozier (1916). He showed

that the toxic substance in Chromodoris zebra Heilprin,

1888, was localized in the border of the mantle. Accu-

mulation structures (MDFs of Hypselodons and Chro-

modoris species) have been observed in species that obtain

their products via their diet. Accumulation in the digestive

gland is followed by transport (by unknown mechanisms)

to MDFs, where the metabolites are stored. Hypselodons

and Chromodoris were recently studied by Garcia et al.

(1991) by LM of semithin sections. Our data on number,

size, and distribution of MDFs (Avila, 1993) agree with

their data. The MDFs are situated near the gills and the

rhinophores, on the yellow (or white) line in the border

of the mantle. The MDFs do not seem to open onto the

surface of the mantle (Garcia et al., 1991), and are formed

by an accumulation of vacuolar cells. A closely related

species, Hypselodorisfontandraui, accumulates similar com-

pounds in the border of the mantle (Avila, 1993). Para-

doxically, the mantle border of H. fontandraui does not

present MDFs. Rudman (1984) described the distribution

and possible evolution of MDFs in the different genera of

chromodorids, and related their position in the body to

their possible function as defensive glands.

Figures 16-18

Dendrodoris limbata. 16: TEM of the mantle border showing a macrovacuolated cell (scale bar = 2 fim). 17: TEM
of the mantle subepithelial layer showing highly electron-dense cells with their granules (scale bar = 5 fj.m). 18:

TEM of gill epithelium cells with microvilli (scale bar = 1 ^m). ec: epithelial cells; eg: electron-dense granules;

mc: macrovacuolated cell; mv: microvilli; n: nucleus.
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Table 3

Histological structures described in the mantle of selected doridacean mollusks, and their defensive strategies. He: Hyp-

selodoris cantabnca; Hw: Hypselodoris webbi; Hv: Hypselodoris villajranca; Ho: Hypselodoris orsini; Cb: Chromodoris britoi;

Dv: Doris verrucosa (^ = biosynthesis of allomones is likely to occur; Avila et al., 1990a); Pa: Peltodoris atromaculata (^ =

dietary products are not likely to be related to defense); Da: Donopsilla areolata {" — en^-pallescensin-A and its derivatives

have not been tested for bioactivity yet; biosynthesis has been suggested to occur; Spinella et al., 1994). Dl: Dendrodoris

limbata (me: mantle edge; gi: gills; rh: rhinophores). P: present; —
: not detected; nm = not measured; MDFs: mantle

dermal formations.

He Hw Hv Ho Cb Dv Pa Da

Dl

gi rh

pH:

Epithelia:

Ciliated cells

Mucous glandular cells

Macrovacuolated cells

Monovacuolated cells

Subepithelial layer:

Mucous glandular cells

Cells with electron-dense granules

Perinuclear vesiculated cells

Cells with clear vesicles

MDFs
Spicules

Defensive strategy:

Mechanic defense (spicules)

Dietary allomones

Biosynthetic allomones

6.5-7

PPPPPPP P PPPPPPPPPP P PPP------- - PP-
----P-P - PP--P-PP-- - P--------- - PP-

- - P P P
p p _ _b

_ _ pa _ ppc

Hypselodoris orsini is able to chemically modify the native

sponge compounds from its prey (Cimino et al., 1993). H.

orsini presented irregularly shaped MDFs. Consequently,

it differed from the rest of Hypselodoris species studied,

which presented rounded, regular MDFs. H. orsini also

differed from the rest of Hypselodoris species in that some

monovacuolated cells were present in the epithelium of the

visceral face of the mantle. The mantle epithelium pre-

sented similar characteristics in Hypselodoris cantabnca,

Hypselodoris webbi, and Hypselodoris villafranca. H. webbi,

however, presented some peculiar subepithelial vesiculated

cells (Figure 6).

In the Hypselodoris species studied here, and in Chro-

modoris britoi, the general characteristics of the MDFs are

in agreement with the fact that they contain the defensive

allomones of each respective species (Table 1). However,

histochemical tests are needed to demonstrate this fact at

the cytological level.

Chromodoris luteorosea, Chromodoris purpurea, and Chro-

modoris krohni possess diterpenoid compounds, which are

accumulated in the digestive gland and in the border of

the mantle where MDFs are situated (Cimino et al., 1990a;

Gavagnin et al., 1992; Avila, 1993). C britoi also possess

similar compounds stored in MDFs in the yellow mantle

border (Avila, 1993). The MDFs in C. bntoi (Figure 11)

are slightly different from those of Hypselodoris spp. both

in shape and structure, in agreement with the report of

Garcia et al. (1991).

In the remaining doridaceans studied here, there were

no true accumulation structures comparable to MDFs,
although some of them presented atypical secretory cells.

Peltodoris atromaculata. Dons verrucosa, and Donopsilla ar-

eolata possess epithelia with spicules. The spicules of D.

areolata have been well studied by Garcia et al. (1986).

The presence of selected compounds in the border of the

mantle of D. areolata (Table 1) does not seem to be related

to the presence of a particular, distinctive type of cell in

this area.

In D. verrucosa, the allomones are distributed in the

mantle, and it is possible that the empty vesicular cells

detected in the subepithelial layer do actually contain the

verrucosins, although histochemical analysis is needed to

demonstrate it. These empty vesicles probably correspond

to the clear glands described by Edmunds (1968), although

he interpreted them as containing inorganic acid.

Peltodoris atromaculata is able to obtain metabolites from

a sponge; the metabolites are then accumulated in its di-

gestive gland (Cimino et al., 1982; Avila, 1993). These

compounds (petroformynes) showed strong toxic effects

against Artemia salina (Cimino et al., 1990b), and inhibited
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pluteus larvae formation in sea urchin embryo bioassays

(Avila, 1993). However, the petroformynes found in this

species are not located in the mantle. Therefore, their

effectiveness as a defensive mechanism is only possible if

the animal dies. In P. atromaculata, the primary defense

would then be restricted to spicules and perhaps coloration,

but not chemicals. This is consistent with the fact that no

distinctive accumulation structures or cells have been ob-

served in the mantle epithelium of P. atromaculata. On the

other hand, the mucous glandular cells observed in the

mantle epithelium of P. atromaculata (Figure 13) could

correspond to the "driisenkorper" described by Haefelfin-

ger (1961).

Defensive chemicals are selectively distributed in the

mantle oi Dendrodons limbata (Table 1). These chemicals

are biosynthesized by the nudibranch (Cimino et al., 1 983).

D. limbata presented an aspiculate epithelium. In the man-

tle epithelium of this species, ciliated, glandular, mucous,

and other cells that we designated as macrovacuolated cells

were found. These macrovacuolated cells were present in

the yellow border of the mantle and in the gill epithelium.

We suggest that these cells could be the sites of biosynthesis

and storage of olepupuane and 7-deacetoxy-olepupuane,

respectively. Their morphological characteristics support

this hypothesis, although histochemical tests are needed in

order to prove the presence of lipid substances inside the

vacuole. Macrovacuolated cells were absent in other parts

of the animal (i.e., rhinophore epithelium and the rest of

the mantle), where no allomones were found.

Some subepithelial mucous cells of the border of the

mantle of D. limbata contained granules of unknown com-

position. Further microanalyses are needed to ascertain

the nature of their contents. Histochemical tests are nec-

essary as well to investigate the peculiar electron-dense

granules found between mucous glandular cells in the

mantle subepithelial layer (Figure 17). These granules

could be lipoprotein in nature.

Assuming that the various epidermal and subepidermal

glands in doridaceans were homologous, Rudman (1984)

hypothesized that cryptobranch dorids present glands that

are small and spread widely over the whole mantle. In

contrast, in chromodorids they would be concentrated,

forming large compound glands, arranged only in some

areas of the mantle. The only exception would be the

macrovacuolated cells of D. limbata, which did not seem

to be spread all over the mantle, but were located in specific

areas, such as the mantle border and gill epithelium.

In summary, the doridaceans examined in this report

seem to have developed different strategies that range from

accumulation of defensive chemicals from prey (clepto-

chemodefenses) in specific structures, to the biosynthesis

of defensive metabolites through multifunctional pathways

in specific and selectively distributed cells. The authors

hope that these results will encourage further studies of

the mantle in doridaceans using histochemical techniques,

in order to demonstrate specifically that the described cells

contain the defensive allomones of these species.
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Abstract. In many of the rocky intertidal zones around the world, patellogastropods and fissurellid

limpets live side-by-side. Although their external appearance is very similar, the allometry and orga-

nization of the pedal musculature of these gastropods are quite distinct. For temperate and tropical

species pairs, allometric analyses indicate that the ratio of the area of the muscle scar to the area of the

shell aperture is smaller in the species of patellogastropods studied than in the fissurellids studied. The
foot of the patellogastropod Acmaea antiUarum consists of one homogeneous muscular mass that resembles

the columellar region of coiled prosobranch gastropods. In contrast, the foot of the fissurellid Fissurella

barbadensis consists of columellar and tarsic regions like those of coiled prosobranchs. The majority of

the muscle fibers in the foot of A. antillarum are oriented dorsoventrally; in F. barbadensis the muscle

fibers do not show a tendency toward a particular orientation. The large mass of dorsoventral pedal

muscles of patellogastropods should permit them to achieve stronger normal tenacities. The fewer

dorsoventral muscle fibers found in fissurellids may be compensated for by the increase in the relative

size of the surface area of attachment of the pedal musculature to the shell, which should increase the

animal's ability to withstand shearing.

INTRODUCTION

Limpet-shaped gastropods are one of the most common
organisms inhabiting the rocky intertidal region, due in

part to the high tenacities of their muscular feet. The limpet

shape has evolved independently many times within the

Gastropoda (Fretter & Graham, 1994) and occurs in al-

most every order of the class. The muscular foot of a limpet-

shaped gastropod carries out two paradoxically opposed

functions: it permits the animal to move itself and prevents

it from being moved by external forces. Patellogastropod

and fissurellid limpets can be found living side-by-side in

rocky intertidal communities around the world. Although

superficially similar, the organization of the pedal mus-

culature is quite distinct in these clades (Voltzow, 1988).

The foot of a limpet-shaped gastropod consists primarily

of dorsoventral muscle fibers that extend ventrally from

their origin at the U-shaped muscle scar on the ventral

surface of the shell and ramify as they reach the sole (Jones

Author to whom correspondence should be addressed.

& Trueman, 1970; Voltzow, 1988; Frescura & Hodgson,

1990). The muscle fibers are embedded in a matrix of

collagenous connective tissue, which constitutes about 30%

to 40% of the entire pedal volume of patellid limpets (Fres-

cura & Hodgson, 1990).

Voltzow (1988) surveyed the gross organization of the

pedal musculature of limpet-shaped gastropods from a

diversity of taxonomic groups. The feet of patellogastro-

pods are distinct from those of non-patellogastropods in

that the muscle fibers that originate at each side of the foot

do not cross the midline, whose dorsal surface is marked

by a deep mid-sagittal cleft. Fissurellid limpets lack this

cleft, and approximately one-third of the muscle fibers that

originate at each side of the foot pass the midline and insert

on the sole at the other side of the foot. These morphological

diflTerences are reflected in the locomotory patterns used

by each group. Patellogastropods use ditaxic waves, in

which two sets of waves travel along the sole, one on each

side of the foot (Miller, 1974b; Voltzow, 1988). All other

limpets studied use monotaxic waves, in which a single

wave traverses the width of the sole.
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We compared the pedal musculature of representative

species of Patellogastropoda and Fissurellidae to evaluate

the differences in their pedal morphology and relate them

to their ecology.

MATERIALS and METHODS
Organisms

This study focused on four species of limpets, the pa-

tellogastropods, Acmaea antillarum (Sowerby, 1831) and

Tectum scutum (Rathke, 1833), of the family Lottidae, and

the "archaeogastropods" {sensu Hickman, \9S8), Fissurella

barbadensis (Gmelin, 1791) and Diodora aspera (Rathke,

1833), of the family Fissurellidae. Specimens of A. antil-

larum and F. barbadensis were collected from the rocky

intertidal region of Pifiones on the north coast of Puerto

Rico. Specimens of T. scutum and D. aspera were collected

at Lime Kiln Point and Cattle Point, San Juan Island,

Washington, USA.

Allometric Analysis

Twenty-five individuals of each species were included

in an allometric analysis. The length and width of the shell

aperture were measured directly with calipers. The areas

of the aperture, sole, and muscle scar (the site of attachment

of the foot to the shell) were measured as follows: To
minimize distortion, the outer margins of the shell and

sole were traced on clear acetate sheets while the animals

were attached to the wall of an aquarium constructed from

50 X 50 mm cover glass. These tracings were digitized

and their areas were calculated with a Jandel Scientific

2210 digitizer and Sigma Scan 3.9 Scientific Measurement
System (Jandel Scientific). After the animals were removed

from the shells, the muscle scars on the shells were outlined

with a fine permanent marker. These outlines were traced

onto pieces of transparent tape that were placed over the

muscle scars. The tape was removed, placed on a sheet of

paper, and digitized and analyzed as above.

The use of Model II regression is recommended in al-

lometric studies in which both variables are subject to

measurement error (Niklas, 1994). McArdle (1988) con-

cluded that reduced major axis (RMA) regression is less

biased than major axis regression. For each species, we
performed RMA regression between the length and width

of the aperture (AL vs. AW), the log of the area of the

aperture and the log of the area of the sole (log AP vs. log

SO), and the log of the area of the aperture and the log

of the area of the muscle scar (log AP vs. log MS) (McArdle,

1988; Niklas, 1994). The test proposed by Clarke (1980)

was used to compare the slopes of the regression lines

between species and between families.

Histology

The histology of the pedal musculature of 10 individuals

each of Acmaea antillarum and Fissurella barbadensis were

examined for this study. The feet of Tectura scutum and

Diodora aspera were also analyzed for comparative pur-

poses. The animals were relaxed in 7.5% magnesium chlo-

ride, and their shells and viscera were removed; only the

feet were used for histology. The tissue was fixed in a

solution of 2.5% glutaraldehyde and 4.0% formalin in a

0.1 M phosphate buffer at pH 7.2. The tissue was then

dehydrated in an alcohol series.

Transverse and sagittal sections 5 to 10 /um thick were

stained with Milligan trichrome stain (Humason, 1979).

The sections were analyzed to determine the organization

of the pedal musculature, the diameters of the muscle

fibers, and the relative amounts of muscular and connective

tissue throughout the foot.

Orientation of Muscle Fibers

Five specimens each o{ Acmaea antillarum and Fissurella

barbadensis, prepared with the histological methods men-
tioned above, were analyzed to quantify the orientations

of their muscle fibers. Immediately after fixation, a sagittal

slice of approximately 3 to 5 mm was cut from the foot of

each specimen using a razor blade. This slice was taken

from the portion of the foot that included the complete

length of the right side of the U-shaped shell muscle.

Sagittal sections 7 ;um thick were prepared from the slices

as described above.

One section from each specimen was chosen for quan-

titative analysis on the basis of absence of scratches and

folding and presence of even staining. The length and

height of each section were measured with an ocular mi-

crometer. The length of the section was defined as the

distance between the anterior and posterior attachments

of the mantle to the foot. The height of the section was

defined as the distance between the sole and the dorsal

edge. The dorsalmost 10% of the tissue was not included

in this study to avoid analyzing musculature that might

have been distorted or torn when the animal was removed

from the shell. Each section was diagrammatically divided

into three equal portions, the anterior, middle, and pos-

terior. The central longitudinal axis of each section divided

it into dorsal and ventral halves. Thus, each section was
divided into six regions: anterodorsal, anteroventral, mid-

dorsal, midventral, posterodorsal, and posteroventral.

The orientations of the muscle fibers in each region were

traced using a camera lucida mounted on an Olympus
BHS compound microscope at a final magnification of

1 56.25 X
. A 72-point grid was prepared using graph paper

with 20 squares to the inch. The grid was centered on each

region of each section, and the slope of each muscle fiber

that intersected a point on the grid was traced. If a grid

point intersected with nervous, vascular, glandular, epi-

thelial, or connective tissue, or with a muscle fiber oriented

perpendicular to the plane of the section, the point was
considered as missing data.

The angle of orientation of each muscle fiber traced on

the grids with respect to the longitudinal axis of the foot

was digitized as described above. The angle measured was
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Table 1

Regression equations for the allometric relationships included in this study. Lines indicate analyses of covariance; those

marked with two asterisks were significantly different {P < 0.01). AL = Aperture Length; AW = Aperture Width; AP
= Aperture area; SO = Sole area; MS = Muscle Scar area.

AL' vs. AW
Acmaea antillarum "y = -0.0868 + 0.8972X

.y = -0.0950 + 0.8677X

'y

LyTeclura scutum

Fissurella barbadensis y = -0.1206 + 0.7736X

.y = -0.3664 + 0.5925x

"y

-yDiodora aspera

Pooled Patellids y = -0.0389 + 0.8531x1**

y = 0.3625 + 0.5943x .

y

Pooled Fissurellids y

log AP vs. log SO log AP vs. log MS

-0.2754 + 0.9251X

-0.2713 + 0.9633X

-0.3467 + 1.2335X

-0.4965 + 1.3307X

-0.2770 + 0.9680

-0.3053 + 1.156

Ox]*

IxJ

y = -0.8112 + 0.7064X

y = -0.9856 + 0.9736

Fy = -0.9776 + 1.4340x

Ly = -1.2345 + 1.4679X

not pooled

y = -0.7568 + 1.0350x

X J

that formed by the muscle fiber counterclockwise (toward

the anterior end) with the longitudinal axis of the section.

Twelve categories of angle of orientation at subsequent

intervals of 15° each from 1° to 180° were established. The

frequency distribution of the number of muscle fibers per

specimen within each category was plotted and analyzed

using the Kolmogorov-Smirnov (K-S) Goodness of Fit Test

(Statistix 4.0 Statistical Analysis Program, Analytical Soft-

ware). The probability values were adjusted for the num-

ber of simultaneous tests using the sequential Bonferroni

test (Rice, 1989).

RESULTS

Allometric Analysis

The slopes of the regression lines as determined by RMA
regression for aperture length (AL) vs. aperture width

(AW) were not significantly difTerent for each pair of

species belonging to the same family (Table 1, Figure lA).

On the other hand, there was a significant difference {P

< 0.0001) between the slope of the line for the two fis-

surellid species vs. that of the two patellogastropods (Table

1). Thus, the shells of the patellogastropods used in this

study were relatively wider than those of the fissurellids.

In all four species, the log of the area of the sole (SO)

increased linearly as a function of the log of the area of

the shell aperture (AP) (Table 1, Figure IB). There was

no significant difference between the slopes of the RMA
regression lines of log SO vs. log AP for the two species

of patellogastropods or for the two fissurellids. In contrast,

the slope of the line for the two fissurellid species was

significantly different from that of the two patellogastro-

pods (Table 1).

The slopes of the regressions of log AP vs. the log of

the area of the muscle scar (MS) were not significantly

different for the fissurellid species, but were different for

the two patellogastropod species {P < 0.001) (Table 1,

Figure IC). However, the slopes were significantly dif-

ferent when the line for each fissurellid was compared

with that of the patellogastropod from the same habitat

(Table 1, Figure lA).

Histology

Camera lucida drawings and histological sections (Fig-

ures 2, 3) revealed distinct differences between the orga-

nization of the pedal musculature of the patellogastropods

and fissurellids studied.

Acmaea antillarum. Transverse sections of the foot of A.

antillarum indicated that one bundle of muscle fibers orig-

inated at each side of the shell (Figure 2A). Each bundle

ramified ventrally and laterally and inserted near the ep-

ithelium of the sole. Most of the muscle fibers were oriented

dorsoventrally, although there were also transverse, lon-

gitudinal, and oblique muscle fibers throughout the foot.

Sagittal sections showed that the foot consisted of a solid

mass of dorsoventral muscle fibers that extended from the

dorsal surface to the sole (Figure 2B). There were distinct

differences between the organization of the muscle fibers

in the dorsal, central, and ventral areas of the foot. In the

dorsalmost area near the attachment to the shell, the foot

consisted of fine bundles of dorsoventral muscle fibers em-

bedded in a dense matrix of connective tissue (Figure 3A).

The diameters of the muscle fibers in this area ranged from

0.5 to 2.4 /Lim in a specimen whose aperture length was

19.5 mm. These bundles of muscle fibers extended ven-

trally into the central area of the foot, where they appeared

to be thicker in diameter and surrounded by less connective

tissue (Figure 3B). The diameters of the muscle fibers in

this region ranged from 4.8 to 9.6 ^m in the specimen

mentioned above. In the ventral region, the muscle fibers

continued ventrally as thick bundles until they reached the

area directly above the sole (Figures 2, 3C). In this area

the number of glands and thin transverse muscle fibers

and the amount of connective tissue increased. The ventral

region occupied approximately 10% to 15% of the total

height of a section. The diameter of the muscle fibers in

this region ranged from 3.2 to 5 jum in the same specimen

mentioned above.

Fissurella barbadensis. The pedal musculature of F. bar-

badensis was distinct from that of Acmaea antillarum (Fig-

ures 2, 3). Mid-transverse sections showed that the bundles

of muscle fibers that originated dorsally ramified ventrally.
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Figure 1

Relationships between (A) the length and width of the aperture of the shell; (B) the log of the area of the aperture

of the shell and the log of the area of the sole; and (C) the log of the area of the aperture of the shell and the log

of the area of the muscle scar of Acmaea antillarum (solid circles, long dash line), Tectura scutum (solid triangles,

short dash line), Fissurella barbadensis (open circles, dot dash line), and Diodora aspera (open triangles, dot dot dash

line). The solid lines indicate the regression for the pooled patellid data; the dotted lines for the fissurellid data.

laterally, and transversely into finer units, occupying ap-

proximately two-thirds of the pedal mass (Figure 2C).

Many thick longitudinal and oblique muscle fibers lay

between the bundles of dorsoventral muscles. A layer of

thin transverse muscle fibers occupied the central portion

of the foot. The ventral portion of the pedal musculature

consisted of thin muscle fibers oriented in many directions

and extending to the ventral epithelium.

In sagittal sections the foot of Fissurella barbadensis also

appeared to be divided into regions based on the thickness

of the muscle fibers and the relative amount of connective

tissue (Figure 2D). Near the shell attachment site, there

was a relatively large amount of connective tissue. The
dorsalmost two-thirds of the pedal musculature consisted

of thick bundles of muscle fibers oriented in virtually all

directions (Figure 3D). In this region the diameters of the

muscle fibers ranged from 3.1 to 4.8 /um in a specimen

with an aperture length of 26.2 mm. This region contained

a relatively small amount of connective tissue. In the cen-

tral portion of the foot, the muscle fibers were less dense

and lacked any obvious organization (Figure 3E). The
ventral portion consisted of a loose network of very fine
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Figure 2

Diagrams based on camera lucida drawings and histological sections of the pedal musculature of Acmaea antillarum

(A, B) and Fissurella barbadensis (C, D). A and C are from transverse sections; dorsal is at the top. B and D from

sagittal sections; anterior is to the left, dvm, dorsoventral muscle fibers; es, epithelium of sole; Imf, longitudinal

muscle fibers; m, mantle; omf, oblique muscle fibers; pel, pedal cord lateral connectives; pnc, pedal nerve cord; sm,

site of attachment of muscle to shell; tmf, transverse muscle fibers. Scale bars = 2 mm.

muscle fibers embedded in a dense matrix of connective

tissue (Figure 3F). The diameters of the muscle fibers

were much smaller, ranging from 1.5 to 1.8 ;um in the

central, transitional region to 0.4 to 1.0 jum in the ventral

region in the same specimen mentioned above. A layer of

thin dorsoventral muscle fibers appeared to insert at the

basement membrane of the sole epithelium (Figure 3F).

The muscle fibers that originated at the site of shell at-

tachment did not appear to be the same ones that inserted

at the sole.

Orientations of the Muscle Fibers

Acmaea antillarum. When the frequency distributions of

the orientations of the muscle fibers for each region were

compared across specimens, P-values were greater than or

equal to 0.1000 (K-S test), demonstrating that all of the

specimens had the same distribution in each part of the

foot. Approximately 55% of the muscle fibers of A. antil-

larum were oriented perpendicular to the sole (Figure 4).

From 58% to 62% of the muscle fibers in the anterodorsal,

anteroventral, midventral, and posteroventral regions of

the foot had an orientation of from 75° to 105°.

The muscle fibers of the middorsal region had a bimodal

distribution; 45% of the muscle fibers were oriented from
70° to 105°, and 33% were oriented from 135° to 180° with

respect to the longitudinal axis (Figure 4C). In the pos-

terodorsal region, approximately half of the muscle fibers

had a dorsoventral orientation (Figure 4E), and approx-

imately 18% were oriented from 30° to 60° to the longi-

tudinal axis.

Fissurella barbadensis. One specimen (FbN) of F. bar-

badensis had distributions of muscle fiber orientation that

were significantly different (K-S test, P < 0.0001) from

the other four specimens. These differences were found

for the middorsal and posterodorsal regions only. The other

four specimens were not significantly different from each

other in any of the six regions. In all specimens the muscle

fibers showed no strong tendency toward a particular ori-

entation in any region (Figure 4). The muscle fibers were

oriented similarly throughout the foot. Less than 15% of

the muscle fibers of any region were oriented dorsoven-

trally. The anterodorsal region of F. barbadensis contained

only a small number of muscle fibers that had an approx-

imate orientation of 90° (Figure 4A). In the middorsal

region (Figure 4C), approximately two-thirds of the mus-

cle fibers were oriented from 105° to 165°.

The frequency distributions of the orientations of the

muscle fibers of each region of the foot oi Acmaea antillarum

were significantly different {P < 0.0001) from that of the

corresponding region of four specimens of Fissurella bar-

badensis. For the specimen FbN, the distributions were

different (P < 0.0002) from A. antillarum for the anter-

odorsal and middorsal regions, but not for the other four

regions.

DISCUSSION

AUometry

The patellogastropods studied had relatively wider shells

than did the fissurellids of a given length (Figure 1 A). The
ratio of the log of the area of the aperture to the log of the

area of the sole was greater in the fissurellids than in the

patellogastropods studied. But the most interesting allo-

metric differences involved the scaling of the muscle scar

with respect to the area of the shell aperture (Figure IC).
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Figure 3

Photomicrographs of sagittal sections 7-8 fim thick of the feet of Acmaea antillarum (A, B, C) and Fissurella barbadensis

(D, E, F). A and D are from the dorsal regions, B and E from the central regions, and C and F are from the

ventral regions of the feet, ct, connective tissue; dvm, dorsoventral muscle fibers; es, epithelium of sole; omf, oblique

muscle fibers. All photos to same scale, scale bar = 50 ^m.



Page 170 The Veliger, Vol. 39, No. 2

30 60 90 120 150 180

Orientation (degrees)

u.t

C Middorsal

??< 0.3 _
o
c
<1> „ „ i 1

3 0.2 n

D-

a^

LL 0.1 - r

0.0 -.hLi4- 1- M LI Jl 4
30 60 90 120 150 180

Orientation (degrees)

30 60 90 120 150 180

Orientation (degrees)

30 60 90 120 150 180

Orientation (degrees)

30 60 90 120 150 180

Orientation (degrees)

Figure 4

u.t

F Posteroventral

>,0,3 -
1

§ 0.2

LL 0.1

0.0

_

III li l|ll
30 60 90 120 150 180

Orientation (degrees)

Frequency distributions of the orientations of the muscle fibers in the (A) anterodorsal, (B) anteroventral, (C)

middorsal, (D) midventral, (E) posterodorsal, and (F) posteroventral regions of the feet ol Acmaea antillarum (open

bars) and Fissurella barbadensis (specimen FbN, shaded bars; all others, solid bars).

In each habitat, the fissurellid species studied had a larger

muscle scar for a given shell size than did the patellogas-

tropod studied. When the prying force exerted by crabs

and birds or the drag and lift exerted by a wave acts on a

limpet-shaped shell, the force is transmitted from the shell

to the foot through the connective tissue at the site of the

muscle scar. The relatively larger muscle scar of a fissu-

rellid may help it transmit this force to a larger portion

of its pedal musculature. This hypothesis could be tested

by measuring the tenacities of a diversity of patellogastro-

pod and fissurellid limpets.

Organization of Pedal Musculature

The feet ol Acmaea antillarum and Fissurella barbadensis

differed from each other in the orientation of their muscle

fibers. The fibers of A. antillarum were primarily oriented

dorsoventrally. The muscle fibers of F. barbadensis were

less uniformly organized.

The pedal organization of the patellogastropods and
fissurellids studied thus far differs in the arrangement and

relative abundances of muscle and connective tissue. The
pedal musculature of the patellogastropods, Acmaea antil-

larum (this study) and Tectura scutum (Voltzow, 1988;

Cedeno Maldonado, 1993), and Lottia stngatella (Voltzow,

1994), consists of solid masses of thick bundles of dorso-

ventral muscle fibers embedded in a relatively small amount

of connective tissue. The connective tissue is denser and

the muscle fibers tend to be smaller in diameter at the

dorsal surface of the foot near the shell attachment site

and directly above the epithelium of the sole.

In contrast, the pedal musculature of Fissurella barba-

densis (this study) and Diodora aspera (Voltzow, 1988;

Cedeiio Maldonado, 1993) consists of distinct regions. The

dorsal region is composed of thick bundles of muscle fibers

oriented in virtually all directions. These bundles of muscle

are embedded in a relatively small amount of connective

tissue. The central and ventral regions consist of loose

networks of thinner muscle fibers embedded in dense con-

nective tissue.

The pedal musculature of coiled prosobranch gastropods

consists of two morphologically and functionally distinct

regions, the columellar muscle and tarsos (Voltzow, 1985,

1986, 1990, 1991, 1994). The columellar muscle consists

of a three-dimensional network of thick bundles of muscle

fibers that are embedded in a relatively small amount of

connective tissue. This region executes the gross move-

ments of the animal, such as twisting and clamping the

shell (Voltzow, 1990). The tarsic region consists of thinner

bundles of muscle fibers oriented in many directions. The
muscle fibers from the tarsos are surrounded by relatively

denser connective tissue, and they are responsible for the
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finer movements of the foot, such as the formation and

propagation of locomotor waves.

The morphology of the pedal musculature of the pa-

tellogastropods studied was very similar to that of the

columellar region of coiled prosobranch gastropods as de-

scribed by Voltzow (1990). No region with the morpho-

logical characteristics of the tarsic region has been found

in patellogastropods, with the possible exception of a re-

stricted area directly above the pedal epithelium. The feet

of the fissurellids studied, however, consist of distinct regions

similar to those found in coiled gastropods. The dorsal

two-thirds of the foot of Fissurella barbadensis resembled

the columellar region described for other prosobranch gas-

tropods (Voltzow, 1990), and the ventral one-third resem-

bled the tarsos.

In most prosobranch gastropods, the border between the

columellar and tarsic regions is distinct (Voltzow, 1990,

1991, 1994; personal observations). In the fissurellids stud-

ied, however, this distinction was not so obvious. The cen-

tral transition zone between the dorsal columellar muscle

region and the ventral tarsic region occupied a larger pro-

portion of the foot (approximately one-fourth of the height)

than it does in coiled gastropods.

The patterns of orientations of muscle fibers in Fissurella

barbadensis were less consistent than those of Acmaea an-

tillarum. One specimen (FbN) showed a significantly dif-

ferent distribution of orientations than that of the other

specimens. In general, the organization of the pedal mus-

culature in this species appeared to be more variable than

that of the patellogastropods studied.

the functional implication of the differences of the orien-

tation of their muscle fibers.

The constraints that the mechanical forces exert on Ac-

maea antillarum and Fissurella barbadensis apparently are

not coupled with an increase in the areas of their soles,

but rather with an increase in the surface area of attach-

ment of the pedal musculature to the shell relative to the

area of the aperture. These results help explain the results

of Branch & Marsh (1978), who found that for several

species of Patella, the larger the area of muscle attachment

to the shell relative to the area of the sole, the higher the

tenacity.

When patellogastropod and fissurellid limpets that are

exposed at low tide are touched gently, they clamp even

harder to the substrate (Jose Cedeno & Janice Voltzow,

personal observation). In the patellogastropods studied,

whose pedal muscle fibers are primarily oriented perpen-

dicular to the substrate, the force produced by the con-

traction of the muscle fibers when the animal clamps will

be exerted directly from the shell to the substrate. In the

fissurellids studied, however, the contraction of a bundle

of muscle fibers that is oriented at an angle to the substrate

will exert a force that may be distributed through a range

of angles. Only part of that force will be exerted perpen-

dicular to the substrate, producing a clamp normal to the

substrate that is less strong than that produced by the

dorsoventral bundles of muscle fibers observed in patel-

logastropods. The relatively larger surface area of attach-

ment of the pedal musculature to the shell in the fissurellids

studied may compensate to strengthen the clamp.

Functional Implications

One functional implication of the differences between

the orientations of the muscle fibers of Acmaea antillarum

and Fissurella barbadensis is their effect on tenacity. Te-

nacity is defined as the maximum force of adhesion per

unit area of the foot in contact with the substrate. The
tenacity of limpets has been measured using three different

pulling directions: perpendicular (normal tenacity), par-

allel (shear tenacity), and diagonal to the substrate (peel

tenacity) (Miller, 1974a; Branch & Marsh, 1978; Grenon
& Walker, 1981; Lowell, 1987; Smith, 1991, 1992). Be-

cause most of their pedal muscle fibers are oriented per-

pendicular to the substrate, patellogastropods should be

able to exert higher normal tenacities than fissurellid lim-

pets. On the other hand, their diverse array of muscle fibers

might enable fissurellid limpets to exert higher tenacities

under a diagonal pulling force than can patellogastropods.

Grenon & Walker (1981) found that for the patello-

gastropod Patella vulgata, shear tenacity is about 20-30%

of normal tenacity, but peel tenacity is about 75% of normal

tenacity. These results suggest that the tenacity under dif-

ferent pulling directions in P. vulgata may depend on the

orientation of the muscle fibers in its foot. A comparative

study between the tenacity of patellogastropod and fissu-

rellid limpets under different pulling angles may reveal
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Abstract. Schuchmanoceras hamicarinatum, a new genus and species of Albian (Early Cretaceous)

anisoceratid ammonite, is described on the basis of the unique combination of a ventral keel, distinctive

sculpture, and anisoceratid coiling. Its late Albian age is established by the contemporaneous ammonite

species Anagaudryceras buddha, Pseudouhligella japonicum, Stoliczkaia notha, and Mesopuzosia colusaense.

INTRODUCTION

A ventral keel is a common morphological feature of plan-

ispirally coiled ammonites such as the Upper Albian bran-

coceratid genera, Mortomceras Meek, 1876, Hysteroceras

Hyatt, 1900, and Dipoloceras Hyatt, 1900. However, in

heteromorph ammonites, those forms with whorls not in

contact or not planispirally coiled, a ventral keel is ex-

tremely rare. In some 150 named genera of lytoceratine

heteromorphs, only three have previously been described

as having some form of keel; none have been reported in

the family Anisoceratidae. We herein describe a keeled

heteromorph ammonite with anisoceratid coiling (body

chamber in the shape of a hook), and a unique sculpture

somewhat similar to that commonly observed in species of

Amsoceras Pictet, 1854. This combination of features has

not been reported previously in the same animal.

Although we have only a single specimen, the unique

combination of morphological characters readily distin-

guishes this form from previously described ammonite gen-

era, and in our judgment is sufficiently distinct to recognize

this taxon as new at the generic level. In this we follow

traditional morphologically based ammonite systematics.

Phylogenetic classifications, while much needed for am-

monites, are, in our opinion, still far away, and will require

ontogenetic studies of well-preserved specimens with good

stratigraphic control.

SYSTEMATIC PALEONTOLOGY

Mollusca

Cephalopoda

Ammonoidea

Family ANISOCERATIDAE Hyatt, 1900

Genus Schuchmanoceras Murphy & Rodda, gen. nov.

Type species: Schuchmanoceras hamicarinatum Mur-
phy & Rodda, sp. nov.

Derivation of the name: In honor of Clarence Schuch-

man, in recognition of his many contributions to the study

of Cretaceous ammonites of California.

Diagnosis: A keeled heteromorph ammonite with aniso-

ceratid coiling and strong ribs that are joined in pairs by

a clavate lateral tubercle.

Schuchmanoceras hamicarinatum Murphy & Rodda,

sp. nov.

(Figures 1-4)

Holotype: California Academy of Sciences Geology Type
Collection CASG 66819.01.
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Derivation of the name: From Latin hami, hook + carina,

keel, hence, keeled hook.

Diagnosis: As for genus.

Material: One specimen consisting of deformed segments

of shaft and hook.

Locality: North Fork of Cottonwood Creek, Ono quad-

rangle, 1/25,000, Shasta County, California. CASG Cot-

tonwood Project, section NF Via, at Stake 482 (Figures

5, 7). Upper part of Chickabally Mudstone Member, Bud-

den Canyon Formation (Murphy, et al., 1969).

Description: Partial phragmacone of short (30 mm) sec-

tion of shaft with clavate lateral tubercle elongate parallel

to shaft; remaining shaft and hook comprise body chamber;

dorsum smooth; cross section oval, slightly higher than

wide; widely spaced, sharp-crested, curved ribs, mostly

joined in pairs at midflank by clavate tubercle (spine base),

from which they pass peripherally in a strong adapically

directed curve; ribs die out ventrally near sharp ventral

keel; one or two weak interribs between clavae with reverse

sigmoidal curvature, commonly weaker at midflank; on

latter part of body chamber tubercles more equant, and

keel not apparent on poorly preserved venter. Segments of

suture line visible on crushed and deformed partial phrag-

macone: E, part of first lateral saddle, and peripheral (?)

half of L (Figure 6).

Measurements: Overall length of preserved specimen 175

mm; distance between shaft and body chamber 32-37 mm;
height of the shaft 25 mm, width 21 mm; height of the

body chamber near aperture 40-43 mm. Measurements

approximate; specimen deformed by compaction, and parts

somewhat rotated.

Discussion: This specimen, assigned to the family Ani-

soceratidae principally on the basis of it hooked shape and

partial suture, is unique among anisoceratid heteromorphs

in its distinctive ribbing and the presence of a keel on at

least the earlier parts of the preserved shell. The small

fragments of the septal suture line and the septal face

partially preserved suggest an anisoceratid pattern like that

found in the type species, Anisoceras saussureanus Pictet,

1847 (see also Spath, 1938, pp. 542, 552; Wright, 1957,

p. L219).

The only other described keeled heteromorphs are

Phlycticrioceras Spath, 1926, from the Coniacian of Europe

and North America, Prophlycticrwceras Clark, 1965, from

the Upper Albian of Texas, and Boehmoceras Riedel, 1931,

from the Coniacian of Germany. These three genera (with

Boehmoceras included questionably) constitute the family

Phlycticrioceratidae (Spath, 1926; Wright, 1957; Clark,

1965). Phlycticrioceras and Prophlycticrwceras are generally

similar and have a row of siphonal tubercules that in some

specimens coalesce to form serrated keels; Prophlycticn-

oceras has broader ribs with fine intermediaries and a

broader whorl section. Both of these genera resemble the

anisoceratid genera Idiohamites Spath, 1925, and Allocri-

oceras Spath, 1926, in general shape, uniform ribbing, and
ventro-lateral nodes, but with the addition of siphonal

tubercules or serrate keel. Schuchmanoceras, by contrast,

has a solid keel in the parts preserved, and the ornament

is distinctly different, with clavate nodes elongate parallel

to the shaft and strong, widely spaced, looped ribs con-

nected in pairs to the nodes. This rib pattern is somewhat

reminiscent of the "button and loop" rib pattern in some

species o( Anisoceras, but in that genus the nodes are smaller

and equant, and the looped ribs, which are finer and much
more narrowly spaced, connect paired ventro-lateral nodes,

and additional loops extend to the dorso-lateral nodes. In

Anisoceras the ribbing generally is finer and denser than

in Schuchmanoceras. The "button and loop" pattern ap-

pears in Anisoceras perarmatum Pictet & Campiche, 1861,

A. armatum (J. Sowerby, 1817), A. phillipsi Cooper &
Kennedy, 1979, A. haasi Cooper & Kennedy, 1979, and

in at least one species of Protamsoceras Spath 1923, P.

raulimanum (d'Orbigny, 1842). See Spath (1938) and Coo-

per & Kennedy (1979) for illustrations and descriptions

of these species and other anisoceratids.

Boehmoceras is characterized by a loose, open, expanding

coil mainly in one plane, but without a hook or straight

final shaft typical of Anisoceratidae. Compared with the

ovate cross section of Schuchmanoceras, the whorl section

of Boehmoceras is narrower with compressed, weakly in-

flated flanks and acutely tapered venter. Ornament on

Boehmoceras consists of coarse, widely spaced, strongly

curved ribs, bearing weak or no ventro-lateral nodes, and

splitting ventrally into secondary ribs, which extend over

the venter, forming weak serrations on the solid keel (Rie-

Explanation of Figures 1 to 4

Figure 1 . Schuchmanoceras hamicarinatum Murphy & Rodda,

gen. nov., sp. nov. Oblique view of shaft to show keel. CASG
66819.01. Length, 75 mm.

Figure 2. Schuchmanoceras hamicarinatum. Murphy & Rodda,

gen. nov., sp. nov. Lateral view of body chamber and small

segment of shaft (lower left). CASG 66819.01. Maximum length,

175 mm; shaft length, 30 mm.

Figure 3. Schuchmanoceras hamicarinatum, Murphy & Rodda,

gen. nov., sp. nov. Lateral view of section of Figure 1 to show
ornamentation on flank. CASG 66819.01. Length, 75 mm.

Figure 4. Schuchmanoceras hamicarinatum, Murphy & Rodda,

gen. nov., sp. nov. Oblique view of hook to show ribbing and

keel. CASG 66819.01. Maximum height of flank, 30 mm.
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Explanation of Figures 5 to 7

Figure 5. Location map. Area of Figure 5 shown as black rect-

angle in inset of Ono quadrangle (1/62,500). Stippling indicates

location of several measured stratigraphic sections. Schuchman-
oceras hamicarinatum Murphy & Rodda, gen. nov., sp. nov.,

was found in upper part of section NF Via in East Chine. Section

NF Via extends along North Fork of Cottonwood Creek from

its base near the mouth of Zig Zag Creek to East Chine and up
East Chine and its southern branch. Location of columnar section

of Figure 7 indicated by thick line along East Chine. Scale bar

500 m long.

Figure 6. Partial suture of last septum of shaft of Holotype of

Schuchmanoceras hamicarinatum Murphy & Rodda, gen. nov,

sp. nov., CASG 66819.01.

Figure 7. Columnar section of upper part of section NF Via

(upper Chickabally Mudstone Member, Budden Canyon For-

mation) showing stratigraphic positions of Schuchmanoceras

hamicarinatum Murphy & Rodda, gen. nov., sp. nov., and as-

sociated fossils, Pseudouhligella japonicum (Yabe, 1904), Stoli-

czkaia notha (Seeley, 1865), Mesopuzosia colusaense (Anderson,

1902), and Pseudouhligella dawsoni (Whiteaves, 1900). S-482 and

S-489 indicate position of numbered stakes. Numbers at top and

bottom of column indicate thickness in feet (200 ft. = 60.9 m;

250 ft. = 76.2 m). Lithologic symbols: Dots = sandstone, ovoids

= limestone nodules, blank areas = mudstone.

del, 1931). In Schuchmanoceras, ribs are curved in a loop

fasiiion and extend only from the flank clavae toward the

venter, except on the outer part of the body chamber where
ribs extend across the entire flank.

Age and correlation: The specimen was found in a strati-

graphic interval that has also yielded Anagaudryceras bud-

dha (Forbes, 1846), Mesopuzosia colusaense (Anderson,

1902), Pseudouhligella japonicum (Yabe, 1904), and Sto-
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liczkaia notha (Seeley, 1865) (Figure 7). The latter species,

recently reviewed by Wright & Kennedy (1994), suggests

a correlation with the Upper Albian dispar Zone of Owen
(1989) or the pennflatum Zone of Amedro (1992).
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Abstract. The gastropods Campanile sp. and Gisortia sp. are warm-water faunal elements that occur

in the Tepetate Formation (late early Eocene) in Baja California Sur.

The genus Campanile Fischer, 1884, has been known from the lower and middle Eocene strata in

Baja California Sur, Mexico, and upper Paleocene and lower Eocene strata in California, USA. This

gastropod shows close affinity with Old World Tethyan species. The genus Gisortia Jousseaume, 1884,

has been known from the middle lower Eocene in Baja California Sur, this being the second report for

Mexico. The genus is also known from lower and middle Eocene strata in India, Pakistan, Jamaica,

and Florida, USA.
These molluscan genera are shallow-water tropical forms.

INTRODUCTION

The purpose of this paper is to report the presence of the

gastropods Campanile sp. and Gisortia sp. from a late early

Eocene locality in the Tepetate Formation, Baja California

Sur, Mexico.

Squires & Demetrion (1991:A194) and Squires (1992:

10-11) mentioned the presence of Campanile sp. in the

Tepetate Formation, but the poor preservation of the spec-

imen prevented identification of the species. Also, Squires

& Demetrion (1992:28, fig. 65) reported a Campanile sp.

from the Bateque Formation; they mentioned that this

specimen is poorly preserved, and no species identification

is possible.

The Campanile specimens from the Tepetate Formation

discussed in this paper show close affinity with the Old
World Tethyan species Campanile giganteum (Lamarck,

1804).

This is the second record of the genus Gisortia Jous-

seaume, 1884, from Baja California. Squires & Demetrion

(1994:129, fig. 8) mentioned Gisortia (Megalocypraea) cf.

G. (M.) clarki (Ingram, 1940) from the Bateque Forma-
tion. The Tepetate Formation specimen shows affinities

with described species from the lower and middle Eocene

strata in India, Pakistan (Vredenburg, 1927), Jamaica
(Trechmann, 1923), and Florida, USA. (Palmer, 1957).

STUDY AREA

The molluscan material discussed in this work comes from

a stratigraphic section measured in the locality Cariada El

Canelo (Figure 1), located at Km 100.5 of the Transpen-

insular Highway 1 (24°20'08"N-1 1 1°01'00"W, Las Po-

citas Quadrangle, Baja California Sur, Mexico, 1:50,000

topographic chart, CGSNEGI, 1983).

The measured section, 52.5 m thick, with the base not

exposed, extends to the west of the highway and consists

of nearly horizontal beds (5° dip). The sequence is made
up of gray-yellow feldspathic and calcareous sandstone,

interbedded with gray pebble to cobble conglomerate hav-

ing a fine sandy matrix and siltstone with abundant silt-

stone concretions, gypsum veins (particularly in the base),

graded beds, and some crossbeds associated with scour-

and-fill structures and mud pebbles (Figure 2). Pseudo-

phragmina (Proporocyclina) advena (Cushman) occurs par-

allel to bedding in discrete beds, or in chaotic arrangement

interpreted tentatively as storm-bed deposits in channels

in a shallow-marine environment deposited during the

Acarinina pentacamerata Interval Zone of Toumarkine &
Luterbacher (1985) of the late early Eocene (Carreno,

written communication, 1995).

This section is part of the Tepetate Formation, which

in the area is unconformably overlain by a Quaternary
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THE CIEN FORMATION
UNDIFFERENTIATED

Angular

Figure 1

Location map showing the sampled locality of the Tepetate For-

mation: IGM 2620.

conglomerate and alluvium. To the east, the formation is

covered with angular unconformity by strata of the El

Cien Formation (Carreiio, 1992).

PREVIOUS STUDIES

Darton (1921) was the first to recognize a probable Eocene

age for the soft to hard, light gray sandstone with argil-

laceous members that crops out to the west of the town of

San Hilario. These rocks were later named by Heim (1922)

as the Tepetate Formation with a type section in the bed

of the Arroyo Colorado (3 km SW of the Tepetate ranch).

Here, the Tepetate Formation is composed of beds of gray

sandstone with a dip of 4°NE with ichnofossils and ma-

croforaminifers.

Beal (1948) recognized the Tepetate Formation, but

extended its distribution to the Vizcaino region, and on

the basis of a large invertebrate collection, assigned a Mar-
tinez to Tejon or Paleocene to upper Eocene age.

Mina-Uhink (1957) named the outcropping unit in the

Vizcaino region as a different formation. He recognized

the Tepetate Formation as the unit outcropping to the

unconformity

Fine, porous, friable, micaceous sondstone

With foraminifers.

Fine to very fine sandstone with Interca-

lations of calcareous sandstone with
Campanile ond Gisortia

Fine sandstone

Oligomictlc conglomerate, fine sandy matrix

with bivalves, gastropods, echlnoderms and
foraminifers.

Very fine sandstone with calcareous sands-

tone lenses with mollusks and foraminifers

Siltstone with foraminifers.

Fine to very fine sandstone with intercalations

of fossiliferous calcareous sandstone and

siltstone

Base not exposed

Figure 2

Composite stratigraphic section of the Tepetate Formation show-
ing locations of Campanile and Gisortia.

south, in the area between El Conejo and Santa Rita,

assigning it a late Paleocene to middle Eocene age and

concluding that it accumulated in a neritic marine envi-

ronment.

The first micropaleontological approach was that of

Knappe (1974), later complemented by Fulwider (1976)

who, on the basis of calcareous nannoplancton, assigned a

Maastrichtian age to the base of the Tepetate Formation.

On the basis of planktonic foraminifera, he extended its

age up to the early Paleocene-early Eocene and inferred

deposition in a middle to upper slope paleoenvironment,

with possible low oxygen condition in a sub-sea fan com-

plex.

Minch & Leslie (1979) referred to the Tepetate For-

mation as Paleocene and largely Eocene in age. On the

basis of foraminifera, they assigned to some outcrops a

lower and basal middle Eocene and middle lower Eocene

age and inferred an upper to middle slope paleoenviron-

ment.

Galli-Olivier et al. (1986) considered the Tepetate For-

mation as Late Cretaceous to lower Eocene in age and,

based on a sedimentological study at the El Conejo locality,

concluded that this part of the formation was deposited in

a channel or submarine valley subenvironment of the mid

slope environment.

AGE

At the El Canelo section, the presence of Pseudophragmina

{Proporocyclina) flintensis (Cushman) and Amphistegina



Page 180 The Veliger, Vol. 39, No. 2

lopeztngoi (Palmer), is indicative of a middle Eocene age

(Butterlin, 1981). Nevertheless, the planktonic foramini-

fers represented by Morozovella aragonensis (Nuttall), Mo-

rozovella caucasica (Glaessner), Acannina pentacamerata

(Subbotina), Acannina pnmitiva (Finlay), Acannina bul-

brooki (Bolli), Acarinina broedermanni (Cushman & Ber-

mudez) suggest deposition during the Acannina pentaca-

merata Interval Zone of Toumarkine & Luterbacher (1985)

during the late early Eocene (ca. 50.3 Ma). The absence

of species belonging to the Acannina soldadoensis and Tur-

borotalia cerroazulensis groups prevents an assignment to

the younger Hantkenina nuttalli Interval Zone of the early

middle Eocene (Carreiio, written communication, 1995).

The presence of the genera Campanile and Gisortia in

the Canelo section corroborates a late early Eocene age,

considering that these two genera are known in the middle

lower Eocene ("Capay Stage") in California, and in the

partly time-correlative Bateque Formation in Baja Cali-

fornia Sur.

Abbreviations used for catalog and locality numbers are

as follows: IGM, Instituto de Geologia, Universidad Na-

cional Autonoma de Mexico.

SYSTEMATIC PALEONTOLOGY

Superfamily CYPRAEACEA Rafinesque, 1815

Family GisoRTiiDAE Schilder, 1930

Genus Gisortia Jousseaume, 1884

Type species: Ovula gisortiana Passy, 1859:948 by original

designation. Middle Eocene, Lutetian Stage, Gisors,

northern France. Classification of Gisortia in this report

follows that of Schilder & Schilder (1971).

Gisortia sp.

(Figures 3, 4)

Description: Internal cast heavy, with a low spire of about

five whorls not covered by the lip. Body whorl conical,

anteriorly tapering. Aperture filled with matrix.

Dimensions: Hypotype IGM 6761, height 17.5 cm, width

13.0 cm.

Discussion: The description is based only on a single spec-

imen. As many specimens of Gisortia are known as internal

casts, they differ widely in appearance from specimens

with completely preserved shells. Gisortia sp. is similar

only to the internal casts of Gisortia (Vicetia) murchisoni

(d'Archiac) (Vredenburg, 1927:64 pars, pi. 16, figs. 2a,

2b; pi. 22, figs, la, lb) from a zone located at a fairly high

horizon in the Alveolma limestone west of Ranikot in shape,

but the specimen from the Tepetate Formation is larger

than those figured by Vredenburg (1927).

Gisortia sp. also has similarities with Gisortia, cf. mur-

chisoni d'Archiac (Trechmann, 1923:355, pi. 14, fig. 1)

reported from the Eocene of Spring Mountain, Jamaica.

Schilder & Schilder (1971:30) reported the same species

from the middle Eocene Lutetian Stage of Jamaica, in the

conical shape and in the spire that has five whorls, but the

specimen from Baja California Sur is larger.

There are two known species in North America. Gisortia

harnsi (Palmer, 1957:71, pi. 9, figs. 1-3) from the upper

Eocene Crystal River Formation in Florida, has a large

shell with sunken apical whorls, the spire flat with 4V2-5

whorls, and the posterior lip raised above the spire, the

body whorl rounded above, the left side straight and par-

allel to the right. The Tepetate Formation specimen differs

from G. harrisi in that it does not show the sunken apical

whorls and is smaller in size.

The other reported species of Gisortia from the Eocene

of the Pacific Coast of North America is Gisortia (Megal-

ocypraea) clarki (Ingram, 1940:376-377, fig. 1; 1942:19,

pi. 4, fig. 1; 1947:63-64, pi. 3, fig. 1; Squires, 1987:35,

figs. 39-41; Groves, 1992:figs. 3a, 3b; Squires & Deme-
trion, 1994:129-130, fig. 8) from the middle lower Eocene

of south-central and southern California, and Baja Cali-

fornia Sur, Mexico. But the specimen from Baja California

Sur is larger and the spire presents five whorls; in Gisortia

clarki the spire is almost totally submerged beneath outer

enamel so that it cannot be compared with the internal

cast of Gisortia sp.

From the Eocene of South America, there is a species

reported from the Pale Gorda Formation of Peru. Gisortia

(Megalocypraea) thomasi (Olsson, 1930:64, pi. 8, figs. 1,

2,7).

Superfamily CERITHIACEA Fleming, 1822

Family Campanilidae Douville, 1904

Genus Campanile Fischer, 1884

Type species: Centhium giganteum Lamarck, 1804 (by

subsequent designation, Sacco, 1895:37). Eocene, Paris

Basin, France.

Explanation of Figures 3 to 8

Figures 3, 4. Gisortm sp., hypotype IGM 6761 from IGM loc. 2620. Figure 3: internal mold, apertural view,

xO.52. Figure 4: internal mold, abapertural view, xO.52. Figure 5. Campanile sp., plastotype IGM 6760 from

IGM loc. 2620, internal mold, abapertural view, xO.28. Figures 6, 8. Campanile sp., hypotype IGM 1213 from

IGM loc. 2620. Figure 6: internal mold, apertural view, x0.31. Figure 8: internal mold, abapertural view, x0.31.

Figure 7. Campanile sp., hypotype IGM 1214 from IGM loc. 2620. internal mold, abapertural view, xO.25.
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Campanile sp.

(Figures 5-8)

Description: Shell large, turreted, elongated, with 17

straight-sided whorls. Suture moderately incised. Shell

sculpture with one spiral row of eight nodes on posterior

part of whorl. Apertural side missing.

Dimensions: Hypotype IGM 6760. A resin cast, height

33.5 cm, width 14.0 cm; hypotype IGM 1213, height 26.5

cm, width 16.5 cm; hypotype IGM 1214, height 30.3 cm,

width 13.0 cm.

Discussion: In the collection there are 14 fragments that

have from two to seven whorls, and the preservation is

fairly good. Not all of them show nodes, but all are prob-

ably the same species. The largest such fragment is 30.3

cm in height.

Campanile sp. is similar to Campanile giganteum (La-

marck, 1804:95, pi. no. 12, fig. 1). The original description

of this species is: ^^57 Cerite giant. Centhium (giganteum)

turntum; longissimum, transverse striatum; anfractibus su-

perne tuberculato-nodosis; columella uniplicatd."

"L. n. Grignon. Voici la plus singuliere et la plus eton-

nante des especes de ce genre, par sa grandeur enorme;

car la plupart des individus ont 124 millimetres (un pied),

et quelquefois beaucoup plus de longuer. Elle n'est pas

rare a Grignon; mais presque toujours on la trouve fruste

ou incomplete. Sous une forme turriculee ou pyramidale,

elle ofTre plus de vingt tours de spire, garnis chacun pres

de leur bord superieur, d'une rangee de gros tubercules

qui rendent toute la moitie inferieure de la coquille herissee

de noeuds. La base de ces noeuds selargit en-dessous en

s'abaissant. Toute la coquille est legerement striee en trav-

ers. Son ouverture est oblongue, oblique, termine a la base

par un canal dont I'extremite se recourbe mediocrement:

et la partie superieure du bord droit forme dans le lieu de

la gouttiere un prolongement lateral en maniere d'oreillete.

II n'y a qu'un pli sur la columelle; malgre cela il en paroit

deux, parce que le bord qui la termine inferieurement, est

releve en un bourrelet oblique qui borde le canal."

The species from the Tepetate Formation is similar to

C giganteum in the sculpture of the shell, the presence of

the spiral row of eight nodes and the height of 33 cm—

a

size which is equal to that of a fully grown specimen of

Campanile giganteum from the Paris Basin. Spiral cords

are not evident, possibly due to the preservation.

The only Eocene species of Campanile described from

the western coast of North America is Campanile dilloni

(Hanna & Hertlein. 1949:393, pi. 77, figs. 2, 4; Givens,

1974:69, pi. 7, fig. 10; Squires & Advocate, 1986:853, fig.

2.1; Squires, 1987:31, figs. 32, 33) from south-central and

southern California, and from the lower Eocene Juncal

Formation of California.

Squires (1987:31, figs. 32, 33) described a Campanile

new species?, but he considered that with better preserved

material, this species and Campanile dillom might prove

to be the same.

The difference between Campanile sp. and the species

mentioned above is that the Tepetate Formation specimen

does not present such a pronounced projecting carina and

that the number of pointed nodes is less.

Until we have better preserved complete specimens of

Campanile sp. and Campanile dillom, we will not know if

the Baja California Sur specimens correspond to C dilloni

or are more similar to C. giganteum.
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IGM 2620: Km 100.5 Highway La Paz-Constitucion,

Arroyo El Canelo, Municipio La Paz, Baja California

Sur. 24°20'08" N- lirOl'OO" W. Tepetate Formation.

Age: late early Eocene. Collector: A. L. Carreho. 1991.
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Annotated Checklist of

Recent Marine Molluscs of

Danish Waters

by Kathe R. Jensen & Jorgen Knudsen. 1995. Zoo-

logical Museum, Universitetsparken 15, DK-2100 Co-

penhagen 0, Denmark. 73 pp. ISBN 87 7834 108 6. Price

70 DKr (US S12).

This work lists 377 Recent molluscan taxa and their

distribution by geographic category (e.g., NK = Northern

Kattegat; SR = Skagerrak) in the waters around Denmark.
The most commonly used synonyms are cited, and refer-

ences to other works in which more complete synonymies

may be found. The introductory material includes remarks

on the history of marine malacology in Denmark and the

hydrography of the region.

The main species list consists simply of taxon names
and their geographic categories. Intercalary notes call at-

tention to open taxonomic questions (sometimes based on

unpublished opinions of H. Lemche or other workers),

geographic anomalies, nomenclatural decisions, and var-

ious other points of interest. Many of these notes give

interesting insights, and lend a "working" quality to the

list. It would be unfortunate if some of the taxonomic

suggestions, as yet not fully documented, were to become

accepted solely on the basis of their inclusion here.

The sources of the taxon records included in the list are

not specified. There is no statement to the effect that, for

example, records of species' occurrence in Danish maritime

waters are documented by specimens in the collection of

the Zoological Museum. Some quantity of the records may
come from the references in the 7-page bibliography; but,

again, this is not specified.

As the foreword indicates, the authors first compiled this

checklist for biologists working locally on environmental

or nature conservation issues; it undoubtedly succeeds in

serving that and similar purposes. As an authoritative source

for more wide-ranging biogeographic and ecological con-

cerns, however, serious workers may well look forward to

a more fully documented presentation.

B. Roth

Phylogeny and Biogeography of the Land Snail,

Sonorella, in the Madrean Archipelago

by Robert D. McCord. 1995. Pp. 317-324 in L. F.

DeBano et al. (Technical Coordinators), Biodiversity and
Management of the Madrean Archipelago: the Sky Islands

of Southwestern United States and Northwestern Mexico.

USDA Forest Service General Technical Report RM-
GTR-264.

Much current criticism of molluscan systematics focuses

on the limitations of canonical, as opposed to phylogenetic,

methods of taxonomy. But the mere ability to perform a

cladistic analysis does not relieve one of one's other re-

sponsibilities as a biologist—to be well informed about the

taxa under study, to perform the analysis correctly, and

to know the limits of interpretation the results will support.

This paper, using results from the phylogenetic program

PAUP 3.0q (Swofford, 1990), is a crude effort marked by

inadequate data, faulty methods, flawed execution, and

unjustified interpretation.

Sonorella Pilsbry, 1900, is a speciose genus occurring in

discontinuous habitat islands (the "Madrean Archipela-

go") in northern Mexico and the southwestern United

States. This paper attempts to generate a phylogenetic

hypothesis for 79 species plus five outgroup taxa and a

hypothetical ancestor, based on 18 predominantly binary

characters. For 79 ingroup taxa the minimum number of

character states to allow for a fully resolved tree would be

157 states i2n-\, where n is the number of taxa); McCord's

data set has only 50 states. This factor alone requires the

analysis to report three times the homoplasy of a data set

with the requisite 157 states.

The first three characters, presence/absence of dart sac,

mucus glands, and spermathecal diverticulum, are mono-

morphic throughout the species of Sonorella and hence

provide no basis for finer grouping.' Data on other char-

acters (haploid chromosome number and color of mantle

collar mucus) are known for very few of the taxa under

consideration.

Two characters, precipitation and temperature, are cod-

ed not as amount of rainfall or degrees Celsius but as the

names of vegetation communities. The actual precipitation

or thermal parameters, and the extent to which those com-

munities may be suitable proxies for them, are not dis-

cussed. The use of range, habitat, or environmental char-

acters in a phylogenetic analysis is objectionable because

(a) aspects of a species' history, not just its intrinsic tol-

erances, may influence its realized range; and (b) one can-

not then turn around and use the phylogeny to investigate

questions of biogeography without making a circular ar-

gument.

Values such as the ratio of verge length to penis length

are said to be "based on population means" (pp. 318-319).

The author claims that character states for Sonorella were

determined by personal observation or from species de-

' A spermathecal diverticulum is present in Sonorella reederi

Miller, 1984, but that species is not among the taxa analyzed.
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scriptions, but the amount of personal observation is not

specified. Certainly the cited literature does not contain

information that would allow the scoring of population

statistics for these characters. Yet, since most Sonorella

species are difficult to find in quantity, and laborious field

search may yield only immature specimens (which then

must be reared to maturity before they show diagnostic

reproductive characters), it is hard to imagine that sample

means adequate to characterize population means were

newly obtained for very many species. Character states for

the outgroups were taken from the literature, meaning that

several characters are represented in the matrix only by

question marks, when simple examination of museum
specimens would have provided the needed information.

Character states for the hypothetical ancestor were as-

signed based on "characters generally recognized as being

primitive for the Family" (p. 318), not by the method of

outgroup comparison (e.g., Watrous & Wheeler, 1981).

To examine the distribution of homoplasy in the analysis

we re-analyzed the data matrix with PAUP. Character

state ordering, ancestral states, outgroups, branch swap-

ping options, etc., followed McCord's specifications. We
were unable to duplicate McCord's 146-step trees. The
most parsimonious trees we found were 161 steps long.

Shorter trees may exist; our analyses were terminated after

saving 14,000 trees because of memory limitations. On
several occasions, 14,000 trees greater than 161 steps were

saved before any shorter trees were discovered. Hence, we
are dubious of McCord's examining only 600 trees (setting

MAXTREE = 600) in his study. Consistency index

(Rohlf's CI) for our strict consensus tree of 14,000 trees

is 0.025 and for the 50% majority rule tree, 0.336. McCord
reported a CI of 0.43 for his 50% majority rule tree and

a retention index of 0.75. This last statistic is puzzling as

retention indices are not calculated for consensus trees.

The small number of characters produces high levels of

homoplasy and requires numerous reversals in some char-

acters. To appraise this situation we examined character

change lists for several of our 14,000 most parsimonious

trees. In tree #12,156, for example, characters 4, 7, 9, 10,

11, 14, 15, and 16 had CI's of less than 0.278 (i.e., they

are markedly homoplastic). Characters with high CI's (1.0-

0.5) tended to be either basal (characters 1, 2, 3, 17) or

autapomorphic (characters 5, 8, 12). Clearly, the me-

chanics of this analysis are so seriously flawed that the

robustness of any putative relationships is highly suspect.

Most of the resulting interpretations are unsupported,

or else are foregone conclusions given the nature of the

data and coding. McCord states, "it is probable that Son-

orella s ancestors came from the west" (p. 321), but the

only other taxa entered in the analysis (beside Tryonigens,

which plots within the Sonorella clade^) are in the west.

- Miller (1971), Schileyko (1991), and Roth (1996) all give

ample reasons to assign Tryonigens to another clade of Helicoidea,

sensu lato. Its inclusion renders McCord's study group polyphy-

letic.

The relations shown by the analysis equally suggest that

the common ancestor of Sonorella and its sister-taxa was
distributed in the areas occupied by both; to choose between

vicariance and dispersal scenarios requires additional in-

formation. The suggestion that the results contradict the

model of multiple, independent reductions of genital struc-

tures is likewise unwarranted; Roth (1996) addressed the

topic in much greater depth.

The finding that prior authors' infrageneric groups of

Sonorella do not hang together as monophyletic groups is

potentially interesting; but since "it is extremely unlikely

that the tree presented here represents the true phylogeny

o{ Sonorella" (p. 319), the indicated relationships are ten-

tative at best.

The conclusion that Sonorella eremita Pilsbry & Ferris,

1915, is probably ajunior synonym of S./)a/><2^oram Pilsbry

& Ferris, 1915, is wholly unjustified. The data set em-

ployed is not competent to resolve specific versus subspecific

differences, and the author's "detailed examination" (p.

320) of the question is a two-sentence throwaway. (Of

several pairs of species that score as identical in this sketchy

data set, only S. eremila and 6". papagorum were singled

out for comment and taxonomic conclusion.) Sonorella er-

emita is a federally listed candidate species, and this con-

clusion, which should not be accepted on such a flimsy

basis, could have adverse management implications.

Barry Roth

David R. Lindberg
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Seashells of Central New South Wales:

a Survey of the Shelled Marine Molluscs

of the Sydney Metropolitan Area

and Adjacent Coasts

by Patty Jansen. 1 995. Privately published by the author,

xii -H 129 pp. ISBN 0.646.23760.8. A $40.00 -F A $7 for
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overseas surface mail, A $12.00 economy air. Distributed

by Filejest Pty. Ltd., 11 Eden St., Belgian Gardens, Qld.

4810, Australia.

This guide, produced by a shell collector for shell col-

lectors, is clearly a labor of love. Its primary objective is

to aid collectors in the identification of shells that v^'ash up

on the beaches around Sydney, and its special emphasis is

on the small to minute shells that are customarily omitted

from the lavish shell books with color plates featuring the

taxa most sought after by collectors.

Each of the 484 species of shelled moUusks (380 gas-

tropods, 99 bivalves, four scaphopods, and one cephalopod)

is described concisely and illustrated with an excellent

black-and-white line drawing. While the work is not re-

visionary in scope, the nomenclature does reflect the au-

thor's familiarity with the current literature, and she pro-

vides a good bibliography of references covering many of

the major molluscan families. Authors and dates are listed

for taxa, but there are no synonymies. There are brief

family-level descriptions, but no characterization at the

generic level.

The greatest strengths of this volume are its inclusion

of micromoUusks and the environmentally sound encour-

agement that it provides to beachcombing and the sorting

of shell grit as exciting and enjoyable activities. It will

serve as a useful general guide outside of Australia for

collectors who have been frustrated by the upmarket shell

books that omit the thousands of species with shells less

than 5 mm in size. Such shells do not photograph well,

and unless they are illustrated by scanning electron mi-

crographs, line drawings are the only viable option. Patty

Jansen has developed a remarkable facility for capturing

the important features of shells, including color patterns,

in her line drawings.

Another appealing thing about this book is its price.

I would have been pleased if the author had included

even more introductory material on this kind of environ-

mentally sound collecting. This volume was possible in

large part because Patty Jansen was preceded by a unique

host of amateur collectors in New South Wales who paid

attention to the small and minute and who donated gen-

erously of their shells and their time building the research

collections at the Australian Museum. It is a tradition well

worth encouraging and perpetuating.

Carole S. Hickman

Resultats des Campagnes MUSORSTOM, Vol. 14

Philippe Bouchet, Coordinator. Memoires du Museum
National d'Histoire Naturelle, Paris, Vol. 167 (Zoologie):

654 pp., 987 figs., 3 colored plates, 22 December 1995,

US $120.

This substantial volume, dedicated to the memory of

Richard Houbrick, is part of the continuing series on the

oflfshore fauna of the Indo-Pacific. (Volume 7, 1991, also

contained papers on the Mollusca.) The present volume

contains 10 papers, three on bivalves, one on scaphopods,

and six on gastropods. Henk H. Dijkstra, pp. 9-73, covers

the Pectinoidea (Propeamussiidae, Entoliidae, and Pectin-

idae); nine new species are described. Akihiko Matsukuma
and Tadashige Habe, pp. 75-109, treat Meiocardia (Glos-

sidae) and Glossocardia (Trapeziidae); one new species of

the former is described. Jean-Maurice Poutiers and the

late Frank R. Bernard, pp. 107-187, discuss the carniv-

orous Anomalodesmata; eight taxa are described as new.

This paper also provides a catalogue of the generic and

Recent specific names that have been proposed for "sep-

tibranchs," a revised classification for this group, and a

translation of the often overlooked 1983 paper by O. A.

Scarlato & Ya. I. Starobogatov on the classification of the

septibranchs.

A highlight of the volume is the substantial paper (pp.

189-379) on the Scaphopoda by Victor Scarabino. Some
1 39 species are discussed, of which 42 species are described

as new, along with three new generic units. The paper

also presents a reclassification of the entire class and il-

lustrates the radulae of nearly all Recent genera.

Bruce A. Marshall, pp. 381-458, deals with the sub-

stantial diversity in the gastropod family Calliostomatidae.

Of 30 species discussed, 27 are new. Four new genera and

one new tribe are also proposed. Appendices discuss all

generic units that belong or have been attributed to this

family. Roland Houart, pp. 459-498, covers the Tro-

phoninae (Muricidae); twenty-four of 32 species treated

are new, along with two new genera. Philippe Bouchet

and Guido T. Poppe review the volutid genus Calliotectum;

the type species is the eastern Pacific C. vernicosum Dall,

1890, which occurs from Ecuador to Peru. Of the seven

Recent species, two Indo-Pacific species are described as

new. Fred E. Wells revises the drilliid genera Splendrillia

and Plagiostropha, pp. 527-556; fourteen of 18 species of

the former are new, as are four of the latter. Dieter Rockel,

Georges Richard, and Robert G. Moolenbeek cover the

deep-water Conidae, pp. 557-594; of the 39 species dis-

cussed, five are new. Finally, Riidiger Bieler deals with

the Mathildidae, pp. 595-641; thirteen species are covered,

and four species are newly described. Other species are

removed from the family.

E. V. Coan
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Nomenclature. Comment or advice on this application is

invited for publication in the Bulletin and should be sent
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other manipulation of type faces is necessary on the manu-
script. Metric and Celsius units are to be used. For aspects

of style not addressed here, please see a recent issue of the

journal.

The Veliger publishes in English only. Authors whose
first language is not English should seek the assistance of

a colleague who is fluent in English before submitting a

manuscript.

In most cases, the parts of a manuscript should be as

follows: title page, abstract, introduction, materials and
methods, results, discussion, acknowledgments, literature

cited, figure legends, footnotes, tables, and figures. The
title page should be a separate sheet and should include

the title, authors' names, and addresses. The abstract should

be less than 200 words long and should describe concisely

the scope, main results, and conclusions of the paper. It

should not include references.

Literature cited

References in the text should be given by the name of

the author(s) followed by the date of publication: for one

author (Phillips, 1981), for two authors (Phillips & Smith,

1982), and for more than two (Phillips et al., 1983). The
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Tables

Tables must be numbered and each typed on a separate

sheet. Each table should be headed by a brief legend. Avoid
vertical rules.

Figures and plates

Figures must be carefully prepared and submitted ready

for publication. Each should have a short legend, listed on
a sheet following the literature cited. Text figures should

be in black ink and completely lettered. Keep in mind page
format and column size when designing figures. Photo-

graphs for halftone reproduction must be of good quality,

trimmed squarely, grouped as appropriate, and mounted
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may be used in the photograph; otherwise, the specimen

size should be given in the figure legend. Photographs
should be submitted in the desired final size.
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viewers' copies of submitted manuscripts. It is the author's

responsibility to ensure that lettering will be legible after

any necessary reduction and that lettering size is appro-

priate to the figure.

Use one consecutive set of Arabic numbers for all il-

lustrations (that is, do not separate "plates" from "text

figures").

Processing of manuscripts

Each manuscript is critically evaluated by at least two
reviewers. Based on these evaluations the editor makes a

preliminary decision of acceptance or rejection. The edi-

tor's decision and the reviewers' comments are sent to the

author for consideration and further action. Unless re-

quested, only one copy of the final, revised manuscript

needs to be returned to the editor. The author is informed

of the final decision and acceptable manuscripts are for-

warded to the printer. The author will receive proofs from

the printer. One set of corrected proofs should be mailed

promptly to the editor after review. Changes other than

the correction of printing errors will be charged to the

author at cost.

An order form for the purchase of reprints will accom-

pany proofs. Reprints are ordered directly from the printer.

Authors' contributions

The high costs of publication require that we ask authors
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to younger contributors and others of limited means and
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number of tables or figures will be asked for an additional

contribution. Because these contributions by individual au-
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Argentine Species oi Pisidium Pfeiffer, 1821, and

Musculium Link, 1807 (Bivalvia: Sphaeriidae)

by

cristiAn f. ituarte

Department of Invertebrate Zoology, Museo de La Plata, 1900-La Plata, Buenos Aires, Argentina

Abstract. The Argentine Sphaeriidae (Mollusca, Bivalvia), in particular the Patagonian species, are

reviewed. Seven species oi Pisidium Pfeiffer, 1821, and two species oi Musculium Link, 1807, have been

recognized as distributed in east-central and southern Argentina.

Upon analysis of the type series of Pilsbry's Patagonian species, the original descriptions were improved

and/or amended. Recent collections enlarged the known distributional ranges and allowed description

of unknown features of soft-part anatomy, resulting in a more precise diagnosis of each species.

Pisidium inacayali, sp. nov. from Chubut Province (Patagonia) is described.

The presence of Pisidium dorbignyi Clessin, 1879, in Argentine inland waters is considered doubtful.

Cyclas paranensis d'Orbigny, 1846, quoted in the literature as a Pisidium species, actually belongs to

the family Corbiculidae and corresponds to Neocorbicula paranensis (d'Orbigny, 1846).

After analysis of the type series oi Pisidium plenilumum (Melvill & Standen, 1907), originally described

in a marine genus and only known from a rather poor description, is here fully described and appro-

priately figured.

INTRODUCTION

Knowledge of the taxonomy, distribution, and biology of

the Argentine representatives of the family Sphaeriidae,

and particularly of the genera Pisidium Pfeiffer, 1821, and

Musculium Link, 1807, is highly fragmentary and scanty.

The genus Pisidium, in our present knowledge, is rep-

resented in Argentina by seven species: Pisidium sterkianum

Pilsbry, 1897, described from creeks in "el Prado," Mon-
tevideo, Uruguay; Pisidium vile Pilsbry, 1897, also de-

scribed from creeks in "el Prado," Montevideo, Uruguay;

Pisidium magellanicum (Dall, 1908), described from a sin-

gle shell washed from some stream into the Magellan

Strait; Pisidium observationis Pilsbry, 1911, from the "Monte
Observacion," south of the mouth of the Santa Cruz River,

Province of Santa Cruz, Argentina; Pisidium patagonicum

Pilsbry, 191 1, from the Rio Chico, Santa Cruz, Argentina;

Pisidium plenilunmm (Melvill & Standen, 1907) from

Malvinas Islands; and Pisidium dorbignyi (Clessin, 1879)

{nomen novum pro Cyclas pulchella d' Orbigny, 1835), de-

scribed from the vicinity of Maldonado, Uruguay.

There are two known species of the genus Musculium

in Argentina: Musculium argentinum (d' Orbigny, 1835),

described from brooks in the vicinity of Montevideo Bay,

Uruguay, and Musculium patagonicum Pilsbry, 1911, from

springs along the Rio Chico, Santa Cruz, Argentina.

Apart from all those original descriptions, further re-

ports on Sphaeriidae species are rather scarce: Strobel

(1874) reported Musculium argentinum from San Carlos

(Mendoza), Bahia Blanca, and Carmen de Patagones (south

of Buenos Aires Province); Olazarri (1983) reported P.

sterkianum and P. vile from the environs of the Salto Gran-

de Dam lake (Entre Rios); Fernandez & Schnack (1977)

collected P. sterkianum from small brooks close to the Rio

de La Plata and, recently, Ituarte & Gordillo (1991) re-

ported the presence of P. observationis and Musculium pa-

tagonicum at Isla Gable, Tierra del Fuego.

In a large number of ecological investigations on water

courses and reservoirs along the Parana and Uruguay Riv-

er basins, the genus Pisidium (without species identifica-

tion) has been reported as a relevant component of benthic

associations (for a review see: Bonetto & Tassara, 1987).

It must be noted that in none of them have Musculium

species been reported.

The present paper focuses on the Sphaeriidae of east-

central and southern Argentina, particularly on Patago-

nian species. The descriptions of known species of Mus-

culium and Pisidium are enlarged and/or amended, and
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new data on soft-part anatomy are given. On the basis of

museum collections and personal samplings on Patagonian

water courses, the geographical distribution for each spe-

cies is updated. A new species of Pisidium from Chubut

Province is described.

MATERIALS and METHODS
The present review of the genera Fisidium and Musculium

in Argentina was undertaken upon the study of collections

at the Museo Argentino de Ciencias Naturales "Bernar-

dino Rivadavia" (MACN), Museo de La Plata (MLP),
and personal samplings which were deposited in the latter

institution. The comparative study of the Patagonian spe-

cies was made possible by the Academy of Natural Sciences

of Philadelphia (ANSP) which provided most of the lots

(including type series) collected by Dr. J. B. Hatcher

(Princeton University expedition to Patagonia, 1896) and

previously studied by H. A. Pilsbry. The study and de-

scription of the syntypes of Pisidium plenilunium was made
possible by the cooperation of the Royal Museum of Scot-

land (RMS).

In the case of the collections made by the author, prior

to fixation with 10% formalin (24 hr) and further pres-

ervation in 807o ethanol, specimens were relaxed by im-

mersion in warm water (approx. 50°C) for a few minutes.

Samples to be studied under scanning electron microscope

were treated with a commercial sodium hypochlorite so-

lution in order to eliminate soft parts, ligament, and peri-

ostracum adhering to shells. The specimens were then

rinsed in distilled water, dried at room temperature, and

coated with gold in a sputter coating unit.

Length measurements were taken with a Wild Mg ste-

reoscopic microscope provided with a micrometer eyepiece

according to the following criteria: shell length (SL): max-

imum distance between the anterior and posterior margins

parallel to the antero-posterior axis; shell height (H): max-

imum distance between dorsal and ventral margins, per-

pendicular to the antero-posterior axis; diameter (d): max-

imum distance across the valves. Shape indices based on

shell measurements were calculated according to the fol-

lowing criteria (slightly modified from Holopainen & Kui-

per, 1982; and Kuiper, 1983): Height index (I H/SL):

percentage proportion of the height (H) over the shell

length (SL); convexity index (Ci) or roundness: percentage

proportion of the diameter (d) over the shell height (H);

ratio hinge length and shell length (HiL/SL): distance

between cusps of left anterior lateral (Aj) and left posterior

lateral (Pj) as percentage of the shell length; pre-siphonal

suture (PSS): distance between the base of the siphonal

aperture (anal or branchial, according to the number of

siphons the species have) and the origin of the pedal ap-

erture; ligament-length index (Li): measured from the

length of the ligamental pit and expressed as percentage

of the shell length; and beak position: calculated as the

percentage of the shell length left forward a perpendicular

line that intercepts the central point of the beak and the

antero-posterior axis.

RESULTS

Pisidium sterkianum Pilsbry

(Figures 1-4, 24)

Pisidium sterkianum Pilsbry, 1897:291, pi. 6, figs. 1-4.

Description: Shell inequilateral, medium to large, some-

what inflated (average I H/SL = 81.9 ± 1.8; average Ci

= 69.3 ± 5.4). Surface glossy, straw-yellowish, and finely

striated. Shell outline rounded-oval. Anterior end mod-

erately produced; in certain specimens a slight but well-

defined angle with the dorsal margin particularly evident.

Posterior end decidedly truncate. Posterior margin broadly

rounded or nearly straight. Anterior margin produced and

obliquely rounded. Dorsal margin faintly curved and

slightly concave in middle, just below beak. Dorsal and

ventral margins about equally arcuate. Beak rather full

but low and wide, not strikingly differentiated from shell

surface or produced above dorsal margin; somewhat back-

wardly displaced (beak position: 53.1-64.7% of SL, av-

erage: 59.5%). Ligament extending from cardinal teeth to

slightly beyond intersecting line of umbo with dorsal mar-

gin. From its origin, ligament inserting along a ridge at

base of ligamental pit, being rather extroverted but not

protruding from shell surface (average Li = 18.8 ± 2.7).

Ligamental pit relatively long and slender, broadening out

to posterior half.

Hinge plate solid. Hinge line broadly arcuated, strik-

ingly narrowed behind cardinals (HiL/SL = 58 ± 2.7).

Teeth well developed. In right valve: one cardinal tooth

with anterior half straight or slightly arcuated, posteriorly

thickened and deeply sulcated. Lateral walls of enlarged

posterior end of C3 sometimes appearing rugose due to

presence of small circular hollows. Cardinal tooth arising

from widest point of hinge plate. Lateral teeth arising just

below intersection point of beak line with dorsal margin.

Anterior and posterior lateral teeth solid, nearly straight

and parallel. Inner posterior lateral (Pj) low, with nearly

central cusp; Pm somewhat reduced, with distal cusps.

Anterior laterals (A, and Am) with somewhat distally dis-

placed cusps, Ajii reduced when compared with Aj. Inner

surface of laterals rugose. Left valve with two cardinal

teeth, outer (C4) just below central point of beak, slightly

curved and oblique with respect to antero-posterior shell

axis, overlapping C2 at posterior half or a bit more. Inner

cardinal (C2) shorter, robust, broad at base and sharply

curved at tip, displaced forward with respect to C4 and

parallel to antero-posterior axis. Left laterals strong, near-

ly straight, anterior lateral (Aj) with long inner slope and

very short outer slope, posterior lateral (P2) with more

central cusp.

Anatomy. Only inner demibranchs present, short reflect-

ed lamella not much longer than one-fourth to one-third

of length of descending one. Outer demibranchs entirely

absent. Branchial opening absent. Anal opening, a slit

bordered by muscular sphincter which does not extend into

a siphon. Pre-siphonal suture relatively short (average PSS
= 10.4 ± 2.7).
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Figures 1-4

Pisidium sterkianum (MLP 5061). Figures 1, 4. Right valve, note

the different shape of C3 in Figure 4. Figures 2, 3. Left valve.

Scale bars: Figures 1-2 = 2 mm; Figures 3-4 = 200 ^m.

Variability. The solidness of the hinge plate may vary

greatly. The anterior half of the right cardinal tooth may
be in some individuals strongly arcuated (Figures 3, 4)

and, in these cases, C2 and C4 are shorter, curved, and very

close to one another, as shown in Figure 3.

Remarks: P. sterkianum is similar to P. forense Meier-

Brook, 1967 (from Minas Gerais, Brazil), from which it

differs in being larger, proportionally lower, and less glo-

bose. Moreover, the ligament is more decidedly extroverted

in P. sterkianum, and the beak is less prominent.

In Kuiper's (1983, 1991) opinion, P. gundlachi Arango,

1865, and P. consanguineum Prime, 1865 (both from Cuba),

may be considered synonymous with P. sterkianum.

Type locality: "el Prado," Montevideo, Uruguay.

Other localities: Several water courses that flow to the

Uruguay River at Salto Grande Dam area, Concordia,

Entre Rios (Olazarri, 1983); brooks and artificial channels

flowing to the Rio de La Plata: arroyo Miguelin, Ensen-

ada, Buenos Aires (MLP 5058, 5059, 5061); Rio Santiago,

Ensenada, Buenos Aires (MLP 5060)).

Pisidium vile Pilsbry

(Figures 5-9, 25)

Pisidium vile Pilsbry, 1897:292, pi. 6, figs. 17-20.

Description: Shell small (maximum observed size: 3.4

mm), rather inequilateral, high, quite globose (average I

H/SL = 89.2 ± 2.3; average Ci = 82.3 ± 4.6). Surface

glossy, finely striated, white to pale yellowish; three or four

concentric dark lines often well marked. Umbonal region

frequently covered by sediments, forming thick crust mask-

ing external shell outline. Beak full, projecting above the

dorsal margin and backward displaced (located at about

60% of shell length).

Posterior margin abruptly truncated, evenly curved or

nearly straight. Anterior margin produced, oblique, and

rounded. Dorsal margin rather short, about as strongly

curved as ventral one. Hinge plate long, average HiL/SL
= 55.7% ± 1.6) of shell length. Hinge plate sharply arcuate

and narrow; cardinal teeth seeming to hang from dorsal

margin. Hinge teeth well developed. In right valve, one

cardinal tooth short, straight, or slightly curved, thickened

and angled at its posterior end, forming a small weakly

sulcated head. Anterior lateral teeth arising very close to

cardinal ones. Inner anterior lateral (A,) strong, wide,

somewhat arcuated, with proximal slope long, distal slope

relatively short. Outer anterior lateral (A„i) minute, nearly

inconspicuous, narrow, straight, and displaced backward

with respect to Aj. Posterior laterals delicate. Outer pos-

terior lateral (Pm) short and straight, lower than P,, and

displaced forward. In left valve, one strong and large inner

cardinal (Cj) and one outer cardinal (C4) slender, straight,

or evenly arcuate, very close to dorsal margin, overlapping

Cj at posterior end. Hinge plate very narrow at insertion

of C2, which seems to hang from its inner margin. Anterior

lateral tooth strong, long, and straight, higher than P2,
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Figures 5-9

Pisidium vile (Figures 5-8: MLP 5062; Figure 9: MLP 5063). Figures 5 and 6. Interior view of left and right

valves. Figures 7 and 8. Detail of hinge plates. Figure 9. Detail of beak covered by a thick crust of sediments. Scale

bars = 2 mm.

with stippled cusp and long proximal slope; distal slope

moderately short. Posterior lateral (P2) rather short, as

strongly curved as posterior margin, running very close to

shell margin.

Ligament tending decidedly to be extroverted, inserting

in a long and broad ligamental pit (average Li = 20.2%

± 1.4).

Anatomy. Only inner demibranchs present. Branchial

opening absent. Pre-siphonal suture relatively short, rep-

resenting about 8-12% of shell length (average 10.49%).

Remarks: P. vile, as stated in the original description,

differs from Pisidium dorbignyi Clessin, 1879, in being

smaller, shorter, with a much more projecting beak. In
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Pilsbry's opinion, the very large size of the posterior left

cardinal and the "greater reduction" of the anterior one,

are conspicuous features.

Type locality: The species was described from a creek in

"el Prado," Montevideo, Uruguay.

Other localities: Olazarri (1983) reported P. vile from the

area of Salto Grande Dam lake (Entre Rios, Argentina;

Salto, Uruguay). P. vile is a common species in water

courses flowing to the Rio de La Plata basin, frequently

cohabiting with P. sterkianum. The studied specimens were

dredged from "arroyo Miguelin" (MLP 5062) a small

brook, and Rio Santiago (MLP 5063), a moderately large

stream, both at Ensenada, Buenos Aires.

Pisidium magellanicum (Dall)

(Figures 10-13, 26)

Corneocyclas magellanicus Dall, 1908:411.

Pisidium magellanicum (Dall), Pilsbry, 1911:606, pi. 47, figs.

12-16.

Description: Species small to medium-sized, shell outline

oval with antero-posterior axis rather enlarged, moderately

inflated (average I H/SL = 80.5 ± 1.7; average Ci = 64.5

± 3.7). Beak low and wide, not protruding, somewhat

backwardly displaced (located at about 58% of the shell

length). Posterior margin truncated, broadly rounded; an-

terior margin protruded, uniformly curved. Dorsal margin

short, ventral margin broad, evenly arcuate. Shell surface

polished, white-translucent. Shell surface sculptured with

several resting-stage lines and fine concentric striation.

Hinge plate solid. Hinge line relatively long (HiL/SL
about 54% of shell length). In left valve, two well-developed

cardinal teeth. Inner cardinal tooth (C2) strong, somewhat

forward displaced; arising from a short and robust hori-

zontal base, it twists at the apical end. Outer left cardinal

(C4) located exactly below central point of beak, oblique,

overlapping Cj at posterior half. C4 short and slender,

wedge-shaped, slightly arcuate. Lateral teeth arising just

below intersection point of beak line with dorsal margin.

Anterior lateral (Au) triangular, with stippled distal cusp;

posterior lateral (Pn) shorter, triangular, with nearly distal

and blunt cusp. Right cardinal tooth (C3) taking shape of

wide inverted-V with posterior branch shorter, anterior

branch slightly distally broadened, weakly sulcated. An-
terior lateral teeth: Am minute, cusp displaced backward

with respect to cusp of inner one (A,). Posterior lateral

teeth strong, straight, shorter than anterior ones; P, re-

duced, cusp quite distal. Inner surfaces of right lateral

Figures 10-13

Pisidium magellanicum (MLP 5064). Figure 10. Right valve.

Figure 11. Detail of C3 and ligament. Figure 12. Left valve.

Figure 13. detail of cardinal teeth and ligament of the left valve.

Scale bars = 1 mm.
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teeth rugose. Divergence angle between laterals varied from

122 to 125°.

Ligament internal, strong, relatively short and broad

(ligament length about 17% of shell length); ligamental

pit deep.

Anatomy. Outer and inner demibranchs present. Inner

demibranchs well developed, shorter ascending lamella

covering approximately one-third to one-fourth of descend-

ing ones. Outer demibranchs relictual, represented by a

few short filaments close to posterior adductors. Both si-

phonal openings present (also observed on dry soft parts

of individuals of ANSP lot 888 11 ). Anal opening bordered

by well-developed muscular ring, much reduced in bran-

chial one. Inhalant and exhalant currents internally sep-

arated by pallial fold which forms horizontal septum be-

tween anal and branchial openings. Pre-siphonal suture

short, representing about 5-10% (average: 7.7%) of shell

length.

Type locality: Magellan Strait in 61 fathoms, "Albatross"

station no. 2778 (the species was described upon a single

valve washed into the sea from a stream in the continent).

Other localities: Pilsbry (1911) found Pisidium magellan-

icum ".
. . in several springs a long the Rio Chico, 15 miles

(ANSP 888 1 2, examined lot) and 25 miles above the Sierra

Oveja (today known as "cerro Las Ovejas"), 48°46'S,

70°22'W; Rio Blanco near the base of the Andes; and

springs at the base of the Andes, 65 miles north of the Rio

Chico, 2400 ft. elevation (ANSP 88811, examined lot)

. . ."; all sample sites mentioned above are at the Santa

Cruz province. Pisidium magellanicum has been collected

by the author from an unnamed brook, 3 km distance from

Trevelin to Futaleufu hydroelectric power plant (Amutui-

Quimei Lake), Chubut Province (MLP 5064).

Remarks: Following the original description in 1908 and

later citation by Pilsbry in 1911, the species has never been

reported until the present study. The specimens studied

by Pilsbry (1911) from Rio Chico (15 miles above Sierra

Oveja) seem to be lower and with more prominent beaks

than figured in his paper. The specimens of the lot ANSP
88811 (from the bottom of the Andes, 65 miles north to

Rio Chico) fit better with the original decription and with

the specimens from Trevelin, Chubut, here described and

figured.

Pisidium observationis Pilsbry

(Figures 14-19, 27)

Pisidium observationis Pilsbry, 1911:608, text fig. 19.

Description: Shell rather inequilateral, high, somewhat

inflated (average I H/SL = 87.2 ± 2.3; average Ci = 60.3

± 4.7). Shell outline rounded-ovate, posterior end decid-

edly truncated and widely arcuated; anterior end protruded

in sharp curve. Shell surface glossy, straw-yellowish or

pale brown. Several growth-arrest lines often well marked.

Surface finely striated. Beak wide, low, not outstanding

from shell surface, slightly visible above dorsal margin,

located at about 57% of shell length. Dorsal margin short,

slightly concave in middle. Ventral margin wide, evenly

rounded.

Hinge plate solid, rather straight. Hinge length repre-

senting about 57% of shell length. Left cardinal teeth well

developed. C4 rather long, slender and low, slightly and

evenly curved, nearly horizontal with respect to antero-

posterior axis; overlapping Cj at posterior end (Figure 17)

or at both ends (Figure 18). C2 shorter, more robust, slight-

ly curved, sometimes oblique. External left cardinal (C4)

may appear as slightly sinuous. Lateral teeth not remote

from cardinals, arising just below intersection of beak line

with dorsal margin. Aj and Pj long, high, cusps distally

displaced, blunt in P2, stippled in Aj. Right cardinal tooth

straight or slightly curved (somewhat distorted in cases),

posterior end enlarged and sulcated, sometimes broadened

in a small head. Right lateral teeth well developed, par-

allels. Inner anterior lateral (Aj) wide, broadly curved,

cusp nearly central. Outer anterior lateral (Am) straight,

slender with distal cusp, shorter and lower than A,. Pos-

terior laterals: inner posterior lateral (Pj) long and low,

slightly curved, cusp central or somewhat distal. Outer

posterior lateral (Pm) shorter, straight, with distal cusp.

Inner surface of laterals rugose. Divergence angle between

lateral teeth ranging from 100 to 105°. Ligament internal;

ligamental pit deep, curved at ventral margin, and evenly

broadened to posterior end. Ligament length about 19%

of shell length, surpassing a little the intersection point of

beaks line with dorsal margin.

Anatomy. Anal aperture, only siphonal aperture present,

a long slit. Pre-siphonal suture short, representing about

7 to 12% of shell length (average 9.3%) (pre-siphonal

suture accessible for measurement in only five specimens).

Analysis of dried soft parts of type series (ANSP lot 7799)

permitted corroboration of the presence of a single siphonal

aperture (only one specimen was available for measure-

ment, PSS was 6.5% of SL). Only inner demibranchs

present, ascending lamella half as long as descending one.

Remarks: P. observationis is the most distinctive species

among the Patagonian Sphaeriidae described by Pilsbry

in 1911. This species is easily distinguished from the rest

of the Patagonian pisidia by the general shell outline, beak

position, and hinge characteristics (particularly the mor-

phology and position of the posterior right lateral teeth,

which are long, slender, and parallel). The ligament length,

the hinge-length ratio, and the short pre-siphonal suture

distinguish P. observationis from other Patagonian species.

In particular, the decidedly more internal ligament, the

presence of only one siphonal aperture, only one branchial

lamella, and the minor divergence angle of the lateral teeth

are the main features that separate P. observationis from

P. magellanicum.

Since the original description in 1911, P. observationis

was only reported from Tierra del Fuego (Ituarte & Gor-
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dillo, 1991). Morphometric ratios of the type series and

specimens from Laguna Verde, Neuquen here studied are

coincident. The maximum shell size reported by Pilsbry

in the original description (5.1 mm) exeeds the maximum
sizes measured in the type-series lot (ANSP lot 7799), but

that value is in agreement with the maximum size com-

puted in the present study (5.2 mm) for specimens from

Laguna Verde, Neuquen.

Type locality: ".
. . near the Mount of Observation (below

the mouth of Santa Cruz River) . . .", today known as

cerro Observacion (50°22'S; 68°57'W), near "canadon de

las Vacas", department of Corpen Aike, Santa Cruz Prov-

ince (ANSP 7799, examined lot).

Other localities: Laguna Verde (1600 m elevation), Cerro

Chapelco, San Martin de los Andes, in the province of

Neuquen (MLP 5065); Isla Gable, Tierra del Fuego (MLP
4988).

Pisidium patagonicum Pilsbry

(Figure 28)

Pisidium patagonicum Pilsbry, 1911:607, pi. 17, figs. 8-10.

This species has not been found or reported since the

original description by Pilsbry (1911). The original de-

scription follows:

".
. . The shell is pale buff, glossy, very finely striate,

with low, wide, smooth and glossy beaks; strongly inequila-

teral, the anterior end very short and rounded, base evenly

convex, posterior end narrow and somewhat produced.

Interior white. Cardinal teeth are excessively weak and

low, nearly effaced. There is a very low, horizontal, ru-

dimentary tooth in the right valve, a low short one in the

left, with the scarcely discernible trace of another anterior

to it. . . . Lateral teeth very short and moderately strong,

distant from the beaks. .
."

Remarks on the type-series: (ANSP 88810). Shell mod-
erately inflated, high (average I H/SL = 91.6 ± 1.6;

average Ci = 63.9 ± 2.6). Shell outline rounded-oval, with

posterior end bluntly truncate. Dorsal margin very short,

uniformly arcuate; ventral margin wide, evenly curved;

anterior end protruded, sharply curved. Beak central, mod-
erately low and wide, somewhat protruding and readily

visible above dorsal margin (located at about 54% of shell

length). Hinge plate solid, sharply arcuate, relatively long

(average HiL/SL = 58.5%). Strong ligament, broad and

relatively long (ligament length is about 14.9% of shell

length), located in a well-marked ligamental pit, and not

Figures 14-17

Pisidium observationis (MLP 5065). Figure 14. Hinge of the right

valve. Figure 15. Detail of cardinal tooth and ligament. Figure

15. Hinge of the left valve. Figure 16. Detail of the cardinal teeth

and ligament. Scale bars = 1 mm.
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Figures 18 and 19

Pisidium observationis (MLP 5065), a second type of tooth ar-

rangement. Figure 18. Detail of the left cardinal teeth showing

C4 overlapping C2 at both ends. Figure 19. Right cardinal tooth

(C3) slightly curved, somewhat distorted and deeply sulcated.

Scale bars = 1 mm.

discernible from exterior. Contrary to Pilsbry's original

description, cardinal teeth seem to be rather well defined.

Right valve: outer cardinal, C4, slender, evenly curved,

oblique and placed rather close to inferior margin of lig-

amental pit, not overlapping C2. Inner cardinal tooth, Cj,

very short (nearly columnar in several specimens), low and

perpendicular to hinge plate, arising from a broad and

strong base. Right cardinal tooth (C3) irregular in shape,

slender and short, slightly concave in middle, not distally

enlarged. At both sides of right cardinal tooth, two fossettes

serve to articulate C2 and C4. These fossettes are not as

well developed in any other Pisidium species from Pata-

gonia. Right and left laterals well defined, relatively short,

and remote from cardinals; divergence angle of lateral teeth

is about 100°, quite different from divergence angle found

in P. magellamcum: 112° in Pilsbry's text figure 18, to 125°

in specimens from Trevelin, Chubut, but closer to diver-

gence angle in P. observationis (about 100-105°). Ligament

proportionally shorter than in P. observationis. P. patagon-

icum resembles P. observationis in shell shape; however,

the latter is lower and somewhat less convex.

Type locality: A spring on the Rio Chico, 15 miles north

of Sierra Oveja (today known as "cerro Las Ovejas,"

48°46'S; 70°22'W, Rio Chico Department, Santa Cruz
Province) (ANSP 88810, examined lot).

Other localities: Pilsbry (1911) reported the species from
".

. . springs on the Rio Chico thirty miles above the Sierra

Oveja; twenty-five miles below the Rio Belgrano; Arroyo

Eke, near the head waters of the Spring Creek, 2400 ft.

elevation. .
."

Pisidium inacayali Ituarte, sp. nov.

(Figures 20-23, 29)

Description: Species medium-sized, shell elongated and

moderately convex (average I H/SL = 80.3 ± 1.4; average

Ci = 61 ± 3.6); translucent, periostracum white to yel-

lowish, evenly fine-striated. Shell outline oval, rather ine-

quilateral. Anterior margin produced, evenly curved, pos-

terior margin abruptely truncated, widely rounded. Dorsal

margin arcuate backward to beak, with marked depression

or concavity in middle, nearly straight forward of the beak.

A slightly marked angle connecting dorsal margin with

anterior margin. Ventral margin uniformly arcuate. Beak

wide, extremely depressed, displaced backward, located at

about 59% of shell length, only slightly visible above dorsal

line.

Hinge plate solid. Hinge line rather long (about 58%
of shell length). In right valve, one cardinal tooth slender,

with anterior half curved and not as thickened at posterior

end, which is sulcated. Anterior lateral teeth strong. A,

broadly curved with cusp somewhat displaced forward.

Am reduced, with distal cusp slightly displaced backward.

Posterior laterals delicate, straight, and parallel. Pj with

nearly central cusp, Pm shorter, with distal cusp. In left

valve, two slender cardinals, C4 slightly sinuous or weakly

curved, oblique, overlapping C2 at least at posterior half.

C2 shorter, higher, more arcuated than C4. Lateral teeth

robust, high, inner slopes longer than outer ones. Diver-

gence angle of lateral teeth from 1 1 3 to 1 22°.

Ligament robust, long (about 20% of shell length), sur-

passing, sometimes greatly, the beak line at intersection

with dorsal margin. Ligament internal, enclosed, closely

applied to dorsal margin. Well-defined ligamental pit, with

inner margin curved, broadened, and slightly angled in

middle.

Anatomy. Only inner demibranchs present, descending

lamella well developed, ascending one shorter (about one-

third of former). Only one siphonal aperture, the anal, as

long slit encircled by weakly muscular sphincter. Presi-

phonal suture long (about 14% of shell length). Adductor

scars and pallial line well marked.

Remarks: P. inacayali is close to P. magellanicum in gen-

eral shell shape; however, the new species is less convex,

the beak is more backward displaced, and the ligament is

stronger, larger, and also different in shape. The hinge
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line length relative to shell length is larger in P. inacayali.

The presiphonal suture is decidedly larger, in part because

of the lack of the branchial opening. The right cardinal

tooth morphology is also distinctive for each species. The
new species differs from P. obseruationis in being much
lower, with a much more depressed and backwardly dis-

placed beak. The general shell shape is also distinctive, as

well as the shape of the ligamental pit. The presiphonal

suture is longer in P. inacayali.

Type locality: An unnamed brook, at 3 km on the road

from Trevelin (43''04'S; 7r29'W) to Futaleufii River Dam,
Chubut province, Argentina.

Other localities: P. inacayali was also collected from an

unnamed brook, 6.5 km before Tecka (on the intersection

with the national route No. 40), Chubut, Argentine.

Type specimens: Holotype: in the collection of the De-

partment of Invertebrate Zoology, Museo de La Plata

(MLP 5066); Paratypes: MLP 5067; 5068; Department

of Invertebrates MACN 33761; Museum National d'His-

toire Naturelle (Paris).

Etymology: The species is named in honor of Inacayal,

one of the last Patagonian Indian Chiefs who surrendered

at the end of the "Desert Campaign." Inacayal lived in

the Tecka neighborhoods and spent the last years of his

life at the Museum of La Plata where he died in 1888.

His remains were repatriated in 1994.

Pisidium Species Formerly Quoted in Marine Genera:

Pisidium plenilunium (Melvill & Standen)

(Figure 30)

Scacchia plenilumwn Melvill & Standen, 1907:150, figs. 20,

20a. Carcelles & Willamson, 1951:339.

Sphaerium vallenlinianum Melvill & Standen, 1914:132, pi.

7, figs. 3, 3a, 3b.

Pisidium plenilunium (Melvill & Standen), Dell, 1972:26,

fig. 34.

Description of the two syntypes: (RMS 1921.143.724).

Shell rounded-ovate, very high and moderately convex (I

H/SL = 91.4 and 89.2; Ci = 65.9 and 60.6). Periostracum

white-yellowish, shell semi-translucent, densely punctu-

ated, surface finely striated. Shell not very inequilateral,

posterior end truncated, anterior end somewhat produced

and narrow. Postero-ventral angle of shell is withdrawn

Figures 20-23

Paratype of Pisidium inacayali Ituarte, sp. nov. (MLP 5067).

Figure 20. Hinge of the right valve. Figure 21. Detail of the

right cardinal tooth and ligament. Figure 22. Hinge of the left

valve. Figure 23. Left cardinal teeth and ligament. Scale bars =
1 mm.



Figures 24-29

Argentine species of Pisidium. Figure 24. P. sterkianum from Buenos Aires (MLP 5061). Figure 25. P. vile from

Buenos Aires (MLP 5062). Figure 26. P. magellamcum from Chubut (MLP 5064). Figure 27. P. observationis from

Neuquen (MLP 5065). Figure 28. P. patagomcum from Santa Cruz (from type-series ANSP 88810). Figure 29.

Holotype of P. inacayali Ituarte, sp. nov. (MLP 5066). Scale bars for all figures = 1 mm.
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forward. Beak low, moderately visible above dorsal mar-

gin, slightly displaced backward (located at 53.8 and 56.8%

of shell length), nepionic shell well marked by a dark line,

but not inflated.

Hinge plate solid, broadened in central part. Hinge line

sharply arcuate, relatively long (HiL/SL = 57.6 and 61.6).

Left cardinal teeth: outer (C4) somewhat oblique, slender,

evenly curved, overlapping Cj at nearly its entire length.

C2 shorter, slender, and slightly curved. Left lateral teeth

short, cusp of (All) stippled, somewhat distally displaced;

P(ii) lower, cusp wide and rounded. Right cardinal tooth

(C3) low, slender, weakly curved, and thickened at pos-

terior end. Lateral teeth well developed, very short. An-

terior and posterior outer laterals reduced, half as long as

inner ones. Ligament internal, rather long (representing,

in the two syntypes, 21.5 and 20.3% of SL). Ligamental

pit broad, ventral margin uniformly curved. Although soft

parts have not been preserved in type lot, analysis of dried

remains adhered to valves revealed the presence of only

one siphonal aperture.

Type locality: Cape Pembroke, Malvinas islands (Scottish

Antarctic Expedition 1902-1904, Station 118). Syntypes:

one single valve and one complete shell, at the Royal Mu-
seum of Scotland, lot. nos. 1921.143.724.

Remarks: This species was originally described in a ma-

rine genus from valves collected from the marine shore.

Undoubtedly, the authors failed to recognize the fresh-

water origin of the shells. Dell (1972) assigned the species

to the genus Pisidium including Sphaerium vallentinianum

Melvill & Standen, 1914, from Roy Cove, also Malvinas

islands, in a synonymic list.

The original description is vague and not sufficient to

assign certainly any specimen to this species. Dell (1972)

did not give the description of the syntypes lodged at the

Royal Museum of Scotland, but figured a right valve,

suggesting the possibility that P. plenilumum and P. ma-

gellanicum were synonymous. However, taking into ac-

count the striking differences in shell shape—much more

rounded, low, and less convex in P. magellanicum—this

does not seem to be correct. Furthermore, the greater di-

vergence angle of the lateral teeth, which are longer and

not remote from cardinals, clearly separates that species

from P. plenilunium.

In studying the syntypes of Pisidium plenilumum, it is

evident that the shell outline (high and rounded-oval), the

morphometric ratios, the morphology and position of the

lateral teeth and beak position, closely approach those of

P. patagonicum Pilsbry. This taxon may well be synony-

mous with P. plenilumum, but in order to preserve no-

menclatural stability, the author postpones any conclusions

until future studies allow more complete knowledge about

the variability of Patagonian pisidia.

Species of Pisidium Doubtfully Distributed in Argentine

Inland Waters:

Figure 30

Syntype oi Pisidmm plenilumum (RMS 1921.143.724). Scale bar

= 1 mm.

Pisidium dorbignyi (Clessin)

Cyclas pulchella d'Orbigny, 1835:44; 1846:568, pl.83 figs.

8-10

Pisidium dorbignyi Clessin, 1879:62 {nomen novum pro Cyclas

pulchella d'Orbigny, 1846)

Sphaerium pulchellum (d'Orbigny), Formica Corsi, 1900:1-

237

The original description reads (translated): ".
. . Shell

ovate, inflated, thin, inaequilateral, surface even. Exter-

nally olivaceous. 'Buccal' end elongated, rounded; 'anal'

end short, obtuse. Interior white. Long. 3 mm . . .
."

Type locality: The type series was collected by d'Orbigny

from water reservoirs among sand dunes in the neighbor-

hood of Maldonado, Uruguay.

Other localities: Landoni (1992) reported P. dorbignyi

from the Rio de La Plata and related water courses, but

he did not give precise collecting sites. P. dorbignyi was

also reported from northern Brazil (Lange de Morretes,

\9bAfide Figueiras, 1965).

Species Formerly Erroneously Quoted as Pisidium Spe-

cies:

Bonetto & Tassara (1987) misquoted Cyclas paranensis

d'Orbigny, 1846 as a Pisidium species from the Parana

river basin. d'Orbigny (1846) included under Cyclas the

genera Neocorbicula, Pisidium, and Musculium. His ref-

erence to Cyclas paranensis actually corresponds to Neo-

corbicula paranensis (d'Orbigny, 1846) (Parodiz & Hen-
nings, 1965; Figueiras, 1965), so Pisidium paranensis must

be dropped from the Pisidium species list.
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Figures 31 and 32

Musculium argentinum (MLP 5074). Interior view of right and

left valves. Scale bars = 1 mm.

Other Misquoted Pisidia:

Mansur et al. (1991) reported Sphaenum observationis

Pilsbry, 191 1, from Rio Grande do Sul, Brazil. Since there

is no reason to refer the species to the genus Sphaenum,

this is an obvious misquotation for Pisidium observationis.

Furthermore, the occurrence of P. observationis in southern

Brazil seems to need confirmation.

Some Remarks on the Argentine Species of Pisidium:

Attempts to define a natural subgeneric classification of

the genus Pisidium have not been successful to date. As
stated by Kuiper (1983),neither of the proposed subgeneric

classifications proved to be valid for more than a very

limited geographic region, and probably, further know^l-

edge on soft anatomy, reproductive biology, and life his-

tories is needed to determine a more appropriate system.

Kuiper's (1962) criteria—the occurrence of only one

pair of gills, the lack of an anal opening, and the presence

of an external ligament—suggest assignment of P. ster-

kianum and P. vile to the Ethiopic species group Afropis-

idium Kuiper, 1962, defined as a subdivision of the sub-

genus Neopisidium Odhner, 1921.

All Patagonian species of Pisidium here reported have

an internal ligament. Among these, P. magellanicum is the

only species, until now, for which the presence of two

branchial openings and two demibranchs (the outer ex-

tremely reduced or vestigial) has been determined. The
characteristics mentioned above indicate assignment of P.

magellanicum to the subgenus Cydadina Clessin, 1871, a

mainly Holarctic group with numerous species in the

Southern Hemisphere (Kuiper, 1962). P. observationis and

P. inacayali have an enclosed ligament and only one si-

phonal aperture (the anal) and one (the outer) demibranch,

belonging, based on these features, to the subgenus Neo-

pisidium Odhner, 1921 (a group, however, which includes

small species).

The lack of knowledge of anatomical features for the

remaining Patagonian species with internal ligament does

not allow us to assign them to any of the proposed sub-

genus.

With regard to shell morphology, P. observationis, P.

patagomcum, and P. plenilunium are characterized by a

high shell, a centrally placed beak; a narrow anterior end,

which is moderately protruded in a more or less sharp

curve, and a very short posterior end. The anterior margin

is oblique, the dorsal margin short, determining a shell

outline which tends to a trigonal profile. Lateral teeth are

short and more or less remote from the cardinal. The
divergence angle between anterior and posterior laterals

is low, no more than 105°. The remaining two species, P.

magellanicum and P. inacayali, have lower shells, a round-

ed-oval shell outline, a very low and backward displaced

beak, and a higher divergence angle between lateral teeth

(up to 110° as a rule).

Musculium argentinum (d'Orbigny)

(Figures 31, 32, 35, 36)

Cyclas argentma d'Orbigny, 1835:44. d'Orbigny, 1846:568,

pi. 83, figs. 5-7.

Sphaenum argentinum (d'Orbigny), Strobel, 1874:77.

Musculium argentinum (d'Orbigny), Pilsbry, 1911:605, pi.

46a, figs. 6-7a.

Description: Shell medium-sized to large (maximum size

12.6 mm in shell length), high, rather inequilateral, and

moderately convex (average I H/L = 84 ± 2.6; average

Ci = 62.4 ± 3.6). Shell outline quadrangular or sharply

trapezoidal, dorsal margin quite extended, as large as ven-

tral one; slightly arcuate or straight and broken in middle,

just below beak. Dorsal margin connected with anterior

and posterior margins by marked angles (sometimes

smoothed). Anterior end projecting in markedly obtuse

angle or sometimes rounded. Posterior end truncated,

somewhat oblique, nearly straight. Beak median, proso-

gyrous. Prodissoconch minute (1.5-2 mm), inflated in

marked nepionic cap. Beak projecting from shell surface

to variable degree. In the typical form (Figure 35), lateral

shell surface shows sharply marked median triangular

hump arising from wide base and tapering to embryonic
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Figures 33-34

Musculium patagomcum (MLP 5077). Hinge plates of the right

and left valves. Scale bars = 1 mm.

cap. In other specimens, beak is not so full, quadrangular

appearance is smooth, and shells flatter (Figure 36).

Hinge line straight at anterior half, slightly curved at

posterior one. Hinge plate extremely narrow in specimens

with full and projected beak (cardinal teeth overhangs at

inner margin of hinge). In specimens with lower beak,

hinge plate is more solid, but always delicate. Hinge: two

slender left cardinals, outer (C4), oblique, slightly arcuated,

thickened at posterior end, inner (Cj), shorter, higher,

somewhat displaced forward, sharply curved at posterior

half. C4 overlapping C2 at posterior end. Lateral teeth

remote from cardinals. Anterior lateral (An) upward ar-

cuate, triangular; cusp distally displaced to antero-dorsal

angle. Posterior lateral (Pu) slightly curved downward,

cusp distally displaced toward postero-dorsal angle. Right

cardinal tooth (C3) straight, broadening backward in small,

sulcated, bell-shaped head. Lateral teeth rather short,

straight, always low. Anterior laterals (Aj and Am) curved

upward, more developed than posterior ones (Pj and Pm).

Divergence angle between lateral teeth always higher than

140°. Hinge length is about 58% of shell length, with

maximum and minimum values ranging from 51% to 62%.

Figures 35-37

Argentine species of Musculium. Figure 35 (MLP 5092). Spec-

imen of M. argentinum with markedly trapezoidal shell outline,

very narrow hinge plate, and prominent beak. Figure 36 (MLP
5071). Specimen of M. argentinum with lower beak and more
solid hinge plate. Figure 37. M . patagomcum from Chubut (MLP
5077). Scale bars for all figures = 1 mm.

Ligament long (representing about 20% of shell length)

and narrow, extending from beak to short distance from

beginning of posterior laterals. Ligament externally visi-

ble, not projecting above shell surface.

Variability. M. argentinum shows variation in shell out-

line (Figures 35, 36), convexity of shell (more convex in

specimens with marked trapezoidal shell outline), degree

of beak prominence (more marked in trapezoidal forms),
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and solidness of hinge plate (more solid in forms lacking

accentuated contour). Morphology of cardinal teeth is also

a variable characteristic which encompasses other variable

features: C3 may be more or less arcuate and, consequently,

Cj and C4 more or less close to one another.

The range of morphological and morphometric variation

has not been described up to date. Because of this, Pilsbry

(1911) considered d'Orbigny's (1846) figures (pi. 83, figs.

5-7) of M. argentinum as very unsatisfactory. Certainly,

d'Orbigny's figure corresponds to an individual without

an accentuated trapezoidal outline and without full beaks.

The topotypes studied and figured by Pilsbry (1911) cor-

respond to the form here called typical, shown in Figure

35.

Remarks: M. argentinum diflfers from M. patagonicum

Pilsbry, 1911, in being sharply quadrangular or trape-

zoidal in shell outline, with the posterior end bluntly trun-

cated, and in having full beaks. The hinge plate is always

less solid, and the hinge line always nearly straight or

weakly curved. The ratio Hinge Length/Shell Length tends

to be constantly greater in M. argentinum. In Pilsbry's

(1911) opinion, the teeth are decidedly more delicate and

compressed than in M. patagonicum

Type locality: A brook at the bottom of the Cerro ("arroyo

Pantanoso" /icfe Figueiras, 1965), Montevideo, Uruguay.

Other localities: Argentina: Mendoza province: San Car-

los; Buenos Aires province: Bahia Blanca, Carmen de Pa-

tagones, (Strobel, 1874); arroyo del Azul, Azul (MLP
5073); arroyo Primera Estancia, Magdalena (MLP 5074,

5075); Rio Santiago, Ensenada (MLP 5071, 5076); arroyo

Miguelin, Ensenada (MLP 5069, 5070, 5072); rio Que-

quen (MLP 5055); Laguna Cami, Tierra del Fuego (MLP
5016).

Musculium patagonicum Pilsbry

(Figures 33, 34, 37)

Musculium patagonicum Pilsbry, 1911:605, pi. 46a, fig. 8, pi.

47, figs. 1-7.

Description: Shell medium-sized to large, fragile, slightly

inequilateral. Moderately inflated (average 1 H/SL = 82.3

± 1.7; average Ci = 66.3 ± 4.2). Surface glossy, straw-

yellowish, somewhat olivaceous, sometimes changing to

grey violaceous. Interior bluish. Shell outline from

subquadrangular, with no marked angles, to rounded-oval.

Dorsal and ventral margins about equally curved. Anterior

end slightly protruded, evenly curved or very slightly an-

gled. Posterior end weakly truncated; ventral margin al-

ways uniformly curved. Shell outline of half-grown spec-

imens tending to be more trapezoidal. Beak prosogyrous,

median, wide, not full, with well-marked embryonic cap.

Hinge plate rather solid, hinge line arched, relatively

long (hinge length is about 58% of shell length, ranging

from 53% to 68%. Hinge: left valve, cardinal teeth delicate,

outer cardinal (C4) a slender lamella, somewhat oblique.

inner one (C2) short, acute, displaced forward with respect

to C4. Lateral teeth rather close to cardinals, slender, tri-

angular and relatively short, cusps median to distal. Right

valve: one low cardinal tooth (C3), nearly straight, pos-

teriorly thickened and sulcated, sometimes showing a me-

dian sinking separating anterior and posterior ends. An-
terior lateral teeth low, slender. Inner lateral (Aj) slightly

curved, with distal cusp; outer lateral (Am) strongly re-

duced, low, displaced backward. Posterior laterals (Pj and

Pill) low, nearly straight. Maximum divergence angle be-

tween lateral teeth: 130° (more frequent values were: 120°-

130°). Ligament externally visible but not protruding. Lig-

amental pit relatively long and uniformly narrow, pointed

at both ends (ligament length is about 20% of shell length).

Variability. Among different lots, the shell shape may
be more or less subquadrangular. The shell height rep-

resents about 81-83% of the shell length, varying slightly

according to the origin of the lots. The shell diameter shows

greater dispersion in values and represents about 55-66%

of shell height.

Remarks: M. patagonicum is similar to M. argentinum,

from which it diflfers in having a smaller maximum size,

less relative height, and larger diameter. The beak is not

as full, and the shell outline is never markedly trapezoidal

as in M. argentinum ; the posterior margin is less abruptely

truncate (especially in larger specimens), and the shell

outline not sharp-cornered as is typical for M. argentinum.

The hinge plate is always more solid than in M. argentin-

um. The divergence angle of lateral teeth is constantly

lower than in M. argentinum. The upper margin and the

hinge line are curved, never straight or a broken line as

in M. argentinum. The morphometric ratios of both species

are very close.

Type locality: Santa Cruz province: rio Chico, 50 miles

above the Sierra Oveja (today: cerro Las Ovejas, 48°46'S;

70°22'W), department of Rio Chico (ANSP 88807).

Other localities: Santa Cruz province: many springs along

the rio Chico, 15, 25, 30, y 35 miles above the Sierra Oveja

(Pilsbry, 1911) (ANSP 88808 and 88809 lots were stud-

ied); Las Horquetas, Rio Coyle (MLP 5056); Lago San

Martin (MLP 5057); arroyo Chico, Rio Gallegos (MLP
5053); Calafate, Lago Argentine (MLP 5083). Chubut

province: arroyo Nam y Fall, national Road 259 between

Trevelin and the Andean cordilleran pass toward Futa-

leufu (MLP 5077); unnamed brook, national road 258,

13 km before Cholila (MLP 5079); unnamed brook 3 km
from Trevelin at the road to Futaleufu Lake Dam, Esquel

(MLP 5078). Neuquen province: Laguna Negra (975 m
elevation) between Lago Hermoso and San Martin de los

Andes, province of Neuquen (MLP 5080).
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The Fossil Land Snail Micrarionta (Micrarionta)

intermedia Pilsbry (Gastropoda: Pulmonata):

Insular Phylogeny Revisited
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Abstract. The helminthoglyptid land snail Micrarionta {Micrarionta) intermedia Pilsbry, 1939, found

on Santa Barbara Island, California, is an extinct taxon, specifically distinct from Micrarionta {M.) facta

(Newcomb, 1864). A prior phylogenetic hypothesis for Micrarionta {Micrarionta) is re-evaluated on the

basis of characters other than shell size. A small shell is homoplastic, independently originating two or

three times. The present deployment of species on the various California Channel Islands can be

accounted for by a vicariance model with a single dispersal event, over a time-span beginning < 950

ka before present. No autapomorphies of M. intermedia falsify the concept that it represents the ancestor

from which other species of Micrarionta {Micrarionta) descended.

INTRODUCTION

In his revision of the helminthoglyptid genus Micrarionta

Ancey, 1880, Pilsbry (1939) proposed the new taxon Mi-

crarionta facta form intermedia from Santa Barbara Island,

California, as follows:

Typical /acto seems to be abundant as a fossil, but there

is also an extinct form which reached a larger size than

any recent shells, though the smallest do not excel the

largest of the living form. This is form intermedia Hem-
phill. ... It usually has the umbilicus only half covered.

One measures: height 9.5 mm., diameter 14.8 mm.; 6

whorls. Some examples have the lip rather wide (Pilsbry

1939:209).

The form was illustrated by a single basal view. The name
is absent from Clench & Turner's (1962) list of names

introduced by Pilsbry; the holotype (ANSP 86840a) was

not mentioned in Baker's (1962) list of type specimens at

the Academy of Natural Sciences, Philadelphia. Coan &
Roth (1987) and Pearce (1990) treated Micrarionta inter-

media as a distinct species. Almost everything written about

M. intermedia has been based on type and other historical

material that may have been selected by conchologists for

uniform size or other features (cf. Coan & Roth, 1987:

322, regarding Henry Hemphill).

On Santa Barbara Island in 1974, I examined fossil

occurrences of Micrarionta intermedia and living colonies

of Micrarionta facta (Newcomb, 1864). The purpose of this

paper is to record additional information about the mor-

phology of these two taxa based on unbiased samples and

to examine the basis on which the two are regarded as

separate species.

Roth (1984) remarked on a pattern of pairs of large-

and small-shelled species of Micrarionta on each of the

California Channel Islands.' From cladistic analysis, Pearce

(1990) concluded that larger-shelled species—M. feralis

(Hemphill, 1901), M. rufocincta (Newcomb, 1864), M.

maxima Pilsbry, 1939, and M. intermedia—constitute a

clade distinct from smaller-shelled species

—

M. facta, M.

gabbi (Newcomb, 1864), and M. beatula Cockerell, 1929.

That assertion is re-examined here on the basis of non-

linear-dimensional characters from Pearce's (1990) data

set. An alternative phylogenetic hypothesis and biogeo-

graphic history are proposed.

' The same observation was also contained in an earlier, un-

published report: Hochberg, F. G., 1979. Invertebrate zoology:

land molluscs. Pp. 6.1-6.119 in D. M. Power (ed.), Natural

Resources .Study of the Channel Islands National Monument,

California. Report submitted to National Park Service, Denver,

Colorado, Contract No. CX-2000-8-0040.
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Table 1

Phylogenetic taxonomy of the Helminthoglyptidae,

after Roth (1996).

Helminthoglyptidae

Sonorellamorpha

Mancopella allynsmithi (Gregg & Miller, 1969)

Sonorellales

Myotophallus Pilsbry, 1939

^^Sonorella binneyi group"

Sonorella Pilsbry, 1900

Sonoranax Pilsbry, 1939 {Sonorella granulatissima group)

^^Sonorella, sensu stncto"

Helminthoglyptamorpha

Sonorelix Berry, 1943

Mohavelix micrometalleus (Berry, 1930)

Sonorelix, sensu stricto

Helminthoglyptaina

Micrarionta Ancey, 1880

Nicolenea Roth, 1996

Micrarionta, sensu stricto

Helminthoglyptotes

Chamaeariontales

Chamaearionta aquaealbae (Berry, 1992)

Herpeteros Berry, 1947

Xerariontales

Greggelix Miller, 1972

Martirelix Miller, 1982

''^Greggelix, sensu stricto"

Xerarionta Pilsbry, 1913

Xerarionta, sensu stricto

"Plesanonta"

Helminthoglyptales

Eremariontaphim

Cahuillus Roth, 1996

Eremarionta Pilsbry, 1913

Eremariontoides argus (Edson, 1912)

Eremarionta, sensu stricto

Helminthoglyptaphim

Noyo intersessa (Roth, 1987)

Helminthoglyptaniki

Rothelix Miller, 1985

Helminthoglypta Ancey, 1887

Helminthoglypta, sensu stricto

Coyote Reader & Roth, 1988

"Charodotes" Pilsbry, 1939

The systematics follows the rank-free, phylogeny-based

taxonomy of Roth (1996), reprinted here for ready ref-

erence (Table 1). Abbreviations are as follows: ANSP,
Academy of Natural Sciences, Philadelphia; BR, author's

locality register, San Francisco, California; CAS, Califor-

nia Academy of Sciences; ka, years x 10^. Abbreviations

for the taxa of Micrarionta are defined in the legend of

Table 2.

SYSTEMATICS

Helminthoglyptidae Pilsbry, 1939

Helminthoglyptamorpha

Table 2

Distribution of character states among Micrarionta (Ni-

colenea) and species of Micrarionta (Micrarionta). For def-

initions of character states see Appendix. Taxon abbre-

viations: NIC, Nicolenea; BEA, M. beatula; FAC, M. facta;

FER, M. feralis; GAB, M. gabbi; INT, M. intermedia;

MAX, M. maxima; RUF, M. rufocincta. = plesiomorphic

state; 1 = apomorphic state.

Taxon

Character NIC BEA FAC FER GAB INT MAX RUF

Non-dimensional

ApAreaRel
ApHtFrReI-1
ApHtRel
ApShape
HeightRel

1

1

1

1

1

0, 1

1

1

1

1 1

LipBotWid-
Prop

LipBotWid-
Rel

1

1

1

1 1 1 1

1

LipConvex 1 1 1 1 1

LipTop- 1 1 1

Recurv

TranslRate 0, 1 1 1 1

Umbilicate 0, 1 1

Varices 1 1

Whorls-

1

1 1 1 1 1

Whorls-2 1 1

Dimensional

DiamWh4 0, 1 1 1 1

Helminthoglyptaina

Micrarionta Ancey, 1880

Type species: Helix facta Newcomb, 1864.

(Micrarionta, sensu stricto)

Micrarionta (Micrarionta) intermedia

Pilsbry, 1939, ex Hemphill MS

(Figure 1)

Helix var. feralis Hemphill, 1901:121, in part (specimens

from Santa Barbara Island); non Micrarionta feralis

(Hemphill, 1901).

Micrarionta facta form intermedia Hemphill, Pilsbry, 1939:

209, fig. 104e.

Micrarionta intermedia Pilsbry, Coan & Roth, 1987:330.

—

Pearce, 1990:5, 7, 15, 16, 26, 30-33.

Type material: Holotype: ANSP 86840a. Paratype: ANSP
86840. Pilsbry's (1939) dimensions of the holotype include

the expanded apertural lip; exclusive of the lip, the ho-

lotype measures 14.0 mm in diameter and 8.4 mm in

height. The base is tumid and the umbilicus is slightly less

than half covered by the inner lip. With the holotype is a
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Figure 1

Micrarionta {Micrarionta) intermedia Pilsbry. Holotype, ANSP 86840a; top, lateral, and basal views. Diameter

exclusive of outer lip 14.0 mm.

printed label typical of those used by Henry Hemphill

around the turn of the century: "Helix ruficincta, Newc./

Var. intermedia, Hemph./Santa Barbara Island. Califor-

nia. /Collected by Henry Hemphill."

Other historical material: Six other ANSP lots of two

specimens each (ANSP 10790, 86824, 86825, 86831, 86832,

86841), collected by Hemphill on Santa Barbara Island,

are also M. intermedia. Four lots from San Clemente Is-

land, labeled intermedia by Hemphill (ANSP 86638, ANSP
86639, ANSP 86641, ANSP 86642); lots are strongly spi-

rally striate and differ in umbilical characters; they rep-

resent a different taxon or taxa. Coan & Roth (1987) listed

the first three (ANSP 86638, ANSP 86639, and ANSP
86641) as paratypes of M. intermedia.

CAS 105974 is a lot of 201 specimens collected by Hem-
phill on Santa Barbara Island. It is presumably his dealer's

stock, from which the preceding lots of M. intermedia were

selected.

MICRARIONTA on SANTA BARBARA ISLAND

Santa Barbara Island consists mainly of volcanic rocks with

inlerbedded marine sediments. Terrace deposits of Qua-
ternary age are widespread (Lipps et al., 1968) and contain

marine and nonmarine molluscan fossils. Sandy alluvium

mantles much of the island and in places contains abundant

land snail shells. Samples were collected at two localities:

BR 462. Whitish (caliche-cemented?) beds on east side

of Signal Peak, elevation 160-168 m. Lipps et al. (1968)

considered this deposit of nonmarine origin and probable

Pleistocene age, with provenance a former high area to

the west of the present shoreline. The most abundant mol-

lusk in this deposit is a form of Xerarionta tryoni (New-
comb, 1864) differing morphometrically from Recent pop-

ulations of that species (Roth, unpublished data). Shells

of X. tryoni and Micrarionta weather out readily.

BR 475. Alluvial fill in the bottom of a north-northwest-

trending canyon, informally known as Cat Canyon, at the

southern end of the island, elevation ~60 m. Two distinct

strata of alluvium are exposed in a runoff gully down the

center of the fill. The upper stratum is friable, light tan,

sandy, and unconsolidated, 0.6-1.5 m thick. It is truncated

above by the present soil surface and conformably overlies

the lower stratum, which is less friable, darker tan, sandy

to silty, and more than 1.2 m thick (base not exposed). It

is apparent from the local drainage pattern that shells in

the alluvium are potentially a chronologic mixture of emp-

ty shells from snail populations inhabiting the local land

surface and reworked fossils transported downslope from

deposits such as the beds at locality BR 462.

Lipps et al. (1968) reported Micrarionta (Nicolenea)

sodalis (Hemphill, 1901) from a marine deposit of probable

Sangamon age on the 25-30 ft (40-48 m) terrace. That

species is otherwise known only as a fossil on San Nicolas

Island. The record is based on one specimen (University

of California at Davis, Museum of Geology), 11.2 x 6.4

mm with spire slightly crushed and 4.85 whorls. Pearce

(1990) allocated the specimen to Micrarionta intermedia

based on discriminant function analysis.

Micrarionta facta lives gregariously under stones and in

crevices in the top few cm of soil in the small, rocky canyons

that cut the terraces of the island. It is sympatric with

Xerarionta tryoni, Haplotrema duranti (Newcomb, 1864),

and Binneya notabilis Cooper, 1863. I found no living spec-

imens resembling Micrarionta intermedia in this setting.

Deer mice {Peromyscus maniculatus elusus) prey on M.

facta, leaving the shells with the spires cracked away in

"mouse middens." I found no M. intermedia in any of these

accumulations.

MORPHOMETRIC ANALYSIS

On 148 fossil and living specimens of Santa Barbara Island

Micrarionta, from nine well-localized lots, the following

measurements were taken: maximum diameter (exclusive

of the expanded outer lip (D); height parallel to the axis

of coiling (H); and number of whorls, counted by the

method of Pilsbry (1939:xi, fig. B). Relative height of shell

(H/D) and a measure of overall size, height plus diameter

(H + D), were calculated. Ranges, means, and standard
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Table 3

Shell dimensions (in mm) and ratios in fossil and living Micrarionta from Santa Barbara Island. Statistics

are range, with mean ± one SD in parentheses. Only adult shells included.

Provenance n D H W H/D H +D

Living 92 8.8 - 10.9 5.5 - 7.5 4.4 - 5.9 0.589 - 0.756 14.5 ± 18.4

(9.71 ± 0.45) (6.30 ± 0.40) (5.36 ± 0.21) (0.650 ± 0.036) (16.01 ± 0.74)

Fossil 56 8.0 - 14.2 4.8 - 9.5 5.0 - 6.2 0.542 - 0.743 12.8 - 23.6

(12.02 ± 1.43) (7,60 ± 0.91) (5.56 ± 0.24) (0.633 ± 0.034) (19.62 ± 2.29)

deviations of these variables were calculated for fossil and

living material (Table 3). The same measurements and

calculations were performed on the holotype and paratype

of M. intermedia. The complete data are archived at

ucmpl.berkeley.edu as file /pub/mollusca/veliger/in-

termed. The variation was examined by principal com-

ponents analysis using the program SYSTAT (Systat, Inc.,

1992).

Four principal components were computed; the first

three cumulatively account for more than 99% of the total

variance (63.082%, 26.996%, and 9.896% respectively).

Table 4 shows loadings of the entered variables. The first

principal component is largely an expression of size, and

to a lesser extent of whorl number; a high score on this

factor indicates a large shell with a high whorl count. The
second principal component expresses mainly relative

height; a high score indicates a shell that is high in pro-

portion to diameter. Diameter loads negatively on this

factor. Figure 2 plots the scores of measured specimens on

the first two principal components. Fossil and living Mi-

crarionta are well discriminated. Although individual fossil

shells extend into the field occupied by living specimens,

there is a large field of specimens tending to score high on

component 1 and low on component 2 that consists entirely

of fossils. The holotype and paratype of M. intermedia plot

within this field.

Discussion: The morphometric analysis indicates two

morphologically distinct entities, Micrarionta intermedia and

M. facta. There is no stratigraphic evidence that the two

lived synchronously. The only fossil deposit containing

shells of both taxa probably represents a chronologic mix-

ture of reworked M. intermedia and younger M. facta.

Table 4

Factor loadings of variables and eigenvalues of factors in

principal components analysis of shells oi Micrarionta from

Santa Barbara Island.

Variable Factor 1 Factor 2 Factor 3 Factor 4

D 0.956 -0.195 0.217 0.023

H 0.944 0.206 0.257 -0.022

W 0.837 0.143 -0.528 0.000

H/D -0.129 0.989 0.066 0.009

Eigenvalue 2.523 1.080 0.396 0.001

Size alone would not be a sound basis for taxonomic

separation of Micrarionta intermedia and M. facta. Equal

or greater intraspecific size differences exist among other

helminthoglyptid snails, for example: Helminthoglypta ree-

diana Willett, 1932, diameter 15.5-27.8 mm; Helminth-

oglypta cypreophila (Binney & Bland, 1869), diameter 22.8-

42.6 mm; Eremanonta rowelli (Newcomb, 1865), diameter

11.4-17.0 mm; Sonorelix borregoensis (Berry, 1929), di-

ameter 16.9-23.5 mm (Roth, unpublished data). Good-

friend (1986) reviewed environmental influences on shell

size within species, including moisture, temperature and

insolation, calcium carbonate content of the substrate, and

population density. Any of these could be argued (and

tested) as having an effect on size in Micrarionta.

Taxonomic separation of Micrarionta intermedia and M.
facta is supported by the following non-dimensional char-

O
o

Q.

»

A

0ft A
A OOOA^O A ^Pi

A A

1 1 1 1 1 1^1
1 1 1 1

-3 -2.5 -2 -1.5 -1 -0.5 0.5 1 1.5 2 2.5 3

PrlnCompI

Figure 2

Plot of scores on first two principal components of 148 adult

specimens of fossil and living Micrarionta from Santa Barbara

Island. Open diamonds, living; solid triangles, fossil. Hi, holo-

type, and Pi, paratype, of M. intermedia.
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(NIC) INT GAB MAX RUF BEA FAC FER

10

8

6

Figure 3

Phylogenetic hypothesis for Micranonta (Nicolenea) and the species of Micranonta (Micrarionta). Taxon abbreviations

as in Table 2. Apomorphies identified by number, as follows (r = reversal; h = homoplasy): 1, LipBotWidRel,

TranslRate, Whorls-1; 2, ApShape, LipConvex, LipTopRecurv; 3, ApAreaRel, HeightRel, TranslRate (r,h),

Whorls-1 (r,h); 4, LipBotWidProp, Varices; 5, LipBotWidRel (r), Whorls-2 (h); 6, ApHtRel; 7, Umbilicate (h),

Whorls-1 (r,h); 8, ApHtFrRel-1, LipTopRecurv (r), TranslRate (r,h); 9, Varices (r); 10, ApShape (partial r),

TranslRate (partial r,h), Umbilicate (h), Whorls-2 (h).

acters from the Pearce (1990) analysis (see Appendix):

aperture height in front view relative to shell height

(ApHtFrRel-1), <0.38 in M. facta, >0.38 in M. inter-

media; aperture height in the plane of the peristome relative

to shell height (ApHtRel), <0.65 in M. facta, >0.65 in

M. intermedia; aperture shape calculated as aperture height

divided by aperture width (ApShape), <0.98 in M. facta,

>0.98 in M. intermedia; lip bottom width relative to lip

widths at top and side of aperture (LipBotWidProp), >0.35

in M. facta, <0.35 in M. intermedia; lip face convex

(LipConvex) in >30% of shells in M. facta, <30% in M.
intermedia; translation rate (TranslRate) <0.05 in M. fac-

ta, >0.05 in M. intermedia.

The place of these characters in evaluating the phylo-

genetic relations between Micranonta intermedia and M.

facta is discussed in the next section.

PHYLOGENY of the SPECIES of

MICRARIONTA (MICRARIONTA)

Pearce ( 1 990: 1 5) stated, on the basis of cladistic analysis,

that the smaller and larger species of Micranonta are sep-

arate clades; he suggested separate colonizations of each

island where large and small species co-occur. However,

the Pearce data set is heavily weighted toward shell size.

Nineteen (38.8%) of the 49 characters in his analysis are

raw linear measurements of shell size, introducing an el-

ement of circularity into the argument.

I performed maximum-parsimony phylogenetic analysis

of the taxa of the clade from Pearce's (1990:fig. 7) con-

sensus tree that represents Micranonta (Micranonta) (i.e.,

excluding the three taxa assigned by Roth (1996) to the

subgenus Nicolenea, and ''Micranonta" guadalupiana Pils-

bry & Vanatta, 1898), using the characters from Pearce's

data set that are not linear shell dimensions and not uni-

form throughout the clade (Table 2). I used the implicit

enumeration algorithm of HENNIG86 (Farris, 1988) with

the branch-breaking and successive approximations

weighting procedures. Roth's (1996) phylogenetic analysis

of the taxa of Helminthoglyptidae agrees with that of

Pearce (1990) in accepting Micranonta as a holophyletic

group. Character-state transformations were polarized by

the method of outgroup comparison (Watrous & Wheeler,

1981; Brooks & McLennan, 1991), using Micranonta (Ni-

colenea) as the outgroup.

A single minimum length cladogram was generated

(Figure 3) and is presented as the preferred phylogenetic

hypothesis for the species of Micranonta (Micranonta).

Weighted by the successive approximations method, the

tree is 90 steps in length, with consistency index 0.94 and

retention index (Farris, 1989) 0.94. With each character's

weight set at unity, this tree is 22 steps in length, with

consistency index 0.63 and retention index 0.57. By com-

parison, HENNIG86 evaluates the Pearce (1990) tree for

the same character/taxon matrix (character weights set at

unity)—(NIC, ((GAB, (BEA, FAC)), (INT, MAX, (FER,

RUF))))—as 26 steps in length, with consistency index

0.53 and retention index 0.36.

Because this phylogenetic hypothesis is based solely on

shell characters, I regard it as tentative. In the future it

should be tested by the addition of anatomic characters

from the living species. A further limitation is that Pearce's

(1990) data on Micranonta (Micranonta) are based on

relatively few specimens (mostly n ~ 20 per species). In

some cases they are from older museum lots that may have

been selected for size or other featues by their collectors.
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(NIC) INT GAB MAX RUF BEA FAC FER

Figure 4

Small shell size mapped (boxes) on cladogram for Micrarwnta. Abbreviations as in Table 2. A
of apomorphy in DiamWh4; see text.

alternative site

Use of unbiased population samples would further test this

hypothesis.

Small shell size is regarded as a derived state in Micra-

rwnta, based on outgroup comparison with the rest of the

Helminthoglyptaina. In the phylogenetic hypothesis for

Micrarwnta {Micrarwnta), a small shell—expressed as su-

ture-to-suture diameter at whorl 4 of less than 6.6 mm
(Pearce's [1990] character DiamWh4, a synapomorphy of

his "small" group oi Micrarwnta)— is homoplastic (Figure

4). It may have arisen twice (in M. gabbi and at A in

Figure 4), with a reversal in M.feralis; or three times, once

each in M. gabbi, M. facta, and M. beatula. The number
of transformations (three) is the same in both scenarios.

DiamWh4 <6.6 mm in Micrarwnta (Nicolenea) opuntia

Roth, 1975, is homoplastic with DiamWh4 <6.6 mm in

M. {Micrarwnta) in any case.

When the species of Micranonta are sorted by size (Fig-

ure 5), it is apparent that there is no sharp discontinuity

between "large" and "small" shells. Roth's (1984) obser-

vation about large and small pairs was correct in the sense

that where two species occur on an island, one is a member
of the upper and one a member of the lower half of the

continuum. In Roth's (1996) phylogenetic hypothesis for

the taxa of Helminthoglyptidae, the sister group of Mi-

crarionta is Helminthoglyptotes. Most species of Hel-

minthoglyptotes are larger-shelled than the largest Micra-

rwnta. At the next more inclusive level, Helminthoglyp-

taina (i.e., Micrarionta plus Helminthoglyptotes) is the

sister group of Sonorelix. Two of the three component

clades of Helminthoglyptotes and the clade Sonorelix con-

tain diminutive members

—

Eremariontoides argus in Hel-

minthoglyptales, Chamaearwnta aquaealbae in Chamae-
ariontales, Mohavelix micrometalleus in Sonorelix—but these

are special cases of neoteny (Roth, 1996). The plesiomor-

phic character state in each clade is a larger shell. Size

reduction is therefore a characteristic trend of the entire

Micrarwnta clade. The choice of coding one gap rather

than another as apomorphic is arbitrary.

In Figure 6, contours based on the phylogenetic hy-

pothesis are plotted on a map of the California Channel

Islands. Successively more inclusive contours represent

successively more inclusive clades. From this map it is

evident that the present deployment of species by island

could have come about almost entirely through successive

episodes of vicariance within an originally pan-insular

species. Only one dispersal event, of the common ancestor
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Figure 5

Maxima, minima, and means for Diameter, Height, and

DiamWh4 of the species of Micranonta {Micrarwnta); data from

Pearce (1990). Abbreviations as in Table 1.
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FAC+FER
RUFi

BEA

BEA+(FAC+FER)

RUF+(BEA+(FAC+FER))

INT+GAB+MAX+(RUF+
(BEA+(FAC-t-FER)))

118'

l_

Figure 6

Phylogenetic hypothesis for Micrarionta mapped on California Channel Islands. Contours surround ranges of

progressively more inclusive holophyletic groups of taxa from minimum length cladogram of Figure 3. Abbreviations

as in Table 2. Dashed line represents dispersal of common ancestor of M. facta and M. feralis from Santa Barbara

Island to San Nicolas Island.

of Micrarionta feralis and M. facta from Santa Barbara

Island to San Nicolas Island, is necessary. Outgroup com-

parison v^fith M. beatula establishes the eastern islands (i.e.,

not San Nicolas) as the plesiotypic distribution of the clade

(FER, FAC).

Marine terrace dating and estimates of rates of tectonic

uplift provide a time framework for the events of this

evolutionary/biogeographic scenario and support the hy-

pothesized order of events. Age estimates based on amino

acid racemization for marine terrace 10 at 238 m elevation

on San Nicolas Island range from >;600 ka (Muhs, 1985)

to 700 ± 100 ka (Lajoie et al., 1980). A 530 ± 60 ka age

from uranium-trend dating is regarded as problematic and

too low (Muhs et al. 1989). Calculations based on the 0.2-

0.3 m/ka uplift rate suggested for San Nicolas Island by

Muhs (1985) give age estimates of 920-1380 ka for the

summit of the island (Pearce 1993). Pearce (1993), ex-

trapolating from correlation between terrace heights and

the Pleistocene sea level curve of Shackleton & Opdyke

(1973), inferred that the highest terrace (14) on San Ni-

colas Island was carved about 950 ka before present. Only

since that time has the island been continuously subaerial

and available for colonization by the ancestor of Micra-

rionta (Nicolenea).

The oldest fossil occurrence of Micrarionta feralis is in

terrestrial sediments on San Nicolas Island overlying ter-

race 2 at 23-33 m elevation [correlating with marine ox-

ygen isotope stage 5e of Shackleton & Opdyke (1973) and
radiometrically estimated at approximately 120 ka (Val-

entine & Veeh, 1969; Szabo & Vedder, 1971; Muhs et al.,

1987, 1988, 1989)] and below a stratum radiocarbon dated

at ca. 18 ka (Pearce, 1990; 1993). It is present in younger

sediments at numerous localities (Pearce, 1993; T. A. Pearce

and Roth, unpublished data). This is consistent with the

origin of M. feralis higher on the consensus tree, i.e., later

in time than the dichotomy between M. (Nicolenea) and

M. (Micrarionta).

Micrarionta (Micrarionta) feralis and M. (Nicolenea)

opuntia are the only two species of Micrarionta known to

live microsympatrically. Timothy A. Pearce, F. G. Hoch-

berg (personal communication), and I have observed them

under the same stems of Opuntia cactus on San Nicolas

Island. More than six nodes separate the two taxa in the

present phylogenetic hypothesis. In contrast, the more

closely related Micrarionta (Micrarionta) beatula and M.

(M.) rufocincta are allopatric on Santa Catalina Island.

They occur within 350 m of each other in Ben Weston

Canyon (Pearce, 1990; Roth, personal observation) but

have not yet been found together. The field relations of

Micrarionta gabbi and M. maxima are not known. On San

Clemente Island in 1974, I observed only M. gabbi living.

Micrarionta maxima is reported to be extant; the holotype

(ANSP 86616a) apparently is a Recent shell, but whether

characteristic of a living taxon or merely selected by the

collector Hemphill from the large end of his material of

M. gabbi is not known. Some published records of M.

maxima (e.g., Kanakoff, 1950) pertain to fossil material,

not yet evaluated in terms of the characters discussed here.
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No autapomorphies in the present data set distinguish M.

maxima; its branch is zero steps in length.

Similarly, no autapomorphies in the present data set lift

Micrarionta intermedia off the branch segment leading to

all other Micrarionta {Micrarionta) species—in other words,

no autapomorphies of M. intermedia falsify the concept

that it represents the ancestor from which other species of

Micrarionta {Micrarionta) descended. This observation leads

to the prediction that fossil shells from other islands, de-

posited contemporaneously with Santa Barbara Island M.

intermedia, may be found to be conspecific with it when

examined in detail.
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APPENDIX: CHARACTERS AND
CHARACTER STATES

The following descriptions of characters are taken (slightly

modified) from Pearce (1990:27-28). Author's comments

in brackets.

ApAreaRel: relative aperture area, calculated by dividing

the square root of the aperture area by shell diameter;

character state <0.38 scored as apomorphic.

ApHtFrRel-1: relative aperture height in front view, cal-

culated relative to shell height. Aperture height mea-

surement is inside dimension, excluding thickness of the

lip; character state <0.38 scored as apomorphic.

ApHtRel: relative aperture height, calculated relative to

shell height; character state <0.65 scored as apomor-

phic. [Probably some redundancy with ApHtFrRel-1.]

ApShape: aperture shape calculated as aperture height

divided by aperture width; character state <0.98 scored

as apomorphic.

DiamWh4: diameter from suture to suture at whorl 4.0;

character state <6.6 mm scored as apomorphic.

HeightRel: relative height, calculated as ratio of height to

diameter; character state <0.65 scored as apomorphic.

LipBotWidProp: lip bottom width proportion, calculated

relative to lip widths at top and side of aperture; char-

acter state >0.35 scored as apomorphic.

LipBotWidRel: relative lip width at bottom of aperture,

calculated relative to shell diameter; character state

> 0.077 scored as apomorphic. [Probably some redun-

dancy with LipBotWidProp.]

LipConvex: whether face of lip is convex or flattened;

scored as apomorphic if >30% of shells have convex lip

faces.

LipTopRecurv: whether top part of lip is recurved; scored

as apomorphic if >5% of shells have recurved top lips.

[Questionable whether samples of =20 are adequate to

resolve character state at 5% level in a species.]

TranslRate: Raup's (1966) translation rate; character state

>0.05 scored as apomorphic.

Umbilicate: whether shell has open umbilicus or not; not

umbilicate scored as apomorphic.

Varices: whether shell has internal varices or not; varices

present scored as apomorphic. [In Micrarwnta beatula

(scored as having varices) varices are present in 23 of a

sample of 261 shells (Roth, 1987). Random draws of

20 shells from a pool with this composition will show

no varices with a probability between 0.25 and 0.50 (x^

= 0.926). Larger sample sizes are needed for reliable

scoring.]

Whorls- 1: number of whorls, counted by the method of

Pilsbry (1939:xi); >5.3 whorls scored as apomorphic.

Whorls-2: as Whorls-1, >5.7 whorls scored as apomor-

phic.
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Abstract. The Asian species Axinopsida filatovae (Ivanova & Moskaletz, 1984), originally described

as Genaxinus filatovae from the Sea of Japan (depth 74 m, Bolshoi Pelis Island, Peter the Great Bay),

is a synonym of Adontorhina cyclia Berry, 1947, previously reported only on the Pacific coast of North

America. The results of a comparative analysis and an additional description of A. cyclia are presented.

INTRODUCTION

In 1972-1973 large numbers of samples of the shelf ma-

crobenthos of the Commander Islands (Figure 1) were

taken by joint expeditions of the Institute of Marine Bi-

ology (1MB) and the Pacific Research Institute of Fisheries

and Oceanography (PRIFO) in order to investigate the

composition and structure of bottom communities. During

the examination of the bivalves, a species was found similar

to Adontorhina cyclia Berry, 1947, which is widely distrib-

uted ofT the Pacific coast of North America and previously

not recorded in the fauna of the northwestern Pacific (Scott,

1986; Kamenev, 1995).

Subsequent, more detailed studies showed that the spe-

cies found on the shelf of the Commander Islands is also

similar to Axinopsida filatovae (Ivanova & Moskaletz, 1984),

described as Genaxinus filatovae from the Sea of Japan

(Ivanova & Moskaletz, 1984); (Figure 1). The genus Gen-

axinus was designated by Iredale (1930). Its type species

is Thyasira albigena Hedley, 1907, which Hedley (1907)

presumably included in the subgenus Axinulus. The Recent

representatives of the genus Genaxinus, however, inhabit

the coastal zone of Australia and New Zealand (Hedley,

1907; Fleming, 1950; Powell, 1979), and the allocation of

the new species from the Sea of Japan to this genus was

an extraordinary fact. It attracted the attention of other

Russian malacologists, and after additional studies, it was

placed by Scarlato & Kafanov (1988) in the genus Axi-

nopsida.

A comparative analysis of morphology and inner shell

structure of A. filatovae from the Sea of Japan and the

species from the shelf of the Commander Islands has shown

that they are identical. Comparison of this species with

the descriptions, drawings, and photographs of A. cyclia

(Berry, 1947; Jones & Thompson, 1986; Scott, 1986) and

some species of the genus Genaxinus (Hedley, 1907; Flem-

ing, 1950; Powell, 1979) has shown that it is conspecific

with A. cyclia.

In this paper, the results of the comparative analysis

and additional data on the shell morphology, ecology, and

geographic distribution of A. cyclia are presented. This

species is new for the fauna of the northwestern Pacific

and Russia.

MATERIALS and METHODS
In this study, type material (holotype No. 1/31328 and

paratypes No. 2/31329 [60 specimens] of G. filatovae Iva-

nova & Moskaletz, 1984), and material of A. filatovae

obtained by the expeditions of PRIFO (1970) and 1MB
(1977, 1980-1981) in the Sea of Japan, as well as lots of

bivalves from the shelf of the Commander Islands gathered

by two joint hydrobiological expeditions of 1MB and PRI-

FO (1972-1973), were used. All the material is stored in

1MB.
Holotype and paratypes of G. filatovae are stored dry;

the other material is in 70% ethanol.

A comparative statistical analysis was made for four

lots: (1) 28 type (holotype and paratypes of G. filatovae)

specimens of A. filatovae, collected near the Bolshoi Pelis
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Figure 1

Distribution of Adontorhina cyclia in the northwestern Pacific (*

Genaxinus filatovae).

-sampling sites of holotype and paratypes of

Island (Figure 1) in Peter the Great Bay (Sea of Japan)

at a depth of 74 m on the siky sand; (2) 64 specimens of

A. filatovae from other parts of Peter the Great Bay (Sea

of Japan); (3) 42 specimens oi A. filatovae from the western

coast of Sakhalin Island (Sea of Japan); (4) 17 specimens

of the species from the shelf of the Commander Islands.

Shell length (L), height (H), and width (W) of all the

specimens were measured, and also shell length-height

ratio and length-width ratio (L/H and L/W, correspond-

ingly) were determined.

.Shell measurements were made using an ocular mi-

crometer with an accuracy of 0.1 mm. Statistical analysis

of material was conducted by use of a package of statistical

programs SYSTAT.
The L/H and L/W ratios are determined by shell pro-

portions and are less susceptible to change as compared

with other measured parameters, so comparison of the

samples was conducted using only these characteristics.

Their distributional pattern was diflferent from the norm.

Fifteen transformations were used to bring the obtained

data to the norm. However, none of these transformations

brought them closer to the norm. Therefore, in the com-

parative analysis of the samples, the nonparametric cri-

terion of Kruskal-Wallis for comparison of several inde-
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pendent samples and that of Kolmogorov-Smirnov (two

sample test) were used (Sachs, 1976).

RESULTS

Comparative Analysis

In Figures 2-11 the photographs of four type specimens

oi A. filatovae (paratypes, C.filatovae) and four specimens

of the species found on the shelf zone of the Commander
Islands are presented. The photographs show that by the

structure of the hinge, the specimens of the species from

the Commander Islands are similar to the type specimens

of A. filatovae from the Sea of Japan. However, there are

some distinctions in the form of the shell. The shell of the

type specimens is slightly more angular. The posterior

margin of the dorsal edge extends downward more steeply,

and the anteroventral edge is bent more downward.

The results of the shell measurements of A. filatovae

from the type locality and other parts of the Sea of Japan,

as well as specimens from the Commander Islands, are

shown in Table 1. From the table it can be seen that the

shell L/H ratio of the specimen from the Commander
Islands differs only slightly from that of the type specimens

oi A. filatovae. The shell oi A. filatovae from other parts of

Peter the Great Bay and the shelf of Sakhalin Island is

slightly shorter. The shell L/H ratio of the specimens from

these two lots (especially from Sakyalin Island) is smaller

than that of the specimens of the species from the Com-
mander Islands. However, the differences found are not

significant. All the four lots compared belong to one general

totality (Kruskal-Wallis test statistic = 6.523; P = 0.089).

The smallest differences in the shell L/W ratio were

also found between the specimens of the species from the

Commander Islands and the type specimens. The shell

L/W ratio of A. filatovae from Peter the Great Bay sig-

nificantly distinguishes this lot from the other lots. The
specimens of A. filatovae from this area have a more convex

shell. By the shell L/W ratio, the studied lots at the 95%
significance level cannot be included into one general to-

tality (Kruskal-Wallis test statistic = 8.857; P = 0.031).

The results of the comparison of lots by pairs using the

Kolmogorov-Smirnov criterion (Table 2) show that the

lots of A. filatovae from Peter the Great Bay and the coast

of Sakhalin Island differ significantly in this characteristic

(99% level). Probably, the differences found are indicative

of the intraspecific changeability of the shell ratio of mol-

lusks with age (Zolotarev, 1989). The smaller specimens

have a more angular and shorter shell than the large ones.

Thus, I consider that one and the same species inhabits

both the Commander Islands area and the Sea of Japan,

and differs significantly by the structure of the hinge from

the representatives of the genera Axinopsida and Genaxi-

nus. In the bivalve mollusks of the genus Axinopsida, the

hinge has a distinct pseudocardinal tooth in the right valve

and a corresponding pit in the left valve. In the represen-

tatives of the genus Genaxinus, the hinge is edentulous

with subhorizontally elongate, toothlike tuberosities in each

valve. The hinge plate is thin, flexed, and thickened in

front of beaks, rapidly narrowing behind and passing be-

neath the posterior dorsal margin (Fleming, 1950; Moore,

1 969). The study of other genera of the family Thyasiridae

showed that by the hinge structure and shell form, the

studied species should be placed into the genus Adontorhina

described by Berry (1947) from the Lower Pleistocene

("Hilltop Quarry," San Pedro, California). Unlike the

genera Axinopsida and Genaxinus, the hinge plate of the

bivalve mollusks of the genus Adontorhina is composed of

two sections, one section extending anterior to the beaks,

the other section located centrally along the posterodorsal

margin. The hinge is without true teeth. The hinge plate

has irregular, minute granules, weakly to strongly ex-

pressed (Berry, 1947; Scott, 1986).

The genus Adontorhina is represented by two Recent

species, A. cyclia and A. sphaericosa Scott, 1986, both in-

habiting the coast of North America (Scott, 1986). The
comparison of the species studied with the descriptions,

drawings, and photographs o( A. cyclia (Berry, 1947; Jones

& Thompson, 1986; Scott, 1986) and A. sphaericosa (Scott,

1986) showed its identity with A. cyclia described in detail

by Berry (1947) and Scott (1986). The discovery of A.

cyclia near the Asian coast makes it possible to supplement

its description by new data on shell morphology, ecology,

and geographical distribution.

SYSTEMATICS

Adontorhina cyclia Berry, 1947

(Figures 1-11, Table 1)

Adontorhina cyclia Berry, 1947:260-261, pi. 1, figs. 1-2; Scott,

1986:149-156, figs. lA, 9B, 6-11, synonymy; Jones &
Thompson, 1986:687-700, fig. 1; Baxter, 1987:18; Scott

etal., 1990:12; Kafanov, 1991:53; Kamenev, 1995:5, 10.

Genaxinus filatovae Ivanova & Moskaletz, 1984:48-49, fig.

3; Moskaletz, 1984:37; Romejko & Kamenev, 1985:92;

Moskaletz, 1990:128.

Axinopsida filatovae (Ivanova & Moskaletz, 1984), Scarlato

& Kafanov, 1988:939, 941; Kafanov, 1991:53.

Supplementary description: Shell small, length in gen-

eral up to 3 mm. Maximum shell size (length 3.1 mm;
height 3.2 mm; width 2.0 mm) recorded in the specimen

from the shelf of the Commander Islands (Bering Island,

depth 100 m), angular in upper part; length less than

height or equal to it. Form of shell varying from more

rounded to more angular. Transition of anterior branch

of dorsal margin to anterior margin sharp. Posterior branch

of dorsal margin making obtuse smooth angle with pos-

terior margin. Anteroventral margin bent downward (this

peculiarity more distinct in young specimens).

Material examined: Holotype G. filatovae and 1 paratype

lot; 55 lots from Peter the Great Bay (Sea of Japan); 1

lot from Tatar Strait (Sea of Japan); 2 lots from Moneron
Island (Sea of Japan); 19 lots from Sakhalin Island; 4 lots
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Table 1

Results of morphological characteristics comparison of the shell of A. cyclia from different sites of the northwestern Pacific

(L—shell length; H—height; W—width; L/H—length-height ratio; L/W—length-width ratio).

Area Parameters Mean SD SE Min Max n

Commander Islands L 2.441 0.298 0.072 2.0 3.1 17

H 2.488 0.302 0.073 2.1 3.2 17

W 1.471 0.252 0.061 1.2 2.0 17

L/H 0.981 0.021 0.005 0.952 1.000 17

L/W 1.674 0.115 0.028 1.389 1.846 17

Bolshoi Pelis Island, L 1.936 0.263 0.050 1.4 2.5 28

Peter the Great Bay H 1.986 0.308 0.058 1.5 2.5 28

Sea of Japan W 1.179 0.225 0.043 0,8 1.5 28

(Holotype and paratypes L/H 0.979 0.048 0.009 0.875 1.130 28

G. filatovae) L/W 1.662 0.125 0.024 1.429 1.889 28

Peter the Great Bay, L 2.133 0.331 0.041 1.5 3.0 64

Sea of Japan H 2.189 0.345 0.043 1.5 3.1 64

{A. filatovae from W 1.331 0.273 0.034 0.8 2.2 64

Scarlato & Kafanov, 1988) L/H 0.975 0.027 0.003 0.903 1.000 64

L/W 1.621 0.126 0.016 1.273 1.875 64

Sakhalin Island, L 1.907 0.144 0.022 1.6 2.2 42

Sea of Japan H 1.969 0.141 0.022 1.6 2.3 42

{A. filatovae from W 1.131 0.102 0.016 0.8 1.4 42

Scarlato & Kafanov, 1988) L/H 0.969 0.027 0.004 0.900 1.000 42

L/W 1.691 0.088 0.014 1.500 2.000 42

from the Commander Islands (3 lots from Bering Island;

1 lot from Medny Island); approx. 570 specimens.

Supplementary distribution and habitat: Bering Island,

Commander Islands (from 55°25'3"N, 165°58'0"E to

55°15'2"N, 166''29'5"E) (Figure 1); Medny Island, Com-
mander Islands (54°29'3"N, 167°34'1"E); Peter the Great

Bay from Tumannaya River in the southwest (42°15'4"N,

130°44'6"E) to Likhachev Cape in the east (42°38'3"N,

132°43'2"E); Davydov Cape, Tatar Strait, Sea of Japan
(5r31'0"N, 141°03'5"E); Moneron Island, Sea of Japan
(46°13'1"N, 14r02'9"E); western coast of Sakhalin Island

from Kriljon Cape in the south (45°53'0"N, 141°20'5"E)

to Sternberg Cape in the north (48°15'3"N, 14r35'4"E),

Sea of Japan.

In Peter the Great Bay, this species was recorded at

depths of 31-241 m, in Tatar Strait (Davydov Cape)

—

31 m, near Moneron Island—260-300 m, Sakhalin Is-

land—60-200 m, Bering Island— 100-300 m, and Medny
Island— 150-200 m. In the Sea of Japan, A. cyclia was

Table 2

Results of comparison of shell length-width ratio (L/W)
of A. cyclia from difTerent sites of the northwestern Pacific

using nonparametric Kolmogorov-Smirnov criterion (two

sample test). Areas: 1—Bolshoi Pelis Island, Peter the

Great Bay, Sea of Japan (holotype and paratypes G. fi-

latovae); 2—Peter the Great Bay, Sea of Japan {A. filatovae

from Scarlato & Kafanov, 1988); 3—Sakhalin Island (A.

filatovae from Scarlato & Kafanov, 1988); 4—Commander
Islands (*—significant 99%).

M ax diff. for Two-sided

Areas pairs groups probabilities

1 and 2 0.239 0.194

1 and 3 0.298 0.094

1 and 4 0.227 0.605

2 and 3 0.333 0.006*

2 and 4 0.284 0.202

3 and 4 0.151 0.909

Explanation of Figures 2 to 1

1

Figures 2-6. Adontorhina cyclia Berry, 1947 (paratypes Genaxmus

filatovae Ivanova & Moskaletz, 1984, No. 2/313229, from Bolshoi

Pelis Island, Peter the Great Bay, Sea of Japan). Figure 2.

Interior of right valve. Scale bar = 1 mm. Figure 3. Exterior of

left valve. Scale bar = 1 mm. Figure 4. Dorsal view of both valves.

Scale bar = 1 mm. Figure 5. Anterior hinge plate of right valve.

Scale bar = 100 /um. Figure 6. Posterior hinge plate of left valve.

Scale bar =100 ^m.

Figures 7-11. Adontorhina cyclia Berry, 1947, from Bering Island,

Commander Islands. Figure 7. Interior of right valve. Scale bar

= 1 mm. Figure 8. Exterior of left valve. Scale bar = 1 mm.
Figure 9. Dorsal view of both valves. Scale bar = 1 mm. Figure

10. Anterior hinge plate of right valve. Scale bar = 1 mm. Figure

11. Posterior hinge plate of left valve. Scale bar = 1 mm.



Page 218 The Veliger, Vol. 39, No. 3

recorded on sand, silty sand, and silt, sometimes with some

admixture of gravel and debris; on the shelf of the Com-
mander Islands, on silty sand and silt. Bottom temperature

in the sampling areas near Moneron Island was 8.0°C

(Sakharnaya Golova Cape, 46°13'2"N, 14r03'7"E, depth

260 m); on the western coast of Sakhalin Island, bottom

temperature varied from 1.5°C (Kuznetsov Cape,

46°02'6"N, 14r23'l"E, depth 170 m) to 6.0°C (Sternberg

Cape, 48°15'3"N, 14r35'0"E, depth 100 m), in Peter the

Great Bay, bottom temperature varied from 0.7°C (Askold

Island, 42°27'7"N, 132°19'2"E, depth 90 m) to 14.0°C

(Basargin Peninsula, depth 31 m).

DISCUSSION

Adontorhina cycUa is a common component of infauna at

continental shelf and slope depths from Oregon to Alaska

and the Central Bering Sea shelf (Scott, 1986). Along the

Asian coast of the Pacific Ocean, this species was recorded

only in the Sea of Japan and near the Commander Islands.

However, A. cyclia is probably also a widely distributed

species in the northwestern Pacific. Scott (1986) mentioned

that it is probable that near the North American coast A.

cyclia had been confused with the juveniles of the numer-

ically dominant Axmopsida serricata (Carpenter, 1864). In

the Sea of Japan, this species often occurs together with

the common Axmopsida subquadrata (Adams, 1862) (Iva-

nova & Moskaletz, 1984). Therefore, it had for a long

time been identified as A. subquadrata. During special stud-

ies of the changeability oi A. subquadrata, Ivanova & Mos-

kaletz (1984) established that some other species was pres-

ent in the material on A. subquadrata, which they described

as new. Externally, A. cyclia differs in appearance from

A. subquadrata by a more angular, more convex, and more

dorso-ventrally extended shell. Internally, the hinge struc-

ture is completely different.

Adontorhina cyclia was found together with Axinospida

subquadrata in samples collected near the Commander Is-

lands. It is possible that more thorough study of /I. subquad-

rata and A. orbiculata (G. Sars, 1878) material from the

Okhotsk and Bering seas, stored in the collections of dif-

ferent institutes and museums of Russia, will reveal more

specimens of A. cyclia or A. sphaericosa. The two species

occur together in samples from southeastern Alaska (Scott,

1986). There is a possibility that A. cyclia also inhabits

the coastal zone of Korea and Japan.

On the coast of North America, the maximum popu-

lation density of A. cyclia (384 ind/m^) was registered near

Santa Catalina Island (Southern California). The average

population density of this species on the coast of Southern

California in different years of study varied and reached

up to 60.5 ind/m^ (Jones & Thompson, 1986). In Boca

de Quadra, southeastern Alaska, the density was approx-

imately 20 ind/m^ (Scott, 1986). In the Sea of Japan, the

maximum density of this species 480 ind/m^ was registered

in Peter the Great Bay (in the site of Tumannaya River,

depth 140 m). The average population density was 63.7

±15.1 ind/m^. Near Sakhalin Island, the maximum den-

sity of A. cyclia (104 ind/m^) was registered near Lopatin

Cape (depth 100 m), with the average population density

in this region 14.6 ± 4.9 ind/m^.

Thus, A. cyclia on the coast of America, and Asia as

well, forms rather dense settlements with similar abun-

dance indices.
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Abstract. A study of sinistral coiling among fossil members of the genus Lymnaea in North America

shows that such coiling exists, but is uncommon. Lymnaea ambiguspira nom. nov. and L. tulameenensis,

with its sinistral morph ''Aplexa ricei," are ambidextrous species in which both sinistrally and dextrally

coiled individuals are known to exist. Lymnaea saxarubrensis, L. disjuncta, and L. bridgerensis are

apparently consistent sinistral species. These species range from Paleocene (or latest Cretaceous?) to

early Miocene in age. A new name, Lymnaea ambiguspira, is proposed for the preoccupied Lymnaea
uetusta ambigua Pierce, 1993.

INTRODUCTION

Among Recent species of Lymnaea Lamarck, 1799 (sensu

Hubendick, 1951), only the Hawaiian species Lymnaea

reticulata (Gould, 1848) (Figures 1, 2) is distinguished by

apparent consistent normal orthostrophic sinistrality {sen-

su Robertson, 1993). Among Recent normally dextral spe-

cies, individual examples of sinistrality are rare. Baker

(1911:1) acknowledged having seen only two specimens of

normally dextral species with sinistral coiling of the shell.

Populations of the widely distributed Old World Lymnaea

peregra (Miiller, 1774), an ambidextrous species (Rob-

ertson, 1993:112, 113), frequently include a small per-

centage (~3%) of sinistrally coiled individuals (Boycott et

al., 1930). Recent work by Pierce (1993:985, 986) has

presented evidence that ambidextrous sinistral coiling can

also be found among fossil Lymnaeids. Lymnaea ambi-

guspira nom. nov. (formerly L. uetusta ambigua Pierce,

1993) from the Oligocene-Miocene of southwestern Mon-
tana, is one of two fossil ambidextrous species in which

both sinistrally and dextrally coiled individuals are known
to occur. The second species is Lymnaea tulameenensis

(Russell, 1958), from the Oligocene of southern British

Columbia. Search of the literature of North American
paleontology failed to locate additional ambidextrous taxa.

However, it appeared possible that consistent, or normally

sinistral lymnaeid taxa, such as L. reticulata, might exist

in the fossil record. Study and evaluation of these two
ambidextrous species showed they are conchologically most

similar to Recent Lymnaea palustris (MuUer, 1774), which
is known to very rarely produce a sinistrally coiled indi-

vidual (Baker, 1911:1), and should be considered related

(ancestral?) to this Recent species. Lymnaea reticulata can

also be considered closely related to L. palustris. Hubendick

(1951:174) stated: "Disregarding this backward torsion

the shell of L. reticulata is somewhat similar to the general

shape of the shell of L. palustris.''

MATERIALS and METHODS
Paratypes oi Lymnaea ambigua from the personal collection

of Pierce, type specimens of L. tulameenensis and ''Aplexa

ricei" Russell, 1958, and of ^^Physa" saxarubrensis Russell,

1958, loaned by the Geological Survey of Canada (GSC),

and Recent specimens of L. reticulata from Nuuanu, Island

of Oahu, loaned by The Bishop Museum, were available

for study. All measurements taken paralleled those used

and defined by Hubendick (1951:fig. 2), with some change

in nomenclature. Height, H, equates to 1 of Hubendick;

Width, Wid., equates to b; and Height of aperture. Ha,

equates to ml. Width of aperture was not measured. W/H
and Ha/H are, respectively, ratios of the width to height

of the shell, and height of the aperture to the overall height

of the shell. Measurements of these parameters were made

of large, apparently reproductively mature, specimens by

ocular reticule with results in Table 1. Careful evaluation

and measurements of these three species and comparison

with the conchological characteristics of L. palustris, as

defined by Hubendick (1951:119, 120), led to a set of

criteria to be used in recognizing normally sinistral fossil

Lymnaeids. These criteria are:



H. G. Pierce, 1996 Page 221

Explanation of Figures 1 to 12

Figures 1-8, x 5; Figures 9-12, "natural size" (White, 1880). Figures 1-2. Lymnaea reticulata (Gould, 1848),

Bishop Museum, BPBM, Lot 15014, Nuuanu, Oahu, Hawaii, 1. apertural view; 2. left lateral view. Figures 3-

4. Lymnaea ambiguspira Pierce, nom. nov., 3. dextral holotype, Kansas University Museum of Invertebrate

Paleontology (KUMIP) 236377, apertural view; 4. sinistral paratype, KUMIP 236378, apertural view. Figures

5-6 on one slab. Lymnaea tulameenensis Russell, 1958, 5. dextral paratype. Geological Survey of Canada (GSC)
11617, abapertural; 6. sinistral paratype, GSC 13283, apertural view (holotype of "Aplexa ricei"). Figures 7-8.

Lymnaea saxarubrensis (Russell, 1958), 7. sinistral holotype GSC 13280, apertural view; 8. sinistral paratype GSC
13281, apertural. Figures 9-10. Lymnaea disjuncta (White, 1879), copies of plate 24, fig. 6a, b, of White (1880).

9. apertural view; 10. right lateral view. Figures 11-12. Lymnaea bridgerensis (Meek, 1873), copies of plate 19, fig.

10a, b, of White (1880), 11. apertural view; 12. abapertural view.
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(1) Whorls 5 or more, usually 6. (L. reticulata has 4 to

4.5).

(2) Suture slightly impressed, whorls slightly rounded.

(3) Apex usually acutely pointed.

(4) Columella twisted, usually with plait or fold.

(5) Ha/H usually < 0.50. (-0.60 or less for L. reticulata).

Based on these criteria, a review of the literature suggests

that although there are examples of normally sinistral fossil

lymnaeids, such are not common. These sinistral taxa range

in age from Paleocene (questionably Cretaceous) to Mio-

cene age and have been incorrectly assigned to either the

genus Physa Draparnaud, 1801, or to the planorbid genus

Bulinus Miiller, 1781, which is not found in the Western

Hemisphere. "'Bulinus'" disjunctus (White, 1879) is cer-

tainly a lymnaeid. "Physa" saxarubrensis (Russell, 1958)

and "P." bridgerensis (Meek, 1873) fit the criteria above

and are almost certainly lymnaeids. Measurements, eval-

uation, and comparisons of "fi." disjunctus and "P." bridg-

erensis were made using the excellent plates of White (1880:

pi. 19, fig. 10, pi. 24, fig. 6; 1883:pl. 25, figs. 4, 5, pi. 30,

figs. 9, 10).

SYSTEMATICS of SINISTRAL LYMNAEIDAE

Family Lymnaeidae Rafinesque, 1815

Genus Lymnaea Lamarck, 1799

Type species: Helix stagnalis Linnaeus, 1758, by subse-

quent designation (Fleming, 1828).

Lymnaea palustris (Miiller, 1774)

Description: Hubendick's (1951:119, 120) description of

the shell of Lymnaea palustris follows: "The shell is or-

dinarily made up of six to seven gradually increasing whorls

(fig. 302-303). The height of the aperture is between one

third and one half of the total shell height. In L. palustris

more than in any other Lymnaeid, the body whorl and

even the whole shell has a tendency to become malleated.

The apex is usually pointed but is sometimes obtuse. The
suture is slightly impressed and the whorls slightly round-

ed. The aperture varies from roundly-ovate to long-ovate,

usually not very expanded, and has very often a brownish

or purplish line on the inner side of the peristome. A
columellar fold generally occurs."

Remarks: The highly variable shell morphology for a

given anatomical species of Lymnaea, resulting from the

normal plasticity of the shell under varying environmental

conditions, has led to a great number of named "species."

Hubendick (1951) illustrated clearly the range of shell

morphology for each species he recognized as valid based

on anatomical criteria. Hubendick's L. palustris, through

his synonymy, is approximated closely by the "group of

palustris" of Baker (1911:298), and the Stagnicola elodes

(Say, 1821) group of Burch (1989:176). From a paleon-

tological standpoint, since only the shell is preserved, it is

most practicable to follow the classification of Hubendick.

For further comments on this concept, see Pierce, 1993:

984-985.

Lymnaea ambiguspira Pierce, nom. nov.

(Figures 3, 4)

Lymnaea vetusta ambigua Pierce, 1993:985, 986, figs. 1.16-

1.20, tables 4, 5.

Non Lymnaea ambigua Westerlund, 1881, Overs. Sv. Vet.-

Ak. Forh. Stockholm 4:60

Non Lymnaea ambigua Pease, 1870, Amer. Jour. Conch. 6:6.

Lymnaea vetusta ambigua Pierce, 1993, is a primary hom-
onym of Lymnaea ambigua Pease, 1870, and L. ambigua

Westerlund, 1881, under the International Code of Zoo-

logical Nomenclature. The new name, Lymnaea am-
biguspira is proposed as a replacement for the preoc-

cupied L. V. ambigua Pierce, 1993; the type material

remains the same.

Description: Shell of moderate size, usually dextral, oc-

casionally sinistral, elongate conic; spire medium to high,

acute, angle about 55°; width/height (W/H) about 0.50;

whorls 6 to (yVi, rounded to slightly flattened, suture shal-

lowly impressed, near abutting; nuclear whorls about V/i,

finely punctate, shining; subsequent whorls initially with

weak, regular, slightly wavy, orthocline growth striae, be-

coming regularly costellate on last V/i to 2 whorls, rarely

malleated. Aperture D-shaped, modestly inflated, about

one-half height of shell; outer lip thin, slightly curved,

occasionally with internal varix shortly behind lip; inner

lip broad, closely appressed, with distinct columellar plait.

Umbilicus a narrow chink or closed (Pierce, 1993).

Remarks: Further study and comparison since initial pub-

lication of this taxon as a subspecies of L. vetusta Meek,

1860 has shown that, although L. ambiguspira and L.

vetusta are closely related, L. ambiguspira differs suffi-

ciently in shell morphology from the much older L. vetusta

to preclude being considered conspecific. Lymnaea ambi-

guspira tends to be shorter, 7-10 mm in mature specimens

compared to about 14 mm for Lymnaea vetusta, with more

whorls (6-6.5), less acute apex, 55° compared to 45°, and

greater W/H, 0.50 compared to 0.46. Lymnaea ambigus-

pira is regular costellate on last 1.5 to 2 whorls, occasion-

ally becoming malleated on very large specimens. Its ap-

erture is more inflated with a less angular basal margin,

and a curving columellar plait when compared to L. vetusta.

The tendency to ambidextrosity observed in L. ambigua is

highly variable. Sinistral individuals represented less than

1% at one locality and 55% at the second locality (Pierce,

1993:985, 986, tables 4, 5).

Material: More than 600 specimens were found at eight

localities in southwestern Montana, ranging in age from

middle Oligocene (Whitneyan?) through early Miocene

(late Arikareean). Sinistral individuals were restricted to

only two of the localities, both late Oligocene (early Ari-

kareean).



H. G. Pierce, 1996 Page 223

Table 1

Measurements (in mm) of sinistral Lymnaeidae. E = estimated from measurements of White's (1880, 1883) plates; Max.
= largest specimen available; ' = LaRocque, 1960, p. 40; ^ = Meek, 1870, p. 517.

Ht. Wid. W/H Wh. Ha Ha/H

Lymnaea reticulata (n = 6) (Recent BPBM Lot #'s; 15014 & 17365)

Sinistral only Max. 9.0 5.2 0.58 4.25 5.4 0,60

Min. 6.0 3.6 0.60 3.33 3.7 0,62

Ave. 7.68 4.50 0.59 3.97 4.58 0,60

Lymnaea ambiguspira (late Oligocene to early Miocene)

Dextral Max. 10.2 5.0 0,49 6.2 5.2 0,51

Sinistral Max. 10.3 5.15 0.50 6,25 4,85 0,47

Lymnaea tulameenensis (middle to late Oligocene)

Dextral Max. 12.0 4.4 0.37 8.25 4,0 0,33

Sinistral Max. 13.6 5.4 0.40 7.0 5,3 0,39

Lymnaea saxarubrensis (middle to late Oligocene)

Sinistral only Max. 11.4 5.4 0.47 5.5 6,3 0,55

Lymnaea disjuncta (?Cretaceous to early Eocene)

Sinistral only E44.0 E20.0 0.45 6 E21,0 0,48

Lymnaea bridgerensis (Paleocene, Oligocene)

Sinistral only E39.0 E21.0 0.54 5-6' E21,0 0,54

(29.2)2 (16.8)2 (0.57)2

Lymnaea tulameenensis Russell, 1958

(Figures 5, 6)

Stagnicola tulameenensis Russell, 1958:88, pi. I, figs. 2-4.

Aplexa ricei Russell, 1958:90, pi. II, fig. 6.

Description: Russell's (1958:88) original description of

the holotype, GSC 11616, follows: "Shell small, slender,

volutions about six. Spire slender, whorls gently convex,

apex rounded. Aperture about two-fifths total length of

shell, narrowly ovoid, inner lip thickened. Surface with

fine growth lines. Length of type, 6.9 mm; width, 2.9 mm;
length of aperture, 2.5 mm." (Russell 1958:88). Emen-
dation: inner margin of basal lip of aperture reflected

slightly; columella twisted and with columellar fold at

about mid-height; apex roundly pointed; with faint col-

labral costae on last three whorls. Ambidextrous; both

sinistral and dextral morphs occur. Height of paratype,

GSC 11617, 12.0 mm; width 4.4 mm; height of aperture

4.0 mm; W/H 0.37; Ha/H 0.33; whorls 8.25.

Remarks: Lymnaea tulameenensis was recognized as a spe-

cies with both dextral and sinistral morphs when L. am-
biguspira was first being studied. Russell selected a small,

perhaps not reproductively mature, individual of only 6.25

whorls for his holotype, GSC 11616. He only provisionally

referred a larger individual, GSC 11617, to the species.

Examination of both holotype and paratype resulted in

emendations to the description above. Russell's (1958:90)

description of '''Aplexa ricei," the sinistral morph of L.

tulameenensis, is as follows: "Shell rather small, delicate.

slender; spire long and tapering; volutions five, gently con-

vex. Aperture narrowly ovoid; distinctly less than half

length of shell; inner lip thin, but with distinct columellar

fold about mid-length. Surface with very faint but regular

growth lines. Length of type, 13.2 mm; width, 5.4 mm;
length of aperture 5.6 mm." Examination of the holotype,

GSC 13283, disclosed several differences from the descrip-

tion above. The most significant are that the whorls are

about seven rather than five as reported, and the descrip-

tion fails to mention that the inner margin of the basal lip

is reflected, the columella is twisted, and weak collabral

costellae are present on the last two to three whorls. When
both amplified descriptions are compared, it becomes ap-

parent that '^Aplexa ricei" is an orthostrophic sinistral morph

of Lymnaea tulameenensis. Viewing the two specimens, the

paratype of L. tulameenensis and the holotype of "/I. ricei,"

lying almost apex to apex on the same rock slab, leaves

no doubt. Russell (1958:86) was somewhat ambiguous as

to the age of the Princeton fauna. Although the associated

flora, insects, and fish are typical of the middle Oligocene

to Miocene, he stated that at least part of the unit had to

be of middle Eocene age based upon two mammal teeth

found nearby. Such teeth, at least in younger sediments,

may be reworked. Based on the preponderance of evidence,

this fauna is considered middle to late Oligocene herein.

Material: Unfortunately, the number of individuals avail-

able for study is quite small, only two dextral specimens

(GSC 1 1616, holotype and GSC 11617, paratype) and one

sinistral specimen (GSC 13283, holotype of "A. ricei").
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Lymnaea saxarubrensis (Russell, 1958)

(Figures 7, 8)

Physa saxarubrensis Russell, 1958:89-90, pi. II, figs. 1-4.

Description: Russell's (1958:89) original description fol-

lows: "Shell small, robust, moderately elongated; volutions

five, convex; spire rather long, apex rounded. Aperture

ovoid, not expanded, length a little more than half that of

shell; inner lip with slight columellar fold. Surface marked

by well-defined growth lines and on some specimens by a

resting varix on the body whorl. Length of type, 9.7 mm;
width, 4.9 mm; length of aperture, 5.2 mm." Emendation:

columella twisted; apex roundly pointed; with collabral

costae on last whorl, about 3 per millimeter. Measurements

of holotype, GSC 13280: height 11.4 mm; width 5.4 mm;
apertural height 6.3 mm; whorls 5.5. Measurements of

paratype, GSC 13281: height 9.9 mm; width 5.0 mm;
apertural height 4.7 mm; whorls 5, estimated.

Renniarks: Since all type specimens from the Russell's (1958)

Princeton fauna, southern British Columbia, were at hand,

direct measurements of the holotype and paratype of L.

saxarubrensis could be made. The discrepancy in mea-

surements of the holotype is not understood. Russell (1958:

89-90 commented that "the present species is in contrast

to most of those in the Recent fauna in having a spire

almost as long as the aperture, and in lacking any inflation

of the body whorl," and compared "P." saxarubrensis to

"Cretaceous and early Tertiary species such as P. cana-

densis Whiteaves, 'P.' disjunctus (White), and 'P.' bndg-

erensis Meek." The first, P. canadensis, does appear to be

a physid. The last two are shown to be sinistrally coiled

lymnaeids herein.

Material. Only two specimens were available, the holo-

type, GSC 13280, and a paratype, GSC 13281. Age is

considered to be middle to late Oligocene.

Lymnaea disjuncta (White, 1879)

(Figures 9, 10)

Bulinus disjunctus White, 1879:165, 170, 241, 255; 1880:55,

86, pi. 24, fig. 6; 1883:451, pi. 25, figs. 4, 5.

Aplexa disjuncta (White), Henderson, 1935:263.

Description: White's (1880:86, 87) original description

follows: "Shell rather large and moderately elongated; vo-

lutions about six, those of the spire increasing gradually

in size, but the body volution is proportionally more in-

flated than those of the spire; suture distinct, but not very

deep, and not conspicuous, because of the moderate con-

vexity of the volutions; length of the spire a little more
than half that of the whole shell; callus of the inner lip

broad, its posterior half closely appressed against and ad-

herent to the body; its anterior half deflected or disjoined

from the body, so as to leave a kind of umbilical space

between it and the body of the shell. This condition of the

inner lip is evidently not accidental, as it is present on all

the examples, young and old, that have yet been found;

aperture moderately large, its length a little more than

half the full length of the shell. Surface marked only by

the fine lines of growth peculiar to the Physidae.

"Length, about 43 millimeters; breadth of body volution,

20 millimeters."

Remarks: The last sentence in the description, before the

measurements, is misleading. Fine lines of growth are not

peculiar to the Physidae. No mention of spiral sculpture,

found on so many physids, is found. White's description

is confused as to the relative length of the spire and of the

aperture. Measurements from his plates result in an Ha/H
of 0.48. The age of this species is not clear; it could range

from very latest Cretaceous to early Eocene. Comparisons

were made using published descriptions and illustrations.

Lymnaea bridgerensis (Meek, 1873)

(Figures 11, 12)

Physa bridgerensis Meek, 1873:516; White, 1880:45, pi. 19,

fig. 10; 1883:450, pi. 30, figs. 9, 10; Henderson, 1935:

258; LaRocque, 1960:40, pi. 3, fig. 27, non figs. 28, 29.

Description: Meek's (1873:516) original description fol-

lows; "Shell attaining a large size, subovate in form; spire

prominent, conical; volutions four and a half to five, mod-

erately convex, last one large but not very ventricose; suture

well defined; aperture narrow-subovate, arcuate, acutely

angular above, about twice as long as the spire; columella

twisted into a rather prominent fold. Surface with fine,

sharp lines of growth.

"Length about 1.15 inches; breadth, 0.66 inch."

Remarks: LaRocque (1960:40, pi. 3, fig. 27) illustrated

and described this species from the Paleocene Flagstaff

Formation of Utah. His figure 27 is certainly L. bridger-

ensis: however, his figures 28 and 29, also identified as this

species, are of a short-spired, inflated physid. His mea-

surements correspond closely with those given in the type

description, and taken from White's plate (1880:pl. 19,

fig. 10), except that LaRocque counted six whorls on his

illustrated hypotype, Ohio State University 20064. Age of

the type locality is middle to upper Eocene.

CONCLUSIONS

The search for fossil sinistral lymnaeids in North Amer-

ica disclosed two ambidextrous species, L. ambiguspira

and L. tulameenensis, in which both orthostrophic sinistral

and dextral morphs are found in the same population.

These taxa are of middle Oligocene to early Miocene age.

Three species, L. saxarubrensis, L. disjuncta, and L. bridg-

erensis, were found that exhibit apparent normal orthos-

trophic sinistrality. These taxa range in age from early

Eocene (questionably late Cretaceous) to late Oligocene.

It appears that sinistral coiling among the Lymnaeidae

has always been a rare occurrence, being most common in

the middle to late Oligocene when three species displayed
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this tendency. It is tempting to speculate that the Recent

Hawaiian Lymnaea reticulata is the resuh of adventitious

avian dispersal of one of these mid-Tertiary species to a

newly emergent and isolated island environment.
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Abstract. Six new species of small to minute gastropods are part of a diverse shallow-water marine

assemblage in the upper part of the Crescent Formation at Larch Mountain in the Black Hills west of

Olympia, Washington.

The scissurellid Scissurella (Scissurella) malloryi is the earliest record of Scissurella sensu stncto and

its first record from the Pacific coast of North America. The orbitestellid Orbitestella palaiopacifica and

the omalogyrid Ammonicera benhami are the earliest records of these genera. In regards to the Pacific

coast of North America, 0. palaiopacifica is the first fossil record of this genus, and A. benhami is the

first record of this genus. The fissurellid Puncturella (Altrix) pacifica is the first record of this subgenus

from the Pacific coast of North America. The liotiid Arene olympiata is the second Paleogene record

of this genus from the Pacific coast of North America. The volutomitrid Conomitra capitolina is the

second record for this genus from the Pacific coast of North America.

New information on associated benthic foraminifera confirms a middle early Eocene age that was

previously based only on moUuscan data.

INTRODUCTION

This study is an outgrowth of our continuing investigation

of little-studied molluscan faunas of the upper part of the

Crescent Formation in southwestern Washington. The
Crescent Formation ranges in age from late Paleocene to

early middle Eocene (Snavely, 1987) and is the basement

rock in this area. It consists predominantly of oceanic tho-

leiitic basalt flows, but the original tectonic setting of the

Crescent Formation remains uncertain (Suczek et al., 1994).

One hypothesis is that the basalts formed seamounts that

later accreted to North America (Duncan, 1982), but an

alternative hypothesis proposes that the basalts formed in

a rift-basin environment along the continental margin

(Wells et al., 1984; Babcock et al., 1992, 1994).

The upper third of the Crescent Formation contains

mollusk-bearing, shallow-marine deposits and, locally, ter-

restrial deposits. Prior to 1992, studies of the moUusks

(Weaver & Palmer, 1922) dealt with only a few new

species from exposures along the north shore of the Olym-

pic Peninsula. Although Weaver (1942) monographed

Tertiary marine megafossils from Washington and Ore-

gon, his coverage of species from the Crescent Formation

was essentially a review of the species described by Weaver

& Palmer ( 1 922). The first detailed analysis of a megafossil

assemblage in the Crescent Formation was made by Squires
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et al. (1992) and dealt with the shallow-marine upper part

of the formation at Pulali Point (Figure 1), west of Seattle.

That study spawned two additional articles (Squires, 1992,

1993) on certain bivalves from the Pulali Point area. Squires

& Goedert (1994a) made a detailed study of another me-

gafossil assemblage in the upper part of the Crescent For-

mation in the Little River area in the southern Olympic

Peninsula (Figure 1). Squires & Goedert (1994b) reported

new species (some minute in size) of mollusks in the upper

part of the Crescent Formation in the Black Hills, west

of Olympia, at the same localities (CSUN Iocs. 1563 and

1564) that are the focus of this paper (Figure 1). Squires

& Goedert (1995) also reported additional new species of

gastropods in the transition zone between the upper part

of the Crescent Formation and the overlying lower member
of the Mcintosh Formation in the northern Doty Hills,

approximately 30 km to the southwest of the Black Hills.

Additional work by us in the Black Hills has revealed

six more new species of gastropods. The purpose of this

paper is to describe and name the new species, all of which

were found in the upper part of the Crescent Formation

in richly fossiliferous and conglomeratic silty mudstone

interbedded with basalt. The extrusion of the basalt caused

shoaling and the establishment of a rocky shoreline/shal-

low-water community where gastropods and bivalves lived

alongside colonial corals and coralline algae. The mollusk

shells were transported a short distance and deposited in

muddy matrix coquina that filled cracks between boulders

of basalt. Most of the shells in the coquina are small to

minute, and their size prevented them from being pulver-

ized during transport (Squires & Goedert, 1994b; Nesbitt

et al., 1994). Extraction of the fossils is possible because

the muddy matrix is only poorly indurated and, upon

soaking in water, the rock can be broken apart with a

strong needle. If care is exercised, intact small to minute

fossils can be obtained. Our studies of the minute mollusks

would have been impossible without the scanning electron

microscopy work by Steven R. Benham (Pacific Lutheran

University, Tacoma, Washington). Benham's work also

enhanced our knowledge of protoconch morphology and

shell microstructure on the small mollusks.

The moUuscan stages used in this report stem mainly

from Clark & Yokes (1936), who proposed five mollusk-

based provincial Eocene stages, namely, "Meganos" (low-

ermost Eocene), "Capay" (middle lower Eocene), "Do-

mengine" (upper lower to lower middle Eocene), "Tran-

sition" (lower middle Eocene), and "Tejon" (middle mid-

dle Eocene to upper Eocene). These stage names are in

quotes because they are informal terms. Givens (1974)

modified the use of the "Capay Stage," and it is in this

modified sense that the "Capay Stage" is used herein. The
upper Eocene to lower Oligocene Galvinian Stage of Ar-

mentrout (1975) is also used in this report. This stage is

used in the Pacific Northwest and is correlative to the

upper part of the "Tejon Stage" in California.

The classification systems used for taxonomic categories

higher than the family level generally follow that of Hasz-

Figure 1

Index map to CSUN Iocs. 1 563 and 1 564, upper part of Crescent

Formation, Larch Mountain, Black Hills, west of Olympia,

Washington.

prunar (1988) for the vetigastropods and that of Ponder

& Waren (1988) for the caenogastropods and heterobranch

gastropods.

Abbreviations used for catalog and/or locality numbers

are: CSUN, California State University, Northridge;

LACMIP, Natural History Museum of Los Angeles

County, Invertebrate Paleontology Section.

AGE

Squires & Goedert (1994b) assigned the upper part of the

Crescent Formation at CSUN Iocs. 1563 and 1564 to the

middle lower Eocene ("Capay Stage") based on molluscan

fossil evidence. Benthic foraminiferal analyses done during

the course of the present investigation confirm this age.

Tvi^o microfossil samples from CSUN loc. 1563 contained

a littoral to inner sublittoral fauna and the following key

species diagnostic of Mallory's (1959) Penutian Stage: An-

omalina dorri aragonensis, Quinqueloculina yeguaensis, Al-

abamina wilcoxensis, Cibicides martinezensis, Cibicides whi-

tei, and Nonion wilcoxensis (S. Downs, personal commu-
nication). The Penutian Stage, as used in emended sense

of Almgren et al. (1988) for shallow-marine strata, is

indicative of the middle lower Eocene and correlative to
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the molluscan "Capay Stage" (Squires et al., 1992). This

corresponds well with the average age of 53.1 (± 2.0) Ma
reported by Globerman et al. (1982) for basalts in the

Black Hills.

The same two microfossil samples studied for benthic

foraminifera were also processed for planktonic forami-

nifera and calcareous nannofossils, but none were found

(M. V. Filewicz & S. Downs, personal communication).

SYSTEMATIC PALEONTOLOGY

Class Gastropoda Cuvier, 1797

Subclass Prosobranchia Milne-Edwards, 1848

Order Vetigastropoda Salvini-Plawen, 1980

Family Scissurellidae Gray, 1847

Subfamily Scissurellinae Gray, 1847

Genus Scissurella d'Orbigny, 1824

Type species: Scissurella laevigata d'Orbigny, 1824, by

subsequent designation (Gray, 1847), Recent, Mediter-

ranean Sea.

Subgenus Scissurella sensu stricto

Scissurella (Scissurella) malloryi Squires & Goedert,

sp. nov.

(Figures 2-7)

Diagnosis: A Scissurella sensu stricto with a nearly flat

spire, sculpture beyond the first teleoconch whorl and pos-

terior to the selenizone comprised of about 28 axial ribs

and three to five spiral ribs, and sculpture on body whorl

anterior to the selenizone comprised of about 28 axial ribs

and 15 weaker spiral ribs.

Description: Shell minute, diameter up to 1 mm, thin and

fragile, consisting of slightly more than two post-proto-

conch whorls. Spire small, very slightly elevated (nearly

flat), rapidly expanding. Suture incised. Protoconch just

less than one whorl (about 70 microns in diameter), convex,

with about 10 weak axial riblets; set off" from post-pro-

toconch whorls by a prominent varix. Selenizone on upper

half of body whorl, starting after the first one-half whorl

of teleoconch. Selenizone on shoulder of body whorl, keel-

like and bordered by produced edges; slit long. Selenizone

regularly lined with prominent, widely spaced axial ribs.

First whorl of teleoconch with 17 axial ribs. Beyond first

teleoconch whorl and posterior to the selenizone, about 28

arcuately prosocline axial ribs and three to five, less prom-

inent spiral ribs. Body whorl anterior to selenizone with

about 28 axial ribs and 15 less prominent spiral riblets,

becoming closer spaced toward the umbilicus. Prominent

and deep, smooth spiral sulcus present just anterior to

selenizone. Base of body whorl rounded. Umbilicus open,

deep, funnel-shaped, semilunar, set off from base by spiral

cord; lined within by axial growth lines. Aperture circular.

Outer lip incised with slit. Columella smooth.

Dimensions of holotype: Height 1 mm, width 1 mm.

Holotype: LACMIP 11354.

Type locality: CSUN loc. 1563, Larch Mountain, Wash-
ington, 47°59'03"N, 123°8'2"W.

Paratypes: LACMIP 11355-11357, CSUN loc. 1563.

Discussion: Fifteen specimens were found, all about 1 mm
in height. Thirteen of the specimens were found at CSUN
loc. 1563; two were found at locality 1564.

The new species is most similar to the living species

Scissurella (S.) rota Yaron (1983:268-270, pi. 3; Herbert,

1986:622-623, figs. 25-27) from the Red Sea and Persian

Gulf to eastern Cape Province, southern Africa (Herbert,

1986). The new species differs by having stronger and

more (three to five rather than one to two) spiral ribs

posterior to the selenizone, more axial ribs (28 rather than

20) on the body whorl anterior to the selenizone, sculpture

that is not nodulose on the body whorl at the junction of

the axial and spiral ribs, and spiral ribs that do not become

coarser near the umbilicus.

The new species is also similar to S. (S.) costata d'Or-

bigny, 1824, from the Canary Islands, Bermuda, and the

Mediterranean Sea (Yaron, 1983). Wenz (1938:173, fig.

269) and Batten (1975:figs. 4, 11, 12) also illustrated this

species. The new species differs by having spiral ribbing,

much weaker axial ribbing, and a deep spiral sulcus an-

terior to the selenizone.

The new species resembles Scissurella parisiensis De-

shayes (1866:5, pi. 65, figs. 8-10; Cossmann & Pissarro,

1910-1913:pl. 2, fig. 12-2) from middle Eocene (Lutetian

Stage) rocks of the Paris Basin, France, but the new species

has a lower spire and a deep spiral sulcus just anterior to

the selenizone.

As discussed by Sohl (1992), current workers believe

that family Scissurellidae may have originated during the

Explanation of Figures 2 to 7

All specimens from CSUN loc. 1563, and all figures = SEM micrographs. Figures 2-7. Scissurella (Scissurella) malloryi Squires &
Goedert, sp. nov. Figures 2-3. Holotype LACMIP 1 1354. Figure 2. Apertural view, x60, height 1.1 mm. Figure 3. Apical view, x 60,

maximum diameter 1.45 mm. Figure 4. Paratype LACMIP 11355, abapertural view, x60, height 1 mm. Figure 5. Paratype LACMIP
11356, umbilical view; x60, maximum diameter 1.46 mm. Figures 6-7. Paratype LACMIP 11357. Figure 6. Oblique apical view,

x60, maximum diameter 1.2 mm. Figure 7. Apical view of protoconch shown in Figure 6, x200, maximum length 0.475 mm.
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Triassic. Only a single Cretaceous species is known, Scis-

surella marchmontensis Sohl, 1992 from deposits of Late

Cretaceous age (Maastrichtian Stage) in Puerto Rico and

Jamaica (Sohl, 1992). Sohl's species is similar to Scissurella

sensu stricto, a taxon that is characterized (McLean, 1967)

by a flattened spire, with the selenizone on the upper half

of the whorl. The genus is placed in subfamily Scissurel-

linae because it has a protoconch with distinct axial ribs

(Marshall, 1993). The new species has the characteristics

of Scissurella sensu stricto and, to our knowledge, is the

earliest representative of Scissurella sensu stricto anywhere.

The new species is the first record of Scissurella sensu stricto

from the Pacific coast of North America. Today, only four

cool- to cold-water species of Scissurella (Anatoma) are

found in northeastern Pacific (McLean, 1967).

Etymology: The new species is named for V. Standish

Mallory for his important contributions to the study of

Pacific coast of North America benthic foraminiferal bio-

stratigraphy.

Family FiSSURELLIDAE Fleming, 1822

Genus Puncturella Lowe, 1827

Type species: Patella noachina Linnaeus, 1758, by original

designation.

Subgenus Altnx Palmer, 1942

Type species: Fissurella altior Meyer & Aldrich, 1886, by

original designation, Eocene, Alabama.

Puncturella {Altnx) pacifica Squires & Goedert sp. nov.

(Figures 8-9)

Diagnosis: A conical Puncturella {Altnx) with a nearly

circular apical perforation and 28 radial ribs crossed by

equally strong concentric ribs.

Description: Shell small, up to 2.8 mm height, conical,

slightly longer than high. Apex punctate, at summit and

slightly forward of center of shell. Apical perforation near-

ly circular, with four, very minute constrictions. Posterior

slope broadly convex, anterior slope very slightly concave

and almost straight in profile. Sculpture of 28 strong, raised

radial ribs approximately same width as interspaces. Con-

centric sculpture of equally strong raised ribs. Intersection

of two sculpture components producing a rectangularly

cancellate pattern. Aperture broadly circular.

Dimensions of holotype: Length 3 mm, width 3 mm,
height 2.8.

Holotype: LACMIP 11358.

Type locality: CSUN loc. 1563, Larch Mountain, Wash-
ington, 47°59'03"N, 123°8'12"W.

Discussion: Only two specimens were found, both from

CSUN loc. 1563. The holotype is moderately well pre-

served, but the other specimen is poorly preserved. The
nomenclatural history of the name Altnx is discussed by

Sohl (1992).

The new species is most similar to Puncturella {Altnx)

leesi Sohl (1992:420, figs. 6.1-6.7), the earliest known
species of this genus and known from Upper Cretaceous

(Maastrichtian Stage) rocks of Puerto Rico. The new spe-

cies differs in the following features: smaller shell, more

conical shape, 28 rather than 16-17 radial ribs, and finer

radial ribs.

The new species is similar to the type species of Altrix,

Puncturella {Altnx) altior (Meyer & Aldrich, 1886:41, pi.

1, figs. 16a-16c; Palmer, 1937:30-31, pi. 3, figs. 1, 3, 6,

8) from middle Eocene rocks in Alabama. The new species

differs in the following features: smaller, a more centrally

located apex, perforation at summit, sculpture not as strong

and there is no tendency for it to become nodular or scaly,

and the radial ribs show much less tendency to alternate

with any secondary radial ribs.

The geologic range of Altrix is Late Cretaceous to Re-

cent, and only a few species are known (Sohl, 1992). The
new species is the first record of the subgenus Altnx from

the Pacific coast of North America.

Etymology: The new species is named for the Pacific

Ocean.

Explanation of Figures 8-21

All specimens from CSUN loc. 1563, and SEM micrographs = Figures 17, 20, 21. Other figures done by the senior author. All non-

SEM specimens coated with ammonium chloride. Figures 8-9. Puncturella {Altnx) pacifica Squires & Goedert, sp. nov., holotype

LACMIP 11358. Figure 8. Left-lateral view, x8.6, height 2.8 mm. Figure 9. Apical view, xll, length 3 mm. Figures 10-17. Arene

olympiata Squires & Goedert, sp. nov. Figures 10-12. Holotype LACMIP 11359, x4.9. Figure 10. Apertural view, some shell missing,

x4.9, height 5.7 mm. Figure 11. Abapertural view, x4.5, height 5.7 mm. Figure 12. Umbilical view, x4.5, maximum diameter 7.5

mm. Figure 13. Paratype LACMIP 11360, abapertural view, x2.9, height 8.5 mm. Figures 14-16. Paratype LACMIP 11361, xll.

Figure 14. Apertural view, height 2 mm. Figure 15. Abapertural view, height 2 mm. Figure 16. Umbilical view, maximum diameter

3.1 mm. Figure 17. Paratype LACMIP 11362, apical view, x60, maximum diameter 1.5 mm. Figures 18-21. Conomitra capitolina

Squires & Goedert, sp. nov. Figures 18-19. Holotype LACMIP 11363, x6.5, height 6.8 mm. Figure 18. Apertural view. Figure 19.

Abapertural view. Figures 20-21. Paratype LACMIP 11364, x40. Figure 20. Apical view, maximum diameter 1.4 mm. Figure 21.

Apertural view, height 2.6 mm.
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Family Turbinidae Rafinesque, 1815

Subfamily LiOTllNAE Adams & Adams, 1854

Genus Arene Adams & Adams, 1854

Type species: Turbo cruentatus Megerle von Miihlfeld,

1829, by subsequent designation (Woodring, 1928), Re-

cent, West Indies.

Arene olympiata Squires & Goedert, sp. nov.

(Figures 10-17)

Diagnosis: An Arene having a bicostate juvenile body whorl

with the anteriormost carina keel-like, and a noded, tri-

costate adult body whorl; base of body whorl with about

10 spiral ribs, anteriormost ones stronger and noded.

Description: Shell small, conical-turbiniform, of five an-

gulate whorls with tabulate shoulders. Spire moderately

elevated. Protoconch, of about two whorls, very low, cov-

ered with very closely spaced growth lines. Keel on pe-

riphery of spire whorls beginning after 1 Vi whorls. Noded

spiral ribbing on ramp area of spire whorls beginning after

two whorls, with rib nearest the suture the first developed.

Spire whorls with four beaded spiral ribs (two on the ramp,

one on the periphery, and one anterior to the periphery).

Spiral rib on tabulate shoulder the strongest, forming a

carina. On specimens less than 5 mm height, body-whorl

ramp area with two, equal-sized and noded spiral ribs

(interspaces with or without a spiral riblet) and three

carinae on the periphery. Anteriormost carina on periph-

ery forming a keel; the other two carinae weaker and

noded, with the posteriormost one strongest. On specimens

greater than 5 mm height, the three carinae on the pe-

riphery approaching each other in strength, all having

nodes. Interspaces between carinae with one to two spiral

riblets. Anteriormost keeled carina strongly delimiting

boundary of base of body whorl. Base moderately convex,

covered with about 10 spiral ribs that become stronger and

more noded toward the umbilicus. Umbilicus deep, bor-

dered by strongly noded spiral funicular cord. Peristome

circular. Inner lip narrow and crenulate. Outer lip mod-

erately thick. Growth lines prosocline.

Dimensions of holotype: Height 5.7 mm, width 7.3 mm.

Holotype: LACMIP 11359.

Type locality: CSUN loc. 1563, Larch Mountain, Wash-
ington, 47°59'03"N, 123°8'12"W.

Paratypes: LACMIP 11360-11362, CSUN loc. 1563.

Discussion: Forty-four specimens were found, all from

CSUN loc. 1563. Preservation is generally good, although

about one-half of the specimens are fragments. There is a

growth series, with specimens ranging in height from 0.25

to 12.5 mm. The largest specimen is abraded.

The progressive change on the periphery from three

unequal-strength carinae in the juvenile to three equal-

strength carinae in the adult is important to note for any

future identifications of this species. If it were not for the

presence of a growth series of the new species at the type

locality, it is likely that two species would have been rec-

ognized.

The new species is similar to Arene mcleani Squires

(1988:9-10, figs. 9-11), the only other species of Arene

from Paleogene rocks of the Pacific coast of North America.

Arene mcleani is from "Capay Stage" strata in Lockwood
Valley and the Orocopia Mountains, southern California,

and from "Capay Stage" strata in Baja California Sur,

Mexico (Squires, 1988, 1991; Squires & Demetrion, 1992).

The new species differs in the following features: always

two spiral ribs on ramp area, three spiral carinae on pe-

riphery of the body whorl, carinae thinner and not as

strongly noded, carinae interspaces can have a single spiral

riblet, anteriormost carina on periphery keel-strength in

juveniles and somewhat keel-like in early adults, base more

convex and with many more spiral ribs (10 rather than

three) that are weaker and less noded.

Etymology: The species is named for the city of Olympia,

Washington, which is near the type locality of the new
species.

Order Caenogastropoda Cox, 1960

Family VoLUTOMlTRlDAE Gray, 1854

Genus Conomitra Conrad, 1865

Type species: Mitra Jusoides Lea, 1833, by subsequent

designation (Fischer, 1884), middle Eocene, Alabama.

Conomitra capitolina Squires & Goedert, sp. nov.

(Figures 18-21)

Diagnosis: A Conomitra with 23 axial ribs on body whorl,

subangulate shoulder, weak spiral ribs on teleoconch, and

four teeth on inner lip.

Description: Shell small, fusiform. Protoconch conical,

multispiral, of about three whorls, smooth. Teleoconch of

about five whorls. Suture deeply incised. Spire elevated

with numerous axial ribs, extending from suture to suture.

Shoulder subangulate on all teleoconch whorls. Body whorl

with 23 axial ribs, becoming much weaker to obsolete on

neck. Teleoconch with spiral striae, not noded where they

cross axial ribs. Spiral striae most prominent on neck and

siphonal fasciole. Aperture elongate, narrow. Anterior si-

phonal canal short. Inner lip with four teeth, extending

deep into aperture; anteriormost tooth weakest.

Dimensions of holotype: Height 6.8 mm, width 3.5 mm.

Holotype: LACMIP 11363.

Paratype: LACMIP 11364.

Type locality: CSUN loc. 1563, Larch Mountain, Wash-

ington, 47°59'03"N, 123''8'12"W.
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Discussion: Eight specimens were found; they range in

height from 4 to 6.8 mm. Seven of the specimens are from

CSUN loc. 1563; one is from CSUN loc. 1564.

The new species resembles certain specimens of Con-

omitra fusoides (Lea, 1833:169, pi. 6, fig. 176) from the

middle Eocene Gosport Sand in Alabama. Conomitra fu-

soides has considerable variation, and the specimens that

resemble the new species are illustrated in Palmer (1937:

pi. 66, figs. 24, 26). The new species differs in the following

features: shell less tumid, neck more constricted, and axial

ribs less prominent on neck of body whorl.

The new species also resembles LACMIP collection

specimens of Conomitra granijormis (Lamarck, 1803:59-

60; Cossmann & Pissarro, 1910-1913:pl. 42, fig. 202 bis

3) from middle Eocene (Lutetian Stage) rocks of the Paris

Basin, France. The new species differs in the following

features: axial ribs stronger except on the neck and si-

phonal fasicole and axial ribs not noded anteriorly near

the suture.

The only other species of Conomitra from the Pacific

coast of North America is Conomitra washingtoniana

(Weaver, 1912:52-53, pi. 2, fig. 16; 1942:497-498, pi. 95,

figs. 8, 9, 16; Dickerson, 1915:pl. 11, figs. 11a, lib) from

the upper middle Eocene Cowlitz Formation, southwest-

ern Washington. Turner (1938) reported that Weaver's

species may also be in the upper "Umpqua Formation"

of southwestern Oregon. Cernohorsky (1970) assigned

Weaver's species to genus Conomitra. The new species

differs from C washingtoniana in the following features: a

slightly narrower shell, well-developed axial ribbing rather

than a nearly smooth shell with microscopic spiral lines

and faint axial ribs on the shoulder, and a subangulate

shoulder.

Conomitra ranges from the Paleocene to the Pliocene

(Wenz, 1943). Although the genus has been found in the

Old World, it was most common in Paleocene to upper

Eocene rocks of the Gulf Coast (Palmer, 1937; Palmer &
Brann, 1965-1966).

Etymology: The species is named in reference to the prox-

imity of the type locality to both Capitol Peak, in the

Capitol Forest, and to the capitol of Washington State.

Subclass Heterobranchia Gray, 1840

Order Heterostropha Fischer, 1885

Family Orbitestellidae Iredale, 1917

Genus Orbitestella Iredale, 1917

Type species: Cyclostrema bastowi Gatliff, 1906, by mono-

typy, Recent, Victoria, southeast Australia.

Orbitestella palaiopacifica Squires & Goedert, sp. nov.

(Figures 22-26)

Diagnosis: An Orbitestella with an upper whorl surface

crossed by narrow axial ribs, a keel-like carina on the

shoulder, axial ribs in the interspace between the carina

on the basal margin and the carina on the edge of the

umbilicus, and a wide but deep umbilicus showing over-

lapping whorls in its interior.

Description: Shell minute, discoidal, with a flat spire and
a sunken apex. Protoconch about I'/z whorls, apparently

smooth. Teleoconch 2 to 2'/2 whorls with a hump (ridgelike

swollen area) in middle of whorl on first teleoconch whorl

but near the deep suture on subsequent whorls. Teleoconch

whorls crossed with about 70 axial ribs, tending to become
obsolete near outer lip. A well-developed keel-like carina

on the shoulder just anterior of the hump; keel-like carina

beginning at about 2y4 whorl, very wide for one-half of

whorl, then narrower. Another carina on the basal margin.

Area between these two carinae smooth and sloping in-

ward. A third carina on the prominent edge of the um-
bilicus. Interspace between carina on the basal margin and
carina on the edge of the umbilicus concave with numerous
axial ribs. Umbilicus wide and deep. Interior of umbilicus

showing overlapping whorls. Area between carina on edge

of umbilicus and the suture smooth and steep. Aperture

quadratelike with sinuations corresponding to the hump,
to the keeplike carina, and to the carina on the basal

margin.

Dimensions of holotype: Height 0.30 mm, diameter 0.53

mm.

Holotype: LACMIP 11365.

Type locality: CSUN loc. 1563, Larch Mountain, Wash-
ington, 47°59'03"N, 123°8'12"W.

Paratypes: LACMIP 11366-11367.

Discussion: Fourteen specimens were found, all about 0.3

mm in height. Ten of the specimens were found at CSUN
loc. 1563; two were found at locality 1564.

The new species is most similar to Orbitestella plicatella

(Cossmann, 1888:225, pi. 11, figs. 43-45; Cossmann &
Pissarro, 1910-1913:pl. 6, fig. 105-2; Gougerot & Le Ren-
ard, 1977:14-15, fig. 16; Dolin et al., 1980:pl. 3, figs. 34a,

34b) from middle Eocene through lower Oligocene (middle

Lutetian through lower Stampien) strata in the Paris Ba-

sin, France (Gougerot & Le Renard, 1977). Lozouet &
Maestrati (1982) gave a synonymy of this species. Al-

though the new species and 0. plicatella have essentially

identical basal faces, the new species differs in the following

features: many more and stronger axial ribs, axial ribbing

on dorsal side stronger, suture deeper, and hump on dorsal

surface of whorl located closer to the suture.

The new species is also similar to the only other de-

scribed Eocene species of Orbitestella, which is O planibasis

(Gougerot & Le Renard, 1977:14-15, figs. 15a-15c) from

middle Eocene through upper middle Eocene (middle

Lutetian through lower Bartonian) strata in the Paris

Basin, France. The new species differs in the following

features: axial ribs narrower and not knoblike, a more
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Explanation of Figures 22-26

All specimens from CSUN loc. 1563, and all figures = SEM micrographs. Figures 22-26. Orbitestella palaiopacifica Squires & Goedert,

sp. nov. Figures 22-23. Holotype LACMIP 11365. Figure 22. Apical view, x60, maximum diameter 0.82 mm. Figure 23. Close-up

of apex, box on Figure 22 shows area of coverage x 240, maximum length 0.38 mm. Figures 24-25. Paratype LACMIP 1 1 366. Figure

24. Umbilical view, x60, maximum diameter 0.65 mm. Figure 25. Close-up of umbilicus, box on Figure 24 shows area of coverage,

x240, maximum length 3.8 mm. Figure 26. Paratype LACMIP 11367, apertural view, x90, diameter 1.2mm.

prominent keel, and a sloping smooth area in the umbilicus

just anterior to suture rather than a vertical area.

The new species is also similar to Orbitestella diegensis

(Bartsch, 1907:172-173, figs. 7a-c), which is the only spe-

cies of Orbitestella living along the Pacific coast of North

America. It is found from Monterey Bay, central Califor-

nia, to northern Baja California, and is common in coarse

sand near kelp (McLean, 1978). The new species differs

in the following features: the hump on the dorsal surface

is lower, the keel is weaker and not noded, there are no

spiral ribs between the keel and the basal margin, the

border along the umbilicus is stronger, and fewer and

coarser spiral ribs are present on the base.

The new species superficially resembles certain Creta-

ceous species of genus Neamphitomaria Bandel, 1988, that

Bandel (1988) assigned to family Omalogyridae. Although

Neamphitomaria stantoni (Sohl, 1960:67, pi. 6, figs. 29, 39,

43, 44; Dockery, 1993:92, pi. 35, figs. 1-3) and N. plan-

ospira Dockery (1993:93, pi. 35, figs. 4-8), both from

Upper Cretaceous (Campanian Stage) strata in Missis-
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sippi, superficially resemble the new species, the new spe-

cies differs by having a smooth protoconch, overlapping

whorls within the umbilicus, a carina bordering the um-

bilicus, and fewer, much more widely spaced axial ribs.

The geologic range of genus Neamphitomaria is Late

Cretaceous (Campanian Stage) to Eocene (Dockery, 1993).

Bandel (1988) placed only one Eocene species, Neamphi-

tomaria rotella (Lea, 1833:123, pi. 4, fig. 112; Palmer, 1937:

176, pi. 21, figs. 8, 13; Bandel, 1988:pl. 3, fig. 5; pi. 4,

figs. 7, 8, text fig. 3) from the middle Eocene Gosport

Sand, Alabama, in his genus. The new species differs from

Neamphitomaria rotella in the following features: there is

a hump on the dorsal surface, there are axial ribs, and the

umbilicus is deeper.

The Orbitestellidae are minute, mainly southern hemi-

sphere gastropods. Most species live beneath rocks and

among coralline algae in the low intertidal zone (Ponder,

1990). The familial taxonomic position of the orbitestellids

was unclear until anatomical work by Ponder (1990)

showed them to be primitive heterobranchs, even though

their protoconchs are not heterotrophic. Orbitestellids may
have originated during the Middle Jurassic in New Zea-

land, and undescribed species are known from Eocene and

Miocene rocks in southern Australia (Ponder, 1990; Beu

& Maxwell, 1990).

The genus Orbitestella ranges with certainty from the

middle early Eocene to Recent. The only described Eocene

and Oligocene species are reported from the Paris Basin,

France (Cossmann, 1888; Gougerot & Le Renard, 1977;

Lozouet & Maestrati, 1982) and from Washington (here-

in). The Washington occurrence is the earliest record of

Orbitestella anywhere and is the first fossil record of this

genus from the Pacific coast of North America.

Etymology: The new species is named for the ancient

Pacific Ocean, and the name is derived from palaios, Greek,

meaning ancient.

Family Omalogyridae Sars, 1878

Genus Ammonicera Vayssiere, 1893

Type species: Homalogyra fischeriana Monterosato, 1869,

by monotypy. Recent, Atlantic Ocean.

Ammonicera benhami Squires & Goedert, sp. nov.

(Figures 27-32)

Diagnosis: An Ammonicera whose protoconch has a spiral

cord and whose teleoconch has broad axial tubercules.

Description: Shell minute, planispiral. Protoconch ^/^

whorl, with a low hump. Sutural area of protoconch bear-

ing a spiral cord, bordered by a narrow groove on its inside.

Suture deeply incised. Teleoconch almost two whorls with

identical sculpture on both sides of whorls. Sculpture of

about 27 axial ribs, nodelike and medially located for the

first one-half whorl, flattened and extending as broad tu-

bercles across the whorl for remaining whorls. Nine tu-

bercles on first whorl of teleoconch. Upper and lower pe-

riphery of body whorl showing a spiral cord, interspace

smooth and vertical on early part of teleoconch but bulging

on latter part. Aperture quadrate, continuous.

Dimensions of holotype: Height 0.20 mm, diameter 0.59

mm.

Holotype: LACMIP 11368.

Type locality: CSUN loc. 1563, Larch Mountain, Wash-
ington, 47°59'03"N, 123°8'12°W.

Paratypes: LACMIP 11369-11371.

Discussion: Seven specimens were found, all are from

CSUN loc. 1563. They range from 0.4 to 0.59 mm in

diameter.

Due to the small size of the species of the family Oma-
logyridae, there have not been many systematic studies of

living species, and the fossil record of this family is very

poorly known. In recent years, the genera Ammonicera

Vayssiere, 1893, and Omalogyra Jeffreys, 1860, have been

the most recognized by workers. There has not been con-

sistency, however, in their usage, with some species as-

signed to one genus for awhile and then assigned to the

other one. The work of Sleurs (1984) and Rolan (1992)

has helped to refine the current thinking on diagnostic

characters of each genus. Ammonicera has a groove on the

protoconch, and the teleoconch has strong axial ribs (Sleurs,

1984). Omalogyra has a smooth protoconch or one covered

with small tubercles, and the teleoconch is smooth but with

a few undulated axial ribs more evident near the suture

(Rolan, 1992). The new species is placed in genus Am-
monicera because the protoconch has a shallow groove and

the teleoconch has well-developed axial ribs.

The sculpture of the teleoconch of the new species is

most similar to Ammonicera sculpturata Rolan (1992:40,

figs. 9, 12, 14), which lives in the waters surrounding Cuba.

The new species differs by not having three spiral cords

on the protoconch and by not having any undulated spiral

striae between the periphery and the row of axial tubercles

on the teleoconch.

The new species is one of the two earliest known, named
species of Ammonicera. The other species is Ammonicera

rota (Forbes & Hanley, 1850:160, pi. 73, fig. 10; pi. 88,

figs. 1, 2; Fretter & Graham, 1978:223-224, fig. 187) that

ranges in age from the middle Eocene (Lutetian Stage) in

the Paris Basin, France, to the Recent in Norway and the

Mediterranean (Fretter & Graham, 1978; Lozouet &
Maestrati, 1982; Sleurs, 1984). It lives among seaweeds,

in rock pools, and also on sandy bottoms in depths of up

to 25 m (Fretter & Graham, 1978). Fretter & Graham
(1978) included only Recent taxa in their synonymy of .^4.

rota. The new species differs from A. rota in the following

features: fewer axial ribs and more widely spaced, axial

ribs on the first one-half of the teleoconch nodelike rather

than narrow and long, and axial ribs on the remaining
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Explanation of Figures 27 to 32

All specimens from CSUN loc. 1563, and all figures = SEM micrographs. Figures 27-32. Ammonicera benhami Squires & Goedert,

sp. nov. Figure 27. Holotype LACMIP 11368, apical view, xl50, maximum diameter 0.55 mm. Figures 28-29. Paratype LACMIP
11369. Figure 28. Apical view, x60, maximum diameter 0.59 mm. Figure 29. Close-up of apex, box on Figure 28 shows area of

coverage, x240, maximum length 0.36 mm. Figure 30. Paratype LACMIP 11370, apertural view, xlOO, diameter 0.4 mm. Figures

31-32. Paratype LACMIP 11371. Figure 31. Umbilical view, xlSO, maximum diameter 0.55 mm. Figure 32. Close-up of umbilicus

shown in Figure 31, x240, maximum length 0.38 mm.

part of the teleoconch broad and flattened rather than

narrow.

Lozouet & Maestrati (1982) included a fossil species in

their synonymy of A. rota. They reported that Homalogyra

eocaenica Allix (1923:19-20, pi. 1, figs. 4, 4a-c) from mid-

dle Eocene (Lutetian Stage) rocks of the Paris Basin, France

is conspecific with A. rota. Gougerot & Le Renard (1977),

furthermore, reported that H. eocaenica Allix is also con-

specific with Homalogyra praecursor Gougerot (1965:296-

297, pi. 5, fig. 1) from middle Eocene (Lutetian Stage)

rocks of the Paris Basin, France. Another species, Hom-
alogyra cavelieri Gougerot (1968:222-223, pi. 1, fig. 7) from
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upper middle Eocene (lower Bartonian Stage) rocks of the

Paris Basin, France, was regarded by Dolin et al. (1980)

to be a subspecies of H. eocaenica Allix. The new species

differs from H. eocaenica cavelieri by having wider and

more elongate ribs and by not having a smooth body whorl.

Bandel (1988:pl. 1, fig. 7; pi. 3, fig. 6) illustrated an

Ammonicera sp. from middle Eocene (Lutetian Stage) rocks

of the Paris, France area. The new species differs in the

following features: shoulder area nearly vertical rather

than broadly rounded, axial ribs noded to broadly elliptical

rather than narrow, and fewer axial ribs.

The shells of Ammonicera, as well as of Omalogyra,

resemble minute ammonites in that each side is a mirror

image of the other. The ammonite shape reflects how the

shell is carried; namely, with the aperture directed for-

ward, rather than being carried (as in most gastropods)

with the under surface resting on the foot. Thus, the entire

animal appears to be bilaterally symmetrical when crawl-

ing (Moore, 1971).

Few fossil or modern-day species of Ammonicera are

known. They have been inadequately studied because of

their small size. Only five modern-day species of Ammo-
nicera are known from the Indo-Pacific region where they

are found associated with coral rubble, covered by Hali-

meda algae, in depths of 1 to 7 m (Sleurs, 1985a, b). About

the same number of modern-day species of Ammonicera

are known from Cuba where they are usually found in

depths of 2 to 5 m and no deeper than 20 m (Rolan, 1992).

Rios (1985) reported a single species oi Ammonicera living

from Labrador to Florida and in Brazil. As mentioned

above, Ammonicera rota is found along the North Atlantic

coast off of Europe and also in the Mediterranean.

The geologic range of genus Ammonicera is middle early

Eocene to Recent, and A. benhami is the earliest record of

this genus. The new species is the first record of genus

Ammonicera from the Pacific coast of North America.

Etymology: The new species is named for geologist Steven

R. Benham (Pacific Lutheran University, Tacoma, Wash-
ington).
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CSUN 1563. At elevation of 2230 ft. (680 m), exposed in

roadcut on NE side of logging road, latitude 47°59'03"N,

longitude 123°8'12"W, 300 m N and 50 m E of SW
corner of section 1, T. 17 N, R. 4 W, and 500 m S32
E of Larch Mountain, U.S. Geological Survey, 7.5-

minute, Capitol Peak Quadrangle, provisional edition

1986, Black Hills, Thurston County, Washington. Up-
per part of the Crescent Formation. Age: Middle early

Eocene ("Capay Stage"). Collectors: J. L. & G. H.
Goedert, July, 1992.

CSUN 1564. At elevation of 1738 feet (530 m), on N side

of logging road, 800 m N and 50 m W of SE corner of

section 25, T. 18 N, R. 3 W, and 950 m N25 W of

Rock Candy Mountain, U.S. Geological Survey, 7.5-

minute Summit Lake Quadrangle, 1981, Black Hills,

Thurston County, Washington. Upper part of the Cres-

cent Formation. Age: Middle early Eocene ("Capay
Stage"). Collectors: J. L. & G. H. Goedert, August,

1992.
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Abstract. We observed spawning and larval development of Lottia digitalis in the San Juan Islands,

Washington, USA, during January 1995. Between 5000 and 8000 opaque greenish-brown eggs, each

about 200 /im in diameter, were released singly by each spawning female. Sperm was extruded as a

continuous pasty white "stringlike" stream that did not dissipate immediately upon release. Developing

embryos exhibited spiral cleavage and became swimming trochophores 24 hours after fertilization, and

larvae attained the pre-torsional veliger stage within 3 days of fertilization. We found that at least part

of the San Juan Island population of L. digitalis is capable of spawning during winter. Our observations

also showed that the egg size, spawning, and pattern of L. digitalis larval development are similar to

those of other pattelogastropods.

INTRODUCTION

The ribbed limpet, Lottia digitalis (Rathke, 1833) is a

common member of rocky intertidal communities along

the west coast of North America. Though some aspects of

its biology are fairly well known, published information

about the reproductive biology of L. digitalis is limited to

Fritchmann's (1961) findings that this limpet spawns along

the California coast during winter, spring, and summer
months when water temperatures exceed 10°C; Breen's

(1972) paper stating that recruitment occurs on Vancouver

Island in the spring and fall; and Kessel's (1962) work on

L. digitalis oocyte differentiation.

In this paper, we describe the spawning behavior, eggs,

and pattern and timing of larval development for Lottia

digitalis, based on observations made during January 1995

at the Friday Harbor Laboratories, San Juan Island,

Washington, USA. Results of our study show that L. dig-

italis can spawn (in the laboratory) during the winter in

the San Juan Islands, Washington, and that egg size and

the pattern and timing of L. digitalis development are sim-

ilar to those of other pattelogastropods.

MATERIALS and METHODS
Lottia digitalis (n = 140) were held in a running seawater

table at the Friday Harbor Laboratories to conduct a short-

term behavioral study. During the course of that work,

some of the specimens spawned. We then decided to de-

scribe the spawning, eggs, and larval development of this

common limpet.

The first observed spawning event occurred on 13 Jan-

uary 1995, about 2 days after limpets were placed in the

seawater table. Other individuals also spawned in the sea-

water table between 13 January and 17 January. Ambient

conditions in the laboratory included a lightidark regime

of at least 16 h light to 8 h of darkness. At the same time,

field conditions had a light:dark regime of about 8 h light

to 16 h darkness, and full moon low tides of —0.06 m to

— 0.22 m MLLW (mean lower low water).

Spawning limpets were rinsed and placed in beakers of

filtered seawater where gamete release usually continued.

We measured the maximum shell aperture diameters of

some of the spawning limpets.

Eggs were collected via pipette from the bottom of the

seawater table or beaker holding a spawning female. Eggs

were stored in filtered seawater, one beaker per spawn.

We counted the total number of eggs released by each of

four females that spawned during our study. Egg diameters

were measured with an ocular micrometer.

Sperm was collected from males that spawned in the

seawater table. A drop of sperm was diluted with 100 mL
filtered seawater. We used the sperm solution to fertilize

previously collected eggs.

Spawning limpets, gametes, fertilized eggs, and batches

of developing embryos and larvae were all maintained at

9°C, ambient water temperature in our seawater table, by

placing them in beakers that were partially submerged in

the seawater table. We changed each culture's water every

2 hours for the first day, and once a day thereafter.

Developmental stages of embryos and larvae were de-
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Table 1

Timing of Lottia digitalis development.

Figure 1

Developmental stages of Lotlia digitalis. (A) Fertilized egg: fm-

fertilization membrane. (B) 8-cell stage showing spiral cleavage.

(C) Trochophore larva: a, apical tuft of cilia; tr, trochal band of

cilia. (D) Pre-torsional veliger larva: f, foot; rm, retractor muscles;

s, larval shell; v, velum; vm, visceral mass.

scribed by bright field microscopy every hour for the first

day and periodically thereafter. In addition, we observed

vitally stained (with nile red) eight-cell and morula stages

via epifluorescence microscopy to confirm the cleavage pat-

tern of Lottia digitalis embryos.

RESULTS

Nine female and seven male Lottia digitalis spawned in a

seawater table at the Friday Harbor Laboratories between

13 and 17 January 1995. The first observed spawning was

by a female on 1 3 January. In the afternoon of 1 4 January,

a male spawned.

Both female and male Lottia digitalis exhibited mush-

rooming—raising the shell off the substrate—in conjunc-

tion with gamete release. During female spawning, eggs

fell from under the anterior region of the shell. Eggs fell

singly to the bottom of the seawater table or beaker; eggs

were not connected to each other by a mucous string, nor

did they form an egg mass. Sperm was released from the

anterior right side of male limpets. It was extruded as a

pasty white stringlike stream, about 5 mm in diameter and

about 5 cm in length. The sperm did not appear to disperse

immediately.

The smallest measured spawning female was 1.4 cm
(maximum shell aperture diameter), and the largest was
1.8 cm (x = 1.62 cm; SD = 0.16 cm; n = 5 measured
limpets). The smallest measured spawning male was 1.0

Elapsed time Developmental stage

Ohrs Introduction of sperm
0-0.5 hrs Fertilization membrane
1-1.5 hrs First cleavage

2-3 hrs Second cleavage

3-4 hrs Third cleavage

14 hrs Ciliated blastula/gastrula

24 hrs Trochophore

48-72 hrs Pre-torsional veliger*

* The only embryos in our study to develop to the veliger stage

were fertilized on 14 January 1995, but the timing of all other

developmental stages indicated in this table is based on a culture

fertilized on 16 January 1995.

cm, and the largest was 1.7 cm (x = 1.43 cm; SD = 0.26

cm; n = 6 measured limpets).

Individual females released between 5523 and 7782 eggs

per spawn (x = 6453; SD = 1069.5; n = 4 spawns in

which the number of eggs released were counted). Eggs

were spherical, opaque, and greenish-brown in color, with

a mean diameter of 197.5 jum ± 56.6 nm (±SD; n = 5\

eggs).

Zygotes were readily produced by mixing eggs and sperm.

The fertilization membrane lifted 29.1 jum ± 16.5 jum

(±SD; n = 6 zygotes) above the surface of a newly formed

zygote. The fertilization membrane was not always a uni-

form distance above all parts of a zygote, as shown by the

non-concentric location of the zygote with respect to its

fertilization membrane in Figure lA. The first two cleav-

ages were equal and meridional, and the third cleavage

was unequal and equatorial. Vitally stained 8-cell and

morula stage embryos examined via epifluorescence mi-

croscopy confirmed observations made by bright field mi-

croscopy, that embryonic development of L. digitalis pro-

ceeds by spiral cleavage (Figure IB). Subsequent embry-

onic and larval stages of development included morula,

ciliated blastula, trochophore, and pre-torsional veliger

stages (Figure IC, D).

Timing of Lottia digitalis larval development is shown

in Table 1 . Fertilization membranes were evident on eggs

within 30 minutes of the introduction of sperm. Cleavage

events occurred every 1-2 hours thereafter. Larvae became

swimming trochophores after 1 day, and pre-torsional ve-

ligers within 3 days. We were, unfortunately, unable to

determine the length of time larvae spend in the water

column, or to observe settlement and metamorphosis, be-

cause our time at the laboratories ended before larvae in

our cultures completed their development.

DISCUSSION

Lottia digitalis is known to recruit to intertidal communities

on Vancouver Island (just north and east of the San Juan
Islands) in the spring and fall. (Breen, 1972) and Nicotri
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(1974) reported that they can also recruit into communities

on San Juan Island during winter months. Our January

1995 observations of San Juan Island female and male L.

digitalis spawning support Nicotri's (1974) observations.

The most likely explanation for a winter spawn is that at

least some L. digitalis individuals were already reproduc-

tively ripe, as suggested by Fritchmann's (1961) findings

for California L. digitalis.

The duration of our study was, unfortunately, too short

to include a search for environmental signals that triggered

spawning among the limpets in our study. Some environ-

mental variables that bear investigation as possible triggers

for Lottia digitalis spawning include water temperature

(Fritchmann, 1961), shifts in photoperiod (Pearse et al.,

1986; Bay-Schmith & Pearse, 1987; Fong & Pearse, 1992),

lunar phases, tides, and localized high population densities

(Hyman, 1967). Although many stimuli could have in-

duced spawning, further research is needed to identify the

proximal triggering stimulus for spawning in L. digitalis.

The mean diameter of eggs released by Lottia digitalis

during our study was 197.5 nm, a size similar to eggs

produced by other patellogastropods (150 ^m-230 ^m di-

ameter; see Strathmann, 1987).

Sperm was released in a single pasty white, stringlike

stream that did not immediately disperse. Picken & Allan

(1983) described similar sperm release by Nacella concinna,

an Antarctic limpet. This type of sperm release may limit

sperm dispersal, and thereby benefit Lottia digitalis, be-

cause this limpet tends to have a clumped distribution

around cracks and depressions in rocks (unpublished data

collected by CLK and JRG; Millard, 1968). However,

realized benefits of this type of sperm release to L. digitalis

have yet to be investigated.

The pattern and timing of Lottia digitalis development

is similar to that of another common patellogastropod of

the San Juan Islands, Tectura scutum. Larvae of T. scutum

become trochophores after 20-30 h, and veligers in 40-

100 h (Strathmann, 1987); larvae of L. digitalis become

trochophores in 24 h, and pre-torsional veligers in 48-72

h (see Table 1).

In conclusion, spawning, eggs, and the timing and pat-

tern of development of Lottia digitalis are similar to those

of other patellogastropod species. Our results also show

that San Juan Island L. digitalis can spawn in the winter,

thereby supporting Nicotri's (1974) observations of L. dig-

italis recruitment into San Juan Island intertidal com-
munities during winter months.

ACKNOWLEDGMENTS
We thank Dr. Will Jaeckle for technical assistance with

epifluorescence microscopy, and Dr. David R. Lindberg

and an annonymous reviewer for helpful comments on the

manuscript. Dr. A.O.D. Willows provided laboratory space

at the Friday Harbor Laboratories, and FHL staff pro-

vided technical support.

LITERATURE CITED

Bay-Schmith, E. & J. S. Pearse. 1987, Effect of mixed day-

lengths on the photoperiodic regulation of gametogenesis in

the sea urchin Strongylocentrotus purpuratus. International

Journal of Invertebrate Reproduction and Development 11:

287-294.

Breen, p. a. 1972. Seasonal migration and population regu-

lation in the limpet Acmaea (Collisella) digitalis. The Veliger

15:133-141.

FoNG, P. P. & J. S. Pearse, 1992, Photoperiodic regulation

of parturition in the self-fertilizing viviparous polychaete

Neanthes limnicola from central California. Marine Biology

112:81-89,

Fritchmann, H,K,II, 1961, A study of the reproductive cycle

in California Acmaeidae (Gastropoda). Part III, The Veliger

4:41-47,

Hyman, L. H. 1967, The Invertebrates: Mollusca I. Volume
VI. McGraw-Hill Book Company: New York.

Kessel, R. G. 1962. Differentiation of Acmaea liz^jta/zj^ oocytes

with special reference to lipid endoplasmic reticulum an-

nulate lammellae-polyribosome relationships. Journal of

Morphology 171:225-243.

Millard, C. S, 1968, The clustering behavior of Acmaea dig-

italis. The Veliger 11 (Supplement):45-51,

NiCOTRl, M. E, 1974, Resource partitioning, grazing activities,

and influence on the microflora by intertidal limpets. Ph,D,
dissertation. University of Washington, 247 pp,

Pearse, J, S,, V, B. Pearse & K. K, Davis, 1986, Photope-

riodic regulation of gametogenesis and growth in the sea

urchin Strongylocentrotus purpuratus. Journal of Experimen-
tal Zoology 237:107-118.

Picken, G, B, & D, Allan, 1983. Unique spawning behavior

by the Antarctic limpet Nacella concinna. Journal of Exper-

imental Marine Biology and Ecology 71:283-288.

Strathmann, M, F, 1987. Reproduction and Development of

Marine Invertebrates of the Northern Pacific Coast. Uni-

versity of Washington Press: Seattle. 670 pp.



The Veliger 39(3):244-249 (July 1, 1996)

THE VELIGER
© CMS, Inc., 1996

Seasonal Changes in Size Structure and

Reproduction of the Minute Galeommatacean

Bivalve Lasaea undulata (Gould) within

Intertidal Mussel Beds

by

KEIJI IWASAKF

Department of Zoology, Faculty of Science, Kyoto University, Sakyo, Kyoto 606-01, Japan

Abstract. Seasonal changes in size structure and reproduction of Lasaea undulata (Gould) inhabiting

intertidal mussel beds were studied at Shirahama, Wakayama Prefecture, central Japan. At the study

site, two mytilids, Septtfer virgatus (Wiegmann) and Hormomya mutabilis (Gould), formed vertically

contiguous mussel beds. Abundance of L. undulata was much greater in the upper S. virgatus bed than

in the lower H. mutabilis bed throughout the year. No marked seasonal change in density was detected

either in the S. virgatus or the H. mutabilis beds. Percentage of brooding clams changed seasonally,

increasing in spring and summer, and decreasing in autumn and winter, with two peaks in March and

June. Recruits ofjuvenile clams were found abundantly in April, June-July, and September-November.

The monthly change in size structure suggests that the spring and summer cohorts grew quickly during

spring and summer, and many of them died after autumn reproduction, with others surviving until the

next spring or summer. An autumn cohort persisted until next summer with slow growth rate during

winter. Prodissoconch length of clams and number of juveniles (including eggs and embryos) within

parents indicated that this species brood their young as non-planktotrophic, crawl-away juveniles.

INTRODUCTION

The minute, galeommatacean bivalves of the genus Lasaea

Brown, 1827, have a cosmopolitan distribution (Keen, 1938;

Ponder, 1 97 1 ; O Foighil, 1 989) and inhabit crevices, empty

barnacle shells, tufts of lichens, and mussel beds of rocky

intertidal shores (Morton, 1954; Morton et al., 1957; Ken-

sler & Crisp, 1965; Ponder, 1971; Tsuchiya, 1979; Seed

& O'Connor, 1980; Ong Che & Morton, 1992; Lintas &
Seed, 1994; Iwasaki, 1995). Although classification has

not yet been settled (Ponder, 1971; O Foighil & Eernisse,

1988), their biology has been intensively studied because

their small size is of advantage in laboratory experiments

to inspect reproduction, ingestion, digestion, movement,

orientation, and desiccation resistance (Oldfield, 1955;

Morton, 1956a, b, 1960; Ballantine & Morton, 1956;

' Present address: Institute for Natural Science, Nara Uni-

versity, Misasagi-cho 1500, Nara 631, Japan.

Morton et al., 1957; Kensler, 1967; Crisp, et al., 1983; 6
Foighil, 1986; Crisp & Standen, 1988; Davenport & Beard,

1988; Tyler-Walters & Davenport, 1990). All species in-

vestigated to date have been considered simultaneously

hermaphroditic (summarized by McGrath & O Foighil,

1986 and Morton, 1992), and most of them, except L.

australis (Lamarck), brood their young until they are re-

leased as non-planktotrophic, crawl-away juveniles (sum-

marized by McGrath & Foighil, 1986; and afterwards,

Beauchamp, 1986; 6 Foighil, 1987, 1988, 1989; Morton

1992). Moreover, apomictic reproduction by L. rubra

(Montagu) was reported by Crisp et al. (1983), Crisp &
Standen (1988), and Tyler-Walters & Crisp (1989); and

parthenogenetic reproduction triggered by autosperm was

demonstrated in northeastern Pacific Lasaea clones by O
Foighil & Thiriot-Quievreux (1991). However, field stud-

ies on population structure of this genus have been rela-

tively much fewer than laboratory experiments presum-

ably because of their small size and patchy distribution

(Seed & O'Connor, 1980; McGrath & 6 Foighil, 1986).
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There have also been a few studies which elucidate re-

productive period quantitatively in natural populations

(Glynn, 1965; Roberts, 1984; Beauchamp, 1986; McGrath
& 6 Foighil, 1986; Morton, 1992), though a few workers

have given qualitative descriptions (Oldfield, 1955, 1961;

Booth, 1979; Seed & O'Connor, 1980).

In Japan, two species of this genus were formerly re-

ported (L. [originally Kellia] undulata by Gould, 1861; L.

nippomca by Keen, 1938), and currently the latter is be-

lieved to be a synonym of the former (Habe, 1960, 1977;

Kuroda & Habe, 1965). This species inhabits mussel beds

of Septifer virgatus (Wiegmann) and rock cracks in the

upper to mid intertidal zones (Tsuchiya, 1979; Mori et

al., 1985a, b; Iwasaki, 1995, in press). There has been,

however, no quantitative study concerning its reproduc-

tion. 6 Foighil (1989) reported recently that both direct

and indirect developing Lasaea were found in museum
collections sampled at six localities in Japan, the former

at all the localities, and the latter only at Kagoshima Pre-

fecture, southwest Japan. Morton (1992) argued from the

comparison of L. cf. nippomca collected in Hong Kong
that L. undulata in Japan might produce planktotrophic

larvae and be distinct from L. nippomca. The aim of this

paper is to examine seasonal changes in density, size struc-

ture, and proportion of brooding adults of L. undulata

within mussel beds of two mytilid bivalves S. virgatus and
Hormomya mutabilis (Gould). In comparison with L. cf.

nippomca in Hong Kong reported by Morton (1992), this

paper presents also the number of brooded juveniles within

parent clams.

MATERIALS and METHODS
The study site was a sandstone rocky reef on a moderately

wave-exposed shore near the Seto Marine Biological Lab-
oratory, Kyoto University, Wakayama Prefecture, central

Japan (33°42'N, 135°21'E). The rocky reef sloped gently

from the upper (80 cm above mean tide level) to subtidal

zones with approx. 5° inclination. Shore height is hereafter

expressed in cm preceded by + or — , which indicates

distance above or below mean tide level. Tidal range at

this site extends from +110 to —110 cm. The mussel

Septifer virgatus formed an extensive bed from the upper

to mid intertidal zone, and Hormomya mutabilis in the

lower intertidal zone. The two mussel beds were vertically

contiguous with a very narrow zone of overlap. A detailed

map of this study site and the zonal distribution of both

species and other sessile organisms are given in Iwasaki

(1994, as the site B).

Sampling was carried out at about the mid level of the

respective mussel beds (+ 35 cm for the S. virgatus bed,

— 35 cm for the H. mutabilis bed) monthly from April 1982

to April 1983. A 50 cm^ quadrat was haphazardly tossed

onto the mussel bed, and all invertebrate animals and

sediment accumulated within the bed were collected using

a small shovel and tweezers. Duplicate samples were taken

in each mussel bed. In the laboratory, mussels, Lasaea

200-

100-

A M
1982

JJASONDJF
Month 1983

Figure 1

Monthly changes in the density of Lasaea undulata collected at

the mid levels of the Septijer virgatus and Hormomya mutabilis

beds and in the percentage of brooding clams (> 1 . 5 mm in length)

within the S. virgatus bed.

undulata, other invertebrates, and the sediment were sep-

arated from one another, and all animals were counted.

Sediment was dried and weighed after sifting out small

shell pieces by a sieve with 1 mm mesh openings. All

animals were preserved in 5% seawater formalin. Shell

lengths of all L. undulata were measured down to 0.001

mm using micrometer under dissecting microscope at x 40-

60 magnification. When the clams had distinctive pro-

dissoconchs, their lengths were also measured. According

to 6 Foighil (1988, 1989), shape and length of prodisso-

conch reflect developmental modes: Lasaea species with

planktotrophic larvae have umbonate, smaller prodisso-

conchs (0.15-0.25 mm in length), which indicate the sizes

at metamorphosis, whereas those with crawl-away juve-

niles have non-umbonate, D-shaped larger prodissoconchs

(0.40-0.60 mm), which indicate the sizes at release from

parents. A frequency histogram of shell lengths for each

month was divided into distinctive cohorts, and mean shell

length for each cohort was calculated by Cassie's method

(1954).

Reproductive period was inspected by detecting the pres-

ence of parents brooding juvenile clams under a dissecting

microscope with transmitted light. Number of eggs, em-

bryos, and shelled juveniles brooded within adult clams

were also noted.

RESULTS

Changes in Density, Percentage of Brooding Clams,

and Size Structure

Density (100 cm~^) of Lasaea undulata at the mid level

of the Septifer virgatus bed ranged from 49 to 1 69 over the

study period, but no marked seasonal change was observed

(Figure 1). Density at the mid level of the Hormomya
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Figure 2

Monthly change in shell length structure of Lasaea undulata collected at the mid level of the Septifer virgatus bed.

n: number of individuals. Closed triangles indicate the mean shell lengths of cohorts recognized by Cassie's method

(1954).
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mutabilis bed was very low, from to 12, throughout the

year. In the 5. virgatus bed, only large clams over 1.5 mm
in length brooded their young (see Figures 4, 5). The
percentage of clams larger than 1 .5 mm that were brooding

exhibited a seasonal change with two peaks in June 1982

and March 1983 (Figure 1). From November 1982 to

February 1983, only one brooding clam was found. This

indicates that L. undulata had a restricted reproductive

period from spring to autumn in which two peaks of re-

productive activity were involved.

In April 1982, three distinctive cohorts were recognized

in size-frequency distribution (Figure 2). The largest co-

hort disappeared in June 1982, but identification of the

largest cohort by Cassie's method may be unreliable be-

cause this cohort is interpreted as having grown 0.8 mm
in 1 month until May 1982. A new cohort of the smallest

size appeared in June 1982. In August, there was only

one cohort, which was presumably composed of all three

cohorts recognized in the preceding month. The cohort

decreased toward October, and in November onward, it

incorporated with a new cohort appearing in September.

Mean shell length of this compound cohort increased slow-

ly toward March 1983. Juveniles smaller than 1 mm in

length were found abundantly in April, June, July, Sep-

tember, October, November 1982, and April 1983 (Figure

2), indicating that there were three peaks of juvenile re-

cruitment in a year. There were very few clams larger

than 3.0 mm throughout the year.

Mean prodissoconch length of clams collected in each

month ranged from 0.44 to 0.49 mm throughout the year,

and no marked seasonal change in the size was recognized.

The maximum prodissoconch length amounted to 0.762

mm in June 1982, while the minimum one was 0.272 mm
in January 1983.

Number and Size of Brooded Juveniles

Seventeen and 27 parents brooding their young were

collected from March to May and from June to October,

respectively (Figure 3). No veliger larvae were found with-

in the parents. Number of brooded juveniles (including

eggs, embryos, and shelled larvae) within a parent ranged

from one to 133 and increased with increasing parental

shell length for both periods (March-May: r = 0.752, df

= \S,P < 0.01; June-October: r = 0.828, df = 25, P <
0.01). No significant difference in the slope and elevation

of regression lines in Figure 3 was detected between the

two periods (ANOVA for slope: F(,,4o, = 1.45, P > 0.05,

ANCOVA for elevation: F,, ,„ = 0.03, P > 0.05), indi-

cating that no marked difference in brood size was found

between parents of similar sizes collected in the two re-

productive periods.

DISCUSSION

Seasonal Change in Reproductive Period

Reproductive seasons of Lasaea spp. are summarized by

McGrath & 6 Foighil (1986) and Morton (1992). Lasaea
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Figure 3

Number of brooded juveniles (including eggs and embryos) per

parent expressed as a function of parental shell length of Lasaea

undulata collected at the mid level of the Seplifer virgatus bed

from April 1982 to April 1983. Solid line: log(no. juveniles) =

0.893x - 0.868, r = 0.770, P < 0.001, broken line: log(no.

juveniles) = 0.620x - 0.326, r = 0,782, P < 0.001.

subviridis in the Pacific coast of USA and Canada (Glynn,

1965; Beauchamp, 1986), L. australis in Australia (Rob-

erts, 1984), and L. rubra hinemoa in New Zealand (Booth,

1979) brood their young all year round with one or two

peaks in spring and/or summer. Lasaea rubra in the United

Kingdom and L. cf. nipponica in Hong Kong have one or

two restricted reproductive periods, from late spring to

early autumn in the former, with juvenile recruitment

occurring during summer (June-August) (Oldfield, 1955,

1961; Seed & O'Connor, 1980; McGrath & 6 Foighil,

1986), and in May and from October to December in the

latter (Morton, 1 992). Morton (1992) showed for the latter

species that the number and size of brooded juveniles dif-

fered between two reproductive periods in a year. The
present study revealed that Lasaea undulata in central Ja-
pan also restricts its reproduction, from March to October,

with two activity peaks in March and June (Figure 1).

The number of brooded juveniles showed no variation

during the reproductive period (Figure 3). However, ju-

venile recruitment seemed to occur three times a year,

April, June-July, and September-November (Figure 2);

and there was no peak of reproductive activity correspond-

ing to the last recruitment peak (see Figure 1). This may
be ascribed to the small number of quadrats or sample

sizes in monthly samplings, which could not cover spatial

heterogeneity of distribution and population process in this

species.
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Crisp et al. (1983) reported that L. rubra reared in the

laboratory at 16°C released juveniles and died after 40 and

65 weeks, respectively, from birth. However, Seed &
O'Connor (1980) and McGrath & 6 Foighil (1986) showed

more than 1 year longevity of a generation in the natural

populations of the same species. The present study could

reveal neither the longevity nor growth rate of L. undulata

because three cohorts resulting from discrete recruitment

pulses could not always be discriminated throughout the

year. Seasonal change in size structure suggests that spring

and summer cohorts grew quickly during spring and sum-

mer, and many of them died after autumn reproduction,

with others surviving until the next spring or summer. An
autumn cohort persisted until next spring or summer with

its growth slowing during winter (Figure 2). Further ex-

perimental study is essential to clarify the differences in

longevity and growth rate among the cohorts.

Mode of Larval Development

6 Foighil (1988, 1989) stated that L. australis, which

undergoes a planktotrophic larval development, has a

prodissoconch ranging in size from 0.22 to 0.30 mm, while

an undescribed Lasaea species releasing young as crawl-

away juveniles has a D-shaped prodissoconch ranging in

size from 0.39 to 0.68 mm in length. Prodissoconch length

of L. undulata ranged from 0.27 to 0.76 mm with averages

of 0.44 to 0.49 mm, and mean lengths of shelled juveniles

brooded within parents were within 0.3 to 0.55 mm. The
sizes were among the smallest recorded for Lasaea species

which lack veliger larvae (6 Foighil, 1989; Morton, 1992),

and there were several individuals with their prodisso-

conchs smaller than 0.30 mm. Accordingly, presence of

clams with planktotrophic larval development cannot thor-

oughly be denied in the present study. However, no veliger

larvae were found within parents throughout a year (the

present study) and throughout the intertidal zones of this

study site (Iwasaki, in press). Moreover, recruits into ar-

tificial mussel clumps within mussel-enclosure cages had

prodissoconches of 0.30-0.60 mm in length (Iwasaki, in

press). Therefore, it may be concluded that most clams

examined have undergone non-planktotrophic larval de-

velopment.
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Abstract. Helicopeltinae, a new subfamily of the Addisoniidae, is proposed for a group of minute

deep-sea gastropods found living and feeding on detrital cephalopod beaks from the Chesterfield Plateau

and southern New Caledonia. The type species oi Helicopelta gen. nov., H. rostricola sp. nov., uniquely

combines an operculate, coiled shell similar to that in Choristella Bush, 1987 (Choristellidae), a horseshoe-

shaped shell muscle characteristic of a limpet, a radula similar to that in Addisoniidae but with more

numerous marginal teeth and non-homologous primary rasping teeth, a large left-centered gill, and a

copulatory organ that is situated on the left side instead of the right as in all other members of the

Lepetelloidea. A second (unnamed) species of Helicopelta is recorded from off southern New Caledonia.

The opportunity is taken to describe a new limpet of the genus Tentaoculus Moskalev, 1976, from New
Zealand that lives and feeds within spent chondrichthyan egg cases, the first record of a pseudococculinid

from this habitat. Radulae of Teuthirostria cancellata Moskalev, 1976, and of species of Addisonia,

Choristella, and Bathysciadium are illustrated and discussed.

INTRODUCTION

During the last 25 years, there has been a dramatic increase

in knowledge of the systematics and anatomy of the Coc-

culinoidea and Lepetelloidea (reviewed by Haszprunar,

1988b). In this period the number of families has swelled

to 10, and the number of genera and subgenera to 37,

while the number of known species has substantially in-

creased. These animals live and feed on a variety of exotic

substrata, including empty polychaete {Hyalinoecia) tubes,

the carapaces of living deep-sea Lithodidae (Crustacea),

egg cases of sharks and skates (Chondrichthys), detrital

cephalopod beaks, and decaying whale and fish bones, as

well as terrestrial and littoral plant remains that have sunk

to the deep-sea floor, such as wood, algal holdfasts and

seagrass (reviewed by Haszprunar, 1988b). The Pyro-

peltidae (McLean & Haszprunar, 1987) and a pseudo-

cocculinid (McLean, 1991) have been recorded from sul-

phide crusts at hydrothermal vents on the East Pacific

Rise. Waren (1993) has recently recorded a bathyscia-

diidlike limpet that lives and feeds on the periostracum of

a species oiCapulus (Gastropoda, Capulidae). Most species

are restricted to a particular substratum type.

In this paper I introduce a new subfamily of the Ad-

disoniidae for coiled species that live on detrital cephalopod

beaks, and a pseudococculinid that lives and feeds within

spent skate egg cases.

Abbreviations: AMS, Australian Museum, Sydney;

MNHN, Museum National d'Histoire Naturelle, Paris;

NMNZ, Museum of New Zealand, Wellington.

SYSTEMATICS

Order Archaeogastropoda Thiele, 1925

Superfamily LEPETELLOIDEA Dall, 1892

Family Addisoniidae Dall, 1882

Helicopeltinae subfam. nov.

Diagnosis: Shell up to 1.90 mm wide, turbiniform, oper-

culate; protoconch densely and minutely pitted, slightly
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Explanation of Figures 1 to 4

Shell of holotype of Helicopelta rostricola Marshall, gen. nov., sp. nov., Chesterfield Plateau, Coral Sea, 700-685

m. Figures 1 , 2. Whole shell (width 1 .90 mm). Figure 3. Protoconch. Figure 4. Enlargement of protoconch sculpture.

Scale bar 3 = 100 ^m, 4=10 ^m.

tilted; teleoconch essentially smooth. Copulatory organ be-

side left cephalic tentacle, hemispherical (opening not de-

tected); large gill comprising a row of leaflets centered left

of body midline; cephalic tentacles without papillae; two

posterior epipodial tentacles; shell muscle horseshoe-shaped,

uninterrupted, very wide. Operculum thin, chitinous. Rad-

ula 11-1-5 + 1 + 5 + 11, central tooth scalelike, laterals

1-3 tilelike, lateral 4 small, lateral 5 and marginal 1 broad-

est, marginal 1 longest; lateral 5 with small cusp at inner

end, broad outer part tightly interlocked with base of mar-

ginal 1. Marginal 1 with bluntly angulate or rounded

cusps, marginal basal plates scalelike, outer marginal teeth

(10 pairs) relatively very small, slender, cutting areas finely

serrate. Internal anatomy unknown.

Remarks: The type species of Helicopelta gen. nov. (Fig-

ures 1-8, 13-18) differs from all hitherto known members

of the Cocculinoidea and Lepetelloidea in having an oper-

culate coiled shell (as in Choristellidae) coupled with a

shell muscle characteristic of a limpet, and in having the

copulatory organ on the left side instead of the right. The
radula (Figures 13-18) uniquely combines central and

lateral teeth similar to those of Addisoniidae (Figures 19-

21) with multiple marginal teeth as in Cocculinoidea and

Lepetelloidea with fully rhipidoglossate dentition (Coc-

culinidae, Pyropeltidae, Pseudococculinidae, Osteopelti-

dae), though the marginals are reduced in size and number
and are evidently vestigial. The gill is large and most

closely resembles those in Addisoma Dall, 1882, and Chor-

istellidae, particularly the latter in being left rather than

right-centered.

Helicopelta is clearly referable to the Lepetelloidea

rather than the Cocculinoidea because (1) the gill com-

prises a row of leaflets rather than a simple fold, (2) the
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Explanation of Figures 5 to 8

Animal of holotype of Helicopelta rostricola Marshall, gen. nov.,

sp. nov. Figures 5, 6. Critical point dried animal after extraction

of radula. Figures 7, 8. Profile (7) and dorsal view (8) (posterior

part of animal torn away); ct, cephalic tentacle; co, copulatory

organ; et, epipodial tentacle; fo, foot; gl, gill leaflets; sm, shell

muscle; sn, snout. Specimen width (Figures 5, 6) 1.20 mm.

shell muscle is not divided into discrete bundles, and (3)

the radula is somewhat similar to that in Addisoniidae.

The only other members of the Lepetelloidea (or Coccu-

linoidea) with a coiled shell and that have an operculum

in the adult stage are the choristellids (McLean, 1992).

No weight is assigned to the presence of an operculum in

the adult, because one is present in larval Patellogastro-

poda (Lindberg, 1981) and has been observed in larval

Lepetella Verrill, 1880 (A. Waren, personal communica-

tion). Choristellids differ in having jaws, a relatively small

(left) shell muscle attached to the columella, and an es-

sentially smooth protoconch, while a grooved right cephalic

tentacle functions as the copulatory organ. Their radulae,

moreover, are entirely different (compare Figures 13-18

with Figure 22), though both types are evidently derived

by arrested development of and differential modification

from a common, fully rhipidoglossate radular plan similar

to that in Pseudococculinidae (Figures 27, 28), which is

considered to be the primitive condition among Cocculi-

noidea and Lepetelloidea (Haszprunar, 1988a, b). Re-

grettably no complete animal of Helicopelta is yet avail-

able for sectioning and anatomical comparison with other

members of the Lepetelloidea. It remains to be determined,

for example, on what side the gonads are and how they

are collected to the copulatory organ.

The central and inner five lateral radular teeth in Ad-

disonia and Helicopelta are more similar to each other

than to those of any other family of the Lepetelloidea, and

suggest that the two groups have a common stem group.

Addisonia species differ, however, in having a patelliform

shell and the gill on the right side, and in that the right

cephalic tentacle functions as the copulatory organ. Apart

from the presence of more numerous marginal teeth, the

radula in Helicopelta differs from that in Addisonia in the

shapes and homologies of the largest teeth (Figures 16,

19, 21). Unlike Helicopelta, in which the sixth tooth out-

ward from the central tooth (here interpreted as marginal

1) is by far the largest and is thus clearly the primary

rasper, tooth 6 (marginal 1 ) in Addisonia is situated beneath

the large seventh and eighth elements (marginals 2 and

3), which are obviously the primary raspers in this genus.

Note that McLean (1985) and Dantart & Luque (1994)

recorded only 15 teeth per transverse row in the Addisonia

species they examined, whereas Anders Waren (personal

communication) has found that these same species actually

have 19 teeth (9 + 1 + 9) as in the one illustrated here

(Figures 19-21) (teeth 7 and 8 are typically obscured by

the adjacent inner teeth through shrinkage of the basement

membrane). The protoconch in Addisonia, as interpreted

by Dantart & Luque (1994, figs. li-lG), differs markedly

from that in Helicopelta in being reticulately sculptured,

and in having a fused, narrowly tapered instead of broadly

rounded tip. The Addisonia protoconch is very similar in

both shape and sculpture to those in the pseudococculinid

genera Kurilabyssia Moskalev, 1976, and Mesoplex Mar-

shall, 1986, while that in Helicopelta is similar to those
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in Choristellidae and Cocculinoidea in shape (Marshall,

1986; McLean, 1992).

On aggregate character states Helicopelta is as different

from all families and subfamilies of Lepetelloidea as they

are from each other, which suggests that it may represent

a family in its own right. Without a thorough re-evaluation

of phylogenetic relationships within the superfamily, how-

ever, particularly in the light of knowledge of the anatomy

of Helicopelta (unknowns), I favor a conservative ap-

proach and allocate it subfamilial rank within Addisoni-

idae, associating it there solely on the basis of similarity

of the radula to that of Addisoma. The existence of a group

of operculate, coiled species related to Addisoma is scarcely

surprising, since Haszprunar (1988b, 1992) has already

provided compelling evidence that Addisoniidae and Chor-

istellidae are probably sister groups.

Etymology: Greek helikos (spiral) and pelte (shield)

—

feminine.

Helicopelta Marshall, gen. nov.

Type species: Helicopelta rostricola Marshall, sp. nov.

Diagnosis: As for Helicopeltinae (above).

Helicopleta rostricola Marshall, sp. nov.

(Figures 1-8, 13-18)

Description: Shell (holotype) 1.90 mm wide, turbiniform,

slightly wider than high, thin, spire 0.2 x as high as ap-

erture, umbilicus small, translucent; periostracum thin,

smooth, pale buff.

Protoconch 200 /[im wide, sharply delineated, slightly

tilted, entire surface with minute, densely crowded, sharp-

edged pits.

Teleoconch of two rapidly expanding convex whorls,

suture narrowly channelled, smooth apart from collabral

growth lines, and a few obscure spiral lines on last quarter

whorl. Aperture very large, roundly "D"-shaped, peri-

stome continuous, inner lip flared and obscuring umbilical

chink from basal view.

Animal (Figures 5-8) white, eyeless. Head broad,

broadly rounded; snout broad, bluntly truncated; oral shield

broad, mouth "Y"-shaped, no oral lappets. Cephalic ten-

tacles similar, short, bluntly tapered. Copulatory organ

hemispherical, set close below left cephalic tentacle, open-

ing not detected. Gill attached to pallial roof, comprising

12 leaflets, long, arcuate, curving anterolaterally from left

side to right of body midline. One slender posterior epi-

podial tentacle on each side beside opercular lobe. Foot

large, spongy, oval, wider than long; with a narrow, lat-

erally elongate projecting subcentral area. Shell muscle

horseshoe-shaped, uninterrupted, broad, ends very broad.

Jaws lacking.

Operculum extremely thin, fragile, firmly attached, col-

orless, transparent, nucleus slightly eccentric, similar to

that in Chonstella.

Radula (Figures 13-18) with the formula 11 -H 5 + 1

-1-5-1-11. Central and lateral teeth short, topographically

complex, complexly interlocking, central and inner four

laterals without defined cutting areas or cusps. Central

tooth low, scalelike, subquadrate, medially thickened, sides

thin and laterally flanged. Laterals 1-3 trapezoidal, tile-

like, enlarging outward. Lateral 4 small, shorter than

flanking teeth, inconspicuous, tip subangulate. Lateral 5

broad, a narrow hooked cusp on narrow inner part, broad;

low outer part completely obscured by marginal 1, base

strongly flanged and deeply socketed to interlock with mar-

ginal 1. Marginal 1 very large, base tightly locked between

lateral 5 in its own row and the row in front, about as

broad as lateral 5, with four strong, bluntly angulate or

rounded, similar cusps. Marginal basal plates thin, scale-

like. Outer marginal teeth small, slender, no longer than

marginal 1, 10 per half transverse row, tips finely serrate.

Type data: Holotype MNHN (height 1.80 mm, width

1.90 mm, 2 teleoconch whorls); MUSORSTOM 5 station

363, 19°48'S, 158°44'E, Chesterfield Plateau, Coral Sea,

alive on inner side of a detrital cephalopod beak pitted by

bathysciadiids, 700-685 m, 19 October 1986, n.o. Conolis

(according to the label, two specimens were originally pres-

ent, but the second specimen could not be located).

Distribution: Chesterfield Plateau, Coral Sea, 700-685 m.

Remarks: Helicopelta rostricola is strongly characterized

by its small, coiled, operculate shell, external anatomy,

radula, and association with cephalopod beaks. It remains

to be determined whether or not the protoconch naturally

has an external organic layer (as in the species described

below) that has been abraded away in the holotype.

Etymology: Latin rostrum (beak) and cola (dweller).

Helicopelta sp. nov.

(Figures 9-12)

Description: Shell (immature) up to 0.60 mm wide, wider

than high, almost planispiral, thin, brittle, colorless, trans-

lucent, narrowly umbilicate; periostracum pale buff, trans-

lucent, essentially smooth.

Protoconch 200 ^im wide, sharply delineated, ortho-

strophic, covered with minute, crowded, sharp-edged pits;

where unabraded, each pit with a stout column with a

broader, flattened top that projects above surface (appar-

ently dried, shrunken outer organic layer).

Teleoconch of about half a whorl, suture deeply im-

pressed, smooth apart from growth lines, rapidly expand-

ing, summit above tip of protoconch; aperture circular.

Animal unknown (dried). Operculum very thin, chitin-

ous, colorless, spiral.

Material examined: CHALCAL 2 station CP22, 24°40'S,
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Explanation of Figures 9 to 12

Shell of ?Helicopelta sp. nov. (immature), off southern New Caledonia, 750 m. Figures 9, 11. Protoconch. Figure

10. Whole shell (width 0.60 mm), note operculum in place. Figure 12. Enlargement of protoconch sculpture. Scale

bars 5, 7 = 100 ixm, 8 = 10 ^m.

168°39'E, southeast of New Caledonia, alive on inner side

of a pitted detrital cephalopod beak with Bathysciadium

sp., 750 m, 29 October 1986, n.o. Coriolu (2 juveniles

MNHN).

Remarks: The two available specimens are clearly im-

mature (largest shell 0.60 mm wide). They resemble H.

rostricola in protoconch size, in gross teleoconch facies,

and in opercular morphology, but differ in having a strong-

ly flattened spire. The protoconch surface is pitted exactly

as in H. rostricola, but differs in that stout, nail-like col-

umns project from the pits. Nothing like them has been

previously recorded from Cocculinoidea or Lepetelloidea.

Judging from the fact that the columns are narrower than

the pits and stuck to their sides, they seem likely to rep-

resent the dried, shrunken remains of an organic layer that

is impervious to salts secreted during mineralization of the

protoconch. The columns are clearly fragile and easily

removed by abrasion (Figures 5, 7, 8). There is no trace

of them on the protoconch of H. rostricola, and it is yet

impossible to tell whether or not they were present and

have since worn away. The similarities and the association

with a cephalopod beak suggest that it is a species of

Helicopelta, naming of which is withheld until better

material is available.

Family Pseudococculinidae Hickman, 1983

Genus Tentaoculus Moskalev, 1976

Tenlaoculus Moskalev, 1976:67. Type species (by mono-

typy): Tentaoculus perlucida Moskalev, 1976; Recent,

New Guinea.

Remarks: Since the discovery of Tentaoculus perlucida

Moskalev, 1976, off New Guinea (substratum unknown),

three species have been described from ofT New Zealand

(Marshall, 1986); T. lithodicola and T. neolithodicola from

the carapaces of living stone crabs (Crustacea: Lithodidae),
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Explanation of Figures 13 to 17

Radula of holotype of Helicopelta rostricola Marshall, gen. nov., sp. nov. Figures 13-17. Central tooth (c), lateral

teeth (1-5), and marginal teeth (6, 7) of right side of radular ribbon. Figure 16. Lateral 5 (5) and marginal 1(6).

Figure 17. Marginal 1 (6), marginal basal plates (bp), and slender outer marginal teeth (7). Scale bars = 10 nm.

and T. haptricola from decaying algal holdfasts at bathyal

depths. The North American species Puncturella {Fissur-

isepta) eritmeta Verrill, 1884, Cocculina georgiana Dall,

1927 have been referred to the genus by McLean & Har-

asewych (1995) on the basis of shell morphology. The new
species described below is the first record of a pseudococ-

culinid living in association with chondrichthyan egg cases.

Tentaoculus balantiophaga Marshall, sp. nov.

(Figures 26-28)

Description: Shell up to 3.25 mm long, thin, translucent,

white, moderately arched, anterior end occupying 82-88%

of shell length. Aperture elliptical, broadest at about an-

terior third, more or less flat. Anterior end more broadly



Explanation of Figures 18 to 25

Figure 18. Full width of radula of holotype of Helicopelta rostricola Marshall, gen. nov., sp. nov. Figures 19-21.

Radula of Addisoma sp. nov., off Shoalhaven Heads, New South Wales, 494-585 m, AMS C. 200901, showing

central tooth (c), lateral teeth (1-5) and marginal teeth (6-9). Figure 19. Full width. Figures 20, 21. Details. Figure
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rounded than posterior, sides broadly rounded. Anterior

slope broadly convex, posterior slope concave, lateral slopes

more or less flat. No internal septum.

Protoconch sculpture unknown (surface etched away).

Teleoconch sculptured with fine coUabral growth lines.

Animal translucent white, eyes unpigmented, snout

broadly rounded, cephalic tentacles gently tapered and

similar, oral disc broad, two posterior epipodial tentacles;

narrow seminal groove entering base of right cephalic ten-

tacle.

Radula (Figures 27, 28). Radular formula oo + 5 + 1

+ 5 + oo. Central tooth with broad, rounded, obscurely

serrate cutting area. Lateral 1 large, cutting area broad,

straight, outermost cusp large, inner edge with six to nine

small conical cusps. Lateral 2-4 small, each with strong,

hooked terminal cusp, and one to three small secondary

cusps. Lateral 5 largest, broad, straight cutting area with

four to seven strong conical cusps. Marginal teeth nu-

merous, slender, tips finely serrate.

Type data: Holotype NMNZ M. 11 83 18, and 6 paratypes

(1 AMS, 5 NMNZ M. 117577): 41°07.61'S, 176°46.91'E,

off Castlepoint, New Zealand, alive within spent skate egg

case, 1335 m, 2 April 1993, f.r.v. Tangaroa sta. 9303/149,

coll. P. Grimes. Paratypes (13 NMNZ M. 117836, 1 AMS,
1 MNHN): 44°13.47'S, 178°41.87'E, western Chatham
Rise, New Zealand, alive within spent skate egg case,

1065-1072 m, 8 November 1993, f.r.v. Tangaroa sta. 9309/

197, coll. A. Hart.

Distribution: Off Castlepoint, and western Chatham Rise,

New Zealand, living within and feeding on spent skate

egg cases, 1065-1335 m.

Remarks: The shell, radula and external anatomy of Ten-

taoculus balantiophaga are typical of the genus Tentaoculus

as defined by Marshall (1986) and Haszprunar (1988a).

T. balantiophaga differs from T. perlucida in lacking eye

pigment, and in having a more strongly developed central

tooth. It differs from T. haptricola in lacking an internal

shell septum, and from both T. lithodicola and T. neoli-

thodicola in having finer cusps on lateral 1, and fewer and

shorter cusps on laterals 2-4. T. balantiophaga is unique

among Cocculiniformia associated with cephalopod beaks

and chondrichthyan egg cases in that the radula exhibits

no obvious derived character states (see below). Other egg

cases from the vicinity contained Chonstella marshalli Mc-
Lean, 1992, and the two species have not been found living

Explanation of Figures 26 to 28

Holotype of Tentaoculus belantiophaga Marshall, sp. nov., off

Castlepoint, New Zealand, 1335 m. Figure 26. Shell, length 2.55

mm. Figure 27. Full width of radula. Figure 28. Detail of radula

showing central tooth (c) and lateral teeth (1-5). Scale bars =

10 ixm.

22. Detail of radula of paratype of Choristella marshalli McLean, 1992, off Banks Peninsula, New Zealand, 1097-

1116 m, NMNZ M.75210, showing central tooth (c) and lateral-marginal teeth (1-5). Figure 23. Oblique lateral-

view of right side of radula of syntype of Bathysciadium costulatum (Locard, 1898), MNHN, showing innermost

three lateral teeth (1, 2, 3). Note that the tip of (numbered) lateral 1 locks into the socket on the inner side of

(numbered) lateral 3 in the row in front. Figures 24, 25. Radula of paratype of Teuthirostria cancellata Moskalev,

1976, off northern Peru, 5540-5200 m, Academy of Sciences, Moscow. Figure 24. Full width, note low number
of marginal teeth. Figure 25. Detail showing central tooth (c) and lateral teeth (1-4; tooth 3 obscured, tip arrowed).

Scale bars = 10 ^m.
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together within the same egg case. T. balantiophaga forms

grazing scars on the inner surface of the egg cases similar

to those produced by Choristella and Addisonia species.

Etymology: From the Greek balantion (purse) a.nd phagos

(to eat), the word balantion alluding to "mermaid's purse,"

a common name for chondrichthyan egg cases.

DISCUSSION

There is compelling evidence that gastropod limpets are

derived from coiled forms (Yonge, 1947; Eales, 1950; Fret-

ter & Graham, 1962; McLean, 1981, 1984; Lindberg,

1988), though Haszprunar (1988b, c, 1992) considered

the uncoiled limpet form to be primary and coiled forms

secondary in gastropod evolution. On the basis of outgroup

comparison (Pseudococculinidae and/or Osteopeltidae),

Haszprunar (1988b, c, 1992) concluded that Choristellidae

were not phylogenetically primitive among Cocculinoidea

and Lepetelloidea, and that coiling in this particular family

must thus be a derived condition. The presence of a rel-

atively huge, horseshoe-shaped shell muscle in Helicopelta

suggests derivation from a limpet ancestor and lends sup-

port to this contention. It is unclear, however, whether the

shells in Choristellidae and Helicopeltinae have become

coiled independently.

It is difficult to imagine an advantage that might be

conferred through reacquisition of a coiled shell other than

increased mobility. Why secondary coiling should have

occurred in Choristellidae and Helicopeltinae alone among

Lepetelloidea is unclear, though it is perhaps no coinci-

dence that these groups are the only ones to be entirely

dependent on chondrichthyan egg cases and cephalopod

beaks for food other than Bathysciadiidae, Teuthirostria

cancellata Moskalev, 1976 (Cocculinidae), and Tentaoculus

balantiophaga sp. nov. (Pseudococculinidae) (see below),

all of which have patelliform shells. Judging from first-

hand sorting of more than 1000 dredge and trawl samples

from depths greater than 500 meters (personal observation;

P. Bouchet & A. Waren personal communication), beaks,

egg cases, bones, wood and algal holdfasts are generally

rare, and must be so thinly distributed over most of the

seafioor that these animals probably do not depend on an

ability to crawl from one substratum to another. Helico-

pelta species presumably utilize the substratum between

more sedentary (scar-forming) bathysciadiids, or perhaps

areas formerly occupied by the limpets. A coiled shell may
enhance reproductive fitness by enabling animals to seek

parts of the original substratum following its ultimate dis-

integration and scattering of the parts or, for the choris-

tellids, perhaps other egg cases deposited in the immediate

vicinity.

Helicopelta rostricola joins the limpets of the Bathy-

sciadiidae (= Bathypeltidae) (Moskalev, 1973; Hickman,

1983; Haszprunar, 1987b), and the cocculinid limpet Teu-

thirostria cancellata Moskalev, 1976 (Moskalev, 1976) as

the only gastropods known to live and feed on the beaks

of cephalopods, while Tentaoculus balantiophaga pins Ad-

disoniidae and Choristellidae as the only gastropods known

to live and feed within the egg cases of sharks and skates

(Verrill, 1882, 1884; Villa, 1985; McLean, 1985, 1992;

Gubbioli & Nofroni, 1986).

Waren (1993) has recently introduced a new limpet

genus, Xenodonta, which he tentatively referred to Bathy-

sciadiidae. Whereas he could not record the diet of the

North Atlantic type species {X. bogasoni Waren, 1993),

an undescribed species from the Galapagos Islands was
reported to live and feed on the periostracum of a species

of Capulus. Compared with Bathysciadium, the radula in

Xenodonta diflfers in lacking the low articulatory tooth

(tooth 2, Figure 23) between the bases of laterals 1 and

3, in that lateral 2 (Waren's tooth 3) is more like that in

Lepetella Verrill, 1880 (Lepetellidae), and in having an

extra pair of outer lateral teeth.

The external anatomy and radula of Teuthirostria can-

cellata (paratype, off northern Peru, 5540-5200 m) (Fig-

ures 24, 25) are accordant with Cocculinidae, though serial

sections reveal some deviations from the standard coccu-

linid plan (G. Haszprunar, personal communication).

Moreover, the radula has substantially fewer marginal

teeth per transverse row (about 23 pairs) than any other

known cocculinid. The lower number of marginal teeth

suggests that the radula has undergone or is undergoing

a progressive morphological transformation, presumably

through retardation of radular ontogenesis. Regrettably,

the shell of the only specimen available to me had dissolved

in its preservative, so it was not possible to check the

protoconch, which was described as being smooth (this

requires confirmation as the protoconch surface is not in

fact shown in the original illustration—Moskalev, 1976:

fig. 3).

Cephalopod beaks are composed of chitin, a polysac-

charide with long fibrous molecules. By contrast the egg

cases of sharks and skates are composed primarily of layers

of the structural protein collagen (Wourms, 1977; Mc-
Lean, 1985). Gastropod periostracum comprises largely

sclerotized fibrous protein (Hochachka, 1983; Saleuddin

& Petit, 1983). How these tough, almost inert substances

are metabolized is unknown, though it is possible that

endosymbiotic bacteria are involved. All that can be said

at present is that the animals exhibit certain derived fea-

tures in their alimentary tracts: bathysciadiids have a large

stomach and have lost the midgut gland, which has been

functionally replaced by a greatly enlarged esophageal

gland; choristellids lack a gastric shield and have a specific

gland at the posterior esophagus, large "cul-de-sacs"

(probably the midgut gland), and a short intestine; Addi-

sonia species have entirely lost the stomach and have it

replaced by a greatly enlarged intestinal sac (Haszprunar,

1987a, 1988b, 1992).

Aside from the strong probability that larvae in Coc-

culinoidea and Lepetelloidea are non-planktotrophic (as

in all known archaeogastropods other than Neritimorpha),

nothing is known of the development of these animals.

Given the fact of their ability to colonize static, widely

scattered, ephemeral substrata, it seems obvious that this

is accomplished by transportation of eggs or larvae in cur-
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rents close to the seafloor, settlement occurring when the

presence of food is detected, probably by chemoreception.

Brood protection of yolk-rich eggs has been reported for

a number of families (Haszprunar, 1988b). Retention of

eggs to a late stage of development would maximize ex-

ploitation of the substratum, whereas yolk-richness would

enhance long-term survival during larval dispersal.
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Abstract. Karyotypic relationships among the tropical congeneric oyster species Crassostrea virginica

(Gmelin, 1791), Crassostrea rhizophorae (Guilding, 1827), and Crassostrea corteziensis (Hertlein, 1951)

were studied. Chromosome similarities among species v^ere determined using a one way ANOVA and

Student-Newman-Keuls (SNK) test, in order to minimize subjective appraisal from the researcher.

Tiostrea chilensis (Philippi, 1845) was used as an outgroup.

The use of standard statistical procedures enabled us to recognize quantitative differences of chro-

mosome morphology among these oyster species. The three Crassostrea species are karyologically more

closely related to each other than they are to T. chilensis. Two different patterns of karyological similitude

were found among Crassostrea species. In the first, C virgtmca and C. corteziensis are more similar to

each other than either of them is to C. rhizophorae. In the second, C virginica and C. rhizophorae are

more similar to each other than either of them is to C. corteziensis. Crassostrea rhizophorae and C.

corteziensis seem to arise by pericentric inversions from a primitive C virginica-\\\iie. karyotype.

INTRODUCTION

Crassostrea virginica (Gmelin, 1791), Crassostrea rhizo-

phorae (Guilding, 1827), and Crassostrea corteziensis (Hert-

lein, 1951) are a closely related group of oviparous oyster

species from coastal waters of Central America. C. virginica

ranges in the Atlantic from Nova Scotia to the Yucatan

Peninsula, Mexico. C. rhizophorae is distributed from the

Florida Peninsula to Brazil and the Caribbean islands. C.

corteziensis occurs in the Pacific, from Panama to the Gulf

of California. Based on studies of shell morphology and

soft tissue, Castillo (1986) concluded that these three spe-

cies are closely related. Menzel (1973) and Harry (1985)

proposed that C. rhizophorae is a subspecies of C. virginica.

On the other hand, Hedgecock & Okazaki (1984), who
reviewed the literature on evolutionary divergence in this

group and also provided biochemical data on genetic di-

versity within and between these taxa, observed strong

genetic differences between species and concluded that C.

virginica and C. rhizophorae are two distinct species.

Stenzel (1971) suggested that C virginica and C cor-

teziensis were two species derived from a common ancestor

which divided after the emergence of the Isthmus of Pan-

ama. Allozyme (Hedgecock & Okazaki, 1984) and pale-

ontological (Hertlein, 1951) data indicate that this group

of species probably evolved much before the Isthmus of

Panama geographically isolated C. corteziensis from the

Atlantic populations of the species group.

The study of chromosome morphology of related species

usually allows one to detect the changes which modified

the ancestral karyotype and stayed in the newly generated

lines. Also, the relative morphological invariability of chro-
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mosomes with respect to environmental conditions makes

their study useful in investigating the phylogeny of a group

of species (White, 1973), the taxonomic status of the species

involved, and their most likely pattern of speciation.

The karyotypes of these three species have been de-

scribed. All of them have a 2n = 20 complement. No
karyological differences have been found among popula-

tions of C. virginica from Connecticut (Longwell et al.,

1967), northwest Florida (Menzel, 1968), and Tabasco,

Mexico (Rodriguez-Romero et al., 1978). C. corteziensis

has a metacentric pair nine rather than the submetacentric

one shared by C. virginica and C. rhizophorae. C. rhizo-

phorae has a submetacentric chromosome pair six rather

than a metacentric one shared by C. virginica and C cor-

teziensis (Rodriguez-Romero et al., 1978, 1979a, b).

In a classical karyological analysis, the chromosome

morphology is defined based on the Centromeric Index

(Levan et al., 1964). This index separates a continuous

variation of centromere position into discrete classes not

considering the total relative length of each chromosome.

When these categories are used to make comparisons among

species, a bias can arise because small differences of cen-

tromere position that change the qualitative classification

of a chromosome are scored as differences. In turn, large

changes not affecting the qualitative classification are ne-

glected. It is necessary, then, to base comparisons of chro-

mosome morphology on a more objective quantitative

method that uses most of the available information. In this

work, the use of a quantitative method is proposed.

The larviparous species Tiostrea chilensis (Philippi, 1845)

{Ostrea (Eostrea) puelchana sensu Harry (1985)) is used as

outgroup of the karyological analysis. This is a species

distributed in southern Chile and New Zealand (Solis,

1967; Dinamani & Beau, 1981; Buroker et al., 1983).

MATERIALS and METHODS
The procedures to obtain metaphase plates in each species

are described in the papers where karyotypes were orig-

inally described; C. virginica (Rodriguez-Romero et al.,

1978); C corteziensis (Rodriguez-Romero et al., 1979a); C.

rhizophorae (Rodriguez-Romero et al., 1979b); T. chilensis

(Ladron de Guevara et al., 1994).

Chromosome arm lengths measured in various individ-

uals from each species were transformed to values relative

to the total length of each haploid genome. The means of

their relative lengths are used to build a karyo-idiogram

(Spotorno, 1985). In this graph each chromosome pair is

plotted as a dot whose position is defined by the relative

lengths of either arm.

To make statistical tests, relative lengths of chromosome

arms were transformed to the arcsine of the square root

of the proportion in order to prevent distributional restric-

tions (Zar, 1974). Differences in the lengths of short and

long arms were tested independently for each chromosome

pair among species using a one way analysis of variance

(ANOVA) and the a posteriori test of Student-Newman-

Keuls or SNK (Zar, 1974). A chromosome pair is consid-

ered not different between two species only if both arms

do not show statistical differences of length {P < 0.05).

With the information obtained from the SNK test, a

data matrix of similitude is constructed, where the number
of chromosomes of equal morphology present in a given

pair of species can be determined. In order to express

graphically the content of this matrix, the data were grouped

in a dendrogram using the Unweighted Pair Grouping

Method of Averages (UPGMA).

RESULTS

The diploid chromosome number of all species studied is

20. Mean lengths and standard deviations of the chro-

mosome arm lengths are shown in Table 1. Chromosome

morphology can be easily appraised in the karyo-idiogram

(Figure 1). It is possible to observe that chromosome pairs

1, 3, 5, and 8 are metacentric in all four species. All these

pairs show little variation of the position of centromeres

and total length among species. Pairs 4 and 7 in all species

have submetacentric morphology with small variations of

length and centromere position. Chromosome pair 10, de-

spite its small size and being metacentric in all species,

shows a marked variation of total length and centromere

position. Chromosome pairs 2, 6, and 9, on the other hand,

show little interspecific variation of total length, but show

marked differences of the centromere position among spe-

cies. No subtelocentric or telocentric chromosomes were

found. Extreme sizes are represented by chromosome 1 of

C. rhizophorae (total length = 13.85%) and chromosome

10 of C. virginica (total length = 5.79%).

Results of the SNK text are presented in Table 2. Chro-

mosome pairs 1, 4, 5, 7, and 8 have similar morphology

in all species. T. chilensis can be distinguished from the

Crassostrea group mainly by chromosome pairs 2, 6, and

10. Among Crassostrea species, C. corteziensis can be dis-

tinguished from the other two species by chromosomes 2

and 9. C. rhizophorae, on the other hand, can be identified

by its chromosomic pair 6. C. virginica, however, does not

present exclusive karyotypic characters.

This information was summarized in a species-species

matrix (Table 3) where the number of chromosomes with

the same morphology in a given pair of species is shown.

In this matrix, the most similar pair of species, according

to the number of chromosomes of similar morphology, is

C. virginica with C. rhizophorae (eight chromosomes of

similar morphology), and C. virginica with C. corteziensis

(eight chromosomes of similar morphology). The most dis-

similar pair is T. chilensis with C. corteziensis. This infor-

mation, translated into a dendrogram, is shown in Figure

2. Because in the first matrix (Table 3) there are two pairs

of species sharing morphology of eight chromosomes, two

dendrograms can be constructed. One of them (Figure 2A)

shows the largest similitude value for C. virginica and C.

corteziensis pair. A lower value relates this group with C.

rhizophorae. Finally, with the smallest similitude, T. chi-
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Figure 1

Karyo-idiogram showing chromosomic morphology of all studied species. Each point represents the mean value of

the lengths of long (LA) and short (SA) arms of a chromosomic pair from one species. Different morphology areas,

according to the Centromeric index of Levan et al. (1964), are indicated by m (metacentric), sm (submetacentric),

st (subtelocentric), and t (telocentric).

lensis is associated to the main group. The other possible

dendrogram (Figure 2B) forms a group with C. virgimca

and C. rhizophorae, and, with lower similitude, joins this

group with C. corteziensis. Finally, in a similar way to the

first proposed dendrogram, the main group is related to

T. chilensis with the lowest similitude value.

DISCUSSION

The cytotaxonomic analysis has not been used very often

in taxonomical and systematical studies of oysters because

coarse chromosome characteristics such as the diploid num-
ber (2n = 20, except for Dendrostrea folium [leyama, 1990]

which has a 2n = 22 chromosomes) and number of arms

(Thiriot-Quievreux, 1984) are quite constant in all studied

oyster species. However, differences among species have

been observed in karyotypic analysis based on diploid num-
ber, nucleolar position, and the number of chromosome

pairs that share qualitative morphology among species

(Rodriguez-Romero et al., 1979c; Thiriot-Quievreux &
Ayraud, 1982; leyama, 1990; Thiriot-Quievreux & Insua,

1992; Insua & Thiriot-Quievreux, 1993; Ladron de Gue-

vara et al., 1994).

In a classical karyotypic analysis, chromosomes are clas-

sified in qualitative morphologic categories (metacentric,

submetacentric, subtelocentric, and telocentric) based on

the ratio among the long and short arm lengths of each

chromosome pair (Levan et al., 1964). This method sep-

arates the continuous variation of the centromere position

into discrete classes and does not consider the relative length

of each chromosome arm because it uses just the ratio

among them. Comparisons based on that qualitative clas-
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Table 1

Relative lengths of long (LA) and short (SA) arms from chromosomes of Crassostrea uirginica (V),

C. corteziensis (C), C. rhizophorae (R), and Tiostrea chilensis (T).

Arms

Species

Tin = 26)<*' V(n= 12) C{n = 11) R(n = 14)

Chrom pair Avg ± SD<"' Avg ± SD Avg ± SD Avg ± SD

1
SA 5.29 ±0.78 6.33 ± 0.77 6.09 ± 0.51 6.35 ± 0.48

LA 7.49 ± 1.00 7.19 ±0.52 6.94 ± 0.54 7.50 ± 0.71

2
SA 5.29 ± 0.60 4.28 ± 0.28 3.77 ± 0.28 4.09 ± 0.39

LA 6.78 ± 0.67 7.92 ± 0.54 8.70 ± 0.83 7.64 ± 0.47

3
SA 5.03 ±0.62 5.09 ± 0.47 5.47 ± 0.42 5.14 ± 0.47

LA 6.49 ±0.62 5.83 ± 0.46 5.93 ± 0.37 6.19 ± 0.45

4
SA 3.83 ±0.75 3.85 ± 0.39 3.46 ± 0.32 3.75 ± 0.41

LA 6.87 ±0.75 7.05 ± 0.38 7.29 ± 0.41 7.05 ± 0.45

5
SA 4.57 ±0.55 4.91 ± 0.44 4.86 ± 0.37 4.61 ± 0.31

LA 5.97 ± 0.57 5.59 ± 0.66 5.49 ± 0.43 5.66 ± 0.54

6
SA 4.02 ±0.56 4.79 ± 0.35 4.66 ± 0.20 3.37 ± 0.24

LA 5.46 ±0.57 4.98 ± 0.32 5.10 ± 0.45 6.41 ± 0.60

7
SA 3.26 ±0.58 3.38 ± 0.55 3.00 ± 0.32 2.89 ± 0.36

LA 5.90 ±0.66 6.26 ± 0.60 6.32 ± 0.34 6.03 ± 0.32

8
SA 3.69 ±0.67 4.01 ± 0.24 4.02 ± 0.33 3.64 ± 0.51

LA 4.78 ±0.53 4.35 ± 0.31 4.61 ± 0.63 4.83 ± 0.40

9
SA 2.46 ±0.63 2.70 ± 0.44 3.60 ± 0.39 2.57 ± 0.33

LA 5.07 ±0.77 5.26 ± 0.65 4.35 ± 0.51 5.43 ± 0.35

10
SA 2.75 ±0.61 2.86 ± 0.43 2.83 ± 0.35 2.98 ± 0.38

LA 4.05 ± 0.64 3.11 ±0.37 3.44 ± 0.38 3.69 ± 0.35

(*) "n" number of metaphase plates measured.

(**) Means values (Avg.) ± standard deviations (SD) of arm length.

sification usually recognize differences among taxa when

chromosomes of the same pair fall into diflferent qualitative

classes. In turn, chromosomes with remarkable differences

in arm ratio or total length are considered of the same

morphology if they fall into the same category. The ANO-
VA and SNK tests provide formal statistical methods for

verifying statistically significant differences in the mean
relative lengths of the short and/or long arms of a group

Table 2

Chromosomic morphology comparison between species pairs using the SNK test (SL: 0.05).

Abbreviations as in Table 1.

Species pairs

T:V T:C T:R V:C V:R C:R

Pair Arm SA LA SA LA SA LA SA LA SA LA SA LA

9

10

= No significant differences {P > 0.05).

* Significant differences {P < 0.05).
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Table 3

Species-species matrix showing number of chromosomes

of equal morphology according to data obtained from the

SNK test (Table 2). Abbreviations as in Table 1.

V R

T
C
V
R

of homologous chromosomes, avoiding subjective decisions

about the morphological similarity of one chromosome pair

between species.

Centromeric position usually changes when pericentric

inversions involve different length of the chromosomal seg-

ment on each side of the centromere. This mechanism has

been previously proposed to explain karyotypic differences

between C. corteziensis and C. virginica (Rodriguez-Rom-

ero et al., 1979c) and could explain most of the chromo-

somic variation among this group of species. However,

pericentric inversions can occur without changes in cen-

tromere position, when equal segments on each side of the

centromere are involved or when inversions that involve

unequal chromosome segments in a non-metacentric chro-

mosome do not alter the arm ratio. The use of centromeric

position alone underestimates the number of chromosomic

differences among species. The use of statistical procedures

improves the capacity to recognize karyological differences

in the analyzed group of oyster species. Chromosome pairs

2 and 10, qualitatively similar, are statistically different

among some Crassostrea species.

Because of the ease of hybridization, viability of the F,

trough metamorphosis, and intergradation in the Fj larval

shell and pigmentation, Menzel (1973) concluded that C.

rhizophorae is a subspecies of C. virginica. Our data show

that these two species are karyologically as different from

each other as C. corteziensis is from C. virginica. Our data

agrees with Hedgecock & Okazaki's (1984) genetically

based conclusion that C. rhizophorae and C. virginica are

well separated species. C. rhizophorae lives over mangrove

roots, in waters with temperatures ranging from 25 to 31°C

and a salinity of 37 to 44 ppm (Mattox, 1949). C. virginica

lives in a lower range of temperature (18-27°C) and sa-

A
• 1 10

C. virginica

C.corteziensis

C. rhizophorae

T. chilensis

B

10

C. virginica

C. rhizophorae

C. corteziensis

T. chilensis

Figure 2

Dendrograms showing the association pattern given by the chromosomic morphology evaluated using the SNK test.

According to the results shown in the main matrix (Table 3), there are two possible associations (A or B). Scale

shows number of chromosomes of equal morphology.
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Unity (19-25 ppm) on the bottom of shallow waters (Cas-

tillo, 1986). Shell morphology and soft tissue anatomy

show slight but clear differences between these two species

(Castillo, 1986). The above data strongly support the idea

that C. rhizophorae is specifically different from C. virgin-

ica, and not a subspecies as proposed by Menzel (1973)

and Harry (1985).

The analysis of karyological information gives two dif-

ferent patterns of similitude among the three Crassostrea

species (Figure 2). In the first one, C. corteziensis and C.

virgimca are more similar to each other than either is to

C. rhizophorae. In the second one, C. rhizophorae and C.

virginica are more similar to each other than either is to

C. corteziensis. The chromosomic condition of pairs 2, 6,

and 9 of both C. corteziensis and C. rhizophorae can be

obtained by single independent pericentric inversions start-

ing from C. virginica karyotype, giving the most parsi-

monious pattern of change. This agrees with Stenzel's

(1971) hypothesis that all three Crassostrea species de-

scended from a C. virgimca-Wkt ancestor and suggests that

C. virginica shows the most primitive karyological condi-

tion among them.

Paleontological evidence dates C. corteziensis to the Plio-

cene, previous to the rising of Isthmus of Panama (Hert-

lein, 1951). Molecular evidence is compatible with the

paleontological information and suggests that C. rhizo-

phorae emerged from the ancestral lineage before the vir-

ginica-corteziensis clade (Hedgecock & Okazaki, 1984). On
the other hand, both shell morphology and soft tissue anat-

omy also showed closer similitude between C. virginica and

C. corteziensis than either with C. rhizophorae (Castillo,

1986). Based on this evidence, the first pattern of chro-

mosomic relationship seems to be the most likely pattern

of karyotypic evolution in this species. However, more

detailed karyological studies, using chromosomal banding

patterns and NOR regions position, are necessary to con-

firm the above proposed relationships.
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Designation of a Neotype for the Pismo Clam,

Tivela stultorum (Mawe, 1823), and

Lectotypes for Synonymous Nominal

Taxa (Bivalvia: Veneridae)
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Santa Barbara Museum of Natural History,

2559 Puesta del Sol Road,

Santa Barbara, California 93105, USA

In preparing an identification manual and nomenclatural

revision of the northeastern Pacific Bivalvia (Coan et al.,

in preparation), it has been noted that the association of

the large and once commercially important northeastern

Pacific Pismo clam with the name Donax stultorum Mawe,
1823, hangs by a slender thread. The purpose of this note

is to designate a neotype to clarify this identity.

This species was long known as Tivela crassatelloides

(Conrad, 1837), originally proposed as Cytherea {Trigo-

nella) crassatelloides Conrad, 1837:253-254, pi. 19, fig. 17,

with localities of Santa Barbara and San Diego, California.

This taxon is represented by a syntype in the Academy of

Natural Sciences of Philadelphia (ANSP 53900), labeled

"California, Conrad." No additional syntypes have come

to light in The Natural History Museum in London or

elsewhere (Keen, 1966:169). This ANSP specimen, con-

sisting of paired valves, is here designated as lectotype

(Figure 1); it is 127.3 mm long, 98.3 mm high, and 61.8

mm in width.

G. B. Sowerby II (1851:612, pi. 127, fig. 17) was the

first to suggest that the name "'Trigona" stultorum might

be based on a juvenile specimen of the Pismo clam, citing

the name from Wood (1828:4, pi. 2, fig. 2), Gray (1838:

304), and Hanley (1843:106 [as "105"]). Carpenter (1864:

524, 526) repeated this suggestion, referencing Mawe's

original publication (1823:37, 40, pi. 9, fig. 7), as well as

the subsequent treatments of Gray (1838) and Hanley

(1856:202, suppl. pi. 2, fig. 2).

In Mawe's publication, there is a figure but no descrip-

tion, and the only locality cited is "Indian Seas." No type

material has been located in The Natural History Museum
in London (K. Way, in correspondence, 12 Feb. 1992).

The first written description of this species is that of Han-

ley (1843:106), as Cytherea stultorum.

Mawe's name was not used for the northeastern Pacific

species until Stearns (1899) noted that Carpenter had made

this suggestion. Shortly thereafter, Dall (1902:386) adopt-

' Address for correspondence: 891 San Jude Ave., Palo Alto,

California, USA 94306-2640.

ed Mawe's name for the species, and then nearly all sub-

sequent authors followed him.

Mawe's original figure is an external view of a right

valve; the figure measures 38.3 mm in length and 29.7 mm
in height (Figure 2). Although it is a reasonable match

for small specimens of the California species, there is an

Indian Ocean species, Tivela ponderosa (Philippi, 1844:

149, pi. 1, fig. 1, ex Koch ms), and Mawe might have

illustrated a small specimen of this species instead.

Throughout its growth, this Indian Ocean species is more

trigonal and equilateral than the Pismo clam (Figure 4).

It would not be in the interest of nomenclatural stability

to abandon the now-familiar name stultorum for the Cal-

ifornian species or to use stultorum in some other sense,

but it seems prudent to clarify its status (ICZN Code Art.

75; Ride et al., 1985) by selecting the following neotype:

SBMNH 142890, neotype (herein) (Figure 3); Long

Beach, California (33.7°N, 118.rW); S. S. Berry. This is

a small set of paired valves resembling Mawe's illustration.

It is 49.9 mm in length, 37.2 mm in height, and 23.2 mm
in thickness.

Mawe (1823:40) selected a vernacular name for this

species, "foolish donax," a rough translation of the Latin

name. The well-known present vernacular "Pismo clam"

is based on the town of Pismo Beach, California, where

the species was once particularly abundant.

The following color varieties were named by Stearns

(1898) as trinomials under Cytherea {Tivela) crassatelloides,

without clear indication that infrasubspecific rank was

intended (ICZN Code Art. 45f, g). He named them be-

cause he wanted to demonstrate the color variation among

some 1000 specimens that had been received in the United

States National Museum, and he provided statistics on the

frequency of each color form. The material was all sub-

sequently labeled "California," although he stated that

two varieties

—

C. (T.) c. luteobrunnea and C. {T.) c. mul-

tiradiata—occurred only at Santa Monica. The original

material may all have come from there. Because no type

material for these taxa had yet been isolated and placed

in the type collection at the U.S. National Museum of

Natural History, I have selected and here designate lec-

totypes for each of them, with the remaining material that

had been in the lots cited recatalogued as paralectotypes.

These are listed in their order in Stearns (1898), with the

number of the lectotype (or holotype) given in brackets:

Cytherea {Tivela) crassatelloides pauciradiata [USNM
150882], multiradiata [USNM 150888], alternata [USNM
150889], eccentrica [USNM 150874], senalis [USNM
150884], interrupta [USNM 150875, holotype], luteobrun-

nea [USNM 150878], umradiata [USNM 150884], bira-

diata [USNM 150886], triradiata [USNM 150872], ochra-

cea [USNM \bOm?>], purpureochocolata [USNM 150873],
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biserialis[VS'NM \ 50890], tnsenalts [VSNM 150881], au-

rora [USNM 150885], and duplicate [USNM 150896].

Additional synonyms that have been allocated to this

species include Cytherea virginea A. Adams & Reeve, 1850;

C. solidissima Philippi, 1851; and Tiuela scarificata Berry,

1940. It is the type species of Trigonella Conrad, 1837, by

monotypy (as Cytherea crassatelloides), non da Costa, 1778.

This junior homonym was renamed Pachydesma Conrad,

1854, which is often used as a subgeneric name, although

it is of doubtful utility. Twela stultorum occurs from Stinson

Beach, California (37.9°N), south to Bahia Magdalena,

Baja California Sur (24.6°N), from the intertidal zone to

30 m. It attains 176 mm in length and has been recorded

as early as the Pliocene in western North America.

I appreciate the help of Kathie Way of The Natural

History Museum, London, in searching for Mawe's orig-

inal specimen. Richard E. Petit assisted in interpreting

Hanley's publications. Alan R. Kabat and Raye N. Ger-

mon helped straighten out Stearns' types. Mel Harte, Alan

R. Kabat, Barry Roth, and Paul H. Scott provided useful

comments on the manuscript.
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Explanation of Figures 1 to 4

Figures 1-3. Tivela {Pachydesma) stultorum (Mawe, 1823). Figure 1. Lectotype (herein) of Cytherea {Trigonella)

crassatelloides Conrad, 1837; length, 127.3 mm. Figure 2. Mawe's figure of Donax stultorum; length, 38.3 mm.
Figure 3. Neotype (herein) oi Donax stultorum, SBMNH 142890; length, 49.9 mm. Figure 4. Twela {Pachydesma)

ponderosa (Philippi, 1844), USNM 657341, Muscat, Oman; length, 41.5 mm.
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Introduction

A few specimens of Thalassonerita? eocenica, sp. nov.,

possibly a neritid gastropod, are present in a localized cold-

seep limestone of middle Eocene age in the Humptulips

Formation, Grays Harbor County, western Washington.

The specimens were found at California State University,

Northridge (CSUN) locality 1583, latitude 47°15'10"N,

longitude 123°49'W, at an elevation of 83 m (275 ft.), in

a small limestone deposit approximately 1 m thick, exposed

on the east side of East Fork of Humptulips River, ap-

proximately 600 m south and 110 m west of the northeast

corner of section 5, T. 20 N, R. 9 W, Burnt Hill quad-

rangle, 7.5-minute, 1990 provisional edition, Grays Har-

bor County, Washington. Goedert & Kaler (1996) studied

this limestone and interpreted it to be a cold-seep deposit

(Figure 1). Although they reported neritiform gastropods

from this deposit, they did not describe or name them.

Their neritiform gastopods are the same as the new species

described in this paper. They also reported the following

mollusks from this locality: the gastropod Abyssochrysos

raui Goedert & Kaler (1996) and the bivalves Vesicomya

sp. and an unidentified possible lucinid. Saul et al. (in

press) recognized two species of this possible lucinid, which

they assigned to Cryptolucina Saul et al. (in press). They
also reported that, based on benthic foraminiferal data, the

rocks at CSUN loc. 1583 are middle Eocene in age and

were deposited at 1500 to 2000 m depth.

Nearly all ancient and modern species of neritids live

in shallow subtidal or intertidal marine habitats or in

brackish or freshwather habitats (Clarke, 1989). In 1989,

however, a deep-sea neritid, Bathynerita naticoidea Clarke,

1989, was discovered living at archibenthal oil and gas

seeps on the Louisiana slope in the Gulf of Mexico. This

small gastropod was found at depths of 541 and 722 m
and was videotaped crawling on live mytilid bivalves, which

thrive at these cold-seep sites. Other associated mollusks

include vesicomyid and lucinid bivalves. Waren & Bouchet

(1993) studied the soft-part anatomy of 5. naticoidea.

In 1966, a few specimens of a gastropod belonging to

subgenus Thalassonerita Moroni, 1966, were found in some

small isolated outcrops of limestone from the upper Mio-

cene (Tortonian Stage) near the town of Forli south of

Bologna, in the northern Apennines, north-central Italy.

Moroni (1966), who assigned these gastropods to family

Neritidae, reported that the gastropod-bearing marly lime-

stones contain a low-diversity molluscan assemblage. The
fossil fauna is dominated by lucinids and articulated ves-

icomyids, as well as by modiolid bivalves (Taviani, 1994).

Based on faunal composition and on carbon and oxygen

isotope studies, Taviani (1994) interpreted these lime-

stones to be authigenic and to have formed in association

with venting of methane-rich cold seep fluids on the Mio-

cene sea floor.

Olsson (1931:23) mentioned the presence oi Nerita? in

isolated cherty limestones of middle Eocene? or Oligocene?

age in the lower Lomitos cherts, northwestern Peru. The
isolated limestones contain abundant specimens of thy-

asirids associated with lucinids, vesicomyids, and sole-

myids. Goedert et al. (1995) and Squires & Gring (1996)

tentatively reported that these cherty limestones are prob-

ably cold-seep deposits. Unfortunately, Olsson did not il-

lustrate these specimens of Nerita?, nor did he assign any

of them catalog numbers for future study.

The new species from the Humptulips Formation in

Washington might belong to family Neritidae, and, if so,

it would be the earliest record of neritids that lived around

cold-seeps and the first record of a cold-seep neritid from

the fossil record of North America.

Systematic Paleontology

Family Neritidae? Rafinesque, 1815

Discussion: As will be mentioned below, the new species

closely resembles cold-seep gastropods that have been re-

ported to be neritids. In order to confirm the systematic

position of this new species, it will be necessary to check

for the absence of internal whorl partitions on the earlier

whorls, which are known (Keen, 1971) to be resorbed in,

at least, shallow-marine neritids. Unfortunately, the poor

preservation of the available specimens of the new species

does not allow study of the earlier whorls. Until better

specimens are found, we judge .that the neritid assignment

should be tentative.

Genus Thalassonerita Moroni, 1966

Discussion: Thalassonerita was originally considered to be

a subgenus-level taxon (Moroni, 1966). Waren & Bouchet

(1993) elevated subgenus Thalassonerita to a genus. Tav-

iani (1994) mentioned that, based on unpublished data,

he considers Thalassonerita to be a senior synonym of the

Recent cold-seep taxon Bathynerita.
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Figure 1

Index map to CSUN loc. 1583, Humptulips Formation, Grays

Harbor County, Washington.

Type species: Neritina (Thalassonerita) megastoma Moroni,

1966, upper Miocene, near Forlii, north-central Italy.

Moroni (1966) was inconsistent as to the generic place-

ment of this species, and she variously referred to it

either as Neritina (T.) megastoma or Nerita [T.) megas-

toma.

Thalassonerita? eocenica Squires & Goedert, sp. nov.

(Figures 2-5)

Neritiform gastropod Goedert & Kaler, 1996: 67, table 1.

Diagnosis: Small, neritiform, spire very low, body whorl

with weak spiral threads grading into cancellate orna-

mentation, inner lip apparently smooth with no callus or

deck area.

Description: Shell small, up to 6 mm height and 10 mm
width; neritiform with very low spire, shell thin; proto-

conch missing; teleoconch 1 Vz whorls; suture between spire

and body whorl impressed; body whorl rounded, juvenile

specimens (about 3 mm height or less) with many weak
spiral threads grading, on adult specimens, into slightly

stronger cancellate ornamentation; periostracum very thin

and with prosocline growth lines; aperture moderately large;

Explanations of Figures 2 to 5

Figures 2-5. Thalassonerita? eocenica Squires & Goedert, sp.

nov., holotype LACMIP 11426, CSUN loc. 1583, height 5.8

mm, width 8.5 mm, x6.6. Figure 2; apertural view. Figure 3:

left-lateral view. Figure 4: abapertural view. Figure 5: dorsal

view.
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inner lip margin sharp with no evidence of teeth and no

callus or deck area; outer lip not preserved.

Holotype: Natural History Museum of Los Angeles

County, Invertebrate Paleontology Section (LACMIP)
11426.

Type locality: CSUN loc. 1583, latitude 47°15'10"N, lon-

gitude 123°49'W.

Paratype: LACMIP 11427, CSUN loc. 1583.

Discussion: Fourteen specimens of the new species were

found at CSUN loc. 1583. All show some degree of weath-

ering. Five of the 14 specimens are whole and have shell

material, but the shell material is nearly completely gone

with only a very thin remnant left. These specimens are

nearly internal molds. In addition, the shell is missing on

the spires of all these specimens. Five other specimens are

internal molds, and four other specimens are fragments.

The specimens range in height from 1 to 6 mm. Cleaning

of the specimens is difficult because they are embedded in

hard limestone. Only remnants of the periostracum are

preserved, and they are usually only on juvenile specimens.

The new species most resembles Thalassonerita mega-

rfoma (Moroni, 1966:70-72, pi. l,figs. 1-7) from the upper

Miocene "Calcari a Lucine" near Forli, north-central It-

aly. Moroni (1966) and Waren & Bouchet (1993) reported

this species to be a neritid. The new species differs from

T. megastoma in the following features: no callused flat-

tened deck area along the inner lip, spiral threads on the

entire body whorl rather than just on the initial (juvenile)

portion, and the presence of cancellate ornamentation on

the adult portion of the body whorl near the outer lip.

The new species resembles Bathynenta naticoidea Clarke

(1989:125-129, pi. 2, figs. 3, 4, text figs.) from modern

oil and gas seeps on the Louisiana slope in the Gulf of

Mexico. Clarke (1989) reported this species to be a neritid

as did Waren & Bouchet (1993:3-7, figs. 1, 2, 3a-c), who
also illustrated and discussed it. The new species differs

from B. naticoidea in the following features: no callused

flattened deck area along the inner lip, and presence of

spiral threads and cancellate ornamentation rather than

being smooth.

Although both Thalassonerita megastoma and Bathynenta

naticoidea have a callused flattened deck area like that

found in many neritids, no information is available as to

whether or not the internal whorl partitions of the earlier

whorls have been resorbed. The systematic assignment of

both of these species to family Neritidae would be strength-

ened if it could be shown that these internal whorl par-

titions are absent.

The lack of a callused deck area on the new species

would seem to indicate assignment to a new genus that is

otherwise closely related to Thalassonerita and Bathynenta.

The inner lip callus of neritids, however, is especially prone

to post-mortem dissolution (Squires & Saul, 1993), and
cold-seep sites are commonly associated with selective dis-

solution of molluscan carbonate shell material (Squires &

Gring, 1996). Until it can be determined whether or not

the new species can have a callused deck area, we judge

that the generic assignment remain tentative.

Waren & Bouchet (1993) reported that although it is

difficuit to conclude anything about the age of the lineage

represented by neritids that live in the deep sea around

cold seeps, it is probable that they evolved independently

of other neritids since before the Tertiary. If the deep-sea,

cold-seep gastropod Thalassonerita ? eocenica sp. nov. does

eventually prove to be a neritid, it would significantly

extend the fossil record of this lineage and would thereby

strengthen the hypothesis of Waren & Bouchet (1993).
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In September 1993, the Malacological Society of Lon-

don met at the Natural History Museum in London to

commemorate the centenary of the Society. Thirty-one

papers emerging from the presentations at that meeting

are here gathered in an extraordinary volume—"the Lon-

don Volume," as this benchmark work is coming to be

known. Many, perhaps most, of the papers were updated

substantially by their authors between the date of the meet-

ing and the date of publication, with the result that this

compilation reflects the state of the art circa 1995. That is

both the good news and the bad news about the London

Volume.

Concerns reflected in many of the papers are instructive

as to where systematic/evolutionary malacology now stands,

and where it has yet to go: the discovery of sister-group

relationships; the recognition of homoplasy (important for

avoiding spurious inferences of genetic relationship); and

the polarity of character-state transformations (presum-

ably because it is now widely recognized that the only

defensible taxonomic groupings are those based on shared

derived character states). All of these represent the impact

of phylogenetic systematics upon the discipline. Even some

of the papers that do not include phylogenetic analysis

within their scope address questions of apomorphy (e.g.,

"Molluscan sperm ultrastructure: correlation with taxo-

nomic units within the Gastropoda, Cephalopoda and Bi-

valvia" by J. M. Healy) and homology (e.g., "Shell pores

(caeca, aesthetes) of Mollusca: a case of polyphyly" by S.

Reindl and G. Haszprunar; "Development and homolo-

gies of the anal gland in Haminaea navicula (Da Costa,

1778) (Opisthobranchia, Bullomorpha)" by K. Schaefer;

and "Parallelism in the origin of the G-type clausihal

apparatus (Gastropoda, Pulmonata, Clausiliidae)" by E.

Gittenberger and M. Schilthuizen).

Where phylogenetic inference is attempted, both cla-

distic and non-cladistic methods come into play, with a

predictable mixture of results. Fifteen of the papers include

branching diagrams purporting to show phylogenetic re-

lationships among taxa, but not all are the result of cladistic

protocols. For example, "Origin of Aculifera and problems

of monophyly of higher taxa in molluscs" by D. L. Ivanov

represents (fig. 4.6) a "scheme of cladistic events in the

origin and phylogeny of Aculifera" in which various char-

acter states characterize branch segments. But the method

of the paper itself is authoritarian rather than analytical:

character states are asserted to be apomorphies without

explicit test (such as outgroup comparison), and criteria

of parsimony are not employed. "The evolutionary history

of the Bivalvia" by B. Morton presents (fig. 29.9) a totally

dichotomous "proposed evolutionary tree for the Bivalia,"

but the method is that of functional/adaptive narrative.

"Origin and evolutionary radiation" is, of course, a broad

enough subject area to take in a wide range of topics. (Only

article 27, "Crab predation as a selective agent on shelled

gastropods: a case study of Calliostoma zizyphinum (Pros-

obranchia: Trochidae)" by S. J. Preston, D. Roberts, and

W. I. Montgomery seems to strain the boundary—not a

fault of the paper, which is a well-conducted field and lab

study of predator-prey relations.) In fact, only the first

paper in the volume ("The Mollusca: coelomate turbel-

larians or mesenchymate annelids?" by G. Haszprunar)

and to some extent the second ("Synapomorphies and ple-

siomorphies in higher classification of Mollusca" by L. v.

Salvini-Plawen and G. Steiner) truly bear on the origin

of Mollusca as a clade. "Phylogenetic position of Sipun-

cula, Mollusca and the progenetic Aplacophora" by A. H.

Scheltema discusses the possibility that Sipuncula and

Mollusca are sister taxa, but its discussion is couched en-

tirely in two-taxon statements, and testing of the suspected

homologies is left for future developmental studies. By
contrast, the Salvini-Plawen and Steiner paper uses Tur-

bellaria and Sipunculida effectively as outgroups in ana-

lyzing relationships among the component clades of Mol-

lusca (e.g., fig. 2.3). "An evolutionary tree for the Mol-

lusca: branches or roots?" by D. R. Lindberg & W. F.

Ponder addresses the deep framework of the molluscan

tree and the monophyly, or not, of the Conchifera.

At the other end of the scale of taxonomic scope, M.
Schilthuizen and E. Gittenberger ("Allozyme variation in

some Cretan Albinaria (Gastropoda): paraphyletic species

as natural phenomena") and S. Crossland, D. Coates, J.

Grahame, and P. J. Mill ("The Littorma saxatilis species

complex—interpretation using random amplified poly-

morphic DNAs") investigate population-level phenomena;

the phena, or units of analysis, are predominantly allo-

patric in Albinaria, sympatric in Littorina.

"Gastropod phylogeny—challenges for the 90s" by Pon-

der and Lindberg is a short version of a broad cladistic

overview now in press. Beside their results (statistically

compared to major competing trees in table 11.3), the

authors share the lessons of their analytical experience,

point out problems ranging from data sets to mind sets,

and suggest directions for future study.

Brief takes on a few of the other contributions:

"The Diaphanidae as a possible sister group of the

Sacoglossa (Gastropoda, Opisthobranchia)" by K. R. Jen-

sen asks the right kind of question and amasses the data

to answer it, but stops short of performing the analysis.
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The answer ("The Diaphanidae does not constitute the

sister group of the Sacoglossa, nor does any of the genera

included in the Diaphanidae"; p. 245) seems to have been

derived by visual inspection of the data matrix (table 20.3).

My run of the data with HENNIG86 (Farris, 1988) leads

to the same conclusion and supports it with a parsimony

argument as well. One wonders why this type of analysis

was not done in the paper.

"Phylogeny and patterns of evolutionary radiation in

trochoidean gastropods" by C. S. Hickman presents a fully

realized cladistic analysis of Trochoidea including explicit

laying out of characters and character states drawn from

many systems, in welcome contrast to the author's earlier

work (Hickman & McLean, 1990) with its a posteriori

"retrospective cladograms."

In "Evolutionary radiations in the Cypraeidae" by E.

A. Kay, the units of analysis are traditional genera without

any consideration of the nature of those nominal taxa. Are

the "genera" monophyletic or paraphyletic groups? If the

latter, then some of the extinctions shown in fig. 18.3 may
in fact be pseudo-extinctions. Without an estimate of sister

taxon relationships, we cannot tell how much further back

in time some lineages actually extend (i.e., as "ghost taxa").

It would be most interesting to revisit this topic after the

group has been subjected to phylogenetic analysis.

Treatment of the Bivalvia lags behind that of the other

classes. The Morton paper mentioned above is virtually a

homage to C. M. Yonge. It takes as its starting point the

hypothetical primitive bivalve of Morton & Yonge (1964)

and narrates a speculative (although not implausible) his-

tory of radiations motivated by predation pressures, inter-

spersed with mass extinctions that affect predominantly

the more specialized members. This reviewer would like

to see some ambitious bivalve specialist produce a parsi-

mony-driven phylogenetic hypothesis for the Bivalvia

against which Morton's story can be evaluated.

"The early evolution of the Bivalvia" by J. C. W. Cope
is predominantly a summary of the fossil record. A branch-

ing diagram (fig. 30.3) of "possible phylogenetic links of

the bivalve classes" is said to employ "the most parsimo-

nious analysis of shell microstructural types," but the pro-

cedure for arriving at that estimate is not specified.

The overwhelming message of this volume is that all is

not "business as usual" in malacology. The transition is

well under way to a more analytical, hypothesis-driven

(that is to say, scientific) practice of molluscan systematics.

Even though, as one ecologist said to me recently, the war
may be over—with phylogenetic systematics having no

serious competitor at providing useful, testable hypotheses

of relationship—^there are skirmishes still to be fought.

The molluscan literature of the future will be data-rich

and explicit. Tables and taxon/character matrices will fill

the pages of our systematic literature; and while they won't

make good bedtime reading, they will place our conclusions

on a testable, replicable footing. Reiterations of the old,

canonical style of malacology with authoritarian assertions,

imagined phylogenies, and the like will be increasingly

seen as fraudulent (not merely incompetent, because claims

of ignorance of the best available methods are no longer

credible) and will be marginalized—their conclusions not

necessarily wrong, merely irrelevant.

While its contents are a mixed bag, the London Volume
gives plenty of reason for optimism. Old data sets are being

revisited, re-analyzed, and supplemented. Long-accepted

homologies are being inspected for homoplasy. The hon-

orable rubric of peaceful social change, "Question Au-
thority," is becoming the order of the day.

The book is available from Oxford University Press,

Walton Street, Oxford OX2 6DP U.K. and Oxford Uni-

versity Press offices in other countries, at a price of £75.

B. Roth
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This spiral-bound, quarto size volume actually contains

two separate, independently-authored contributions: The
Prosobranchia by McLean (pp. 1-160), and The Opis-

thobranchia by Gosliner (pp. 161-213). An appendix with

maps and station lists relates to both articles. Both con-

tributions are clear, well-written taxonomic/identification

treatises covering the gastropods collected during US De-

partment of the Interior Minerals Management Service

(MMS) benthic monitoring in the Santa Maria Basin off

Central California, from about Point Estero to Point Con-

ception, and the western Santa Barbara Channel, southeast

of Point Conception, in depths of approximately 100-600

m. The utility of both, however, extends well beyond those

specific areas.
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As described in his introductory text, McLean uses the

opportunity to provide an illustrated identification manual

for southern California prosobranchs occurring at depths

beyond those treated in his Marine Shells of Southern Cal-

ifornia (1969, revised 1978). The treatment of species here-

in is more detailed than in that book, and includes syn-

onymies, deposition of type specimens, and remarks that

sometimes go to some length to explain taxonomic choices

or other points of interpretation. For many species, this

work contains the only significant descriptive text pub-

lished since their original proposals (or Oldroyd's repub-

lications of same), and quite often the only such treatment

in a modern systematic context. Seven new species and one

new genus are proposed; major taxonomic innovations are

introduced in the genera Lirobittium, Boreotrophon, Sca-

brotrophon (new genus), Borsonella, Ophiodermella, and

Crockerella.

Gosliner's treatment of the Opisthobranchia stays more

within the confines of the MMS study; every species treat-

ed is represented by specimens in the voucher collections.

But again, many of the taxa range beyond central Cali-

fornia (indeed, the handsome cover photograph of Tritonia

festiva, a species present in the voucher collections, shows

a specimen from British Columbia). Twenty-eight species

are described and discussed; half of these have never before

been described morphologically. Seven species appear to

be undescribed, although apparently because of the lack

of comprehensive material, they are not named but merely

cited as "sp. 1" and so forth. The genera Parvamplustrum

and Holoplocamus are newly recorded from the Pacific coast

of North America.

Both articles include keys to the species; the quality of

the black-and-white photographs ranges from good to ad-

equate. These contributions provide important clarifica-

tion of the systematics and identification of regional bathyal

gastropods; they make the volume a "must have" for work-

ers concerned with benthic sampling and (because much
of the Neogene fossil record of California involves sedi-

ments deposited in this depth range) paleontology in this

part of the world.

The volume is available from the Department of In-

vertebrates, Santa Barbara Museum of Natural History,

2559 Puesta Del Sol Road, Santa Barbara, California

93105-2936, USA.

B. Roth

Marine Mollusca of the Galapagos, Gastropods,

A Monograph and Revision of the Families

Trochidae, Skeneidae, Turbinidae and Neritidae

by Yves Finet. 1995. Monographs on Galapagos Mol-
lusca, No. 2. L'Informatore Piceno, Ancona, Italy. Glossy

hard cover, 139 pp., 27 color and 10 black and white plates.

ISBN 88-86070-24-1. Approximately $70 from US dis-

tributors.

Recent reports state that there has already been a per-

ceptible reduction in the richness and diversity of the

populations of molluscs and other marine invertebrates

in the Galapagos Islands. **** Therefore compiling an

inventory and a detailed systematic description of the

marine molluscs in the Galapagos is, in my view, an

indispensible, valuable and even urgent task.

-from the Preface, by Prince Sadruddin Aga Khan

Yves Finet's contribution toward this urgent task con-

tinues with this volume. Like the first in the series (re-

viewed, The Veliger 38:274), covering Haliotidae, Scis-

surellidae, Fissurellidae, and Lottiidae, this monograph is

lavishly produced in a large format with stunningly beau-

tiful illustrations. Several color images of each taxon prac-

tically place the specimens in the reader's hand (slightly

greater depth-of-field is needed for specimens in the 3-4

mm size range), and ultra-sharp SEM pictures of minute

shells, protoconchs, and radulae convey these details su-

perbly.

Emphasis is on careful presentation of essential system-

atic information—synonymies, statements of type locali-

ties, republications of original descriptions (with additional

description as necessary), keys to the taxa, and locality

lists of specimens examined—rather than taxonomic in-

novation. It succeeds well in this aim, and with the books

of this series in hand there should be little excuse for faunal

surveyors ever to misidentify the gastropods in their sam-

ples.

B. Roth

Bivalvos, Gasteropodos, Quitones

by Jean-Maurice Poutiers. 1995. Pp. 99-304 in W.
Fischer, F. Krupp, W. Schneider, C. Sommer, K. E.

Carpenter & V. H. Niem (eds.), Guia FAO para la

Identificacion de Especies para los Fines de la Pesca. Pa-

cific© Centro-Oriental. Vol. 1. Plantas e Invertebrados.

Food and Agriculture Organization of the United Nations:

Rome.

This substantial work in Spanish, organized in alpha-

betical order by family under each class, treats species of

fisheries importance: 110 bivalves, 62 gastropods, and two
chitons. Each species has a brief description and a distri-

butional map, and each is illustrated with an excellent line

drawing.

Gene Coan
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Description of Zerotulidae fam. nov.

(Littorinoidea), with Comments on an

Antarctic Littorinid Gastropod

by

ANDERS WAREN

Swedish Museum of Natural History, Box 50007, S- 10405 Stockholm, Sweden

AND

STEFAN HAIN

OSPARCOM, New Court, 48 Carey Street, London, WC2A 2JE, England

Abstract. Zerotulidae fam. nov. is described and placed in the Littorinoidea. The family includes

the genera Zerotula Finlay, 1926 (formerly in Architectonicidae); Frovina Thiele, 1912 (synonymized

with Prolacuna Thiele, 1913, both formerly in Naticidae); Trilirata Waren & Hain, gen. nov. (type

species Prolacuna trilirata Thiele, 1912, Antarctic); and Dickdellia Waren & Hain, gen. nov. (type

species Laevilitorina {Corneolitorina) labioflecta Dell, 1991, Antarctic, bathyal).

The following new species are described: Frouina angularis Waren & Hain (New Caledonia, bathyal),

Zerotula incognita Waren & Hain (North Atlantic, abyssal), Z. stellapolaris Waren & Hain (Antarctic),

Z. coronata Waren & Hain (New Zealand, shelf), Trilirata sexcarinata Waren & Hain (Antarctic),

T. triregis Waren & Hain (New Zealand, shelf), and T. herosae Waren & Hain (New Caledonia,

bathyal). The anatomy is described for Frovina soror Thiele, 1912, F. indecora (Thiele, 1912), Zerotula

stellapolaris, Trilirata macmurdensis (Hedley, 1911), T. sexcarinata, and D. labioflecta.

Antitrichotropis wandelensis (Lamy, 1906) (formerly in Capulidae, Neotaenioglossa) is transferred to

Laevilitorininae (Littorinidae), based on examination of radula and external morphology of the head-

foot. It is classified in Laevilitorina, subgenus Pellilacunella.

INTRODUCTION

The genera Prolacuna Thiele, 1913, Frovina Thiele, 1912,

and Zerotula Finlay, 1926, have for a long time been clas-

sified in the Naticidae {Prolacuna and Frovina) and in the

Architectonicidae {Zerotula). The only basis for this has

been a misidentified naticid {Prolacuna and Frovina) and

the planispiral shells of the species placed in Zerotula.

Examination of types and additional material proved these

classifications, dating from the first half of this century, to

be mistakes. The genus Zerotula actually contained species

of archaeogastropods, neotaenioglossates, and hetero-

branchs. When Hain obtained numerous Antarctic spec-

imens of these groups, we decided to make a closer inves-

tigation of their systematic relationships.

We have examined the anatomies of the type species

(or, in the case of Zerotula, a species similar to the type

species) to get a more robust basis for the systematic place-

ment of these taxa. We have also examined, in as much
detail as our material allowed, several additional species

about which we had accumulated information during many
years of routine examination of museum collections and

expedition material.

MATERIALS and METHODS
Our work is largely based on specimens obtained during

cruises of R/V Polarstern in the Weddell Sea and adjacent

areas between 1985 and 1991. It has been supplemented

by examination of type material and specimens from other

sources according to our needs. Our material is listed under

each species and deposited in the following museums: AMS,
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Australian Museum, Sydney; BMNH, Natural History

Museum, London; MNHN, Museum National d'Histoire

Naturelle, Paris; MNZ, Museum of New Zealand, Wel-

lington; NMWZ, National Museum of Wales, CardifT;

RSM, The Royal Scottish Museum, Edinburgh; SMNH,
Swedish Museum of Natural History, Stockholm; USNM,
National Museum of Natural History, Washington D.C.;

ZMHU, Zoologisches Museum der Humboldt Univer-

sitat, Berlin.

The material from the Polarstern cruises is referred to

under each species by PS {Polarstern ) followed by the cruise

and station numbers. In order to avoid unnecessary rep-

etition, we give a list of the station data below and repeat

only depth and approximate longitude in the lists of "Ma-
terial examined."

R/V Polarstern (PS)

Antarctic stations

Roman numbers/Arabic numbers are cruise/leg num-
ber.

III/3, sta. 345, 73°23'S, 02r37'W, 617 m, February 1985.

Vn/4, sta. 224, 7ri5.8'S, 013°04.2'W-7ri5.8'S,

013°01.7'W, 186-187 m, 25 January 1989.

Vn/4, sta. 230, 75°14.2'S, 026°59.4'W-75°12.9'S,

027°01.2'W, 270-280 m, 30 January 1989.

vn/4, sta. 250, 74°35.1'S, 029°39.9'W-75°32.4'S,

029°53.0'W, 799-810 m, 04 February 1989.

vn/4, sta. 272, 73°26.9'S, 021=33. 6'W-73°25.7'S,

021°30.2'W, 409-406 m, 13 February 1989.

vn/4, sta. 274, 71°38.8'S, 012°09.4'W-7r38.3'S,
012°13.1'W, 196-212 m, 15 February 1989.

vn/4, sta. 282, 71°31.7'S, 012°27.4'W-71°30.6'S,

012°29.3'W, 609-575 m, 18 February 1989.

vn/4, sta. 284, 7ri2.0'S, 013°14.0'W-7ri2.2'S,

013°16.8'W, 402-412 m, 18 February 1989.

vn/4, sta. 289, 71°12.0'S, 013°27.9'W, 672 m, 19 Feb-

ruary 1989.

vn/4, sta. 291, 7r06.rS, 012°33.5'W-7r05.9'S,

012°34.8'W, 499-515 m, 19 February 1989.

vn/4, sta. 293, 7r06.2'S, 012°53.8'W-7r05.7'S,
012°58.4'W, 771-793 m, 20 February 1989.

Vni/5, sta. 491, 73°69'S, 022°42'W, 390-370 m, 21 Feb-

ruary 1990.

IX/3,sta. 165,70°18.9'S,03°15.8'W-70°19.2'S,03°16.8'W,

191-204 m, 17 February 1991.

IX/3, sta. 173, 70°00.5'S, 07°09.1'E-70°00.4'S, 07°07.4'E,

739-765 m, 20 February 1991.

IX/3, sta. 174, 69°43.7'S, 10°44.7'E-69°42.4'S, 10°47.5'E,

432-432 m, 21 February 1991.

IX/3, sta. 179, 69°58.9'S, 08°00.7'E-69°59.3'S, 07°59.9'E,

185-161 m, 22 February 1991.

IX/3, sta. 180, 69°57.4'S, 06°19.0'E-69°57.7'S, 06°21.0'E,

280-298 m, 23 February 1991.

IX/3, sta. 206, 69°06.9'S, 10°01.0'E-69M6.8'S, 10°01.6'E,

343-338 m, 07 March 1991.

IX/3, sta. 207, 69°57.4'S, 05°08.4'E-69°57.5'S, 05°00.4'E,

213-210 m, 07 March 1991.

IX/3, sta. 211, 69°58.9'S, 05°08.4'E-69°57.9'S, 05°00.4'E,

661-742 m, 10 March 1991.

IX/3, sta. 212, 70''00.5'S, 03°56.4'E-70°00.4'S, 03°57.3'E,

568-644 m, 11 March 1991.

IX/3, sta. 220, 70°24.1'S, 06°07.6'E-70°24.3'S, 06°08.6'E,

118-126 m, 13 March 1991.

Further data on the work during Polarstern VII/4-5 can

be obtained in "Berichte zur Polarforschung," vol. 68

(1990); for cruise IX/3, vol. 100 (1992); and for earlier

cruises in Hain (1990).

The material from the Polarstern Antarctic Expedition

IX/3 was processed as follows. From each trawl 50 liters

of sediment that passed a 4 mm sieve were subsequently

sieved on a 0.5 mm sieve. The material that remained in

the sieve was saved and fixed in 95% alcohol (to compensate

for water in the sediment). These residues were then sorted

under a stereomicroscope at SMNH and turned out to be

very rich in small mollusks (Waren & Hain, 1992).

Serial sections were prepared of a range of species, as

the material allowed. The sections were cut 5-7 jum thick

and stained with Ehrlich's hematoxylin-eosin (EHE). Re-

grettably, all material available for this work had been

preserved in alcohol (of varying strength since it was used

for fixing sediment samples), which is not good for most

histological purposes. The sections were therefore not of

good quality, but have allowed a more precise systematic

allocation than only external morphology would have done.

Egg capsules were identified to species by SEM ex-

amination of larvae ready to hatch and comparison with

protoconchs of adult specimens.

We have divided the anatomical descriptions into two

main parts: (1) what can be seen from the outside after

removing the shell, including features seen only by trans-

parency; (2) the results from serial sections.

SYSTEMATICS

Mollusca, Gastropoda,

Neotaenioglossa

Superfamily LITTORINOIDEA

The superfamily has been discussed by Ponder (1988),

Haszprunar (1988), and Reid (1989); and we refer to these

papers for general information about the taxon.

Family Zerotulidae Waren & Hain, fam. nov.

Diagnosis: Small to medium-sized neotaenioglossates with

a featureless, planispiral to turbiniform shell with no or

mainly spiral sculpture. Protoconch large, simple, and

smooth, not distinctly demarcated (encapsulated develop-

ment). Radula long, slender, with 80-200 transverse rows

and more than 8-times as long as broad. Central tooth

usually with a ridge projecting above cusps. Lateral tooth

lacking "littorinid notch." Outer marginal very slender
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except basally; usually with long cusps; often with weak

zone and membranous cusp at mid-length. No pallial ten-

tacle; no metapodial tentacles. Esophagus with large

esophageal gland and with lateral pouches in at least some

species. Penis below and to the right of right cephalic

tentacle. No paraspermatozoa. Sperm often stored in peri-

cardium of female, sometimes also in a dorsal seminal

receptacle opening between albumen and capsule gland of

oviduct (Trilirata) or in albumen gland (Dickdellia). Ped-

al ganglia with a single accessory ganglion innervating

propodium or two accessory ganglia innervating pro- and

mesopodium, respectively. Osphradium long, slender; a

low ridge containing osphradial ganglion between two

slightly taller ciliated ridges.

Remarks: Four genera are included in this new family,

Zerotula, Trilirata gen. nov., Frovina, and Dickdellia gen.

nov. Waren originally recognized them as probably being

related from radular characters, especially by the "hooded"

(Reid, 1989) central tooth and the outer marginal teeth,

which have unusually long apical cusps. Furthermore, the

outer marginals, and sometimes also the inner marginals,

are separated from the more central teeth by a bare zone

of radular membrane. The radula is 8-20 times as long

as broad, and it is usually difficult to unfold the marginal

teeth. It differs drastically from the much shorter and

broader (3-4 times as long as broad) type present in the

Rissooidea (based on Rissoidae Gray, 1847, which name

was given precedence over Truncatellidae Gray, 1840;

ICZN Opinion 1664).

When additional material with preserved soft parts be-

came available during Hain's work on Antarctic mollusks,

we examined several species anatomically. This revealed

similarities in the anatomy, despite the variations in shell

morphology.

Systematic position of Zerotulidae: The anatomy seems

highly plesiomorphic for the "rissooid-cingulopsoid-litto-

rinoid radiation" as understood by Ponder (1988). Dick-

dellia differs considerably from the three other genera,

and its special features are discussed under that generic

heading.

The shells of zerotulids are about as featureless as gas-

tropod shells come, but quite variable within the family

(cf. Figures 1, lOA-C, 16, 19). None of the species so far

included in the family has planktotrophic larvae, and the

protoconch is thus of no use for classification. All species

lack an "inner chitinous layer" (Ponder, 1988; Reid, 1989),

known from Skeneopsidae, Cingulopsoidea, and some Ris-

sooidea.

The cephalic tentacles are highly contractile and do not

have any arrangement of conspicuous cilia and cirri, char-

acteristic of most Rissooidea and Cingulopsoidea. This lack

is shared with the other Littorinoidea, including the Ea-

toniellidae. This is probably a plesiomorphy, since it is

shared with most neotaenioglossates.

A posterior pedal gland is present in many groups of

the Neotaenioglossa, especially among the small species.

It is, however, also common in veligers, also of large Neo-
taenioglossa and neogastropods (see, e.g., Fioroni, 1966),

and may be a larval organ of general occurrence, retained

only in certain taxa of small species, where a thin mucus
thread helps prevent the adults from being washed away
from the substrate. In such species, the gland usually opens

via a well-defined pore centrally and ventrally on the sole

of the foot. This seems not to be the case among zerotulids,

where the gland is voluminous but lacks a defined opening.

We therefore assume that there must be numerous, hardly

discernable openings for the mucus. A posterior pedal gland

is missing in adult Littorinidae (Reid, 1989).

The position of the penis, distinctly below the right

cephalic tentacle, seems restricted to the Littorinidae and

Zerotulideae. Reid (1989) considered this position apo-

morphic for littorinids. Now knowing this also in Zero-

tulidae, we find it more likely to be a plesiomorphy of

Littorinoidea.

The innervation of the penis is of considerable interest,

both for the understanding of the evolution of this organ

and for the systematic positon, since there seems to be

variation in this between the families (see Ponder, 1988;

Reid, 1989). The quality of the sections did not allow any

certain conclusions since it could be seen only in Z. stel-

lapolaris, and even in that species, the nerves could not

be followed without interruption to their origin. It seems,

however, that there are nerves both from the subesophageal

and right pedal ganglia that join to a "penial ganglion,"

posteriorly at the base of the penis. From this "penial

ganglion," there are also nerves to the pallial sperm duct

and the prostate, and it is possible that the nerves to the

penis are those from the pedal ganglion, and the ones to

the sperm duct and prostate come from the subesophageal

ganglion. The "penial ganglion" may then be a secondary

fusion for coordination of the differently derived compo-

nents of the male reproductive system (zygoneury). A sim-

ilar zygoneury was described by Bouvier (1887) in Lit-

torina littorea, but the relations to the penis were not men-

tioned.

This type of penial innervation is known from Annu-
lariidae and Pomatiasidae, but we cannot exclude that it

occurs elsewhere in the Rissooidea-Cingulopsoidea-Lit-

torinoidea, since few species are known in enough detail

to reveal this.

All examined species of Zerotulidae lack parasper-

matozoa. This was also reported by Reid (1989) from the

Lacuninae and Laevilittorininae, the two most "primitive"

littorinid subfamilies. Absence of paraspermatozoa among
almost all Rissooidea suggested to Reid that their presence

is apomorphic for the higher littorinids. Healy (1990) and

Waren & Ponder (1991) reported developing parasper-

matozoa in the little-known family Provannidae to be "ex-

tremely similar to the 'nurse-cell' type paraspermatids of

littorinids." We therefore favor the view that the produc-

tion of paraspermatozoa is plesiomorphic and may be sup-

pressed (but perhaps not lost) in these two littorinid sub-

families and the zerotulids.
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Frovina indecora, Trilirata macmurdensis, T. sexcari-

nata, and possibly Zerotula stellapolaris were found to

store sperm in the pericardium. We do not know if this is

natural or an artifact, and we cannot rule out the possibility

that sperm from the female system was pushed through

the gonopericardial duct by a violent contraction when the

animal was fixed, but this seems unlikely given the large

quantities found in some specimens, and in most species,

the absence of sperm in other places.

Pericardial sperm storage is known from scattered oc-

currences in the rissooid-cingulopsoid-littorinoid radiation

(Ponder, 1988:149), but in most of these examples, there

are modifications involved, e.g., a receptaculum bulging

into the pericardium. Such is not the case in Zerotulidae,

where spermatozoa evidently enter the pericardium via the

gonopericardial duct. Sperm storage (not described in de-

tail) in the pericardium occurs also in Globularia fluctuata

(Sowerby, 1825), which, however, is aphallic (Kase, 1990).

No further details about this have been published. {Glob-

ularia is usually referred to the Naticidae, subfamily Am-
pullospirinae.) Campanile symbolicum Iredale, 1917 (Cam-

panilidae, Cerithioidea) also stores sperm in the pericar-

dium, but in a seminal receptaculum within the pericar-

dium, and opening into the pallial cavity close to the pallial

gonoduct (Houbrick, 1981, 1989).

Both the male and female glandular ducts are closed.

This has usually been considered an advanced feature

among caenogastropods, but Reid (1989) found it to be

plesiomorphic in the Littorinoidea. A closed system in the

Zerotulidae supports this conclusion.

The pedal ganglia have accessory ganglia, a single, an-

terior one, or two, one anteriorly, one posteriorly. The
Littorinidae have two accessory pedal ganglia, one ante-

riorly, one posteriorly (Johansson, 1939; Fretter & Gra-

ham, 1962); the Rissoidae and Hydrobiidae also have two

(Johansson, 1939; Hershler & Davis, 1980) in a similar

position. We consider the single zerotulid accessory gan-

glion a synapomorphy of most zerotulids, but the two

accessory ganglia in Dickdellia may be the plesiomorphic

condition.

The osphradium diff'ers from that of the Littorinidae in

having the lateral ridges of the same height as the central

ridge; in the Littorinidae they are much smaller, ciliated

tracts (Johansson, 1939; Taylor & Miller, 1989; Reid,

1989). The rissoid osphradium is quite similar to that of

the zerotulids (Johansson, 1939: pi. 3, figs. 3-4). Infor-

mation about other possibly related taxa is insufficient to

allow useful comparison.

We assume a long, slender radula to be a plesiomorphic

feature for neotaenioglossates since it occurs also in the

Abyssochrysidae, Provannidae, and many Cerithioidea,

which are generally recognized as being old neotaenio-

glossate taxa (Houbrick, 1979, 1988; Waren & Ponder,

1991). A hooded rachidian tooth also occurs in the Lit-

torinidae (Reid, 1989) and Cingulopsidae (Ponder & Yoo,

1980). The lateral tooth lacks the "littorinid notch" (Reid,

1989) in all zerotulids, which probably is the plesio-

morphic condition. The gross morphology of the zerotulid

radula is most similar to that of Abyssochrysidae and Lit-

torinidae. Both these families have a "bare" zone between

and no overlap of the inner and outer marginal teeth (see

Houbrick, 1979:fig. 8; and Figure 3C, herein). We there-

fore consider the general morphology of the radula ple-

siomorphic, while the unusually long cusps and strange

outer marginal tooth in Trilirata and Zerotula incognita

are considered apomorphic features.

The radular sac passes through the nerve ring, centrally

in the cephalopedal haemocoel and ventral to the esoph-

ageal gland, extending as far back as this. Here it may
eventually make a short lateral loop. In littorinids it lies

coiled in several loops over the gland.

The development of the jaw varies considerably among
the zerotulids. So it does also in the whole "rissooid-cin-

gulopsoid-littorinoid radiation" (Reid, 1989), but since a

similarly shaped jaw is present in most prosobranchs, little

can be concluded from this.

A well-developed esophageal gland is common among
Neotaenioglossa; the combination with esophageal pouches

is known from the Eatoniellidae, some Cingulopsidae and
Littorinidae (Ponder, 1988; Reid, 1989). Esophageal

pouches are, however, easily overlooked in serial sections,

and therefore they may be more widespread than presently

known.

Unusual features of the "rissooid-cingulopsoid-littori-

noid radiation," present in zerotulids are:

—Posterior pedal gland large in adult specimens but with-

out large duct (considered an apomorphy of Zerotuli-

dae; absent in adult Littorinidae).

—Penis situated below right cephalic tentacle (as in Lit-

torinidae, considered plesiomorphic in Neotaenioglos-

sa).

—Sperm storage in the pericardium (apomorphy of Ze-

rotulidae?).

—Absence of a bursa copulatrix (apomorphy of Zerotu-

lidae?).

—A long, slender radula with a bare zone between the

marginals and with lateral teeth without "littorinid

notch" (plesiomorphy of the Neotaenioglossa).

—Presence of a large esophageal gland (plesiomorphy of

Neotaenioglossa).

—Presence of esophageal pouches in at least some species

(apomorphy of Littorinoidea?).

From this, we conclude that the zerotulids are more

closely related to the Littorinidae than to other taxa within

the "rissooid-cingulopsoid-littorinoid radiation," and place

them in the Littorinoidea. We refrain from comparisons

with the pomatiasids and other land and freshwater ra-

diations since we find it difficult to assess differences, which

may be caused by their different environment.

We readily admit that there are few and not very clear

apomorphies uniting the species included in Zerotulidae,

and there is a possibility that what we have brought to-

gether as Zerotulidae actually is a series of unusually
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plesiomorphic littorin(o?)ids. In that case, the Zerotulidae

would be paraphyletic and perhaps polyphyletic. We sus-

pect this especially with Dickdellia labioflecta, which dif-

fers considerably from the other species in the anatomy of

the foot. Nevertheless, if this is the case, there will still

remain a need for a family level name based on Zerotula,

as a sister group to Littorinidae.

The type species of Skeneopsis (Skeneopsidae, Littori-

noidea), somewhat similar in shell shape to certain zero-

tulids, was described anatomically by Fretter (1948). Ru-
ber (1993) described the central nervous system. The Ske-

neopsidae includes two North Atlantic species, and shows

clear affinity to the Littorinoidea and Cingulopsoidea

(Ponder, 1988; Reid, 1989). The single anatomically known

species does, however, have a very large penis (pedally

innervated, Ponder, 1988) attached behind the right ce-

phalic tentacle, not below, as in Littorinidae and Zero-

tulidae, and it lacks an esophageal gland. Its osphradium

is not bipectinate as stated by Fretter (1948), but a low,

rather broad ridge, twice as long as broad (Waren, un-

published). The nervous system is highly concentrated.

The Skeneopsidae seems to be a highly apomorphic

group and is difficult to place in a superfamily, though the

radula and inner chitinous layer of the shell indicate re-

lations to Cingulopsoidea and Littorinoidea, not to Ris-

sooidea. We consider the similarity in shell shape to some

zerotulids due to convergence.

Separation of Frovina, Trilirata, Dickdellia, and Zerot-

ula. The soft parts are of very little use in this (except for

Dickdellia) since they are very featureless, and we have

had access to preserved material of only a single species

of Zerotula. The radula is, however, quite characteristic in

the group we have separated as Trilirata (plus Z. incog-

nita), with an extra cusp halfway up the shaft of the outer

marginal tooth combined with a weaker zone across the

shaft that causes the tooth to fold here. Also, the shell is

quite similar in T. macmurdensis and T. herosae, whereas

that of T. sexcarinata has a much more depressed spire.

Trilirata sexcarinata also stands out among the species of

this genus in the extreme development of the periostracum.

The periostracum is thin in Z. stellapolaris and Z. in-

cognita, both in alcohol and dry, but not known in the

other species of Zerotula. It is thin and brittle in species

of Frovina. At present we therefore consider the perios-

tracal development of T. sexcarinata an autapomorphy.

The two species in Frovina which have been examined

anatomically have very similar shells, which, however, may
be plesiomorphic since they also resemble the shell of un-

modified littorinids (Laevilittorininae and Lacuninae).

The shells of the species placed in Zerotula are quite

similar to each other, but also simple, with a strongly

depressed spire, ranging from slightly hyperstrophic via

perfectly planispiral to having the larval shell level with

the top of the peristome. Several species with similar shells

previously classified in Zerotula are herein referred to other

families.

Frovina Thiele, 1912

FrovinaTh\c\e, 1912:196. Type species F. xoror Thiele, 1912,

by original designation.

Sublacuna Thiele, 1912:195 (not Pilsbry, 1895). Type species

S. indecora Thiele, 1912, by original designation.

Prolacuna Thiele, 1913:86 (new name for Sublacuna).

Frigidilacuna Tomlin, 1930:23 {nevf name for Sublacuna).

Remarks: We cannot see any great differences between
the type species of Prolacuna and Frovina, except the shape

of the central tooth, which has only three strong, flat cusps

of equal size in F. soror, and five conical cusps, which
become gradually smaller toward the side of the tooth in

F. indecora (Figure 3C, E). This was Thiele's only reason

for separation of Frovina and Prolacuna, but we consider

the similarities in other radular features, shell, and anat-

omy more important. Consequently, the name Frovina has

to be used, since it is the oldest one available.

Prolacuna macmurdensis stands out by its strong spiral

sculpture and the strange morphology of the outer mar-

ginal tooth, similarities to two new species, and has therfore

been united with these in a new genus, Trilirata.

Frovina angularis, sp. nov. is classified in Frovina with

some doubt also at family level; no soft parts were available,

but the shell shows more similarities to this family and

genus than to any other taxon known to us.

Frovina soror Thiele, 1912

(Figures ID, E, 2A, B, 3E, F, 4E, F, 6B)

Frovina soror T\\it\t, 1912:196, pi. 11, fig. 40; pi. 15, fig. 20.

Frovina soror: Egorova, 1982:31, figs. 144, 44.

Prolacuna indecora: Dell, 1990:162 (pardy, fig. 239 only).

Type locality: Antarctica, Gauss Station, 89°E, 385 m.

Type material: Holotype in ZMHU, not seen.

Material examined: Davis Sea, 66°33'S, 93'"01'W, 80 m,

1 specimen (det. P. indecora by Dell, 1990), USNM
613041.—PS VII/4 sta. 224, 013°W, 186-187 m, 2 spec-

imens.—PS VII/4 sta. 274, 012°W, 196-212 m, 5 speci-

mens.—PS IX/3, sta. 173, 007°E, 739-765 m, 5 speci-

mens, 2 shells.—PS IX/3, sta. 174, 011°E, 432-432 m,

10 specimens, 4 shells.—PS IX/3, sta. 179, 007°E, 185-

161 m, 2 specimens, 9 shells.—PS IX/3, sta. 180, 06°E,

280-298 m, 17 specimens, 3 shells.—PS IX/3, sta. 206,

10°E, 343-338 m, 2 specimens, 10 egg capsules, 3 shells.

—

PS IX/3, sta. 211, 05°E, 661-742 m, 3 shells (all in

SMNH).

Distribution: From the Bellinghausen Sea (93°W), east-

ward to the Davis Sea (98''E), in 80-765 m.

Redescription: We describe only the anatomy, based on

several decalcified specimens and sections of one adult fe-

male. Shell, Figure ID, E; protoconch. Figure 2A, B.

External morphology of soft parts: The head-foot and

pallial complex comprise half a whorl in contracted spec-
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Explanation of Figure 1

Frovma spp. Figures A, B. F. indecora, PS IX/3 sta. 179, height 3.4 mm. Figure C. F. indecora, holotype, ZMHU
63025, height 2.3 mm. Figures D, E. F. soror, USNM 613041, height 3.3 mm and (E) PS IX/3 sta. 179, diameter

3.2 mm. Figures F, G. F. angularis Waren & Hain, sp. nov., holotype, height 3.2 mm. Scale line (G) = 0.2 mm.

imens, the visceral mass slightly more than two whorls.

The head-foot is pale beige, the visceral mass pale orange-

brown (in alcohol) and covered with small dark brown
spots, diameter about 5-15 jum. The anterior '/,o whorl of

the visceral mass is dominated by the still paler kidney.

At the left side, the pericardium with the ventricle and

auricle lies directly behind the gill and osphradium. The
gonad is not easily distinguished externally, although the

specimens are sexually mature. Directly behind the peri-

cardium, the esophagus and stomach reach about a third

of a whorl backward, before the esophagus enters the pos-

teriorly situated part of the stomach. Forming a continu-

ation of the anteriorly situated part of the stomach, the

intestine very soon turns sharply to the right and disap-

pears under the kidney.

The pallial cavity is quite deep, and the pallial skirt

normally covers the whole head in preserved specimens.

The pallial margin is thin and simple, without tentacles

and papillae, except at the right ^i , where it is "uneven,"

but the details could not be worked out. The osphradium

is elongate and paralleled by two ciliated ridges. It runs

along the gill from its most posterior part, forward to the

anterior Va of the gill. The gill consists of a series of about

12 triangular leaflets, drawn out to a ventral point; the

gill width corresponds to V4 of the pallial cavity. The leaflets

in its central part are about twice as wide and high as the

anterior ones. The columellar muscle projects at the right

side of the body, 80-100° from the operculum. Its left part

is much less conspicuous and narrower. The hypobranchial

gland is not very conspicuous and partly covered by the
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Explanation of Figure 2

Frovina spp., juveniles. Figures A, B. F. soror, PS IX/3 sta. 179, diameter 1.1 mm. Figures C, D. F. indecora, PS
IX/3 sta. 179, diameter 1.1 mm. Scale lines = 250 ^m.

tips of the gill leaflets. The pallial oviduct is restricted to

the posterior right half of the cavity, and its left side con-

tains the rectum, which opens at the same level as the duct.

The head is medium-sized, has a pair of short (con-

tracted), conical, flattened tentacles with large, black eyes

in basal-lateral bulges. The snout is rather short, slightly

tapering, and somewhat flattened with a subventral mouth.

The male has a simple, tapering, finger-shaped penis

just below the right cephalic tentacle, with a seemingly

open furrow along its dorsal side. The furrow continues

as a duct buried in the right corner of the pallial cavity,

to the prostate.

The foot is flat, large, and broad. It is strongly contracted

in all specimens, but judging from the folds, its anterior

edge is probably blunt, and the corners are not drawn out

to small, tentaclelike extensions. Posteriorly, it seems bluntly

rounded. An anterior pedal gland opens between the in-

distinctly set-off propodium and the mesopodium. The
sides of the foot are smooth and there are no epipodial

ridges or furrows.

Internal anatomy: The foot is almost filled by the large

posterior pedal gland, which, together with the slightly

smaller anterior pedal gland, bulges into the cephalopedal



Explanation of Figure 3

Radulae of Zerolula and Frovina. Figures A, B. Z. hedleyi, MNZ M. 33660. Figures C, D. F. indecora, PS IX/3
sta. 180. Figures E, F. F. soror, USNM 613041. Scale lines in ^m.
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haemocoel, well past the nerve ring, both to the right and

left of it. The posterior pedal gland stains dark bluish

violet, the anterior one, a much lighter grayish violet. The

posterior pedal gland seems not to have a defined opening,

but this is not certain, because all the ventral surface of

the foot is badly preserved, and the outer layers are peeling.

The anterior one has a storage space under the propodium

lined with tall epithelium, and opens via the slit between

the pro- and mesopodium. The muscle layer of the foot is

quite thin, 30-60 fim along the sides and ventrally, and

the sole is very poor in muscle fibers.

The tentacles are solid and muscular, all the way to the

base, where they have a subcutaneous eye with lens and

pigment layer, in a bulge. The snout is very muscular and

can probably be extended considerably when the snail is

grazing.

The alimentary system consists of the mouth, a large,

rather weakly muscular buccal mass, a very short anterior

esophagus, a large esophageal gland, a narrow posterior

esoghagus, stomach, intestine, and rectum. From the pos-

terior esophagus and backward, the preservation was too

poor to observe any detail, except that the stomach has a

gastric shield but seems to lack a crystalline style.

The jaw is very thin and membranous, mainly forming

a cuticular lining of the oral tube.

The radular sac is straight, long, and slender, passes

backward through the nerve ring and lies ventral to the

esophageal gland as far back as this. The part of the radula

in use is supported by a pair of narrow cartilages.

Two salivary glands open into the buccal cavity, close

to its mid-line, via short, inconspicuous ducts, which do

not pass through the nerve ring. The salivary glands are

large and situated in front of and above the cerebral gan-

glia. They consist of a short, thin duct and a longer, coiled

and branching glandular tube. Their structure and stain-

ing are very similar to the dorsal part of the esophageal

gland, but the nuclei are more numerous and conspicuous.

The dorsal food channel is characterized by the presence

of numerous mucus-producing cells, which stain dark blue.

These start in the posterio-dorsal part of the buccal cavity,

are displaced to the left when passing the nerve ring, and

end up ventrally in the esophageal gland, where they do

not reach its posterior end. A paired structure (about 0.2

mm long), which could be a pair of esophageal pouches,

bulges from the esophagus, just in front of the gland.

The nervous system follows the normal pattern, with

dialyneury between the left pleural and the supraesoph-

ageal ganglia. The distances between the ganglia are fairly

short (contracted specimen). The left pleural and cerebral

ganglia are partly fused, the right ones abutting. The su-

pra- and subesophageal ganglia are situated less than twice

their diameter from the corresponding pleural ganglion.

The length of the connectives to the pedal ganglia is twice

the diameter of the ganglia. The supraesophageal ganglion

lies free at the left side of the cephalopedal haemocoel; the

subesophageal one is well embedded in the body wall. The

buccal ganglia are situated dorsally on the buccal mass,

close to the exit of the esophagus, and connected by a

commissure. In front of the pedal ganglia is an accessory

pedal ganglion, lying in the anterior pedal gland, connected

by a connective of 1.5 times the diameter of the accessory

ganglion and innervating the anterior pedal gland and
propodial area. The visceral ganglia were not identified.

The statocysts are situated above and behind the pedal

ganglia and slightly displaced to the right. Their diameter

corresponds to '/3 of the length of the ganglion. They have

a single statolith.

Reproductive system. The sexes are separate, or at least

the males whose external morphology was examined were

of the same size as the sectioned female. The fixation does

not allow any detailed description of the female system.

The ovary (and testis) lie along the right side of the visceral

mass. An ovarian duct leads to a large albumen gland,

which stains very lightly. Along the left and anterior side

of this is a capsule gland (staining dark violet), but the

detailed morphology of these could not be worked out due

to missing and ruptured sections. No bursa copulatrix was

identified. No receptaculum seminis was found, and no

sperm was found in the pericardium.

The radula (Figures 3E, F, 6B) is taenioglossate, long,

and slender, with about 80 transverse rows of teeth. The
central tooth (Figure 3F) has a low and thin, irregularly

denticulated hood along its anterior, apical margin. Below
this, three large cusps form a cutting edge. Beside these,

and partly concealed by them, is a much smaller denticle

on each side. The "wings" are drawn out to a small denticle

on each side close to the base. The front of the tooth forms

a large supporting bulge at the base. The lateral tooth

usually has about 10 denticles, of which numbers 2 and 4

(counted from the inner edge) are at least twice the size

of the others. The littorinid notch is missing. The first

marginal tooth is simple, claw-shaped, with a sturdy shaft

and three to five apical cusps. The outer marginal tooth

is slightly shorter, straighter, half the thickness, and has

three apical cusps. Very young specimens (from egg cap-

sules) have a proportionally shorter radula with fewer

transverse rows of teeth, but the radulae are otherwise

identical.

The operculum (Figure 4E, F) has a few whorls, a central

nucleus, and is transparent, slightly brownish yellow, es-

pecially where it is attached to the foot. The surface is

distinctly wrinkled by the growth lines.

Reproduction. The egg capsules are identical to those

described for F. indecora below.

Remarks: Frovina soror was based on a small specimen,

1.5 mm high and 1.4 mm in diameter. Thiele's drawing

of the shell (1912: pi. 11, fig. 40) is not much of an aid to

identification, but the radula is distinctive (Thiele, 1912:

pi. 15, fig. 20), even in juveniles (Figure 6B, from egg

capsules) with three large cusps of equal size on the central
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Explanation of Figure 5

Frouina indecora, critical point dried, PS IX/3 sta. 212. Figure A. front view. Figure B. right side of head-foot.

ct—cephalic tentacle, mp—mesopodium; p—penis with sperm groove; pp—propodium; sn—snout. Scale line =

200 Mm.

tooth. Our material indicates a size of a little more than

3 mm for adult specimens.

Neither sperm nor a receptaculum seminis was found

in the single sectioned female. The reason is probably that

it had not been fertilized, because the sections were good

enough to find a filled receptaculum or sperm in the peri-

cardium.

Frovina indecora (Thiele, 1912)

(Figures lA-C, 2C, D, 3C, D, 4G, H, 5, 6A, 7, 8, 9,

22D)

Sublacuna indecora Thiele, 1912:195, pi. 12, fig. 4; pi. 15,

fig- 19.

Prolacuna indecora: Arnaud, 1972:126.

Prolacuna indecora: Egorova, 1982:30, fig. 142-143, 42.

Explanation of Figure 4

Opercula. Figure A. Zerotula hedleyi, MNZ M. 33660, diameter 0.40 mm. Figures B, C. Z. stellapolaris Waren
& Hain, sp. nov., PS IX/3 sta. 180, diameter 0.68 mm. Figure D. Z. sp.. Bounty Trough, diameter 0.85 mm.
Figures E, F. Frovina soror, PS IX/3 stas. 179 and 180, diameter 1.8 and 1.9 mm. Figures G, H. F. indecora, PS
IX/3 sta. 179 and 180, diameter 2.1 and 1.9 mm. Figure I. Trilirata macmurdensis, USNM 612745, diameter 1.6

mm. Figure J. T. herosae Waren & Hain, sp. nov., holotype, diameter 1.7 mm. Figures K, L. T. sexcarinata

Waren & Hain, sp. nov., PS VII/4 sta. 291 and 284, 1.7 and 1.6 mm.
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Explanation of Figure 7

Frovina indecora, longitudinal section. The pedal ganglion has just branched to two major tracts (indicated by

arrows), to the accessory pedal ganglion and to the posterior region of the mesopodium. eg—cerebral ganglion;

df—dorsal (now ventral) food channel; f—foot; j—^jaw; oe—esophagus; oep—esophageal pouch; pc—pallia cavity;

pg—pedal ganglion; pig—pleural ganglion; pp—propodium; sg—salivary gland; sn—snout. Scale line =100 /im.

Prolacuna indecora: Powell, 1951:121.

Trochaclis antarctica: Powell, 1958:185, not Thiele, 1912.

Prolacuna indecora: Powell, 1958:190.

Prolacuna indecora: Dell, 1990:162 (not fig. 239, = Frovina

soror).

NOT Sublacuna indecora Eales, 1923:21 (= unidentified na-

ticid).

Type locality: Davis Sea, Gauss Station, 89°E, 385 m.

Type material: Synlype ZMHU 63025, examined.

Material examined: PS VII/4 sta. 284, 013°W, 402-412

m, 2 specimens.—PS VII/4 sta. 274, 012°W, 196-212 m.

6 shells.—PS IX/3, sta. 165,003°W, 191-204 m, 2 shells.—

PS IX/3, sta. 173, 007°E, 739-765 m, 33 specimens, 5

shells, 14 egg capsules.—PS IX/3, sta. 174, 010°E, 432-

432 m, 2 specimens.—PS IX/3, sta. 179, 007°E, 185-161

m, 14 specimens, 10 egg capsules, 21 shells.—PS IX/3,

sta. 1 80, 006°E, 280-298 m, 26 specimens, 1 5 egg capsules,

4 shells.—PS IX/3, sta. 206, OICE, 343-338 m, 2 spec-

imens, 3 shells.—PS IX/3, sta. 211, 005°E, 661-742 m,

1 specimen, 2 shells.—PS IX/3, sta. 212, 003°E, 568-644

m, 15 specimens, 5 egg capsules (all in SMNH).

Distribution: Circumpolar in 67-836 m.

Explanation of Figure 6

Figure A. Frovina mc/ecora juvenile, from Figure 2D, PS IX/3 sta. 179. Figure B. F. .rorror juvenile, from Figure

2B, PS IX/3, sta. 179. Figures C-F. Trilirata macmurdensis , PS IX/3, sta. 173. C. Juvenile, from Figure 34F.

D-F. Adult to show central tooth and folding of outer marginals. Scale lines = 5 tim.
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B

Explanation of Figure 9

Frovina indecora. Figure A. Cross section of body behind cerebral ganglia, to show position of esophageal ganglia.

Figure B. Cross section of osphradium. cm—columellar muscle; cr—ciliated ridge; df—dorsal food channel; hg

—

hypobranchial gland; oeg—esophageal gland; og—osphradial ganglion; pc—pallial cavity; pod—pallial oviduct;

ps— pallial skirt; re—rectum; sbg—subesophageal ganglion; sg—salivary gland; spg—suprasophageal ganglion.

Scale lines in ^m.

50

Redescription: We only describe the anatomy, based on

three sectioned adult females and several decalcified males

and females. Shell, Figure lA-C; protoconch. Figure 2C, D.

External morphology of soft parts: The head-foot (Fig-

ure 5) and pallial complex comprises % of a whorl in a

contracted specimen, the visceral mass slightly more than

two whorls. The anterior part of the head-foot has a weak,

granular, grayish pigmentation, best visible along the edges

of the snout, foot, and tentacles. Behind the tentacles, in-

cluding the visceral mass, it is light beige (in alcohol). The
anterior y,o whorl of the visceral mass is yet paler and

contains the kidney. At the left side, the pericardium, with

the ventricle and auricle, lies directly behind the gill and

osphradium. The gonad is not easily distinguished exter-

nally also in sexually mature specimens. Directly behind

the pericardium, the esophagus and stomach reach about

a third of a whorl backward, before the esophagus enters

the posteriorly situated part of the anterior stomach. Form-

ing a continuation of the anteriorly situated part of the

stomach, the intestine very soon turns sharply to the right

and disappears under the kidney.

The pallial cavity is quite deep, and the pallial skirt

normally covers the whole head in preserved specimens.

The pallial margin is thin and simple, without tentacles

and papillae, except at the right % , where it is "uneven,"

but the details could not be worked out. The osphradium

(Figure 9B) is paralleled by two ridges; it runs along the

gill from its most posterior part, forward to the anterior

Vi of the gill. The gill consists of a series of about 12

triangular leaflets, drawn out to a ventral tip; the gill width

corresponds to 14 of the pallial cavity. The leaflets in its

Explanation of Figure 8

Frovina indecora, sagittal sections. Figure A. Longitudinal section of central anterior part of cephalopedal haemocoel.

Figure B. Longitudinal section through head-foot, changing to cross section of anterior part of visceral mass, ag—
albumen gland; apg—anterior pedal gland; cc—cerebral commissure (in B indicated by black dot and fine arrow);

cm—columellar muscle; df—dorsal (now ventral) food channel (visible by its dark staining gland cells); dg—
digestive gland; fp—fecal pellet (in rectum); m—mouth; oe—esophagus; oeg—esophageal gland; oev—esophageal

valve; pod—pallial oviduct; pp—propodium; re—radular cartilage; rs—radular sac; sd—salivary duct; st—stomach.

Scale lines in ^m.
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central part are about twice as wide and high as the an-

terior ones. The columellar muscle projects at the right

side of the body, 80-100° from the operculum. Its left part

is much less conspicuous and narrower. The hypobranchial

gland is rather inconspicuous and partly covered by the

tips of the gill leaflets. The pallial oviduct is restricted to

the posterior right half of the cavity, and its left side con-

tains the rectum, which opens at the same level as the duct.

In the male, the rectum parallels the sperm duct and pros-

tate in the corresponding position.

The head is medium-sized and has a pair of short (con-

tracted), conical, flattened tentacles with large black eyes

in basal-lateral bulges. The snout is rather short, with

parallel sides, somewhat flattened with a subventral mouth.

The male has a simple, tapering, finger-shaped penis

just below the right cephalic tentacle, with a dorsal furrow

containing a closed sperm duct. The duct continues in the

right corner of the pallial cavity, lined by a narrow prostate

gland.

The foot is flat, large, and broad. Judging from the

folds, its anterior edge is probably blunt, but the corners

seem not to be drawn out to small, tentaclelike extensions.

Posteriorly, it seems bluntly rounded. There is no distinct

opening for the posterior pedal gland. Anteriorly, between

the distincly set-oflf propodium and the mesopodium, opens

an anterior pedal gland. The sides of the foot are smooth,

and there are no epipodial ridges or furrows.

Internal anatomy (Figures 7-9): The foot (Figure 8B) is

almost filled by the large posterior pedal gland. The slight-

ly smaller anterior pedal gland bulges into the cephalo-

pedal haemocoel, but not behind the nerve ring. The pos-

terior pedal gland stains dark bluish violet, the anterior

one a much lighter grayish violet with conspicuous nuclei.

The posterior pedal gland does not have a defined opening.

The anterior one has a storage space under the propodium

lined with tall epithelium, and opens via a broad and flat

duct, which penetrates most of the gland. The muscle layer

of the foot is quite thin, 75-100 jLim along the sides and
ventrally.

The tentacles are solid and muscular all the way to the

base, where they have a subcutaneous eye with lens and
pigment layer, in a bulge. The snout is very muscular and

can probably be extended considerably when the snail is

grazing.

The alimentary system consists of the mouth; a large,

rather muscular buccal mass; a very short anterior esoph-

agus; a large esophageal gland; a narrow posterior esoph-

agus; stomach; intestine; and rectum. From the posterior

esophagus and backward, the preservation was too poor

for any detail except that the stomach has a gastric shield

but seems to lack a crystalline style.

The jaw (Figure 22D) is bilobed and thin but with a

prismatic structure.

The radular sac (Figure 8A) is straight, long, and slen-

der, passes backward through the nerve ring and lies ven-

tral lo the esophageal gland, reaching as far back as this,

where it curves dorsally to the right of the esophagus. The

part of the radula in use is supported by a pair of large

cartilages.

Two salivary glands open into the buccal cavity close

to its mid-line, via short, inconspicuous ducts which do not

pass through the nerve ring. The salivary glands are large

and situated in front of and above the cerebral ganglia.

Each consists of a short, thin duct and a voluminous gland

of several lobes. With EHE they stain violet. The dorsal

food channel (Figures 7, 8A) is characterized by the rich

occurrence of mucus-producing cells, staining dark blue.

These start in the posterior, dorsal part of the buccal cavity,

get displaced toward the left side when passing the nerve

ring and end up ventrally in the esophageal gland, where

they do not reach its posterior end. In front of the esoph-

ageal gland is a pair of small esophageal pouches.

The nervous system follows the normal pattern of litto-

rinids, with dialyneury between the left pleural- and the

supraesophageal ganglia. The distances between the gan-

glia are fairly short (contracted specimen), the pleural and

cerebral ganglia abutting. The supra- and subesophageal

ganglia are situated less than twice their diameter from

the corresponding pleural ganglion. The length of the con-

nectives to the pedal ganglia is twice the diameter of these

ganglia. The supraesophageal ganglion lies free at the left

side of the cephalopedal haemocoel; the subesophageal one

in a pit in the body wall (Figure 9A). The buccal ganglia

are situated dorsally on the buccal mass close to the exit

of the esophagus, and connected by a commissure. In front

of the pedal ganglia is an accessory pedal ganglion, con-

nected by a connective of the same length as the accessory

ganglion and innervating the anterior pedal gland and

propodial area.

The visceral ganglia were not identified.

The statocysts are situated above and behind the pedal

ganglia and slightly displaced laterally. Their diameter

corresponds to half the length of the ganglion. They have

a single statolith.

Reproductive system. The sexes are separate. The fixa-

tion does not, however, allow any detailed description. The
gonad lies along the right side of the visceral mass. An
ovarian duct leads to a large albumen gland, which stains

very lightly. Along the left and anterior side of this is a

capsule gland (staining dark violet with EHE), but the

detailed morphology of these could not be worked out due

to missing and ruptured sections. They are, however, closed

except for a short opening close To the anterior end of the

capsule gland. No trace of a bursa copulatrix or a recep-

taculum seminis was found. A well-developed gonoperi-

cardial duct is present, opening into the ovarian duct close

to the albumen gland. All three females that were sectioned

had the pericardium filled with sperm.

The radula (Figures 3C, D, 6A) is taenioglossate, long,

and slender, with about 100 transverse rows of teeth. The
central tooth (Figure 3D) has a low and thin, irregularly

crenulated hood along its apical margin. Below this, one

large and two smaller cusps form a cutting edge on each

side. Beside these, and partly concealed by them, is a much
smaller denticle on each side. The "wings" are not drawn
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out to small denticles on the sides. The front of the tooth

forms a large supporting bulge at the base. The lateral

tooth usually has seven or eight denticles, of which numbers

1 and 3 or 4 (counted from the inner edge) are at least

twice the size of the others. The littorinid notch is missing.

The first marginal tooth is simple, claw-shaped, with a

sturdy shaft and three to five large apical cusps. The outer

marginal tooth is longer and of a fourth of the thickness

of the inner one. It has two or three apical cusps. Very

young specimens have a proportionally shorter radula with

fewer transverse rows of teeth, otherwise identical (Figure

6A).

The operculum (Figure 6G, H) has a few whorls, a

central nucleus, and is transparent, pale brownish yellow,

more distinctly so where attached to the foot. The surface

is distinctly wrinkled by the growth lines.

Reproduction. The egg capsules are laid singly and con-

tain one embryo. The capsules are globular, transparent,

slightly yellowish, and attached to some firm substrate

along a surface corresponding to a sector of 60-90° of the

sphere. The young snails have a diameter of 1 mm at

hatching, and the shell consists of 1.5 whorls. The devel-

opment is thus lecithotrophic and encapsulated. These may
be the unidentified egg capsules reported by Hedgpeth

(1964) on legs of the pycnogonid Colossendeis megalonyx

Hoek, 1881, at the northern part of the Antarctic Pen-

insula.

Remarks: Eales (1923) outlined some anatomical char-

acters of a species identified as ''Prolacuna indecora." The
description contains details about a "partly calcareous

operculum" and "coalescence of tentacles in the mid-dorsal

line." She also figured a radula (fig. 26b). On the basis of

this, she placed Prolacuna in the Naticidae, a position

maintained by later authors (Dell, 1990; Rabat, 1991).

The information presented, especially the presence of a

calcareous layer on the operculum, makes it obvious that

she had examined a young naticid, not Prolacuna indecora,

which lacks alcareous deposits on the operculum.

Examination of one of Powell's (1958) specimens of

"Trochaclis antarctica" (from Banzare sta. 41, off Enderby

Land, the only one that still could be found) showed that

it was misidentified and the record was based on F. in-

decora. Dell (1990:fig. 239) figured Frovina soror as P.

indecora.

Frovina indecora is very similar to Frovina soror, but

adult specimens can be distinguished by F. soror having a

wider umbilicus and a slightly blunter apex. Access to

specimens of both species for comparison is imperative.

We recommend that identification of these species be ver-

ified by radular examination.

Frovina angularis Waren & Hain, sp. nov.

(Figure IF, G)

Type locality: BIOCAL station DW70, off southern New
Caledonia, 23''25'S, 167°53'E, 965 m.

Type material: Holotype and 1 paratype (the latter from

BIOCAL DW51) in MNHN.

Material examined: The holotype and BIOCAL station

DW51, off southern New Caledonia, 23°05'S, 167°45'E,

680-700 m, 1 shell.

Distribution: Only known from south of New Caledonia

in 680-965 m (shells only).

Etymology: ''angularis'" (Latin) meaning angular, from

the appearance of the protoconch.

Description: Shell (Figure IF) small, rissoidlike, with an

angular appearance, grayish semitransparent. The pro-

toconch (Figure IG) is not distinctly demarcated and has

slightly more than 1.5 whorls of a diameter of 1.0 mm.
Apically it is distinctly flattened with a successively stron-

ger keel, which demarcates a subsutural shelf. The teleo-

conch has 1.5-2.0 whorls, demarcated from the protoconch

mainly by the gradual weakening of the protoconch keel.

It is sculptured by a few, very indistinct spiral lines, a

stronger peripheral spiral rib, and scattered prosocline

incremental lines. The umbilicus is narrow but deep. The
aperture is rounded; the outer lip prosocline.

Dimensions. Height of shell 3.2 mm (paratype slightly

smaller).

Remarks: Frovina angularis is a featureless shell, and the

classification in Frovina is provisional in the absence of

soft parts. Also, the placement in Zerotulidae is based

more on intuition and absence of other alternatives than

on actual synapomorphies.

Trilirata Waren & Hain, gen. nov.

Type species: Sublacuna trilirata Thieie, 1912 (= Lacuna

macmurdensis Hedley, 1911).

Diagnosis: Shell of medium to large size for family, of

moderate height or planispiral, mainly sculptured by spiral

keels. Protoconch poorly demarcated but indicating

lecithotrophic development (known in T. macmurdensis).

Soft parts as for family. Outer marginal tooth of radula

with thin, flat cusp and weak zone halfway up the shaft.

Etymology: ''trilirata" (Latin), with three spiral cords,

also the specific name of the type species.

Remarks: Our reasons for introducing this new generic

name were presented under the family heading. We have

preferred to select S. trilirata as nominal type species since

our material is more similar to Thiele's specimens than

those of Hedley (although we consider them synonyms).

The four species included in Trilirata look quite dif-

ferent when shells only are considered and had we not had

some information about anatomy and radula they would

have been difficult to classify. The relationship to Frovina

and Zerotula is not obvious from the shell morphology. At

the same time, their shell morphology does not easily fall

into other families, except T. sexcarinata, which easily
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Explanation of Figure 10

Trilirata macmurdensis and Laeuilitorina wandelensis. Figure A. T. macmurdensis (holotype of T. trilirata), ZMHU
63024, height 3.3 mm. Figure B. T. macmurdensis, USNM 612745, height 3.4 mm. Figure C. T. macmurdensis,

PS IX/3 sta. 179, height 3.1 mm. Figure D. L. wandelensis (holotype of Lacuna notorcadensis, RSM 1921.143.623,

height 3.0 mm. Figures E-F. L. wandelensis (paratype of L. notorcadensis) NMWZ 1955.158.157, height 3.6 mm.

could have been classified in the Capulidae from the shape

of the shell and the development of the periostracum.

Trilirata macmurdensis (Hedley, 1911)

(Figures 41, 6C-F, lOA-C, llA-C, 12, 34F, G)

Lacuna macmurdensis Hedley, 1911:4. pi. 1, fig. 6.

Sublacuna trilirata Thiele, 1912:196, pi. 12, fig. 5.

Prolacuna macmurdensis: Arnaud, 1972:126.

Prolacuna trilirata: Egorova, 1982:30, fig. 141.

Prolacuna macmurdensis: Powell, 1951:121.

Prolacuna trilirata: Powell, 1958:190.

Prolacuna macmurdensis: Powell, 1958:191.

Prolacuna macmurdensis: Dell, 1990:163, fig. 258.

Type localities: L. macmurdensis, off Cape Royds, Mac-
murdo Sound, Ross Sea, 18-36 m: S. trilirata, Davis Sea,

GAUSS Station, 89°E, 385 m.

Explanation of Figure 1

1

Radulae of Trilirata spp. Figures A-C. T. macmurdensis. A. Central tooth. B. Complete width of radula. C. Detail

of outer marginal tooth. Figures D, E. T. herosae Waren & Hain, sp. nov., holotype. F, G. T. sexcarinata Waren
& Hain, sp. nov., PS VII/4, sta. 291. Scale lines in nm.
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Type materials: L. macmurdensis, in AMS, not examined;

5". tnlirata, syntype ZMHU 63024, examined.

Material examined: PS VII/4, sta. 224, 013°W, 186-187

m, 1 specimen, 3 shells.—PS VII/4, sta. 230, 027°W, 270-

280 m, 1 shell.—PS VII/4, sta. 274, 012°W, 196-212 m,

1 shell.—PS VII/4, sta. 289, 013°W, 672 m, 1 specimen.—

PS IX/3, sta. 165, 003°W, 191-204 m, 5 shells.—PS IX/

3, sta. 173, 007°E, 739-765 m, 3 specimens, 12 shells.—

PS IX/3, sta. 174, 010°E, 432-432 m, 6 shells.—PS IX/

3, sta. 179, 007°E, 185-161 m, 5 specimens, 5 shells.—

PS IX/3, sta. 180, 006°E, 280-298 m, 32 specimens, 5

shells.—PS IX/3, sta. 206, 010°E, 343-338 m, 1 specimen,

1 shell.—PS IX/3, sta. 207, 005°E, 213-210 m, 1 shell.—

PS IX/3, sta. 211, 005°E, 661-742 m, 3 shells.—PS IX/

3, sta. 212, 003°E, 568-644 m, 3 shells.—PS IX/3, sta.

220, 006°E, 118-126 m, 2 specimens (all in SMNH).

Distribution: Antarctic circumpolar in 36-765 m.

Redescription: We only describe the anatomy, based on

three decalcified specimens of 2.5 mm diameter, and serial

sections of three adult and two young males, two adult

females, and one female pallial skirt. Shell, Figure lOA-
C; protoconch, Figure 34F, G.

External morphology of soft parts: The head-foot and

pallial complex comprises % of a whorl in contracted

specimens, the visceral mass slightly more than two whorls.

The anterior part of the head-foot has a weak and diffuse

granular grayish pigmentation, best visible along the edges

of the snout, foot, and tentacles; behind the tentacles, in-

cluding the visceral mass, it is light beige (in alcohol). The
anterior '/o whorl of the visceral mass is still paler because

of the overlying kidney. At the left side, the pericardium

with the ventricle and auricle lies directly behind the gill

and osphradium. The gonad is not easily distinguished

externally, even in sexually mature specimens. Directly

behind the pericardium, the esophagus and stomach extend

about a third of a whorl backward before the esophagus

enters the rear part of the stomach. Forming a continuation

of the anteriorly situated part of the stomach, the intestine

very soon turns sharply to the right and disappears under

the kidney.

The pallial cavity is quite deep, and the pallial skirt

normally covers the whole head in preserved specimens.

The pallial margin is thin and simple, without tentacles

and papillae, except at the right ^A , where it is "uneven,"

but the details could not be worked out. The osphradium

is surrounded by two ridges and runs along the gill from

its most posterior part, forward to the anterior 14 of the

gill. The gill consists of a series of about 12 triangular

leaflets, drawn out to a ventral tip; the gill width corre-

sponds to Va of the pallial cavity. The leaflets in its central

part are about twice as wide and high as the anterior ones.

The columellar muscle projects at the right side of the

body, 80-100° from the operculum. Its left part is much
less conspicuous and narrower than the right. The hy-

pobranchial gland is rather inconspicuous and partly cov-

ered by the tips of the gill leaflets. The pallial oviduct is

restricted to the posterior right half of the cavity, and its

left side contains the rectum, which opens at the same level

as the duct. In the male, the rectum parallels the sperm

duct and prostate in the corresponding position.

The head is medium-sized and has a pair of short (con-

tracted), conical, flattened tentacles with large, black eyes

in basal-lateral bulges. The snout is rather short, with

parallel sides, somewhat flattened with a subventral mouth.

The male has a simple, tapering, finger-shaped penis

just below the right cephalic tentacle, with a dorsal furrow

containing a closed sperm duct. The duct continues buried

in the right corner of the pallial cavity where there is a

rather voluminous prostate.

The foot is flat, large, and broad. Judging from the

folds, its anterior edge is probably blunt, but the corners

seem not to be drawn out to small, tentaclelike extensions.

Posteriorly, it seems bluntly rounded. There is no distinct

opening for the posterior pedal gland; anteriorly, between

the distinctly set-off" propodium and the mesopodium opens

an anterior pedal gland. The sides of the foot are smooth,

and there are no epipodial ridges or furrows.

Internal anatomy (Figure 12): The foot is almost filled

by the large posterior pedal gland (Figure 12A, ppg). The
slightly smaller anterior pedal gland bulges into the ceph-

alopedal haemocoel, but not behind the nerve ring. The
posterior pedal gland stains dark bluish violet, the anterior

one, a much lighter grayish violet with conspicuous nuclei.

The posterior pedal gland does not have a defined opening.

The anterior one has a storage space under the propodium

lined with tall epithelium and opens via a broad and flat

duct, which penetrates most of the gland. The muscle layer

of the foot is quite thin (height 75-100 /itm) along the sides

and ventrally.

The tentacles are solid and muscular all the way to the

base where they have a subcutaneous eye with lens and

pigment layer, in a bulge. The snout is very muscular and

Explanation of Figure 12

Trilirata macmurdensis, two sagittal sections. Figure A. Oblique longitudinal section through left part of head-foot.

Figure B. Oblique longitudinal section through right part of head-foot, aa—anterior aorta; apg—anterior pedal

gland; eg—(right and left respecdvely) cerebral ganglion; cm—columellar muscle; ct—cephalic tentacle; g—tips

of gill leaflets (embedded in mucus); hg—hypobranchial gland; k—kidney; oeg—esophageal gland; pe—penis;

pg—pedal ganglion; pig—pleural ganglion; re—radular cartilage; re—bulges from rectum; rs—radular sac; s

—

statocyst; sd—seminal duct; sg—salivary gland; sn—snout. Scale lines = 200 nm.
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can probably be extended considerably when the snail is

grazing.

The alimentary system consists of the mouth; a large,

rather muscular buccal mass; a very short anterior esoph-

agus; a large esophageal gland; a narrow posterior esoph-

agus; stomach; intestine; and rectum. From the posterior

esophagus backward, the preservation was too poor for

any detail other than that the stomach has a gastric shield

but seems to lack a crystalline style.

The jaw is reduced to a thick cuticular lining of the oral

tube.

The radular sac is straight, long, and slender, passes

backward through the nerve ring and lies ventral to the

esophageal gland, extending as far back as this where it

curves dorsally to the right of the esophagus. The part of

the radula in use is supported by a pair of large cartilages.

Two salivary glands (Figure 12A, B, sg) open into the

buccal cavity close to its mid-line via short, inconspicuous

ducts, which do not pass through the nerve ring. The
salivary glands are large and situated in front of and above

the cerebral ganglia. Each consists of a short, thin duct

and a voluminous gland of several lobes. With EHE they

stain violet.

The dorsal food channel is characterized by the rich

occurrence of mucus-producing cells. These start in the

posterior, dorsal part of the buccal cavity, get displaced

toward the left side when passing the nerve ring and end

up ventrally in the esophageal gland (Figure 12A, oeg)

where they do not reach its posterior end. No structure

which could be a pair of esophageal pouches was found.

Most specimens had foraminiferans in various stages of

digestion in the stomach, intestine, and rectum. In the

rectum these consist of almost empty "husks" containing

some particles, which stain blackish violet with EHE.
The nervous system follows the normal pattern of litto-

rinids with dialyneury between the left pleural and the

supraesophageal ganglia. The distances between the gan-

glia are fairly short (contracted specimen), the pleural and

cerebral ganglia abutting. The supra- and subesophageal

ganglia are situated less than twice their diameter from

the corresponding pleural ganglion. The length of the con-

nectives to the pedal ganglia are twice the diameter of these

ganglia. The supraesophageal ganglion lies free at the left

side of the cephalopedal haemocoel; the subesophageal one

in a pit in the body wall. The buccal ganglia are situated

dorsally on the buccal mass close to the exit of the esoph-

agus, and connected by a commissure. In front of the pedal

ganglia is an accessory pedal ganglion, connected by a

connective of the same length as its own diameter and

innervating the anterior pedal gland and propodial area.

The statocysts are situated above and behind the pedal

ganglia and are slightly displaced laterally. Their diameter

corresponds to half the length of the ganglion. They have

a single statolith.

Reproductive system. The sexes are separate. The fixa-

tion does not, however, allow any detailed description of

the systems. The gonad lies along the right side of the

visceral mass.

Female. An ovarian duct leads to a large albumen gland,

which stains very lightly. Along the left side and anterior

half of the albumen gland is a capsule gland (staining dark

violet with EHE), but the detailed morphology and con-

nections of these could not be worked out due to histolysis

and missing and ruptured sections. They are, however,

closed except for a short opening close to the anterior end

of the capsule gland, and there is no bursa copulatrix. Just

behind the capsule gland and above the albumen gland is

a receptaculum seminis, which opens to the connection

between the capsule and albumen gland. It contains ori-

ented sperm. A well-developed gonopericardial duct is

present, opening into the ovarian duct close to the albumen

gland. Four of the five females that were sectioned had the

pericardium filled with sperm.

Male. The simple, tapering penis is situated below the

right cephalic tentacle. It has a seemingly open sperm

groove along its dorsal side, but this furrow contains a

closed sperm duct, which turns to the right side and runs

backward in the right corner of the pallial cavity. Along

the most posterior part in the cavity lies a closed prostate

gland, which continues backward abutting the rectum and

the kidney, and eventually extends into the visceral mass

at the right side of the kidney. The epithelium of the

prostate is divided into the more dorsal half, which is

covered by tall cylindrical epithelium, staining violet with

EHE, and the more ventral half, covered by much less

ordered cells of an almost cotton or wool-like structure,

which stains bluish gray with EHE. The vas deferens

seems to open into the prostate at its anterior Va. The more

posterior part of the vas deferens lies coiled close to the

columella, is voluminous, thin-walled, and functions for

storage of sperm.

The radula (Figures 6C-F, llA-C) is taenioglossate,

long, and slender, with about 100 transverse rows of teeth.

The central tooth (Figures 6D, 11 A) has a low and in-

distinct hood with a few tubercles along its apical margin.

Below this, one large central and one smaller cusp on each

side form a cutting edge. Beside these, and partly concealed

by them, are two much smaller denticles on each side. The
"wings" are not drawn out to small denticles on the sides.

The front of the tooth is concave and lacks a supporting

bulge at the base. The lateral tooth usually has six den-

ticles, of which numbers 1 and 3 (counted from the inner

edge) are at least twice the size of the others. The littorinid

notch is missing. The first marginal tooth is simple, claw-

shaped, slightly flattened with a sturdy shaft and three

large apical cusps. The outer marginal tooth is longer and

a fourth the thickness of the inner one. It has three long

and slender apical cusps. At mid-length, the shaft is crossed

by a furrow and has a small, very thin, and membranous

cusp (Figure 11 C). This furrow makes the tooth pliable,

and the outer part is frequently folded here (Figures 6E,

1 IB). Very young specimens have a proportionally shorter
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radula with fewer transverse rows of teeth, otherwise iden-

tical (Figure 6C).

The operculum (Figure 41) has a few whorls and central

nucleus, is transparent, slightly yellowish brown, especial-

ly where it is attached to the foot. The surface is distinctly

wrinkled by the growth lines.

Reproduction. The eggs are laid singly in simple, glob-

ular capsules with a thin, transparent wall. The size of

the young in capsules agrees with our smallest benthic

stages, and the development is thus lecithotrophic and en-

capsulated.

Remarks: Powell (1958:191) suggested that Prolacuna tri-

lirata is a synonym of P. macmurdensis. This was accepted

by Arnaud (1972:126) and Dell (1990:163), and we can

see no reason to question this, although there is consid-

erable variation in the shell morphology (Figure lOA-C).

Trilirata herosae Waren & Hain, sp. nov.

(Figures 4J, IID, E, 13E-H)

Type locality: BIOCAL DW35, New Caledonia, 23''10'S,

167''10'E, 675-680 m.

Type material: Holotype and 2 paratypes (from DW70)
in MNHN.

Material examined: BIOCAL sta. DW70, New Cale-

donia, 23°25'S, 167°53'E, 965 m, 2 shells (paratypes),

MNHN.—BIOCAL sta. DW46, New Caledonia, 22°53'S,

167''17'E, 570-610 m, 2 shells.

Distribution: Only known from the material examined,

from south of New Caledonia, in 570-965 m.

Etymology: ''herosae," after Mme. Virginie Heros,

MNHN, who has sorted a large part of the sediments in

which the species was found.

Description: Shell (Figure 13E-G) angular, low-spired,

with three spiral keels and a wide umbilicus. The proto-

conch (Figure 13H) is not demarcated, is sculptured with

some spiral ribs and keels and some indistinct bumps and

dents. The proto- and teleoconch together form 2.5 whorls,

sculptured by indistinct and irregular growth lines, some

indistinct and low spiral striae, and three strong spiral

keels, one at the edge of the shoulder, one at the periphery,

and one around the umbilicus. The umbilicus is deep,

penetrating shell to the protoconch, and of a diameter

corresponding to 45% of the shell diameter. The parietal

callus is thin. The inner lip is evenly curved, the outer lip

almost straight between the suture, the spiral keels, and

the lower corner of the aperture.

Dimensions. Diameter of holotype (largest specimen)

3.7 mm.
The radula (Figure IID, E) is taenioglossate, long, and

slender with about 80 transverse rows of teeth. The central

tooth has a low, thin hood with no cusps. Below this, one

major central and three smaller, lateral, rounded cusps

form a cutting edge. The "wings" are not drawn out to

small denticles. The front of the tooth is deeply excavated.

The lateral tooth usually has about 10 denticles, of which

numbers 1 and 3 (counted from the inner edge) are at least

twice the size of the others. The littorinid notch is missing.

The first marginal tooth is simple, claw-shaped, with a

sturdy shaft and eight apical cusps. The apical four of

these cusps are very long; the more basal four are situated

along the outer edge and are less than half the size of the

others. The outer marginal tooth is of about the same

length, much thinner, with four long apical digits of %
the length of the tooth. At mid-length, the shaft has a

transverse groove where it is much thinner and equipped

with a very thin, triangular cusp (Figure HE).
The operculum (Figure 4J) has a few whorls, a distinctly

subcentral nucleus, and is transparent, pale brownish yel-

low, more distinctly so where attached to the foot. The
surface is distinctly wrinkled by the growth lines.

Remarks: The shell has some resemblance to that of Ao-

rotrema Pilsbry & McGinty, 1942 (now in Vitrinellidae:

Abbott, 1 974). Species of that genus, however, have a rough

surface, a columellar tooth, and a hyperstrophic larval

shell. Their closer affinity remains unknown, since only

empty shells are known, but the Pyramidellidae is probably

a good guess.

Trilirata triregis Waren & Hain, sp. nov.

(Figure 13A-D)

Type locality: Northern New Zealand, off Three Kings

Islands, 34°00'S, 171°51'E, 800 m.

Type material: Holotype and 14 paratypes, MNZ
M.49033 and 127384.

Material examined: Northwestern New Zealand, north-

west of Three Kings Islands, Middlesex Bank, 34°02.0'S,

171°44.0'E, 246-291 m, 3 shells, MNZ M.l 18932.—Three

Kings Islands, 24 km northwest of Great Island, 34°05.9'S,

171°55.1'E, 710 m, 9 shells, MNZ M.l 18934.—Three

Kings Islands, 1 1 km northwest of Great Island, 34°06.5'S,

172°04.7'E, 310 m, 1 shell MNZ M.l 18931.—Three Kings

Islands, 18 km north of Great Island, 33°59.2'S, 172°13.6'E,

155 m, 1 shell, MNZ M.l 18929.—Three Kings Islands,

13 km north of Great Island, 34°01.8'S, 172°12.0'E, 508

m, 1 shell, MNZ M.l 18928.—Northwest of Three Kings

Islands, Middlesex Bank, 34°00.9'S, 171°44.7'E, 201-216

m, 1 shell, MNZ M.l 18935.

Distribution: Only known from the material examined

from the Three Kings Islands area, 155-800 m (shells

only).

Etymology: "triregis" (Latin) from tri and rex, meaning

"of the three kings," referring to the type locality.
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Explanation of Figure 13

Trilirata spp. Figure A. T. triregis Waren & Hain, sp. nov. Holotype, diameter 2.8 mm. Figures B-D. T. triregis

Waren & Hain, sp. nov. Paratypes, diameter 1.3, and 2.25 mm. Figure E, F. T. herosae Waren & Hain, sp. nov.

Holotype, diameter 3.7 mm. Figures G, H. T. herosae Waren & Hain, sp. nov. Paratype, diameter 3.2 mm. Scale

lines = 200 tim.

Description: Shell (Figure 13A, B, D, E) angular, low-

spired, with three spiral keels and a wide umbilicus. The
protoconch (Figure 13C) is not demarcated and almost

smooth. The proto- and teleoconch together form about

2.6 whorls, sculptured by indistinct and irregular growth

lines, and three strong spiral keels, one at the edge of the

shoulder, one at the periphery, and one around the um-
bilicus. The umbilicus is deep, penetrating the shell to the

protoconch, and of a diameter corresponding to 45% of the

shell diameter. The parietal callus is thin. The inner lip

is evenly curved, the outer lip almost straight between the

suture, the spiral keels, and the lower corner of the ap-

erture.

Dimensions. Diameter of holotype (largest specimen)

2.8 mm, height 2.8 mm.

Remarks: Trilirata triregis resembles T. herosae, and

close relations between the two seem beyond doubt, despite
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Explanation of Figure 14

Trilirata sexcarinata Waren & Hain, sp. nov., PS VII/4, sta. 291. Figure A. Front view of head-foot. Figure B.

Slightly oblique view of right side of the foot. Scale line = 200 /im.

no soft parts being available of T. triregis. The only no-

ticeable difference is that T. herosae is slightly larger at

the same number of whorls and has a more pronounced

spiral sculpture on the basal surface.

The holotype of T. triregis is the largest specimen avail-

able, but its aperture is broken. Also, the smaller specimens

are in rather bad condition, and it is possible that the

specimens are fossil.

Trilirata sexcarinata Waren & Hain, sp. nov.

(Figures 4K, L, IIF, G, 14, 15A, B, 16-18)

Mesogastropoda sp. 1: Hain, 1990:53, pi. 3, fig. 7a-f; pi.

22; fig. 5.

Type locality: PS IX/3, sta. 220, 70°24.1'S, 06°07.6'E-

70°24.3'S, 06"'08.6'E, 118-126 m, 13 March 1991.

Type material: Holotype and 4 paratypes (immature,

from sta. 179) in SMNH, nos. 4658 and 4659.

Material examined: PS VII/4 sta. 284, 013°W, 402-412

m, 2 specimens.—PS VII/4 sta. 291, 012°W, 499-515 m,

1 specimen.—PS VII/4 sta. 293, 012°W, 771-793 m, 1

specimen.—PS IX/3, sta. 165, 003°W, 191-204 m, 1 spec-

imen, 1 shell.—PS IX/3, sta. 173, 007°E, 739-765 m, 2

specimens, 3 shells.—PS IX/3, sta. 179, 007°E, 185-161

m, 1 specimen, 6 shells. — PS IX/3, sta. 180, 006°E, 280-

298 m, 1 specimen.—PS IX/3, sta. 212, 003°E, 568-644
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Explanation of Figure 16

Trilirata sexcarinata Waren & Hain, sp. nov., PS VII/4, sta. 284. Figures A-C. Diameter 2.5 and (B) 2.1 mm.

m, 1 shell.—PS IX/3, sta. 220, 006°E, 118-126 m, 2

specimens (all in SMNH).

Distribution: Weddell and Lazarev seas, from 13°W, east-

ward to 7°E, in 118-765 m.

Etymology: ''sexcarinata" (Latin), with six keels.

Description: Based on the material above; three adult

sectioned females, one critical point dried female, and two

decalcified males.

Shell (Figure 16) large for the genus, corneous, pla-

nispiral with strongly convex whorls and strong spiral

keels. The protoconch (Figure ISA) is poorly demarcated,

smooth, consists of about 1 whorl of a diameter of 0.6 mm.

Adult specimens have 2 teleoconch whorls, sculptured by

uniform and distinct incremental lines. The spiral sculp-

ture of the teleoconch starts with three spiral ribs which

rapidly fade away. The aperture is higher than broad,

evenly rounded, not indented by the preceding whorl. The
periostracum is extremely thick, and forms six spiral keels,

one keel at the most apical part of the shell, one at the

basal part of shell, and four keels between these.

Dimensions. Holotype 2.6 mm, maximum diameter 6

mm.

External morphology of soft parts: The head-foot (Fig-

ure 14) and pallial complex comprise V4 of a whorl in a

contracted specimen, the visceral mass 1.5-2 whorls. The

Explanation of Figure 1

5

Figures A, B. Trilirata sexcarinata Waren & Hain, sp. nov., young specimens, PS IX/3 sta. 179, diameter 1.33

and 1.17 mm. Figures C-E. Zerotula stellapolaris Waren & Hain, sp. nov., PS IX/3 sta. 179, diameter 0.45 mm.
Figure F. Zerotula incognita Waren & Hain, sp. nov., holotype. Scale lines =100 nm.
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head-foot is pale beige. The visceral mass is brownish or

greenish (in alcohol), its anterior VJo whorl is paler and

contains the kidney and most of the albumen gland of the

oviduct. At the left side, the pericardium with the ventricle

and auricle lies directly behind the gill and osphradium,

in females strongly iridescent from its contents of sperm.

The gonad is not easily distinguished externally, although

the specimens are sexually mature. The esophagus and

stomach cannot be discerned externally.

The columellar muscle is inconspicuous and projects at

the right and left side of the body, 70-90° from the oper-

culum; dorsally it reaches less than ^/k of the height of the

whorl and is thus mainly ventral. Its left part is far less

conspicuous and narrower.

The pallial cavity is quite deep, and the pallial skirt

normally covers the whole head in preserved specimens.

The pallial margin is thin and simple, without tentacles

or papillae. The osphradium is encircled by two ridges

and runs along the gill from its most posterior part, forward

to the anterior Va of the gill. The gill consists of a series

of about nine triangular leaflets, drawn out to a ventral

tip; the gill width corresponds to V4 of the pallial cavity.

The leaflets in its central part are about twice as wide and

high as the anterior ones. The hypobranchial gland is

rather inconspicuous and partly covered by the tips of the

gill leaflets. The brown pallial oviduct is restricted to the

posterior right half of the cavity, and its left side contains

the rectum, which opens at the same level as the duct.

The head is medium-sized and has a pair of short (con-

tracted), conical, flattened tentacles with large, black eyes

in basal-lateral bulges. The snout is rather short, slightly

tapering, somewhat flattened with a subventral mouth.

The foot is flat, large, and broad. It is strongly contracted

in all specimens, but judging from the folds, its anterior

edge is probably blunt. Posteriorly it seems bluntly round-

ed. Anteriorly, between the indistinctly set-off propodium

and the mesopodium opens an anterior pedal gland. The
sides of the foot are smooth and there are no epipodial

ridges or furrows.

Internal anatomy (Figures 17, 18): The foot (Figure 1 8A)

is almost filled by the large posterior pedal gland (ppg)

and the slightly smaller anterior pedal gland (apg). These

do not bulge into the cephalopedal haemocoel. The pos-

terior pedal gland stains dark bluish violet, the anterior

one, a much lighter grayish violet. The posterior pedal

gland has no defined opening. The anterior one has a

storage space under the propodium lined with tall epithe-

lium and opens via the slit between the pro- and meso-

podium. The muscle layer of the foot, 75-100 /urn thick

along the sides and ventrally, is rich in muscle fibers.

The tentacles are solid and muscular all the way to the

base where they have a subcutaneous eye with lens and

pigment layer, in a bulge. The snout is very muscular and

can probably be extended considerably when the snail is

grazing.

The alimentary system consists of the mouth, a large, not

very muscular buccal mass, a very short anterior esoph-

agus, a large esophageal gland, a narrow posterior esoph-

agus, a a poorly defined stomach, intestine, and rectum.

The jaw is thin and membranous, only a thick cuticule

lining of the oral tube.

The radular sac (Figure 18B, rs) is straight, long, and

slender, passes backward through the nerve ring below the

esophageal gland and extends as far back as this. The part

of the radula in use is supported by a pair of large car-

tilages.

Two salivary glands (Figure 18, sg) open into the buccal

cavity close to its mid-line via short, inconspicuous ducts

which do not pass through the nerve ring. The salivary

glands are large and situated above the cerebral ganglia.

Each consists of a short, thin duct and a longer, coiled

glandular tube. The shallow dorsal food channel is char-

acterized by the rich occurrence of mucus-producing cells.

These start in the posterior, dorsal part of the buccal cavity,

get displaced toward the left side when passing the nerve

ring and end up ventrally in the esophageal gland where

they do not reach its posterior end. A pair of esophageal

pouches seems to be present, but this is uncertain. The
interior of the esophageal gland (Figure 18B) is filled by

glandular, transverse septa which leave only a small ven-

tral lumen for the (now ventral) dorsal food channel. The
posterior esophagus exits from the gland as a much nar-

rower, internally strongly ciliated tube of V§ of the diameter

of the gland. It continues backward where it ends in a

large cavity formed by the digestive gland. From this cavity

a very simple stomach, without gastric shield, continues

and goes over into the intestine, which is twice the diameter

of the stomach. The intestine continues with a thick wall,

turns to the right just behind the kidney, crosses the body,

turns abruptly forward ventrally to the kidney. It continues

forward surrounded by the lobes of the albumen gland

Explanation of Figure 17

Trilirata sexcarinata Waren & Hain, sp. nov. Figure A. Longitudinal section, left side of body. Stomach (histolysed)

demarcated by a series of black arrov/s. Figure B. Longitudinal section, right side of body, apg—anterior pedal

gland; eg—cerebral ganglion; cm—columellar muscle; dg—digestive gland; hg—hypobranchial gland (distorted

and jammed with part of gill); i—intestine; od—oviduct; oe—esophagus; oeg—esophageal gland; ov—ovary; pc

—

pallial cavity; pg—pedal ganglion; pig—pleural ganglion; pod—pallial oviduct; re—rectum (with remains of

forams); s—statocyst; sg—salivary gland. Scale lines = 250 fim.
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and goes over into a much more thin-walled rectum when

it enters the pallial skirt. Most specimens had remains or

almost complete forams in the digestive canal.

The nervous system follows the normal pattern, with

dialyneury between the left pleural and the supraesoph-

ageal ganglia. The distances between the ganglia are fairly

short (contracted specimen), the left pleural and cerebral

ganglia partly fused, the right ones abutting. The supra-

and subesophageal ganglia are situated less than their di-

ameter from the corresponding pleural ganglion. The length

of the connectives to the pedal ganglia is twice the diameter

of the ganglia. The supraesophageal ganglion lies free in

the left side of the cephalopedal haemocoel beside the left

cerebral ganglion; the subesophageal one is well embedded

in the body wall slightly farther back. The buccal ganglia

are situated dorsally on the buccal mass close to the exit

of the esophagus, and connected by a commissure. In front

of the pedal ganglia is an accessory pedal ganglion con-

nected by a connective of its own length and innervating

the anterior pedal gland and propodial area.

The visceral ganglia were not identified.

The statocysts (with a single statolith) are situated above

and behind the pedal ganglia and slightly displaced to the

right. Their diameter corresponds to the width of the gan-

glion.

Reproductive system. The sexes are separate, or at least

the three sectioned specimens were females with no trace

of male organs. The fixation does not, however, allow any

detailed description. The ovary lies along the right side of

the visceral mass. An inconspicuous ovarian duct close to

the ventral body wall leads to a large albumen gland, which

stains very lightly. Along the left and anterior side of this

is a capsule gland (staining dark violet). The pallial oviduct

system bulges deep into the visceral mass, occupying about

80° of the whorl and extending from the ventral to the

dorsal edge of the body. The detailed morphology could

not be worked out due to missing sections. There is no

receptaculum seminis, but oriented sperm is stored in the

pericardium (which communicates with the oviduct via the

gonopericardial duct).

The radula (Figure 11 F, G) is taenioglossate, long, and

slender with about 80 transverse rows of teeth. The central

tooth has a low and thin, slightly undulating hood with a

triangular cusp at each end along its apical margin. Below

this, one major central and two smaller, lateral, rounded

cusps form a cutting edge. Beside these and partly con-

cealed by them is a much smaller denticle on each side.

The "wings" are drawn out to a small denticle on each

side close to the base. The front of the tooth is deeply

excavated. The lateral tooth usually has about seven den-

ticles, of which number 4 (counted from the inner edge)

is at least twice the size of the others. The littorinid notch

is missing. The first marginal tooth is simple, claw-shaped,

with a sturdy shaft and six apical cusps. The inner three

of these cusps are very long, the outermost one is a mere
denticle. The outer marginal tooth (Figure 1 1 F) is of about

the same length, much thinner, with three long apical digits

of % the length of the tooth. Halfway to the point, the

shaft has a transverse groove where it is much thinner and

equipped with a very thin and triangular cusp.

The operculum (Figure 4K, L) has a few whorls, dis-

tinctly subcentral nucleus; it is transparent, slightly brown-

ish yellow, especially where it is attached to the foot. The
surface is distinctly wrinkled by the growth lines.

Remarks: The shell of this species bears some resemblance

to echinospira larvae in that the periostracum to a large

extent is separated from the shell by a transparent, gelat-

inous layer which dries to virtually nothing. It also resem-

bles closely an unidentified gastropod larva figured by

Pelseneer (1903:figs. 61-63), but that larva has a different

type of radula and velar lobes, and seems to belong to a

capulid, possibly a species of Torellia, judging from the

radula.

It may seem strange to classify T. sexcarinata with a

very strongly developed periostracum in the same genus

as macmurdensis and herosae, which have a very thin

periostracum. Such differences in periostracal structure

are, however, also known in the genus Lacuna, where L.

vincta has a normal periostracum and L. crassior (Montagu,

1803) has a very thick periostracum, which dries to a thin

skin (A. Waren, unpublished).

Trilirata sexcarinata looks very different from the other

species of Trilirata, especially in alcohol when the peri-

ostracum is intact. However, when the initial part of a

cleaned teleoconch is compared, they are much more sim-

ilar (Figures ISA and 34G). The radulae are virtually

identical, especially the extra cusp halfway along the shaft

of the outer marginal, and we consider these good syn-

apomorphies for bringing the species together in a distinct

genus.

Young specimens (Figure 1 5A, B) have a proportionally

broader shell than Zerotula stellapolaris and lack the hy-

pertrophied periostracum.

Explanation of Figure 18

Trilirata sexcarinata Waren & Hain, sp. nov. Figure A. Longitudinal section through center of anterior part of

foot and snout. Figure B. Longitudinal section through central part of head-foot, apg—anterior pedal gland; cc—
cerebral commissure (embedded in anterior esophagus and esophageal gland); cm—columellar muscle; cph—
cephalopedal haemocoel; d—duct from apg; f—foot (mesopodium); g—gill leaflets; m—mouth (between arrows);

pcm—pedal commissure; pp—propodium; ppg—posterior pedal gland; ps—pallial skirt; r—radula; re—radular

cartilage; re—rectum; rs—radular sac; sg—salivary gland; sn—snout. Scale lines = 100 ^m.
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Zerotula Finlay, 1926

Zerotula Finlay, 1926:379. Type species Discohelix hedleyi

Mestayer, 1916 by original designation.

Remarks: Zerotula was included in Architectonicidae by

Finlay (1926). It has later been used almost exclusively

by Powell (1979 and other references), who has kept it in

the Architectonicidae without comments. Several of the

species classified in Zerotula by Powell are here referred

to other genera.

The shells of the species here included in Zerotula vary

considerably in sculpture, but the three (four?) species of

which we know the radula have a very uniform lateral

tooth, which is remarkably broad and low. Zerotula incog-

nita resembles the species of Trilirata in having an outer

marginal tooth with a thinner zone with a cusp (Figure

22A; cf. T. macmurdensis, Figure 1 IC), which convincingly

shows the genera to be related, since no similar structure

is known in any other gastropod group.

We have searched museum collections and the literature

for species which have been placed in the wrong genera

or families, but so far there are no candidates for inclusion

in Zerotula, except the species included below.

For the systematics of Discohelix (Archaeogastropoda)

where Zerotula hedleyi originally was classified, see Waren,

Gofas, & Ponder (in preparation).

Zerotula hedleyi (Mestayer, 1916)

(Figures 3A, B, 4A, 19A-C, 20F)

Discohelix hedleyi Mestayer, 1916:125, pi. 12, figs. 6-6b.

Zerotula hedleyi: Finlay, 1926:379.

Type locality: New Zealand, Three Kings Islands, 15'S

of Big King, 175 m depth.

Type material: Holotype and one paratype in MNZ, one

paratype in AMS, not examined.

Material examined: New Zealand. Off Three Kings Is-

lands, 34°11'S, 172°10'E, 90 m, 14 shells, 5 specimens

(dried), MNZ M.33660.—Off Three Kings Islands,

34°00'S, IVrSS'E, 805 m, 2 shells, MNZ M.11847.— 11

km northwest of Great Island, Three Kings Islands,

34''06.5'S, 172°04.7'E, 310 m, 30 shells, MNZ
M.l 18153.—Middlesex Bank, Three Kings Islands,

33°59.8'S, 17r46.8'E, 143-163 m, 1 shell, MNZ
M.l 18309.—Southeast of Great Island, Three Kings Is-

lands, 34°14.1'S, 172°09.0'E, 192-202 m, 14 shells, MNZ
M.l 18306.—Middlesex Bank, Three Kings Islands,

34°01.4'S, 171°45.2'E, 201-216 m, 1 shell, MNZ
M.l 18308.—King Bank, northeast of Three Kings Is-

lands, 33°57.4'S, 172°19.4'E, 128-123 m, 35 shells, MNZ
M.118307.—Off Three Kings Islands, 34°10'S, 172''12'E,

250 m, 6 shells, MNZ M. 34081.—Off Three Kings Is-

lands, 34°00'S, 171°55'E, 805 m, 4 shells, MNZ
M.l 18147.—Southeast of Great Island, Three Kings Is-

lands, 34°14.8'S, 172°13.6'E, 173-178 m, 10 shells, MNZ

M.l 18150.—Southeast Bay, Great Island, Three Kings

Islands, 54 m, 1 shell, MNZ M.33904.—North of Three
Kings Islands, 34°01'S, 172°07'E, 700 m, 25 shells, MNZ
M. 34687.

Distribution: North of New Zealand, around Three Kings

Islands; depth range 54-805 m (shells), found alive only

once, in 90 m, MNZ M. 33660.

Redescription: We have only described the radula and

operculum; no soft parts are available. Shell, Figure 19A-
C; protoconch, Figure 20F.

Radula. The radula (Figure 3A, B) is long and slender

with close to 100 transverse rows of teeth. The central

tooth is small and has a very low and indistinct hood.

Below this, one major central and three smaller, lateral,

rounded cusps form a cutting edge. The "wings" are not

drawn out to small denticles at the sides. The front of the

tooth is not excavated. The lateral tooth usually has about

10 denticles, of which number 1 (courjted from the inner

edge) is twice and number 3 is three times the size of the

others. The six outer ones form a rather even "comb."

The littorinid notch is missing. The first marginal tooth

is simple, claw-shaped, with a sturdy shaft and forked

point (two or three cusps). The outer marginal tooth is

the same length but much thinner and flatter, with two

long apical digits of '/^ the length of the tooth.

The operculum (Figure 4A) has a few whorls, an almost

central nucleus, and is transparent. The surface is indis-

tinctly wrinkled by the growth lines.

Remarks: Zerotula hedleyi (Figure 19A-C) resembles

Z. coronata, sp. nov. (Figure 19D-F), but lacks the tu-

bercles on the spiral keels.

Zerotula coronata Waren & Hain, sp. nov.

(Figures 19D-F, 20E)

Type locality: Off Three Kings Islands, 34°00'S, 171°55'E,

805 m, 40 shells.

Type material: Holo- and 39 paratypes MNZ, nos.

M.49224 and 118852.

Material examined: New Zealand, Middlesex Bank,

northwest of Three Kings Islands, 34°01.2'S, 171°44.4'E,

206-21 1 m, 4 shells, MNZ M.l 18312.—Southeast of Great

Island, Three Kings Islands, 34°14.1'S, 172°09.0'E, 192-

202 m, 7 shells, MNZ M.118311.—Off Northeast Island,

Three Kings Islands, 34°08.5'S, 172°11'E, 100 m, 1 shell,

MNZ M. 34409.—North of Three Kings Islands, 34''01'S,

172°07'E, 700 m, 8 shells, ex MNZ M.34687.—Off Three

Kings Islands, 34°10'S, 172°12'E, 250 m, 9 shells, MNZ
M. 34082.— 1 1 km northwest of Great Island, Three Kings

Islands, 34°06.5'S, 172°04.7'E, 310 m, 13 shells, MNZ
M. 118154.

Distribution: North of New Zealand, around Three Kings

Islands; depth range 100-790 m (shells), living specimens

not known.
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Explanation of Figure 19

Figures A-C. Zerotula hedleyi, MNZ M. 33660. Diameters 1.3, 1.6 and 1.3 mm. Figures D-F. Zerotula coronata

Waren & Hain, sp. nov., paratypes, MNZ M. 11 8852. Diameters, 1.3, 1.3, and 1.4 mm.

Etymology: ''coronatus" (Latin), with a crown.

Description: Based on shells only.

Shell (Figure 19D, E) very small, vitreous, planispiral,

three-keeled, of rapidly increasing diameter. The proto-

conch (Figure 20E) is not clearly set off; its earlier part

is smooth, later there are incremental lines, which form a

gradual transition to the teleoconch sculpture. The cross

section of the whorls is circular internally; their circum-

ference is distinctly pentagonal with three peripheral, strong
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Explanation of Figure 20

Zerotula spp., early whorls. Figure A. Z. nummaria, MNZ M. 59448. Figure B. Z. bicarinata, MNZ M. 6601 5.

Figures C, D. Z. tnangulata MNZ M. 118148. Figure E. Z. coronata Waren & Hain, sp. nov., MNZ M. 118852.

Figure F. Z. hedleyi MNZ M. 33660. Scale lines = 50 ^m.
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nodulose keels and two sharp corners beside the connection

to the preceding whorl. The only additional sculpture con-

sists of irregular growth lines of varying strength.

Dimensions. Diameter of holotype 1.30 mm, maximum
diameter 1.40 mm.

Remarks: Zerotula coronata is most similar to Z. hedleyi,

but differs in having distinct tubercles on the keels.

Zerotula stellapolaris Waren & Hain, sp. nov.

(Figures 4B, C, 15C-E, 21A-C, 22C, 23)

Type locality: PS IX/3, sta. 179, 69°58.9'S, 08°00.7'E to

69059.3'S, 07°59.9'E, 185-161 m, 22 February 1991.

Type material: Holotype and 34 paratypes in SMNH,
nos. 4660 and 4661.

Material examined: PS VII/4 sta. 271, 020°W, 399-352

m, 1 specimen.—PS VII/4 sta. 284, 013°W, 402-412 m,

2 specimens.—PS IX/3, sta. 165, 003''W, 191-204 m, 1

shell.—PS IX/3, sta. 173, 007°E, 739-765 m, 5 specimens,

5 shells.—PS lX/3, sta. 174, 010°E, 432-432 m, 3 spec-

imens, 58 shells.—PS IX/3, sta. 180, 006°E, 280-298 m,

24 specimens, 6 shells.—PS IX/3, sta. 206, OlO^E, 343-

338 m, 1 specimen, 1 shell.—PS IX/3, sta. 207, 005''E,

213-210 m, 2 shells.—PS IX/3, sta. 211, 005°E, 661-742

m, 4 shells.—PS IX/3, sta. 212, 003°E, 568-644 m, 3

specimens, 9 shells (all in SMNH).

Distribution: Only known from the material examined,

from the Weddell and Lazarev seas, 21°W eastward to

irE, depth 190-765 m.

Etymology: ''stella polans" (Latin), North Star, German
"Polarstern."

Description: Based on the material above; several decal-

cified specimens, and sections of two adult female and two

adult males.

Shell (Figure 21A-C) small, transparent, planispiral,

rather high with angular whorls and conspicuous perios-

tracal keels. The protoconch (Figure 15C-E) is not de-

marcated from the teleoconch and lacks distinct sculpture.

It is distinguishable in very young specimens and consists

of about 1 whorl, diameter 0.4 mm. The proto- and te-

leoconch together form 2.1 whorls of rapidly increasing

diameter, sculptured by irregular incremental lines and

three strong spiral keels. The two lateral keels are situated

close to the periphery at 75% of the radial width of the

whorl. The aperture is squarish to rounded with sigmoid

peristome. The periostracum is thin, straw-colored, and

forms a narrow ridge on the median spiral keel.

Dimensions. Diameter of holotype 1.90 mm (maximum
diameter).

External morphology of soft parts: The head-foot and

pallial complex comprise almost half a whorl in a con-

tracted specimen, the visceral mass 1.5 whorls. The head-

foot is pale beige, the visceral mass more brownish (in

alcohol). Its anterior '/q whorl is paler and contains the

kidney and the albumen gland of the oviduct. At the left

side, the pericardium (sometimes strongly iridescent; con-

tents of sperm?) with the ventricle and auricle lies directly

behind the gill and osphradium. The gonad is not easily

distinguished externally, although the specimens are sex-

ually mature. The esophagus and stomach can be seen by

transparency, a little more than half a whorl from the

operculum, lying obliquely across the left side.

The columellar muscle is inconspicuous and projects

slightly at the right and left side of the body, 90-100° from

the operculum; dorsally it reaches less than Vj of the height

of the whorl and is thus mainly ventral. Its left part is

much less conspicuous and narrower.

The pallial cavity is quite deep, and the pallial skirt

normally covers the whole head-foot in preserved speci-

mens. The pallial margin is thin and simple, without ten-

tacles and papillae. The osphradium is paralleled by two

ridges and runs along the gill from its most posterior part,

forward to the anterior Va of the gill. The gill consists of

a series of about 10 small tubercules; the gill width cor-

responds to '/Jo of the pallial cavity. The hypobranchial

gland is rather inconspicuous. The pallial oviduct is re-

stricted to the posterior right half of the cavity, and its left

side contains the rectum, which opens at the same level as

the duct.

The head is medium-sized, has a pair of slender ten-

tacles, twice as long as the snout. The eyes lack pigment

and can be seen as more transparent, round structures in

the base of the tentacles. The snout is rather short, slightly

tapering, somewhat flattened with a subventral mouth.

Males have a simple penis below the right cephalic ten-

tacle.

The foot is strongly contracted in all specimens, and the

details of its shape could not be discerned. Anteriorly,

between the rather poorly demarcated propodium and me-

sopodium, an anterior pedal gland opens. The sides of the

foot are smooth, and there are no epipodial ridges or fur-

rows.

Internal anatomy (Figure 23): The foot (Figure 23B) is

almost filled by the large posterior pedal gland and the

smaller anterior pedal gland. These bulge a short distance

into the cephalopedal haemocoel. The posterior pedal gland

stains dark bluish violet, the anterior one, a much lighter

grayish violet. The posterior pedal gland has no defined

opening. The anterior one has a spacious cavity under the

propodium lined with tall epithelium and opens via the

slit between the pro- and mesopodium. The muscle layer

of the foot is well developed, and the sole is rich in muscle

fibers.

The tentacles are solid and muscular, all the way to the

base where they have a subcutaneous eye with lens but no

pigment layer, in a bulge. The snout is very muscular and

can probably be extended considerably when the snail is

grazing.

The alimentary system consists of the mouth, a large.
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Explanation of Figure 22

Radulae and jaw. Figures A, B. Z. incognita Waren & Hain, sp. nov., paratype. Figure C. Zerotula stellapolaris

Waren & Hain, sp. nov., PS IX/3 sta. 180. Figure D. Frovina indecora, PS IX/3 sta. 179, jaw, partly torn.

Scale lines in ^m.

weakly muscular buccal mass, a very short anterior esoph-

agus, a large esophageal gland, a narrow posterior esoph-

agus, a stomach, intestine, and rectum.

The jaw is thin and membranous.

The radular sac is straight, long, and slender, passes

backward, through the nerve ring under the esophageal

gland, extending as far back as this. The part of the radula

in use is supported by a pair of large cartilages.

Two salivary glands open into the buccal cavity close

to its mid-line via short, inconspicuous ducts which do not

pass through the nerve ring. The salivary glands are large

and situated above the cerebral ganglia. Each consists of

Explanation of Figure 21

Zerotula spp. Figures A-C. Z. stellapolaris Waren & Hain, sp. nov., PS VII/4 sta. 284, diameters 1.55, 1.58, and

1.62 mm. Figures D, E. Z. triangulata MNZ M.l 18148, diameters 1.05, 1.18, and 1.19 mm. Figures F-H. Z. sp..

Bounty Trough, 45°48.8'S, 174°30.5'E, 1586 m, 26 October 1979, MNZ unregistered, diameter 1.77 mm.
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a short, thin duct and a longer, coiled glandular tube. The
shallow dorsal food channel is characterized by the rich

occurrence of mucus-producing cells. These start in the

posterior, dorsal part of the buccal cavity, get displaced

toward the left side when passing the nerve ring and end

up ventrally in the esophageal gland where they do not

reach its posterior end. There seems to be present a pair

of esophageal pouches. The interior of the esophageal gland

is filled by glandular, transverse septa, which leave only

a small ventral lumen for the (now ventral) dorsal food

channel. The posterior esophagus exits from the gland as

a much narrower, internally strongly ciliated tube of '4 of

the diameter of the gland. It continues backward where it

ends in a large cavity formed by the openings of the two

digestive glands. This cavity opens into the left, ventral,

posterior third of the stomach. The stomach measures 0.45

mm long, 0.10 mm high, and 0. 1 5 mm broad. The intestine

exits from the anterior part of the stomach, continues

obliquely to the right close to the dorsal body wall and

behind the kidney. Its diameter is slightly smaller than

that of the stomach. Most specimens had remains of forams

in the digestive canal.

The nervous system follows the normal pattern, but the

dialyneury between the left pleural and the supraesoph-

ageal ganglia could not be verified. The distances between

the ganglia are very small (contracted specimen), the left

pleural and cerebral ganglia partly fused, the right ones

abutting. The supra- and subesophageal ganglia are sit-

uated less than their diameter from the corresponding pleu-

ral ganglion. The length of the connectives to the pedal

ganglia corresponds to the diameter of the cerebral ganglia.

The supraesophageal ganglion lies free in the left side of

the cephalopedal haemocoel behind and beside the left

cerebral ganglion; the subesophageal one is well embedded

in the body wall slightly farther back. The buccal ganglia

are situated dorsally on the buccal mass close to the exit

of the esophagus, and connected by a commissure. In front

of the pedal ganglia is an accessory pedal ganglion, con-

nected by a short connective, and innervating the anterior

pedal gland and propodial area.

Posteriorly and laterally at the base of the penis is a

small ganglion, which seems to receive nerves from the

right pedal and the subesophageal ganglia (zygoneury).

The visceral ganglia were not identified.

The statocysts (with a single statolith) are situated above

and behind the pedal ganglia and slightly displaced to the

right. Their diameter corresponds to the width of the gan-

glion.

Reproductive system. The sexes are separate, or at least

the four specimens sectioned were two males and two fe-

males with no trace of intermediate stages. The fixation

does not, however, allow any detailed description of the

reproductive systems.

Female. The ovary occupies most of the apical 1.5 whorls

of the visceral mass. An inconspicuous ovarian duct close

to the ventral body wall leads to a large albumen gland,

which stains very lightly. It occupies the right third of V4

whorl behind the pallia! cavity. In front of this is a capsule

gland (staining dark violet), mainly situated in the right

wall of the pallial cavity along '/i of a whorl, slightly

protruding into and to the right of the anterior part of the

albumen gland. The detailed morphology of these could

not be worked out due to missing sections. The presence

of a gonopericardial duct was confirmed. No receptaculum

seminis was found, and no sperm was found in the peri-

cardium of the sectioned females (although one decalcified

specimen had a strongly iridescent pericardium as if it

were filled by sperm).

Male. The testis lies in the right side of the posterior

part of the visceral mass (but does not reach its apex), and

is drained by a large, thin-walled duct, which also serves

as a vesicula seminalis. About Va whorl behind the pallial

cavity the duct leaves its ventral position and turns into a

more laterally and dorsally situated prostate gland. This

projects into the right side of the pallial skirt. It seems to

be closed and there is no differentiation of cell types in the

walls. The prostate is continued by a ciliated duct in the

right corner of the cavity. The duct turns to the left, to a

long, slender, and tapering penis with a closed sperm duct.

The radula (Figure 22C) is taenioglossate, long, and

slender with about 150 transverse rows of teeth and a

length corresponding to % of the diameter of the shell. The
central tooth has a very low and thin, slightly undulating

hood. Below this, one major central and three smaller,

lateral, rounded cusps form a cutting edge. The "wings"

are not drawn out to small denticles at the sides. The front

of the tooth is deeply excavated. The lateral tooth usually

has about 13 denticles, of which numbers 1 and 3 (counted

from the inner edge) are at least three times the size of the

others, which form a rather even "comb." The littorinid

notch is missing. The first marginal tooth is simple, claw-

shaped, with a sturdy shaft and seven apical cusps. The

Explanation of Figure 23

Zerotula stellapolaris Waren & Hain, sp. nov. Figure A. Longitudinal section of right side of head-foot. Figure B.

Longitudinal section of central part of head-foot, ag—albumen gland; apg—anterior pedal gland; be—buccal cavity;

bg—buccal ganglion; cc—cerebral commissure; eg—(right) cerebral ganglion; em—columellar muscle; dg—di-

gestive gland; fs—sole of foot; oeg—esophageal gland; op—operculum; ov—ovary; pg—pedal ganglion; pp

—

propodium; pod—pallial oviduct; ps—pallial skirt; re—radular cartilage; s—statocyst; sn—snout. Scale lines =

100 Mm.
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inner three of these cusps are twice the length of numbers

4-7, which form a series of rapidly diminishing size. The

outer marginal tooth is of about the same length, much
thinner, with five long apical digits of Vy the length of the

tooth. The shaft has an oblique, impressed, shallow furrow

starting close to the base and reaching the outer edge of

the shaft halfway to the point of the tooth. This probably

corresponds to the "joint" in some other zerotulids.

The operculum (Figure 4B, C) has a few whorls, an

almost central nucleus, and is transparent, pale brownish

yellow, more distinctly so where it is attached to the foot.

The surface is distinctly wrinkled by the growth lines.

Remarks: Zerotula stellapolaris resembles Z. triangulata

(Figure 21 D, E), from the Three Kings Islands, north of

the New Zealand mainland, but that species has the lateral

keels situated less close to the periphery, at 50-60% of the

radial width of the whorl. That shell also has a more

distinctly hyperstrophic coiling than Z. stellapolaris.

Zerotula stellapolaris is very similar in shell and radular

morphology to a single specimen of a Zerotula species (Fig-

ure 21F-H) from deep water in the Bounty Trough, east

of New Zealand (45°48.8'S, 174°30.5'E, 1586 m, 26 Oc-

tober 1979, MNZ unregistered). That specimen is virtu-

ally identical, and we cannot exclude that the peaks of the

Macquarie-Balleny Ridge act as stepping stones. We do

not, however, have evidence from any other gastropod spe-

cies that such a connection occurs, but this deep fauna off

New Zealand is virtually unknown and there are no hints

about such relations among gastropods with more char-

acters in their morphology (B. Marshall, personal com-

munication). Therefore we leave this specimen unidenti-

fied so as not to set a precedent in either direction.

Zerotula triangulata Powell, 1937

(Figures 20C, D, 21D, E)

Zerotula triangulata Powell, 1937:209, pi. 54, figs. 15, 16.

Type locality: Off Three Kings Islands, 260 m.

Type material: Holotype in BMNH, not examined.

Material examined: New Zealand, off Three Kings Is-

lands, 34"'00'S, 171°55'E, 805 m, 21 shells, MNZ
M.l 18148.—Northwest of Great Island, Three Kings Is-

lands, 34°06.5'S, 172°04.7'E, 310 m, 2 shells, MNZ
M.l 181 52.—Southeast of Great Island, Three Kings Is-

lands, 34°14.8'S, 172°13.6'E, 173-178 m, 1 shell, MNZ
M. 118151.

Distribution: Off northern New Zealand, around Three
Kings Islands, depth range 173-805 m (shells only).

Remarks: Zerotula triangulata has not been reported since

the original description, but the material in MNZ agrees

well with Powell's description and figure. As usual in this

group, the shell is not very informative. The species is

known from empty shells only.

Zerotula nummana Powell, 1940

(Figures 20A, 24A-E)

Zerotula nummana Powell, 1940:236, pi. 28, figs. 14, 15.

Type locality: New Zealand, Doubtless Bay, off Awanui,

22 m.

Type material: Holotype in Auckland Museum, not ex-

amined.

Material examined: New Zealand, Kapo Wairua, Spirits

Bay, shell sand, 6 shells, MNZ M.59448.—Poor Knights

Island, northern end of North Island, 32°26.5'S, 178°44'E,

40-45 m, 1 shell, Los Angeles County Museum of Natural

History, locality 65-165.—Whangarei, McGregors Bay,

1 shell, MNZ M.20610.—Off Twin Rocks, Bay of Is-

lands, 40-72 m, 1 shell, MNZ M.42208.—Spirits Bay,

Kapo Wairua, 2 shells, MNZ M.59448.—Off Three Kings

Islands, 34''11'S, 172°10'E, 90 m, 1 shell, MNZ
M. 33662.—125 m off shore from Motuwhekeke Island,

Bay of Islands, 22-30 m, 1 shell, MNZ M.41898.

Distribution: New Zealand, northeastern North Island

(north of 36°S) in 22-90 m (shells only).

Remarks: Zerotula nummaria resembles some undescribed

species of the genus Bichoristes McLean, 1992 (Choris-

tellidae) (McLean, 1992), but is smaller, the shell has a

rougher surface, less sharp peripheral keels, and the pro-

toconch is very indistinctly demarcated (sharply demar-

cated in Bichoristes). Zerotula bicarinata differs in having

an indistinct central keel or at least a keel-like convexity

between the two lateral keels.

Zerotula bicarinata (Suter, 1908)

(Figures 20B, 25A-E)

Omalogyra bicarinata Suter, 1908:33, figs. 37, 37a.

Zerotula bicarinata: Finlay, 1926:379.

Type locality: New Zealand, off Snares Island, 90 m.

Type material: Holotype in coll. Suter, Institute of Geo-

logical and Nuclear Sciences, Lower Hutt, not seen.

Material examined: New Zealand, western coast. North

Island, off Ahipara, 35°02.6'S, 172°52.6'E, 48 m, 1 shell,

MNZ M. 118315.

New Zealand eastern coast. East Cape, Ranfurly Bank,

37''33.1'S, 178°49.5'E, 94-89 m, 2 shells, MNZ
M. 74721.—East Cape, Ranfurly Bank, 37°33.2'S,

178°50.3'E, 76-71 m, 18 shells, MNZ M.72700.—East
Cape, Ranfurly Bank, 37°33.4'S, 178°48.3'E, 106-103 m,

2 shells, MNZ M.74804.—Cook Strait, between Pt. Dor-

set and Pt. Howard, 125 m, 1 shell, MNZ M.44892.—
Welhngton, Island Bay, 2 shells, MNZ M.18518.—Off
East Otago, 45°37.5'S, 17r03'E, 420 m, MNZ M.45582.—
East Otago, northeast of Cape Saunders, 45'='50'S, 170°56'E,
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Explanation of Figure 24

Zerotula nummaria. Figures A-C. MNZ M.41848, diameters 1.28, 1.42, and 1.44 mm. Figures D, E. MNZ
M. 59448, diameters 1.24 and 1.42 mm.

105 m, 2 shells, MNZ M.45334.—Off Otago Heads,

45°50'S, 170°59'E, 220 m, 1 shell, MNZ M.66916.—
Dunedin, offTaiere, 46''12'S, 170°41.5'E, 150 m, 6 shells,

MNZ M.65876.—Dunedin, off Taiere, 46°09'S, 170°27'E,

60 m, 1 shell, MNZ M.67032.—Dunedin, off Taiere,

46°17'S, 170°32'E, 180 m, 1 shell, MNZ M.66401.—

Dunedin, off Taiere, 46°15'S, 170°29'E, 91 m, 2 shells,

MNZ M.66292.—Southeast of Nugget Point, 46°40'S,

170°00'E, 140 m, 6 shells, MNZ M.66015.—Foveaux
Strait, 36 m, 1 shell, MNZ M.20606.—Foveaux Strait,

36 m, 1 shell, MNZ M.20603.—Stewart Island, South

Cape, Big Ships Passage, 35-65 m, 1 shell, MNZ
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Explanation of Figure 25

Zerolula bicarinata. Figures A-C. MNZ M. 6601 5, diameters 1.26, 1.12, and 1.41 mm. Figures D, E. MNZ M. 20609,

diameters 1.6 and 1.5 mm.

M.20684.—Stewart Island, Big S. Cape Island, 90 m, 9

shells, MNZ M. 20608.—Stewart Island, off Poutamu Is-

land, 55 m, 3 shells, MNZ M.20609.

Pliocene fossil. Northern bank of Mangahao River, 1

mile south of Mangahao, northern Wairarapa, 31 shells,

MNZ M.42687.

Distribution: New Zealand North and South Islands (35-

47°S), 35-420 m (shells only).

Remarks: Omalogyra bicarinata was included in Zerotula

by Finlay (1926:379). For differences from Z. nummana,

see that species.
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Explanation of Figure 26

Figures A, B. Zerotula incognita Waren & Hain, sp. nov., holotype, diameter 1.78 mm.

Zerotula incognita Waren & Hain, sp. nov.

(Figures 15F, 22A, B, 26A, B)

Type locality: North Atlantic, off Portugal, ABY-
PLAINE CP 13, 40°00.0'N, 15°05.3'W, 5270 m, 8 June
1981, 3 specimens.

Type material: Holotype and one paratype in MNHN.

Distribution: Only known from the type locality, at the

Iberia Abyssal Plain, west of Portugal.

Etymology: "mcognitus" (Latin), unknown, not recog-

nized.

Description: Based on the type series, three dried speci-

mens of which one was sacrificed for preparation of radula

and operculum.

Shell (Figure 26A, B) very small, transparent brownish

yellow, smooth and planispiral, thin and fragile. The pro-

toconch (Figure 15F) is smooth, not demarcated. The te-

leoconch consists of about 1.25 whorls and is sculptured

by very indistinct, scattered spiral lines and just as weak

and irregular growth lines. The peristome is perfectly cir-

cular, orthocline, and radial. The whorls are just barely

indented by the preceding whorl.

Dimensions. Diameter of holotype 1.78 mm.
Radula (Figure 22A, B). Long and slender. The central

tooth (Figure 22A) has two minor cusps on each side of

the long and slender main cusp and lacks a hood. The
lateral tooth is not clearly visible in our preparation, but

as in all Zerotula species, there are two main cusps, in this

case with two minor ones between them. The inner mar-

ginal is long and slender with at least two long apical

denticles. The outer marginal tooth is extremely slender,

bends at the middle of its length, and has at least two long

apical cusps.

Operculum. Circular, thin and colorless, with subcentral

nucleus and about three whorls.

Remarks: This species was recognized by the senior author

some 13 years ago as being something strange, but since

it could not be satisfactorily classified and was believed to

be a larva, it was not treated by Bouchet & Waren (1993).

It is the only zerotulid we have encountered outside the

Antarctic-New Zealand-New Caledonian area.

We can not entirely disregard the possibility that this

is a veliger larva, since the shell is characteristically yel-

lowish, thin, and semitransparent. We do not, however,

know any gastropod from the North Atlantic with a pro-

toconch that fits this assumption. Moreover, if it is a larva,

the presence of a radula indicates that it is ready to meta-

morphose, and the similarity in radular morphology is

close enough to be quite certain it is related to the Zero-

tulidae.

Species excluded from Zerotula

Zerotula crenulata Powell, 1937

Zerotula crenulata Powell, 1937:209, pi. 54, figs. 6, 7.

Type locality: New Zealand, off Three Kings Islands,

260 m.

Type material: Holotype in BMNH (not examined).

Remarks: On the basis of the material examined (MNZ),
this seems to be a species of Adeuomphalus Seguenza, 1876

(Archaeogastropoda, Family uncertain: Waren 1991:74),

or (much less likely) a species of Zerotula, similar to Z.

nummaria.

Zerotula ramosa Powell, 1940

Zerotula ramosa Powell, 1940:237, pi. 29, fig. 3.

Type locality: Off North Cape, New Zealand, 135 m.

Type material: In Auckland Museum, not examined.
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Remarks: On the basis of the material examined (MNZ),
this is certainly a species of Palazzia Waren, 1991 (Ar-

chaeogastropoda, systematic position uncertain, Waren

1991:75).

Zerotula ammonitoides Powell, 1940

Zerotula ammonitoides Powell 1940:236, pi. 29, figs. 1, 2.

Type locality: New Zealand, Mangonui, Doubtless Bay,

10-18 m.

Type material: Holotype in the Auckland Museum, not

examined.

Remarks: From the material examined (MNZ), this is

most likely an omalogyrid, possibly an orbitestellid (Het-

erobranchia).

Zerotula nautiliformis Powell, 1927

Zerotula nautiliformis Powell, 1927:118, pi. 21, fig. 5.

Type locality: New Zealand, SW of Otago, off Puysegur

Point, 310 m.

Type material: Holotype in Canterbury Museum, Christ-

church.

Remarks: From material examined, this certainly looks

like a species of Palazzia Waren, 1991 (Archaeogastrop-

oda, systematic position uncertain, Waren 1991:75).

Dickdellia Waren & Hain, gen. nov.

Type species. Corneolitorina labioflecta Dell, 1990.

Etymology: Named after Richard Kenneth Dell (MNZ),
who described the only species of the genus.

Diagnosis: Large zerotulids with a poorly calcified, de-

pressed, smooth and rounded shell. Radula long and slen-

der with square, hooded, multicusped central tooth; lateral

without "littorinid notch"; outer marginal tooth simplified.

Operculum mesospiral without ridge. No metapodial ten-

tacles. Snout small; cephalic tentacles connected by skin

fold; mesopodium large and thin, anteriorly drawn out to

tentaclelike corners; penis simple, situated well below the

right cephalic tentacle; pallial oviduct without bursa and

receptaculum.

Remiarks: Dickdellia labioflecta was originally described

in Corneolitorina Powell, 1951, a generic name considered

a synonym of Laeuilitorina by Reid (1989). The type spe-

cies of Corneolitorina is Littorina coriacea Melvill & Stan-

den, 1907, which has a much more normal littorinid-type

radula. We agree with Reid (1989) that L. coriacea is

similar to Laeuilitorina, and the present resolution of that

clade does not necessitate recognition of a genus level name
for L. coriacea.

We had access to some live-taken specimens, and to give

the systematic position a more stable foundation, we ex-

amined the anatomy in some detail. This work was dif-

ficult, however, since the specimens had been frozen (be-

cause of the temperature during the fieldwork) and were

then "fixed" in alcohol. Therefore the whole visceral mass

was in a state of disintegration. The results are presented

under the species heading.

Systematic position: Several characters of D. labioflecta

are unusual or strange, to some extent misleading, also in

comparison with other zerotulids. Below we list those that

have been important for our decisions.

—The shell is very simple and the reduction of the cal-

careous layer, apomorphic.

—The long and slender radula is consistent with a position

among the Littorinoidea.

—A "hooded" radula is unusual. It is known from the

Cingulopsidae (see Ponder & Yoo, 1980, fig. 14H) and

the Zerotulidae (see above). Its occurrence in Littorana

(Littorinidae) was considered apomorphic by Reid (1989:

52).

—The foot has the anterior corners drawn out to tenta-

clelike protrusions. This is common among archaeo-

gastropods, some higher Neotaenioglossa, and some

Neogastropoda, but we know it from the lower neotae-

nioglossates only in the Litiopidae (Houbrick, 1987; A.

Waren, unpublished in Stiliferina). In Stiliferina, these

tentacles do not look like drawn-out corners, but more

like set-off tentacles, and may not be homologous.

—The penis, situated well below the cephalic tentacles,

indicates a systematic position within or in the vicinity

of the Littorinoidea, unless this is a convergence. The
innervation could not be examined since we had no male

to section.

—The alimentary system with a snout, long taenioglossate

radula, a pair of radular cartilages, posterior salivary

glands, esophageal gland, agrees with the lower tae-

nioglossates; absence of crystalline style with the Lit-

torinoidea.

—A skin-fold uniting the tentacles is not common among
Neotaenioglossa with a snout. It occurs among the

Adeorbidae (Rissooidea), Naticidae, and Fossariidae

(Cerithioidea). A similar but incomplete fold is present

in Lacuna vincta (Figure 33A, B) and L. pallidula. It is,

however, a simple structure and homology is uncertain.

—The nervous system follows the general littorinoid-ris-

sooid pattern, with moderate distances between the gan-

glia. Presence of two accessory pedal ganglia at each

main ganglion resembles Littorinidae, but is also known

from the Provannidae (Waren & Ponder, 1991) and

Rissoidae (Johansson, 1939) and may be plesiomorphic.

—Absence of receptaculum seminis is rare in the littori-

noid-cingulopsoid-rissooid radiation, but known from

Pellilitorina, Lacuna, and Cremnoconchus (sperm stored

in oviduct, Reid, 1989:36) and most of the zerotulids.

—The general structure of the osphradium is shared with

most Littorinoidea-Rissooidea, but the apical flexure is

known only from the genus Lacuna (Reid, 1989).
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Explanation of Figure 27A-D

Dickdellia labioflecta, PS III/3, sta. 345, diameter 7.7 mm.

—The length of the pleural sub- and supraesophageal

connective is about eight times the length of the latter

ganglia, which is similar to the littorinids (Reid, 1989).

This length, however, seems better correlated with the

size of the gastropod (both long in Pomatias elegans and

Littorinidae; short in Zerotulidae (this study) Skeneop-

sis, Rissooidea and Cingulopsidae; one of them long, one

short in Aciculidae and Eatoniellidae (Reid, 1989).

—The habitat is considerably deeper than any littorinid

(approx. 200-900 m versus 0-50 m), but the presence

of eyes indicates that Dickdellia does not originate from

a group with exclusive deep-water distribution, es-

pecially since it has lecithotrophic development.

Of these characters, we pay special attention to the po-

sition and shape of the penis, long and slender radula,

laterals without littorinid notch, an interspace between the

two marginal teeth, and place Dickdellia in the Zerotu-

lidae (Littorinoidea).

Dickdellia labioflecta (Dell, 1990)

(Figures 27-29, 30A, B, 31, 32, 34E)

Corneolitonna labioflecta Dell, 1990:110, figs. 187, 188.

Mesogastropoda sp. 2: Hain 1990:54, pi. V, figs la-d, pi.

22, fig. 6.

Type locality: Ross Sea, off Elephant Island, Eltanin sta.

410, 61°18'S, 56°09'W, 220-240 m.

Type material: Holotype USNM 860099, paratypes

USNM 860100 and MNZ MZ.56598, not seen.

Material examined: PS II1/3, sta. 345, 021°W, 617 m,

2 specimens.—PS Vll/4, sta. 282, 012°W, 609-575 m, 3

specimens.—PS VII/4, sta. 250, 030°W, 799-810 m, 2

specimens.—PS VII/4, sta. 272, 022°W, 409-406 m, 1

specimen. 3.8 mm diameter.—PS VII/4, sta. 293, 012°W,
771-793 m, 1 specimen.—PS VIII/5, sta. 491, 022°W,
390-370 m, 1 specimen. 6.8 mm diameter (all in SMNH).



Page 322 The Veliger, Vol. 39, No. 4

-y'-
''

,,
""->;> ;,:_g;v^ -^^

/^a-f^/"

*v ^^^ ^'^

*ii-i5-'=^':"*-
-i

,^^sS«?^Sl^i: 100

Explanation of Figure 28

Dickdellia labiofiecta, PS VII/4 sta. 293, critical point dried. Figure A. Part of pallial skirt with gill and osphradium.

Figure B. Tip of penis with seemingly open sperm duct. Figure C. Front view of head-foot. Figure D. Right side

of head-foot, ct—cephalic tentacle; g—gill leaflet; op—operculum; os—osphradium; p—penis, seminal groove

visible in Figure C; pp—propodium; sn—snout. Scale lines in nm.

Distribution: South Shetland Islands, Ross Sea, and the

Weddell Sea in 220-891 m.

Redescription: Based on the specimens above of which

four females were sectioned, one male critical point dried,

and one female was dissected. The shell (Figure 27), which

measures up to 8.3 mm in diameter, was adequately de-

scribed by Dell (1990), and we give only some supple-

mentary details.

Shell (Figures 27, 34E). The periostracum is thick (0.1
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Explanation of Figure 29

Dickdellia labioflecta, PS VII/4 sta. 293, radula. Figure A. From a specimen of 2.5 mm shell diameter. Figures

B, C. From a specimen of 6 mm shell height. Scale lines in iim.

mm), brown and tough, slightly brittle. The internal cal-

careous layer is very thin, less than 5 iim. thick at the

periphery of the body whorl, thicker toward the columella,

and in the two, most apical whorls where it is about as

thick as the periostracum.

External morphology of soft parts: The head-foot (Fig-

ure 28C, D) and pallial complex (Figure 28A) comprise

Yio of a whorl in contracted specimens, the visceral mass

about two whorls. The whole animal is creamy white, also

the viscera! mass (in alcohol and alive). The anterior V\o

whorl of the visceral mass is still paler from the superficial

part of the kidney. At the left side, the pericardium with

the ventricle and auricle, lies directly behind the gill and

osphradium. The gonad is not easily distinguished exter-

nally even in sexually mature specimens. The esophagus

and stomach could not be discerned externally by trans-

parency.

The pallial cavity is quite shallow, and the pallial skirt

normally covers the whole head in preserved specimens.

The pallial margin is thin and simple, without tentacles

and papillae, except at the right and left '4, where it is

thicker and with some structure, but the details could not

be worked out. The osphradium (Figure 28A) consists of

a ridge containing the osphradial ganglion. It parallels the

gill from the most posterior part, forward to the anterior
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1/4 of the gill, where it abruptly curves 180° to the left and

returns Vi of its length. Along each side is a narrow, ciliated

ridge. The gill (Figure 28A) consists of a series of about

30 narrow, triangular leaflets twice as high as broad and

drawn out to a ventral tip. The width of the gill corresponds

to V(, of the pallial cavity. The leaflets in its central part

are about twice as wide and high as the anterior ones. The
columellar muscle projects at the right side of the body,

60-80° from the operculum. Its left part is much less con-

spicuous and narrower. The hypobranchial gland is rather

inconspicuous and partly covered by the tips of the gill

leaflets. The pallial oviduct is restricted to the posterior

right half of the cavity and its left side contains the incon-

spicuous rectum which opens shortly behind the oviduct.

The head is medium-sized and has a pair of short (con-

tracted; slender and tapering when crawling), conical, flat-

tened tentacles with large black eyes in basal-lateral bulges.

The inner sides of the tentacles meet over the small snout

by a simple fold of the outer part of the body wall. The
male has a simple, finger-shaped penis situated well below

the right cephalic tentacle, and with a dorsal furrow (Fig-

ure 28B, D). Whether this furrow forms an open or closed

sperm duct could not be seen.

The foot is flat, large, and broad. The corners are drawn

out to small tentaclelike extensions. Posteriorly, it is blunt-

ly rounded. There is no distinct opening for the posterior

pedal gland; anteriorly, between the distinctly set-off pro-

podium and the mesopodium opens an anterior pedal gland.

The sides of the foot are smooth and there are no epipodial

ridges or furrows.

Internal anatomy (Figures 31, 32): The foot is almost

filled by the large posterior pedal gland mixed with a dense

three-dimensional network of muscle fibers. The slightly

smaller anterior pedal gland bulges into the cephalopedal

haemocoel, shortly behind the nerve ring and into the

snout. The posterior pedal gland stains bluish violet, the

anterior one a much lighter grayish violet, with conspic-

uous nuclei. The posterior pedal gland does not have a

defined opening. The anterior one has a flat cavity under

the propodium, lined with tall epithelium and opens via

a broad and flat duct, which penetrates most of the gland.

The anterior part of the tentacles is solid and muscular,

but behind the eye there are large lacunae. The large

subcutaneous eyes (with lens and pigment layer) are sit-

uated in a large bulge in the latero-basal part. The snout

is very muscular and can probably be extended consider-

ably when the snail is grazing.

The alimentary system consists of the mouth, a large,

thin-walled buccal mass, a very short anterior esophagus,

a large esophageal gland, a narrow posterior esophagus,

stomach, intestine, and rectum.

There are no jaws. Not even a noticeable cuticular lining

was found in or behind the mouth.

The radular sac is straight, rather long, curves to the

right after the exit from the buccal mass and ends between

the roof of the cephalopedal haemocoel and the buccal

mass. The part of the radula in use is supported by a pair

of large, anteriorly diverging cartilages.

Two salivary glands open into the buccal cavity, close

to its mid-line, via short, inconspicuous ducts which do not

pass through the nerve ring. The salivary glands are large

and situated before and above the cerebral ganglia. Each

consists of a short, thin duct and a voluminous gland of

several lobes (staining violet with EHE). The dorsal food

channel is characterized by the occurrence of numerous

mucus-producing cells. These cells commence in the pos-

tero-dorsal part of the buccal cavity, are displaced toward

the left when passing the nerve ring, and end up ventrally

in the esophageal gland, where they continue until the

start of the posterior esophagus. No trace of esophageal

pouches was found. The esophageal gland is quite volu-

minous and full of transverse septa which leave only a

small space for the longitudinal food channel. At the end

of the cephalopedal haemocoel, the posterior esophagus

exits from the gland, passes the transverse septum and

enters the visceral mass. It continues backward, ventrally

and close to the body wall at the left side of the body.

Finally, it enters the stomach, 0.3 mm from its most pos-

terior part. The diameter of the stomach is about 0.20 mm.
The stomach continues forward 0.35 mm, turns abruptly

dorsally, a loop 0.5 mm long; then another abrupt turn to

the left, for a distance of 0.5 mm, after which it starts

parallelling the oviduct in a rectal sinus, which thus by

definition must be a rectum. It was not possible to see any

distinct transition from a stomach to an intestine between

the esophagus and rectum. The rectum is unusually small

(Figure 31B, re).

The nervous system follows the normal pattern of litto-

rinids, with dialyneury between the left pleural and the

supraesophageal ganglia. The distances between the gan-

glia are fairly short (contracted specimen), the pleural and

corresponding cerebral ganglia abutting. The supra- and

subesophageal ganglia are situated about eight times their

diameter from the corresponding pleural ganglion. The
length of the connectives to the pedal ganglia are twice the

diameter of these ganglia. The supraesophageal ganglion

lies free at the left wall of the cephalopedal haemocoel, at

half its height; the subesophageal one in a pit in the body

wall. The buccal ganglia are situated dorsally on the buccal

mass, close to the exit of the esophagus, and connected by

a commissure. Ventrally and anteriorly to the pedal gan-

glia is an anterior accessory pedal ganglion, connected by

a connective of about its own length and innervating the

anterior pedal gland and propodial area. Posteriorly and

ventrally there is a posterior accessory pedal ganglion,

connected by a connective of half its own length and in-

nervating the meso- and metapodium.

The visceral ganglia were not identified.

The statocysts are situated above and behind the pedal

ganglia and slightly displaced laterally. Their diameter

corresponds to half the length of the ganglion. They have

a single statolith.
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Explanation of Figure 30

Opercula. Figures A, B. Dickdellia labioflecta, PS VII/4 sta. 293, diameters 3.6 and 3.1 mm. Figure C. Laevilitorina

notorcadensis
, paratype, diameter 2.0 mm. Figure D. Laevilitorina antarctica, South Georgia, Cumberland Bay, 1-

2 m, on algae, SMNH 2794, diameter 3.9 mm. Figures E, F. Lacuna vincta, Swedish west coast, diameter 4.2 and
5.2 mm.

Circulatory system. The pericardium and kidney are un-

expectedly small.

Reproductive system. The sexes are separate. One of the

sectioned specimens, 3.8 mm in shell diameter, turned out

to be a female without pallial oviduct, but with an early

ovary and no trace of male systems, while the male used

for critical point drying had a shell diameter of 3.0 mm.
The fixation does not, however, allow any detailed de-

scription of the female system, and no male was sectioned.

The ovary lies along the right side of the visceral mass. A
short ovarian duct leads to a large, strongly folded albumen

gland, which stains very lightly. Along the anterior right

side of this and continuing anteriorly is a capsule gland

(Figure 32B; staining dark violet with EHE), but the

detailed morphology of these could not be worked out due

to missing and ruptured sections. They are, however, closed

except for a short opening close to the anterior end of the

capsule gland. No trace of a bursa copulatrix or a recep-

taculum seminis was found. A well-developed gonoperi-

cardial duct is present, opening into the albumen gland

close to the ovarian duct. None of the two females that

were sectioned had sperm in the pericardium, or a recep-

taculum seminis, but sperm was abundant in the posterior

folds of the albumen gland. External features of the male

were described above.

The radula (Figure 29) is long and slender, almost 50
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times as long as broad, with about 200 transverse rows

(Figure 29C). The central tooth is rather low, distinctly

hooded, and has a large, conical main cusp and three

similar cusps of half the size on each side, situated above

the main cusp. The lateral tooth is long, rather slender,

and oblique and lacks a "littorinid notch." The central

half is strongly denticulated with about 12 strong subequal

cusps. The first marginal tooth is attached slightly in front

of the lateral and is quite sturdy with its proximal part

twice as broad as its distal third. It has three small apical

denticles. The second marginal tooth is slightly smaller

than the first marginal, and separated from it by a zone

of smooth radular membrane, of a width corresponding to

',4o of that of the radula. Its apical third is proportionally

narrower than in the first lateral and the apical denticles

are smaller. Young specimens have less sturdy and pro-

portionally taller teeth with fewer denticles.

The operculum (Figure 30A, B) is rather sturdy and

distinctly wrinkled by incremental lines. It consists of about

three whorls with a subcentral nucleus, but lacks a ridge.

Remarks: The smooth, poorly calcified shell with a shal-

low labial sinus makes this species easily recognizable

among Antarctic gastropods.

The remarkably small and slender esophagus, stomach,

and intestine, containing very little remains of food, suggest

an unusual type of food, not detritivory or forams. This

is also suggested by a strange appearance of the digestive

gland which has much smaller tubules than usual.

Family Littorinidae

Subfamily Laevilitorininae

Reid (1989) gave an exhaustive survey of the classification

of the Littorinidae and analyzed the relations within the

family. We have extensively used this gold mine of infor-

mation, and supplemented it with our own observations

in some cases.

Laevilitorina Pfeffer, 1886

Laevilitorina Pfeffer, in von Martens & Pfeffer, 1886, type

species, Littorina caliginosa Gould, 1849, by subsequent

designation (Suter, 1913).

{Pellilacunella) Powell, 1951

Pellilacunella Powell, 1951, type species Pellilitorina bennetti

Preston, 1916, by original designation.

Remarks: Reid (1989) recognized a new subfamily for

Laevilitorina with several subgenera. Among these are Pel-

lilacunella, characterized by four opercular tentacles on

each side, a simple penis with short filament, numerous
small cusps on the rachidian tooth, and a single small cusp

on the outer marginal tooth. The shell is simple, smooth,

and rounded; the operculum belongs to Reid's (1989) pau-

cispiral type with no internal ridge.

Reid (1989) presented information on most type species

of the littorinid generic names. We here add a few details

on little known generic names we encountered, to complete

Reid's treatment.

Lacunella reflexa Dall, 1884, and its "variety" minor

Dall, 1919, were both described from shallow water in

Alaska. The former species is the type species of Halocon-

cha Dall, 1886, usually regarded as a genus, but with some

hesitation synonymized with Lacuna (at subgenus level)

by Reid (1989). Our information comes from reconstituted

type specimens in USNM. Shell, Figure 34A, B; radula.

Figure 35A. The soft parts were not in good condition,

but the pair of opercular tentacles are replaced by a thin,

wide membrane. The operculum has an unusually low

and indistinct opercular ridge, like other Lacuninae. Also,

this generic name can thus safely be placed in the Lacu-

ninae, although more information is needed to evaluate its

detailed placement there.

We also examined type material of Aquilonaria turneri

Dall, 1886, from Alaska, type species o{ Aquilonaria Dall,

1886. Two pairs of opercular tentacles, a ridge on the

operculum, well-developed periostracum, and an indis-

tinctly hooded rachidian tooth confirm a position in the

Lacuninae and relations to Lacuna (Lacuna) crassior (Mon-
tagu, 1803).

hoth Lacuna pallidula (DzCosidi, 1778) and L. {Epheria)

vincta (Montagu, 1803) (both north European) have a

distinct skin fold across the basal part of the cephalic ten-

tacles, continuing a short distance toward the center of the

snout. Possibly this is an artifact, but it is persistently there

and probably has some internal cause in the arrangement

of the muscles.

Explanation of Figure 31

Dickdellia labioflecta. Figure A. Longitudinal section of head-foot to the right of mid-line. Figure B. Oblique cross

sections of head-foot, through left eye, further posterior through right side, acpgl—propodial accessory pedal

ganglion; acpg2—mesopodial accessory pedal ganglion; apg—anterior pedal gland; be—buccal cavity; df—dorsal

food channel; e—eye; Imp—left part of mesopodium; Ipg— left pedal ganglion; Isg—left salivary gland; oeg

—

esophageal gland; os—osphradium; pod—pallial oviduct; ppg—posterior pedal gland; re—radular cartilage; rcg

—

right cerebral ganglion; re—rectum; rpg—right pedal ganglion; rrplg—right pleural ganglion; rsg—right salivary

gland; sbg—subesophageal ganglion; sbp—subesophageal pleural connective; sg—salivary gland; sn—snout. Scale

lines = 200 ^m.
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Explanation of Figure 33

Lacuna vincta, Koster Area, Swedish west coast. Figure A. Dorsal view of head-foot. Figure B. Right side of head-

foot, ct—cephalic tentacle; p—penis; sn—snout. Scale lines = 1 mm.

The penis of Lacuna vincta is very large, and we give

an SEM photo of a head-foot showing this and the mor-

phology of the cephalic tentacles (Figure 33).

Systematic position of Lacuna wandelensis: The com-

bination of undivided foot, presence of metapodial (oper-

cular) tentacles on each side, and a thin, fragile shell are

characters of Laevilitorininae with its single genus Lae-

vilitorina Pfeffer, 1886; the Lacuninae; and Lacuna wan-

delensis.

For the choice between these two subfamilies, we pay

attention to the absence of a spiral ridge on the operculum,

presence of four pairs of opercular tentacles, strong resem-

blance in radular characters and classify Lacuna wande-

lensis in Laevilitorininae, genus Laevilitorina, subgenus

Pelhlacunella.

Further details which may or may not mean something

are:

(1) We have noticed an apical, fine striation in L. wan-

delensis (Figure 34D), identical to that in Laevilitorina

(Macquariella) antarctica (von Martens, 1886) (Figure 34C,

H) also in size. We have scanned several true lacunines,

which all have smooth apical whorls.

(2) A "hooded" radula occurs also in the Lacuninae,

e.g., Haloconcha (Figure 35A) and Lacuna {Lacuna) crassior

(Montagu, 1803), while the closely related Lacuna {Epher-

la) vincta Montagu, lacks a "hood" (Figure 35B). The

"hood" seems therefore more widely distributed among the

littorinids than previously assumed.

Explanation of Figure 32

Dickdellia labioflecta. Figure A. Oblique cross section of body at the level of the cerebral ganglia. Figure B. Cross

section of pallial oviduct. Figure C. Longitudinal section through head-foot, apg—anterior pedal gland; cc—cerebral

commissure; eg—cerebral ganglion; d—duct from anterior pedal gland; dg—digestive gland; fp—fecal pellet; g
—

part of pallial skirt with gill; hf—pallial skirt fused to head-foot; hg—hypobranchial gland; i—intestine; k—kidney;

oe—esophagus; oeg—esophageal gland; pc—pallial cavity; pp—propodium; re—radular cartilage; sbg—sub-

esophageal ganglion; sg—salivary gland; st—stomach. Scale lines in nm.
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(3) The radula of Laevilitorina (Pellilacunella) wande-

lensis is more similar to that of the type species of Pelli-

lacunella than what is evident from a comparison with

Reid's styhzed fig. 13a. We have compared with unpub-

lished SEM photos of the radula of L. (P.) bennetti, kindly

supplied by Reid. The two species share the unique, erect

appearance of the rachidian, the lateral, and first marginal

teeth. This is also the case in Laevilitorina (Macguariella)

antarctica (Figure 35D), though to a lesser extent.

Laevilitorina {Pellilacunella) wandelensis

(Lamy, 1905)

(Figures lOD-F, 30C, 34D, 35C, E, F)

Lacuna wandelensis Lamy, 1905:478, fig. 2.

Lacuna wandelensis: Lamy 1906:5, pi. 1, figs. 5-7.

Lacuna notorcadensis Melvill & Standen, 1907:131, fig. 2.

Lacuna wandelensis: Melvill & Standen 1912:349.

Antitnchotropis wandelensis: Powell 1951:124.

Type localities: L. wandelensis, Antarctic, Palmer Archi-

pelago, Wandel Island, Port Charcot, 40 m; L. notorca-

densis, South Orkneys, Scotia Bay, 15-18 m.

Type materials: L. wandelensis, Holotype in MNHN,
examined; L. notorcadensis, Holotype (Figure lOD) RSM
1921.143.623, syntypes (Figure lOE, F), NMWZ
1955.158.157 (see Trew, 1987).

Material examined: Type material of L. wandelensis and

L. notorcadensis and: POLISH ANTARCTIC EXPE-
DITION 1980, stas. N70 and N119, South Shetland Is-

lands, King George Island, Admiralty Bay, 30-38 m, 2

specimens (from P. Arnaud).

Distribution: South Shetland, Antarctic Peninsula, and

South Orkneys, about 10-40 m depth, "on Macrocystis and

other large fuci" (Melvill & Standen, 1912).

Redescription: We only describe the external morphology

of the soft parts, the radula, and the operculum. Shell,

Figure lOD-F; protoconch. Figure 34D.

Soft parts. The whole head-foot is blackish green in a

dried specimen, especially the snout and tentacles. The
head has a large snout, about as long as broad, slightly

conical, and with terminal mouth. The cephalic tentacles

are about twice as long as the snout and are distinctly

flattened. The eyes are situated close to the base of the

tentacles in a low bulge on their outer sides. The penis is

short, rounded, fingerlike, situated somewhat below the

right cephalic tentacle. The foot has four flattened meta-

podial tentacles connected by a membrane on each side.

The gill has about 20 leaflets in the roof of the unexpectedly

deep pallial cavity. The osphradium consists of a low ridge

running along and to the left of gill, but this may be

composed of more than one ridge, now fused because of

the drying. There are no pallial tentacles. The left corner

of the pallial edge has two low, indistinct siphonal ridges.

The radula (Figure 35C, E, F) is colorless, about as long

as the diameter of shell. The outer marginal tooth is small

and narrow, with three to five apical denticles. The inner

marginal, lateral, and central teeth are similar to each

other, with the cutting edge forming a right angle to the

narrower basal plate. At each side and below the broad,

straight, weakly serrated cutting edge there is a small

denticle. The inner marginal tooth is much larger than

the outer one. The lateral tooth has a poorly developed

outer lateral process. The central tooth has a hood (partly

obscured by the fact that the whole tooth is strongly re-

curved), a finely serrate cutting edge, a large lateral cusp

at each side, and a latero-basal point.

The operculum (Figure 30C) is paucispiral, thin, cor-

neous, without internal ridge.

Remarks: The holotype of L. wandelensis is immature,

about 2.4 mm high, the type specimens of L. notorcadensis

are somewhat larger, just below 3 mm.
Two specimens were available for examination of the

soft parts and radula. The radulae of two type specimens

of L. notorcadensis were examined after rehydration and

extraction of the soft parts. The soft parts of the type

specimens were, however, too poorly preserved to allow

examination of the external morphology.

Lacuna wandelensis was referred to Antitnchotropis by

Powell (1951:124, 1960:143). He may, however, have had

a specimen of Trichotropidae, since he mentioned the pres-

ence of "odd tufts of hair-like processes disposed at regular

intervals on the carinae." Such are not present in L. wan-

delensis.

Dell (1990:162) suggested that L. notorcadensis may be

a synonym of Lacuna wandelensis, an opinion we share.

Explanation of Figure 34

Figure A. Haloconcha reflexa reflexa, syntype, USNM 40928, diameter 3.7 mm. Figure B. Haloconcha minor, syntype,

USNM 215073, diameter 6.3 mm. Figures C, H. Laevilitorina {Macquariella) antarctica, South Georgia, Cumberland
Bay, 1-2 m, on algae, SMNH 2794, diameter 4.7 mm. Figure D. Laevilitorina wandelensis (paratype of Lacuna
notorcadensis), apex, NMWZ 1955.158.157. Figure E. Dickdellia labioflecta, apex, PS VII/4, sta. 293. Figures F,

G. Trilirata macmurdensis, PS IX/3, sta. 173, diameter 1.0 mm. Scale lines = 200 ^m.
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Abstract. The habitat affinities, distributions, and densities of 16 species of land snails and one

species of slug were determined for two high elevation, cold desert mountain ranges in northeastern

Nevada. Five habitat types were identified, and 28 collection stations representing these habitat types

were established. Perennial streams lined with deciduous trees had the highest number of species (12)

and the highest density (126.8 specimens/m^) from the study area. Other habitat types described are

the mountain brush community (9 species, 57.1 specimens/m^); the wet meadow community (10 species,

22.5 specimens/m^); the xeric pinyon pine and Utah Juniper community (8 species, 22.8 specimens/

m^); and the subalpine conifers (4 species, 4 specimens/m^). Land gastropods were most diverse and

abundant in deep canyons at elevations of approximately 2250 meters, and in aspen litter with a

metamorphic bedrock that is conducive to water retention during the dry spring and summer months.

Gastropod communities seen today in these mountains suggest a once widespread Pleistocene fauna

that has become fragmented and isolated in the more mesic habitats during the Holocene.

The larger or medium-sized land snails, which include species of the genera Oreohelix, Microphysula,

and Discus, occur most often in canyons on the west slopes of this study area. Some smaller land snails,

such as species of Vertigo, Pupilla, Vallonia, and one small species of Oreohelix, depend heavily on

microhabitats in the more xeric, pinyon pine-juniper woodlands located in deep limestone canyons and

beneath cliff faces, associated with drought-tolerant shrubs.

INTRODUCTION

Little is known about the habitat affinities and local dis-

tributions of land snails from the high elevation, cold desert

of the northern Great Basin of the western United States.

The gastropod fauna of the Great Basin is typical of the

Rocky Mountain Province of North America (Henderson,

1931) and has many similarities to the gastropod fauna of

the Wasatch Mountains in Utah at the eastern edge of the

Great Basin (Chamberlin & Jones, 1929). Several species

in central and northern Nevada appear to be common on

the approximately 100 mountain ranges that line up in a

parallel north to south orientation. Land gastropods are

relatively rare in the intervening valleys. Approximately

30 species of snails and two species of slugs occur primarily

in mesic, wooded habitats within deep canyons and on

north-facing slopes that retain a snow cover into late spring.

Xeric, shrub-dominated valleys, foothills, and alkali flats

present a formidable barrier to dispersal by the more mesic

adapted gastropods of the Great Basin. The diversity and

distribution of snails and slugs in these mountain ranges

appear to be in a state of non-equilibrium in which local

populations are going extinct without much replacement

by immigration of similar taxa from the Rocky Mountains

to the north and east (Pratt, 1985).

Various studies in North America have shown a strong

correlation between land snail species richness and vege-

tational cover (Karlin, 1961; Boag & Wishart, 1982; Kral-

ka, 1986). Other studies have pointed out the importance

of soil and rock types for building shells (Coney et al.,

1982; Cameron, 1986). Elevation, slope aspect, slope angle,

and annual precipitation affect species richness and pop-

ulation densities of land snails on some mountain ranges

in western North America (Hoff, 1962; Boag & Wishart,

1982; Kralka, 1986). No such study has been conducted

on land snails in the Great Basin.
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This study was undertaken to determine the habitat

affinities and distributions of land gastropods from the

Ruby Mountains and East Humboldt Range, both rep-

resenting high elevation, mesic environments in north-

eastern Nevada. Five habitat types were characterized ac-

cording to their dominant vegetation, elevation, geological

features, and soil-rock type. Collection stations were es-

tablished in each of the five habitat types to determine

gastropod species richness, density, and distributions. This

information adds to the existing knowledge of the ecology

and zoogeography of gastropods found in the Rocky Moun-
tains of North America (Chamberlin & Jones, 1929; Kar-

lin, 1961; Beetle, 1989).

SETTING

The climate of the Great Basin desert is greatly influenced

by the rain shadow eflfect caused by the Sierra Nevada and

Cascade ranges to the west, which creates a mid-latitude,

high elevation, cold desert. Winter storms from the west

provide most of the precipitation that is received in north-

eastern Nevada, and 80% of that is in the form of snow

(Lewis, 1972). The East Humboldt Range and the north-

ern half of the Ruby Mountains average approximately

126 cm of precipitation between elevations of 2200 and

3200 meters. Elevations between 1600 and 2200 meters

average 55 cm of precipitation. The summers are short,

hot, and dry with a mean July maximum of 29.9°C and

mean July minimum of 1 1.1°C. The winters are long and

cold with a mean January maximum of 3.78°C and a mean

January minimum of — 9.22°C. Annually, there is a mean
of 210 days in which the temperature is 0°C and below

(Lewis, 1972).

The Ruby Mountains and the East Humboldt Range

are a metamorphic core complex in the form of an asym-

metric fault block, beginning just south of the town of

Wells and extending 125 km south to the Elko-White Pine

county line (Figure 1). This complex is approximately 28

km wide at its widest point in the central Ruby Mountains

and 15 km wide at its narrowest point at Secret Pass,

which separates the East Humboldt Range from the Ruby
Mountains (Coats, 1987).

The most abundant rock types in the East Humboldt
Range and in the northern two-thirds of the Ruby Moun-
tains are quartzite, gneiss, and some granite. Soil devel-

opment is poor in once glaciated canyons and along the

mountain crest. These rock types make up 78% of the total

mass of the East Humboldt Range and Ruby Mountains,

and facilitate the retention of water at higher elevations

because of their non-porous nature. Several subalpine lakes

and long-lasting snow banks contribute to a general avail-

ability of water. The remaining 22% of this complex, south

of Harrison Pass (Figure 1), is composed predominantly

of carbonate rock, both dolomite and limestone, with some
metamorphic rock as well (Coats, 1987).

Approximately 35% of the central Ruby Mountains and
27% of the East Humboldt Range were perennially covered

East Humboldt Range

ARIZONA

Figure 1

Geographical locations of 28 collection stations established in the

East Humboldt Range and Ruby Mountains of northeastern

Nevada. Place names are those used on the Elko and Ruby Lake
quadrangles, U.S. Geological Survey 30 x 60-Minute Series,

Topographic. Roman numerals represent the habitat types sam-

pled at each station. Refer to Table 1 for habitat listings. 1. Horse

Creek (I), 2. Winchell Creek (I), 3. Angel Creek (I), 4. Trout

Creek (I), 5. Grey's Lake (I), 6. Herder Creek (I), 7. Ackler

Creek (I, U, III), 8. Secret Creek (L H), 9. Soldier Creek (L
IV), 10. John Day Creek (I), 11. Cold Creek (I, III), 12. Talbot

Creek (I, III, V), 1 3. Lamoille Canyon (1, 11, V), 14. Sietz Canyon
(I), 15. Kleckner Creek (I, III, V), 16. Long Canyon (I), 17.

Rattlesnake Canyon (I, HI), 18. Harrison Pass (I, III), 19. Pearl

Peak (I, IV), 20. Brown Creek (I, II), 21. Mitchell Creek (I,

III), 22. Willow Creek (I), 23. Broncho Charlie Canyon (IV),

24. Indian Creek (IV), 25. Overland Creek (I), 26. Thompson
Creek (I), 27. Lutts Creek (I, IV), 28. Ruby Guard Station (II).

with ice and snow during glacial stages of the Pleistocene.

Glacial advances during the lUinoian and Wisconsin stages

carved out deep, bowl-shaped canyons, such as Lamoille

Canyon (Figure 1: station 13), which today are wooded

and well watered. The majority of these glaciated canyons

developed on the western slope, which has a more gentle
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incline of 75-156 meters per kilometer, more extensive and

complex plant communities, and receives the most moisture

from east-tracking Pacific storms. The eastern slope has

a steeper incline of 15-66 meters per kilometer. Only a

few signs of extensive glaciation occur here (Figure 1:

station 27). Plant communities are less developed and less

watered in east slope canyons (Sharp, 1938).

MATERIALS and METHODS
Land gastropods were collected, identified, and counted

from 28 stations established in the Ruby Mountains and

East Humboldt Range in northeastern Nevada (Figure 1).

Each station typically had more than one of five habitat

types, and three samples were taken from each of the 45

habitat sites, for a total of 135 samples (Table 1). A station

generally included a single riparian zone with deciduous

trees and small, widely dispersed meadows usually asso-

ciated with perennial springs. The more xeric mountain

brush, pinyon pine/Utah juniper, and white bark pine/

rock slide communities were generally found on the slopes

above the riparian zones. Collections were made each spring

and summer between 1988 and 1993, for a total of 125

trips to the study area. Collecting was concentrated in those

habitat types that were known to have snail populations.

Seventy-five samples (Figure 1: stations 1-22 and 25-

27) were collected along perennial streams wooded with

a narrow strip of quaking aspen {Populus tremuloides),

long-leafed cottonwood {Populus angustifolia), and an un-

derstory of shrubs, forbs, and grasses (Table 1).

Twelve samples (Figure 1: stations 7, 13, 20, and 28)

were collected in mid-elevation (2250 m) mountain brush

communities (Table 1). These plant communities domi-

nate the Ruby Mountains and East Humboldt Range and

include several species of sagebrush (Artemisia spp.), ser-

viceberry (Amelanchier alnijolia), bitterbrush {Purshia tn-

dentata), snowberry {Symphoricarpus oreophilus), and curl-

leaf mountain mahogany {Cercocarpus ledifolius). An un-

derstory of forbs and grasses is usually present.

Twenty-four samples (Figure 1: stations 7, 8, 11, 12,

15, 17, 18, and 21) were collected from wet meadow com-

munities (Table 1). These communities were dominated

by willows (Salix sp.), sedges (Juncus spp.), and several

species of grasses and forbs. Fifteen samples (Figure 1:

Table 1

Mean density (shells and live animals/m^) and range for 17 species of gastropods found in five habitat types in the Ruby
Mountains and East Humboldt Range of northeastern Nevada. Values for each habitat type include: the number of

samples collected, the total number of species, the mean number of species with a ±SD, and the mean number of specimens

(shells and live animals)/m^ with a ±SD.

Habitat types I II III IV V
Samples/habitat 75 12 24 15 9

Species Shells and live animals/m^ and (range)

Oreohelix strigosa 9.3 (4-89) — — 3.3(12-63) —
Oreohelix subrudis 2.0(1-6) — — — —
Oreohelix hemphilli 22.0(11-28) 5.5(2-11) — 0.7 (2-5) —
Microphysula ingersolli 15.2(5-90) 4.2 (2-8) — 4.2 (2-9) 1.0(1-3)

Discus whttneyi 5.0(2-14) 0.5 (2-4) 3.6(1-8) 0.4 (2-4) 0.5 (2-4)

Vitrina pellucida 9.1 (2-45) 2.3(1-7) 5.9 (4-10) 2.0 (3-7) 1.5(2-5)

Punctum conspectum 4.3 (2-27) 1.3(2-5) 1.4(2-8) — —
Vallonia cydophorella 48.8 (2-208) 28.5(10-68) — 5.0(2-21) 1.0(1-5)

Euconulus fulvus 4.1 (1-25) 0.3(1-3) 48 (2-9) — —
Papilla hebes 0.9 (1-3) 12.0 (8-40) — 1.8(1-3) —
Pupilla blandi 5.4 (5-32) 2.5 (2-8) — 5.4 (5-20) —
Vertigo gouldi — — 0.5(1-4) — —
Vertigo concinnula 0.2(1-3) — 0.9 (2-6) — —
Vertigo ovata — — 0.5 (1-3) — —
Vertigo modesta — — 1.1 (2-5) — —
Catinella rehderi — — 2.9 (2-9) — —
Deroceras laeve — — 0.9 (2-3) — —

Total species/habitat 12 9 10 8 4

Mean no. species/sample (i:SD) 6.38 (±0.18) 5.75 (±01.3) 6.13 (±0.19) 4.60 (±0.36) 3.30 (±0.16)

Mean specimens/m^ /sample (±SD) 126.8 (±12.8) 57.1 (±7.4) 22.5 (±1.9) 22.8 (±2.0) 4.0 (±0.5)

I. Aspen and cottonwood, perennial streams.

II. Mountain brush, forbs, and grasses.

III. Wet meadows.

IV. Xeric pinyon pine and Utah juniper.
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stations 9, 19, 23, 24, and 27) were collected in habitats

that are centered primarily in the southern third of the

Ruby Mountains on limestone and dolomite bedrock. Their

plant communities were dominated by short-statured, ev-

ergreen conifers and an understory of shrubs, forbs, grass-

es, and much bare ground. The dominant trees are the

single-leafed pinyon pine (Pinus monophylla) and the Utah

juniper (Juniperus osteosperma). Only three perennial

streams are located in this area (Figure 1: stations 20, 21,

and 22).

Nine samples (Figure 1: stations 12, 13, and 15) were

collected from the high elevation subalpine zone (Table

1). At elevations of 2700 m and above, there are scattered

stands of whitebark pine {Pinus albicaulis) and limber pine

{Pinus flexilis) with an understory of shrubby cinquefoil

{Potentilla Jruticosa), willows, sagebrush, forbs, and grass-

es. Large areas of boulders, cliffs, and morainal deposits

are generally barren of plants and snails at this elevation

(Lewis, 1972).

Soil and litter samples were taken using a 20 cm x 20

cm wooden frame that was randomly thrown within each

of the five described habitats. Within the grid area, litter,

soil, and gravel were collected to a depth of approximately

5 cm, placed in plastic bags, labeled, and taken to the

laboratory. Each litter and soil sample was then sieved

through sequential sizes of wire mesh— 2 mm, 5 mm, 10

mm, and 15 mm.
All live gastropods and empty shells were identified with

the aid of Pilsbry's Land Mollusca oj North America (1939,

1946, and 1948) and with the help of Drs. W. L. Pratt

and T. J. Frest, and museum specimens. All shells and

slugs are deposited in the collections of the Biology De-

partment at Great Basin College. Elevation, soil, and rock

types were recorded for each collection station by reference

to topographic and geomorphic maps (Coats, 1987). A
coefficient of similarity was calculated for species com-

position between each possible habitat pair (Table 2). The
similarity coefficient SC = (2C)/(A + B), where C is the

number of species in common, and A and B are the number

of species in habitats A and B. The similarity coefficients

were used to construct a dendrogram (Figure 2) by cluster

Table 2

Similarity matrix showing coefficients of similarity S (per-

cent similarity in species between two habitats) of land

snail communities from five habitat types in the Ruby
Mountains and East Humboldt Range of northeastern

Nevada.

II IV III
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Figure 2

Cluster analysis showing the percent similarities of land snail

communities in five habitat types from the Ruby Mountains and

East Humboldt Range of northeastern Nevada.

analysis using an unweighted pair-group method (Sneath

& Sokal, 1973).

RESULTS

Sixteen land snail species and one species of slug were

recorded (Table 1). The highest land mollusk density (126.8

specimens/m-), counting both live animals and empty shells,

and the highest number of species (12) were found in the

aspen-cottonwood riparian habitats (Figure 1: stations 1-

22, 25, 26, and 27). A mean number of 6.38 species per

sample came from the 75 samples collected from this hab-

itat (Table 1).

Snails were relatively common in the dominant, more

xeric mountain shrub habitats (Figure 1: stations 7, 13,

20, and 28). The four stations in this habitat type held

nine species of land snails with the second highest density

(57.1 specimens/m^). A mean number of 5.75 species per

sample came from the 1 2 samples collected from this hab-

itat. This group of species was also present in the aspen-
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Cottonwood riparian habitat, as well as the xeric pinyon

pine and Utah juniper habitats with a few exceptions

(Table 1).

Nine species of land snails and one species of slug were

recorded from eight wet meadow habitats (Figure 1: sta-

tions 7, 8, 11, 12, 15, 17, 18, and 21). Gastropods were

most abundant beneath large rocks and rotting, woody

vegetation. Of the nine species collected, three species of

Vertigo, Catinella rehderi (Pilsbry, 1948), and the only spe-

cies of slug, Deroceras laeve (Miiller, 1774), were found

exclusively in these wet meadow stations. The other five

species recorded here were shared with habitats I and II

(Table 1). In the wet meadows, a density of 22.5 speci-

mens/m^ was recorded, and a mean number of 6. 1 3 species

per sample came from the 24 samples collected from this

habitat (Table 1).

The mid-elevation (2250 m) pinyon pine and Utah ju-

niper woodlands (Figure 1: stations 9, 19, 23, 24, and 27)

had eight species of land snails at a density of 22.8 spec-

imens/m^ (Table 1). A mean number 4.60 species per

sample came from the 15 samples collected from this hab-

itat. Vallonia cyclophorella (Sterki, 1893), Pupilla blandi

(E. S. Morse, 1865), Pupilla hebes (Ancey, 1881), and a

small oreohelicid, Oreohelix hemphillt (Newcomb, 1869),

were all present in this more xeric habitat. The remaining

species were isolated in small perennial springs with de-

ciduous vegetation, and were shared with habitats I, II,

III, and V (Table 1).

The three stations (Figure 1: 12, 13, and 15) located in

the high elevation subalpine zone had four species, Mi-

crophysula ingersolli (Bland, 1874), Discus xvhitneyi (New-

comb, 1864), ViLrina pellucida (Miiller, 1774), and Vallonia

cyclophorella. They were found at a density of only four

specimens/m^ and a mean number of 3.3 species per sam-

ple from the nine samples collected (Table 1).

Sixteen stations surveyed on the west slope of the Ruby
Mountains and the East Humboldt Range averaged 7.6

species per sample, while twelve stations on the eastern

slopes averaged 5.3 species per sample. Actual shell den-

sities for the west slope versus east slope were not calcu-

lated, but samples from the west slope had consistently

more shells than the east slope samples. Land snails in the

study area occupied an elevational range of 1900 m to 3350

m, with the highest density and species richness at ap-

proximately 2250 m. Twelve stations were located in deep,

loamy soils on top of metamorphic granite and gneiss. An
average of 7.1 species per sample was associated with this

soil and rock type. Ten stations were located among rocks

and boulders of igneous quartz and gneiss with a poor to

moderate soil and litter development. An average of 6.3

species per sample occurred here. Six stations established

in the southern Ruby Mountains had an average of 3.5

species per sample that occur in the dolomite and limestone

canyons.

Table 2 shows calculated values for the percent simi-

larity of species among the five habitat types. The aspen/

Cottonwood riparian community (86%), the mountain-brush

community (82%), and the pinyon pine and Utah juniper

woodlands (80%) all share a similar molluscan fauna. The
high elevation subalpine habitat is relatively similar to the

previous three habitats (average of 60% similarity), while

the wet meadow habitats (habitat III) were the least sim-

ilar to the pinyon pine-Utah juniper habitat (22%) and
the subalpine habitat (29%). The wet meadow habitat

shared slightly less than half the species with the aspen/

Cottonwood riparian habitats (45%) and the mountain brush

habitats (42%). This can be expected since wet meadows
are restricted to perennial riparian zones with surrounding

mountain brush communities. Figure 2 shows these re-

lationships in the form of a dendrogram.

DISCUSSION

The highest species richness and shell density was found

in canyons with perennial streams bordered by woodlands

of deciduous trees and shrubs. Species composition found

in the Ruby Mountains and East Humboldt Range is most

similar to gastropod assemblages found in canyons and

meadows of the Wasatch Mountains of Utah (Chamberlin

& Jones, 1929) and from the Rocky Mountains of Mon-
tana and Colorado (Karlin, 1961).

Populations of land snails emigrating from the northern

Rocky Mountains became isolated on Great Basin moun-
tain ranges during the later part of the Miocene Epoch

and into the Pliocene (Pratt, 1985). The Pleistocene epoch

brought wet, cold winters and cool summers. This climatic

change was responsible for the formation of several glaciers

on the windward slope of the Ruby Mountains and East

Humboldt Range. Storms coming from the Pacific Ocean

and the Arctic dropped large amounts of snow on the west

slope, and cool, short summers facilitated the movement

of glaciers, such as Lamoille Canyon (Figure 1: station

13), down to the present valley floor at 1875 m. The
mountain crest created a local rain shadow effect on the

eastern slope resulting in the formation of only one large

glacier, the present day Lutts Creek (Figure 1: station 27)

(Sharp, 1938). This combination of glaciated canyons, a

rock type that retains water, the presence of perennial

streams, and a gentle slope allows for the growth of ex-

tensive deciduous forest and shrub lands accounting for

the greater species richness and shell densities that occur

on the western slopes.

A core of gastropod species occurred in some combi-

nation in each of the five habitat types (Table 1); these

include Oreohelix strigosa (Gould, 1846), Oreohelix subrudis

(Reeve, 1854), Microphysula ingersolli, Discus whitneyi, Vi-

trina pellucida, Punctum conspectum (Bland, 1865), Val-

lonia cyclophorella, Euconulus fulvus (Miiller, 1774), Pu-

pilla hebes, and Pupilla blandi. In habitats I, II, and IV

there were seven to nine shared species of gastropods (Ta-

ble 1), which have a high affinity for similar habitats

(Figure 2), and have a high percent similarity in shared

species (Table 2). Gastropods found in habitats I and II

possibly represent an original, widespread community that
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may have been present before or during the Pleistocene in

mesic habitats.

Habitat III is host to five obligate meadow species, which

accounts for its low percent similarity with the other four

habitats (Figure 2). However, five core species from habitat

III are shared with the other four habitats, again sug-

gesting a once widespread gastropod fauna (Table 1).

Comparing the shared gastropod species (Table 1) and

their percent similarities (Table 2), the aspen-cottonwood

riparian (I), mountain brush community (II), and pinyon

pine-Utah juniper woodlands (IV), suggests that these three

groups are also derived from a similar core of mesic adapted

species. Six shared species (Figure 2) of gastropods found

in habitat IV are restricted to aspen and willow found

around three small perennial springs (Figure 1: stations

20, 21, and 22) located within the pinyon pine and Utah

juniper woodlands (Table 1). These species may represent

isolated populations of a once widespread mesic fauna

which were stranded at these mesic sites during the Ho-

locene.

The pinyon pine and Utah juniper woodlands moved

into the southern Ruby Mountains some 6500 years ago

in response to the drying climate during the Holocene

(Grayson, 1993). Except for those species restricted to

perennial springs, only three species, 0. hemphilli, V. cy-

clophorella, and P. hebes, have adapted to the xeric, pine

and juniper woodlands and can be found in microhabitats

such as xeric adapted plants beneath north-facing cliff sites,

but rarely in the actual pine and juniper litter.

Only four species of gastropods (Table 1) have spread

into the higher elevation subalpine conifers and rockslides.

These species are derived from the same group of gastro-

pods seen in the other four habitats and appear to represent

a similar but depauperate molluscan fauna (Figure 2).

This habitat type is also relatively young and was only

accessible to snails since the late Holocene as the glaciers

melted and conifers and shrubs colonized the higher ele-

vations (Grayson, 1993).

Karlin (1961) has shown that 99% of gastropod species

in the west are strongly influenced by the availability of

water and decomposing organic matter, usually found be-

neath aspen and mixed deciduous-coniferous woodlands.

Furthermore, in the Rocky Mountains, species-rich faunas

are found in such mesic sites regardless of rock types.

Apparently these communities of gastropods are obtaining

their calcium needs from decomposing, deciduous litter. In

the East Humboldt Range and northern half of the Ruby
Mountains, gastropod faunas are most diverse in the meta-

morphic bedrock (average of 7.1 species/sample) associ-

ated with mesic plant communities, compared to the lime-

stone and dolomite bedrock of the southern half of the

Ruby Mountains (average of 3.5 species/sample) and its

more xeric communities. The gastropod fauna of the East

Humboldt Range and the Ruby Mountains follow a sim-

ilar distribution and species richness with gastropod faunas

found in the Northern Rockies (Karlin, 1961), along the

Wasatch Range of Utah (Chamberlin & Jones, 1929), and

New Mexico (HofT, 1962).

Populations of Oreohelix strigosa were found in the deep-

er glaciated canyons on the west slope of the Ruby Moun-
tains (Figure 1: stations 9, 10, 11, 12, and 13) and one

population on the east slope (Figure 1: station 27). This

species was absent from 16 other canyons with comparable

habitat characteristics, some of which were glaciated (Fig-

ure 1: stations 1, 3, 5, 14, 15, 16, and 20). It appears that

glaciated canyons may have served as Pleistocene refugia

for this species and possibly others. It is unclear why they

survived in some canyons but not in others.

In the Ruby Mountains, Oreohelix strigosa was most

often associated with boulder fields, talus slopes, and stream

banks, with a cover of dense shrubs, grasses, and forbs.

Most often, there was an canopy of aspen. In Colorado,

this was a common habitat used by this species (Henderson,

1931) as well as in Utah (Chamberlin & Jones, 1929) and

in Idaho (Solem, 1975).

Oreohelix subrudis was found at only two stations, both

of which are on the west slope of the East Humboldt

Range, 2200 m (Figure 1: stations 6 and 7). At these two

stations, O. subrudis was associated with extensive aspen

forest with dense litter and nearby perennial streams. Very

little brush occurred at these stations. This habitat affinity

is somewhat unusual for 0. subrudis. In Wyoming, this

species occurs in a broader range of elevations, from river

banks with sparse cottonwood stands and mountain brush

to higher elevations in aspen, mixed conifer and deciduous

forest. Oreohelix subrudis is usually associated with talus

slopes, clifT faces, and, in some cases, with other species of

Oreohelix (Pilsbry, 1939; Chamberlin & Jones, 1929). In

Colorado, 0. subrudis occurs more often in streamside hab-

itat, while O. strigosa is found nearby, but prefers the drier

stream banks with talus and scree (Ress, 1988; Brandauer,

1988).

The land snails. Discus whitneyi, Vitrina pellucida, and

Microphysula ingersolli, were the most abundant and wide-

spread gastropods in the study area. They all have a strong

affinity for deciduous woodlands along perennial streams.

Karlin (1961) found Discus whitneyi and Vitrina pellucida

to be most common in quaking aspen woodlands of Col-

orado, Montana, and New Mexico, but did not find Mi-

crophysula ingersolli. Chamberlin & Jones (1929) found

M. ingersolli in canyon woodlands of aspen and maple in

the Wasatch Mountains, and Beetle (1989) found this

species in similar habitats in the Rocky Mountains in

Wyoming. Microphysula ingersolli is one of the most widely

dispersed and abundant gastropods in the Ruby Mountains

and East Humboldt Range, but it is apparently absent

from nearby Great Basin mountain ranges such as the

Jarbidge to the north and the Cherry Creek Range directly

to the south (Ports, unpublished data).

A final assemblage of snails was found in the more xeric

pine and juniper woodlands, in limestone canyons of the

southern Ruby Mountains (Figure 1). Although this re-
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gion makes up approximately one-third of the study area,

the gastropod community here was relatively small, con-

sidering that five of the eight species were found to be

closely associated with perennial springs (Table 1). Away
from the springs of this region, three species of land snails,

Oreohelix hemphilli, Valloma cyclophorella, and Pupilla hebes,

occur in the litter of shrubs, such as mountain ninebark

{Physocarpus alternans) and mountain spray {Holodiscus

dumosus). These drought-resistant shrubs are sheltered by

30 to 50 meter, north-facing, vertical cliffs of limestone.

Such a microhabitat serves to moderate the summer heat

and provide a more mesic environment compared to the

surrounding woodlands. At the higher elevations (above

3100 m) in the southern portion of the Ruby Mountains,

these shrubs were few or did not occur at all; however,

these three snail species were found beneath dense branch-

es of the woody, mat-forming rock plant, Petrophytum

caespitosa. This group of snails and its affinity for these

xeric conditions is not unique to the southern Ruby Moun-
tains and indeed has been found in six mountain ranges

to the south and east of the Ruby Mountains. These moun-

tain ranges are also dominated by limestone canyons, pin-

yon pine and Utah juniper woodlands, and the same species

shrubs and cliff sites found in the southern Ruby Moun-
tains (Ports, unpublished data).

The gastropod fauna of the Ruby Mountains and East

Humboldt Range is typical of what would be expected in

the central and eastern Great Basin on mountain ranges

with peaks of 3000 m or more. Deep glaciated canyons

act as refugia, with extensive deciduous forests and streams

that enhance species richness. These conditions also exist

in the Schell Creek Range, Deep Creek Range, and the

Snake Range, all to the southeast of the study area, and

these mountains have a similar fauna. The Ruby Moun-
tains and East Humboldt Range fauna illustrate the po-

tential for isolation and endemism, especially in Oreohelix.

There is also the potential for local extinctions due to long-

term climatic changes, such as severe drought and the loss

of the limited (such as aspen forests) but critical habitat

to livestock grazing, mining, and modification of water

resources that would impact on spring and stream vege-

tation.
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Abstract. Ventilation rate can provide information about the detectability and salience of stimuli.

Octopus ventilation rate responds to chemical stimuli; here we tested whether cuttlefish ventilation rate

is sensitive to visual stimuli. We measured the changes in ventilation rate of juvenile Sepia officinalis in

response to a general disturbance (being moved to a new tank), to the sight of prey items (live fish and

live crabs), and to the sight of conspecifics (familiar and unfamiliar). Ventilation rate increased relative

to controls in all cases, but most to general disturbance. Responses to prey items were stronger than

reponses to conspecifics, a finding consistent with the semi-solitary lives of free-living juvenile cuttlefish.

Although cuttlefish prefer crabs to fish and hunt them differently, no differences in responses were

found between types of prey. Responses to familiar and unfamiliar conspecifics also did not diff^er. We
conclude that analysis of ventilation rates is a good method for measuring the perception and relative

significance of broad classes of visual stimuli in cuttlefish.

INTRODUCTION

It is not always easy to discern what animals perceive.

The appearance of stimuli important to an animal can

cause increased alertness, with a possible concomitant in-

crease in ventilation rate (hereafter, referred to as "arous-

al"). A directly observable behavior, ventilation rate has

the potential for providing a convenient measure of the

relative salience of different stimuli. To investigate this

possibility, we measured changes in ventilation rates of

cuttlefish in response to visual stimuli.

Cephalopods change the rate or volume of water respired

in response to changes in activity level. The common oc-

topus, Octopus vulgaris Cuvier, 1797, increases its venti-

lation rate with even small increases in activity level (Boyle,

1983). The common cuttlefish. Sepia officinalis Linnaeus,

1758, increases ventilation volume, with a reduction in

ventilation rate, when it jets (Trueman & Packard, 1968).

Cephalopods also change the rate or volume of water

respired in response to chemical stimuli. In Octopus vul-

garis, ventilation rate increased in response to crab extract

and to water from a crab holding tank (Boyle, 1983).

Ventilation rate in the octopus Eledone cirrhosa Lamarck,

1798, changed in response to several common chemical

constituents of arthropod flesh (betaine, glycine, proline,

alanine, lactic acid, and serine) (Boyle, 1986). Chase &
Wells (1986) observed respiratory changes in 0. vulgaris

in response to weak solutions of glutamic acid, glycine,

and adenosine 5'-monophosphate.

The feasibility of using ventilation rate to measure re-

sponses to chemical stimuli was demonstrated by Boyle

(1983), using two different methods: (1) direct observation

by an experimenter, and (2) automated measurement of

the electrical impedance of the water surface, which fluc-

tuates with the disturbances caused by ventilation move-

ments. Automated measurements were sometimes dis-

rupted by movements of the subject within the enclosed

space or by spontaneous bursts of hyperventilation. In the

experiments reported here, we measured ventilation rates

by the simpler method of direct observation.

We measured the ventilation rates of Sepia officinalis in

response to visual stimuli: live fish, crabs, shrimp, and

familiar and strange conspecifics. We addressed four ques-

tions: is ventilation rate affected by (1) general disturbance

(moving the animal into the test tank); (2) the presence of

a food item (live shrimp); (3) the sight of a conspecific

(familiar or unfamiliar); and (4) the type of live stimuli

(fish, crab and other cuttlefish)? We discuss the possible

relationship between relative magnitudes of ventilation

changes and significance of stimuli to the cuttlefish.
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Figure 1

Schematic of test tanks. Tanks had glass bottoms, and cuttlefish

were viewed from below in order to observe the ventilation move-

ments of their funnels.

MATERIALS and METHODS
Subjects (7.5-10.5 cm mantle length) were taken from a

cohort ofjuvenile laboratory-cultured Sepia officinalis (For-

sythe et al., 1991). This cohort of approximately 120 an-

imals was maintained in groups of about 10 cuttlefish per

1.52 m diameter round tank. All 12 holding tanks, as well

as the test tank, were interconnected to the same recir-

culating water system (see Forsythe et al., 1991). Water

was obtained from the Gulf of Mexico, and ranged from

19-21°C with a salinity of 35 ppt. Light was provided

with a combination of natural light and artificial light on

a 12 hr light/ 12 hr dark cycle. The animals were fed

frozen shrimp twice a day ad libitum.

The test tank was a glass-bottomed aquarium (109 x

90 X 90 cm). Stout timbers set on building blocks sup-

ported the tank along the outside perimeter and allowed

an experimenter to view the tanks from beneath. The outer

side walls of the tank were covered with dark green cam-

ouflage cloth. Four identical smaller aquariums (51 x 25

X 40 cm) were placed within the test tank in a 2 x 2

array (Figure 1). A lid made from plastic mesh fit over

the four smaller tanks. A permanent opaque divider sep-

arated the tanks into two pairs; movable opaque partitions

could be placed between the two tanks of each pair. A

u
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Figure 2

Experiment 1 : Ventilation rate of cuttlefish (n = 20) after being transferred from holding tanks to test tanks (mean

± SE).
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Experiment 2: Ventilation rate in response to the appearance of a prey item at minute (mean ± SE).

small desk lamp (60 watts) was placed below the test tank,

shining upward. The experimenter lay quietly beneath the

tank, observing the ventral sides of the subjects.

Subjects were selected at random from the 12 holding

tanks and placed in the test tank 1 hour before trials. When
trials began, the experimenter recorded at 5 minute inter-

vals the total time for 30 inhale/exhale cycles for each

subject. Cycles could be observed directly from the venti-

lation movement of the funnel with the pressure changes

of inhalation and exhalation. We compared ventilation

rates before and after each event for each subject. Pre-

event rates were determined by averaging the three mea-

surements immediately prior to the event. Post-event rates

were determined by averaging highest recorded rate after

the event with the two recorded rates that immediately

followed the peak rate.

1. General Disturbance

We recorded the responses of cuttlefish to the general

disturbance of being moved to the test tank. One cuttlefish

was placed into each of the four small tanks. Subjects were

in visual isolation with all barriers in place. Ventilation

rate was measured starting immediately after the subjects

were placed into the test tanks. Sixteen subjects were ob-

served for 1 hour; an additional four subjects were observed

for 1 hour and 20 minutes.

2. Presence of Food

We recorded the response of cuttlefish to the presence

of familiar food items. An inverted PVC cap, about 5 cm
in diameter, was placed over a live shrimp in two of the

small aquariums; in the other two aquariums the cap was

empty (control). Subjects were again placed into each of

the tanks, in visual isolation. After 1 hour had elapsed,

caps were inverted by means of an attached string. Ven-

tilation rate was measured at 5 minute intervals starting

15 minutes before the cap was inverted, for a total of 1

hour and 15 minutes. Twelve subjects were used, six with

the shrimp and six with the control condition. For an

additional two subjects, the cap and shrimp were confined

within a glass jar in order to determine the eflFect of solely

visual stimulation.

3. Sight of Conspecifics

In this experiment, we recorded the response of cuttlefish

to the sight of familiar and unfamiliar conspecifics. One
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Experiment 3: Ventilation rate in response to the appearance of a conspecific (familiar or unfamiliar) or an empty

tank (control) at minute (mean ± SE).

cuttlefish was placed into each of the four small tanks.

Subjects were in visual isolation. After 1 hour, the movable

partitions were raised by means of an attached string. Each

animal could thus see one other subject. For five pairs of

subjects, both animals came from the same holding tank

(familiar conspecific); for five other pairs, each individual

came from a different holding tank (unfamiliar conspe-

cific). For a further eight subjects, the adjacent tank was

empty (control). Ventilation rate was measured starting

15 minutes before the barriers were raised, for a total of

1 hour and 15 minutes.

4. Differences between Stimuli

We tested whether cuttlefish arousal, as measured by

ventilation rate, differed between similar-sized stimuli. We
compared responses to a crab and a fish, each roughly the

same size as the subject when viewed from the cuttlefish's

perspective (fish total length, crab carapace width, and

cuttlefish mantle length), with the responses we found in

Experiment 3 to familiar and unfamiliar conspecifics.

For each pair of tanks, one cuttlefish was placed in one

of the small tanks; in the other, a large glass jar was placed

containing either a blue crab {Callinectes sapidus Rathbun,

1896) or a gulf killifish {Fundulus grandis Baird & Girard,

1853). The movable partition separated the tanks. After

1 hour, the movable partition was raised. Ventilation rate

was measured statrting 1 5 minutes before the barriers were

raised, for a total of 1 hour and 1 5 minutes. The fish was

used for four subjects; the crab was used for four other

subjects. Results were compared with those of Experiment

3 with familiar and unfamiliar conspecifics.

RESULTS

1. General Disturbance

Immediately after the subject was moved to the test tank

(the disturbance, time 0), ventilation rates averaged 83

ventilation cycles per minute. After 50 minutes, average

rates had slowed to 45 cycles per minute, a decrease of

about 45%. Rates then stabilized (Figure 2).

2. Presence of Food

Treatment (control, live shrimp, live shrimp in glass jar)

had a significant effect (F = 157.51; df = 2,13; /' < 0.001)

(Figure 3); ventilation rates increased about 40% in re-
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Experiment 4: Ventilation rate increase in response to stimuli, each of the same overall size as the subjects (mean

± SE).

sponse to the presence of the shrimp, as compared to con-

trols. A prion tests between means showed that responses

with the glass jar were significantly different from those

without the glass jar (F = 21.36; df = 1,13; P < 0.001).

3. Sight of Conspecifics

In the test for response to conspecifics, treatment (con-

trol, familiar conspecific, unfamiliar conspecific) had a very

small, yet statistically significant eflfect (F = 3.53; df =

2,25; P < 0.05) (Figure 4). A priori tests between the

means showed that there was no difference in response to

a familiar and an unfamiliar conspecific (F = 0.80; df =

1,25; P ~ 0.45).

4. Differences between Stimuli

In the experiment on the reaction of cuttlefish to other

living animals of the same size as themselves, we found a

small but significant difference in ventilation rate between

presentation of other cuttlefish (familiar or unfamiliar)

and other animals (crab or killifish) (F = 14.39; df = 2.25;

P < 0.001) (Figure 5). There was no difference between

their response to a crab and a killifish (t = 2.10, df = 3,

P > 0.05).

DISCUSSION

Disturbance had an effect on ventilation rates of cuttlefish,

as did the sight of conspecifics and other animals. These

results are consistent with and extend those of Boyle (1983)

and Chase & Wells (1986) on the effect of chemical stimuli

on octopus ventilation rate. Ventilation rate thus appears

to be a good overall indication of cephalopod arousal.

The largest influence on ventilation rate was that of the

general disturbance. After the transfer to the test tank

(Experiment 1), ventilation rate gradually decreased to the

resting rate, a pattern consistent with an interpretation of

habituating to their new surroundings.

When presented with prey items (Experiment 2), cut-

tlefish became quite active and focused intently on the

shrimp at the same time that ventilation rates increased.

Response to the shrimp in the glass jar differed signifi-

cantly from that without the jar. This difference was prob-

ably a result of sustained responses by the subjects unable

to reach the shrimp rather than any effect of the absence

of chemosensory information. Initial response to the sight

of the shrimp did not differ between the two groups (Figure

3).

Response to the sight of another cuttlefish (Experiment
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3) was quite different from ttiat to prey items. Subjects

were less active and their activity was less focused in any

particular direction. Ventilation rate rose only slightly more

than that of controls. We found no significant difference

between the response to familiar and to unfamiliar con-

specifics. Although results appear suggestive that a differ-

ence might be found had we used a larger sample size or

more sensitive method (Figure 4), Boal (in press) has found

similar lack of evidence for social recognition in adults of

the same species.

Response did not differ between the crab and fish pre-

sentations (Experiment 4). Both are prey items when they

are smaller than the cuttlefish. Cuttlefish will attempt to

capture same- or even larger-sized crabs and fish if they

are hungry enough. In the laboratory, the cuttlefish appear

to prefer crabs over fish. They also approach them differ-

ently when preying upon them (Nixon, 1987). It may be

that our results did not reflect these differences because

our sample size was quite small {n = 8). Another possible

explanation is that the two live prey items were equally

arousing when presented alone to hungry cuttlefish ac-

customed to receiving only dead food. Satiated animals

might respond differently.

The cuttlefish did not respond equally to all live stimuli

of approximately the same size; they were clearly more

interested in food than in each other (Experiment 4). Our
subjects were juveniles; results with sexually mature adults

might be different.

We find it noteworthy that with this simple experi-

mental design we were able to support results obtained

with more sophisticated equipment (Boyle, 1983, 1986).

Cephalopod ventilation rate is indeed responsive to visual

stimuli, as well as to chemical stimuli. The magnitudes of

changes in ventilation rates were consistent with interpre-

tations of differing salience. Ventilation rate provides a

robust, objective, and quantifiable behavioral measure for

testing animal perception, and is sensitive enough to dem-

onstrate discrimination between classes of stimuli.
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Abstract. Two new species of nudibranchs are described from the central coast of California. Armina

cordellensis is unique among described taxa in having low tubercles not arranged in distinct longitudinal

rows. The radular teeth are elongate and minutely denticulate.

Aeolidia jarallonensis is unique among described species in possessing a lateral anus and irregularly

rugose rhinophores. The jaws are proportionately larger than in other described species. The anal

position is situated ventral to the notum, a feature that is unique among described members of the

Aeolidiidae.

INTRODUCTION

The opisthobranch fauna of the Pacific coast of North

America has been recently reviewed (Behrens, 1991). More
than 200 species have been reported from the region, in-

cluding 26 undescribed species. Since then, several addi-

tional species have been recorded from deep waters ofT the

coast of southern California (Gosliner, 1996).

Specimens of two apparently new species were examined

from material held in the collections of the California

Academy of Sciences. Neither species was observed alive.

Both species differ markedly from sympatric congeners

present in the eastern Pacific. Both species are known from

relatively little material, but are sufficiently different from

closely related taxa that there is little question of their

distinctness.

This paper describes the anatomy of these species and

compares them to morphologically similar species.

DESCRIPTIONS

Arminidae

Armina Rafinesque, 1814

Armina cordellensis Gosliner & Behrens, sp. nov.

(Figures 1, 2)

Type material: Holotype, California Academy of Sci-

ences, CASIZ 105717, Craine's Point, Cordell Bank, 20

km w of Point Reyes, 37°59'30"N, 123''24'30"W, 46-52

m depth, 20 October 1978, R. Schmeider et al.

Etymology: This species is named for the type locality,

Cordell Bank.

External morphology: The 60 mm long preserved animal

is gray dorsally and on the ventral surface of the foot.

Despite the fact that the animal had been preserved in
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Figure 1

Armina cordellensis Gosliner & Behrens, sp. nov., holotype,

CASIZ 105717. A. Dorsal view of preserved animal, scale = 10

mm. B. Ventral view of preserved animal, scale = 10 mm. C.

Jaw, scale = 1.0 mm. D. Reproductive system, scale = 2.0 mm,
am = ampulla, be = bursa copulatrix, fgm = female gland mass,

p = penis, pr = prostate.

alcohol, it appears that its color in life was also grayish,

owing to the intensity of the pigment. The notum is gran-

ular with irregularly spaced, low rounded tubercles (Fig-

ure lA). There do not appear to be any glandular sacs

(cnidosacs) on the notum. The rhinophores are well sep-

arated from each other, about 2.5 mm apart, and have a

series of longitudinal lamellae on the rounded, but not

bulbous clavus. Between the ventral edge of the notum and

the foot are a series of lamellar gills. Anteriorly, on each

side of the body is a series of longitudinal lamellae. Im-

mediately posterior to the right longitudinal lamellae are

the genital apertures. Behind the apertures and extending

to the posterior end of the body are 75-80 laterally ar-

ranged gill folds. The anus is situated on the right side of

the body about three-fourths of the way to the posterior

end of the body. The nephroproct is slightly more than

halfway between the genital apertures and the anus. The
foot (Figure 1 B) is elongate and wide, and has a very thin

epithelium.

Buccal mass: The buccal mass is elongate, 15 mm in

length, and highly muscular. The salivary glands are elon-

gate and straplike and enter the posterior end of the buccal

mass. The large chitinous jaws (Figure IC) are elongate

with a long masticatory margin. The masticatory border

contains 6-10 rows of triangular denticles (Figure 2A).

The radula of the holotype is asymmetrical and has a

formula of 48 x 42.1.69. The rachidian teeth (Figure 2B)

are broad with a large, triangular central cusp. The cusp

is flanked by 8-13 elongate denticles per side. The inner

lateral teeth (Figure 2B) are triangular with a relatively

short cusp. Approximately seven to nine short, triangular

denticles are present on the outer side of each inner lateral

tooth. The next several teeth outward increase markedly

in the length of the cusp and in the number of denticles.

The majority of teeth are elongate and needlelike (Figure

2C). The outer edge of these teeth contains about 25 minute

denticles, which are not visible under low magnification,

but are evident at higher magnification (Figure 2D).

Reproductive system: The arrangement of the repro-

ductive organs (Figure ID) is androdiaulic. The ampulla

is thick and contains several convolutions. It bifurcates and

enters the base of the female gland mass. The other branch

is the short, slightly curved prostate. It enters the slightly

expanded penial sac. The penis, which is largely protrud-

ed, is elongate and flagellar. The large, saccate bursa cop-

ulatrix has an elongate duct, which exits adjacent to the

female gonopore.

Discussion: Three species of arminids are currently rec-

ognized from the Pacific coast of North America. Armina

calijormca (Cooper, 1863) can be readily separated from

A. cordellensis by aspects of its external anatomy. The

rhinophores of A. calijornica are adjacent to each other and

have a common stalk, whereas those of A. cordellensis are

well separated from each other. Armina californica has a

series of longitudinal ridges on the notum, whereas A.

cordellensis has irregularly arranged tubercles. Internally,

the rachidian teeth of A. californica have fewer denticles

(4-7) than those of A. cordellensis (8-13). The outer

laterals of A. calijormca are not as elongate as those of A.

cordellensis and have large denticles only near the outer

apices rather than minute ones along most of the length

of the teeth. The reproductive systems of the two species

differ markedly as well. In A. californica, the prostate is

elongate with several convolutions, whereas in A. cordel-

lensis the prostate consists of a single short loop.

The other two arminids are found farther to the south

in subtropical and tropical waters of Baja California and

Panama. Histiomena marginata Morch, 1859, is known

only from the type material. Morch described the external

anatomy, and Bergh (1876) did not add any significant

anatomical details. This species remains poorly known,

and the description is so incomplete that it cannot be ad-

equately compared to the present species. No type material

or subsequent specimens have been found. Histiomena con-

volvula (Lance, 1962) has a series of convoluted, longitu-

dinal ridges on the notum and a greatly expanded oral veil
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Figure 2

Armma cordellensis Gosliner & Behrens, sp. nov., holotype, CASIZ 105717, Scanning electron micrographs. A.

Jaw denticles, x 500. B. Rachidian and inner lateral teeth, x400. C. Outer lateral teeth, x200. D. Outer lateral

tooth, X1500.
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Figure 3

Aeolidia farallonensis Gosliner & Behrens, sp. nov. A. Dorsal

view of preserved holotype, CASIZ 105718, scale = 10 mm. B.

Lateral view of holotype, scale =10 mm.

Figure 4

Aeolidia farallonensis Gosliner & Behrens, sp. nov. A. Rhino-
phore, scale = 1.0 mm. B. Jaw, scale = 1.0 mm. C. Reproductive

system of paratype, CASIZ 105719, scale = 2.0 mm, am =
ampulla, fgm = female gland mass, p = penis, pr = prostate, rs

= receptaculum seminis.

with an expanded margin. The posterior gills of H. con-

volvula are small fan-shaped structures arranged in four

to five irregular rows (Lance, 1962), rather than the un-

interrupted rows of simple lateral lamellae found in A.

cordellensis. The rachidian radular teeth of H. convolvula

are rectangular and lack the large triangular cusp found

in A. cordellensis. There are more lateral teeth per half-

row (88) in H. convolvula than in A. cordellensis (a max-

imum of 69 teeth per half-row).

Armina cordellensis is most similar to several species

placed in Linguella Blainville, 1823, considered as a sub-

genus or synonym of Armina by modern workers. Species

in this taxon have widely separated rhinophores without

distinct tubercles between the anterior end of the notum
and the rhinophores. The six described species, A. fallax

(Bergh, 1880), A. laira (Bergh, 1865), A. punctilucens

(Bergh, 1874), A. quadrilateralis (Bergh, 1860), A. sarasin-

ica (Bergh, 1890), and A. variolosa (Bergh, 1904), are all

known from the Indo- Pacific tropics. Most of these species

are known only from their original description and are

incompletely described. Armina sarasinica differs from A.

cordellensis in having fewer, more elongate denticles on

the rachidian teeth (Bergh, 1890). Armina variolosa is uni-

formly reddish and has tubercles arranged in distinct lon-

gitudinal rows (Baba, 1955), whereas A. cordellensis is

probably gray in life and has scattered tubercles. Also, in

A. variolosa the genital apertures are anterior to the lon-

gitudinal gill lamellae whereas in A. cordellensis they are

posteriorly situated. A. variolosa also has fewer lateral teeth

(22-26) than A. cordellensis (42-69).

Aeolidiidae

Aeolidia Cuvier, 1798

Aeolidia farallonensis Gosliner & Behrens, sp. nov.

(Figures 3-5)

Type material: Holotype, California Academy of Sci-

ences, CASIZ 1 057 1 8, off Farallones Islands, Gulf of Far-

allones, 37°27.9'N, 123°02'W, trawled from 510 m depth,

13 December 1985, Robert Van Syoc. Paratype, dissected,

California Academy of Sciences, CASIZ 105719, off Far-

allones Islands, 37°35.3'N, 123°14.5'W, trawled between

1405-1491 mdepth, 13 December 1985, Robert Van Syoc.

Etymology: This species is named for the Farallones Is-

lands, from which the type material was collected.

External miorphology: Both the holotype (Figure 3A, B)

and paratype are largely devoid of cerata. Only a few

scattered cerata remain attached to the notum. The pre-

served specimens are approximately 25 mm in length. The
rhinophores (Figure 4A) are rugose with fine papillations

scattered along their length. The oral tentacles are elongate

and evenly tapered. The cerata are arranged on diagonal

ridges. There are 13 ridges per side in both specimens

examined. The anteriormost row contains 12 cerata while

the seventh row has 38 cerata, based on the number of

attachment bases that are still visible. The cerata appear

to be dorsoventrally flattened in the few remaining cerata,

but only small cerata are present. The anus, nephroproct,

and genital aperture are visible on the right side of the

body (Figure 3B). The genital aperture is situated ventral

to the fourth to sixth ceratal rows in the paratype and
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Figure 5

Aeolidia farallonensis Gosliner & Behrens, sp. nov. Scanning electron micrographs of radular teeth of paratype,

CASIZ 105719. A. xlio B. x80. C. xl20.

between the fifth to seventh rows in the holotype. The
nephroproct is found at the base of the seventh or eighth

ceratal row. The anus is pleuroproctic, situated ventral to

the ceratal rows. In the holotype it is found below the ninth

and tenth ceratal rows, while it is found ventral to the

eighth and ninth ceratal rows in the paratype. The anterior

end of the foot is thickened, and short angular foot corners

are present (Figure 3B).

Buccal mass: The buccal mass is thick and muscular. The
jaws are thick and massive. The jaws of the paratype

(Figure 4B) are 9 mm long and 9 mm wide. The masti-

catory border is elongate and completely devoid of any

denticles. The radula of the paratype is uniseriate and

contains 30 teeth. The teeth (Figure 5) are pectinate with

38-53 shallow, triangular denticles. There is no median

denticle. The two innermost denticles are widest and di-

vergent, forming a "v" between them. The denticles vary

in height and curvature.

Reproductive system: The reproductive system (Figure

4C) is androdiaulic. The ampulla is thin and highly con-

voluted. It bifurcates to the female gland mass and the

elongate and extremely convoluted vas deferens. The large,

saccate receptaculum seminis has a moderately long duct

which joins the ampulla immediately prior to the bifur-
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Figure 6

Aeolidia papulosa (Linnaeus, 1761). Reproductive system of spec-

imen from Channel Islands, California, CASIZ 064212, scale =

1.0 mm, al = albumen gland, am = ampulla, me = membrane
gland, mu = mucous gland, p = penis, pr = prostate, rs =

receptaculum seminis.

cation of the female gland mass and vas deferens. The
penial bulb is large and is occupied largely by the large,

muscular, bulbous penial papillae, which are devoid of any

armature.

Discussion: The systematics of the genus Aeolidia remains

the subject of some confusion. Presently, only a single

species, A. papulosa (Linnaeus, 1761), is recognized (Mar-

cus, 1959, 1961), though populations are widely separated

in the North Atlantic, North Pacific, and the subspecies,

A. papulosa serotina Bergh, 1873, in the southern Atlantic

and Pacific of South America. The present material of A.

farallonensis diflfers from all described material of ^. pap-

ulosa and from North Atlantic (New Hampshire and

Maine) and North Pacific material (central and southern

California) of A. papulosa examined in this study. The
present material of A. farallonensis has rugose to papillate

rhinophores, whereas the rhinophores of all specimens of

A. papulosa are entirely smooth. The foot corners of A.

farallonensis appear to be more highly developed than in

A. papulosa. Specimens of A. papulosa have more ceratal

rows (17) than specimens of A. farallonensis of a com-

parable size (13). The most obvious difference between

the two species is the position of the anus. In all specimens

of A. papulosa, the anus is cleioproctic (high up on the

body), situated well within the space between the ceratal

rows, whereas in A. farallonensis the anus is situated

below the most ventral cerata in the pleuroproctic position.

A pleuroproctic anus is considered plesiomorphic for aeo-

lidaceans (Gosliner & Kuzirian, 1990). There appear to

be more cerata per row in specimens of A. farallonensis.

In A. farallonensis, there were up to 38 cerata per row,

whereas in specimens of A. papulosa there were a maxi-

mum of 19-25 cerata per row.

Internally, the jaws of Aeolidia farallonensis are almost

twice as long and more than twice the width of those of a

specimen of A. papulosa of the same size. The radular teeth

are similar in the two species in number of teeth and
denticles. The shape of the teeth seems more highly arched

with more evenly graded, parallel denticles in specimens

of A. papulosa. In A. papulosa, there is usually a small

median denticle, whereas in A. farallonensis the two ad-

jacent denticles at the median are strongly divergent rather

than parallel.

The reproductive system of the two species is similar.

It has not been depicted in most previous descriptions of

A. papulosa, except by Odhner (1939) and is shown here

in Figure 6. The vas deferens of A. farallonensis is much
longer and more highly convoluted than that of ^. papulosa,

and the penial papilla is proportionately larger in A. far-

allonensis.

Although some questions remain as to the systematic

status of specimens presently united as A. papulosa, all

material is clearly distinct from A. farallonensis.
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Analysis of Sugars in the Hemolymph and
Digestive Gland-Gonad Complex (DGG) of

Biomphalaria glahrata and Helisoma trivolvis

(Colorado and Pennsylvania Strains)

Maintained on Restricted Diets

by

Anita Umesh*, Bernard Fried**, and

Joseph Sherma*

Departments of *Chemistry and ** Biology,

Lafayette College,

Easton, Pennsylvania 18042, USA

Glucose is the most common monosaccharide reported to

be present in numerous species of gastropods (Livingstone

& de Zwann, 1983). According to this review, other sugars

have also been reported in the hemolymph and tissues of

gastropods, including fructose, xylose, ribose, and galactose

in the freshwater snail Lymnaea luteola; galactose, fucose,

and mannose in the land snail Helix pomatia; maltose,

maltotriose, and maltotetrose in the slug Ariolimax co-

lumbianus] and trehalose in several species of freshwater

and marine snails. More recently, Anderton et al. (1993)

reported the presence of trehalose and glucose in the med-

ically important planorbid snail Biomphalaria glabrata (Say,

1818), and Conaway et al. (1995) noted similar findings

for two strains of the North American planorbid snail

Helisoma trivolvis (Say, 1816).

In the above-mentioned reports, snail diets were not

controlled, i.e., snails were fed leaf lettuce ad libitum. Re-

cent work has been done in which planorbid snails were

maintained either without food (starved) or on restricted

diets. Studies on the effects of restricted diets on the levels

of hemolymph glucose in B. glabrata have given contra-

dictory results. Using spectrophotometry, Christie et al.

(1974) and Stanislawski & Becker (1979) found that he-

molymph glucose levels decreased in starved B. glabrata,

but Thompson & Mejia-Scales (1993) reported an ele-

vation in glucose concentration levels in those snails de-

prived of food. A purpose of this research was to resolve

these disparities by use of high performance thin layer

chromatography (HPTLC) to determine hemolymph glu-

cose levels in B. glabrata and H. trivolvis snails (Colorado

and Pennsylvania strains) maintained on restricted diets.

Additionally, glucose levels in the digestive gland-gonad

complex (DGG) of these snails were examined. HPTLC
analyses of the sugars in the hemolymph and DGG of

these snails were also carried out, and results compared

with previous studies on sugars in gastropods.

Materials and Methods

Stock cultures of an albino strain (M-line) of B. glabrata

(10-12 mm shell diameter) and two strains of H. trivolvis

(Colorado and Pennsylvania) snails (9-15 mm shell di-

ameter) were maintained in artificial spring water under

diffuse overhead fluorescent light for 12 hr/day at 22-

24°C, and were fed boiled leaf lettuce supplemented with

Tetramin fish food (Duncan et al., 1987). A group of seven

snails of each strain was removed from a stock culture and

placed in a plastic beaker containing 300 mL of artificial

spring water. A wire screen (2 mm mesh) was placed 2.5

cm from the bottom of the plastic container so that fecal

matter would fall through the mesh and prevent snail

coprophagy. Each group of snails was maintained on one

of three feeding regimens for 1 week. The unrestricted

group was fed boiled leaf lettuce (Lactuca sativa) ad libitum

with one weekly supplement of Tetramin (fish food). The
restricted group was given 15 mg of boiled lettuce every

other day, and the starved group was maintained without

food. All snails were maintained at 22-24°C with a 12

hour light: 12 hr dark photoperiod. Food for the unre-

stricted group and water for each group were changed

daily.

After 1 week, the hemolymph and DGG samples from

four to seven snails per group were prepared as described

previously (Anderton et al., 1993). Each experiment was

repeated three to five times for each strain of snail. All

hemolymph and DGG samples were initially reconstituted

in 200 mL of 70% ethanol.

HPTLC was performed on Merck high performance

preadsorbent silica gel plates (No. 13 153) following the

procedures described in detail earlier (Conaway et al.,

1995). The layer was impregnated with sodium bisulfite

and citrate buffer and developed for a distance of 7 cm by

ascending chromatography three times in the same direc-

tion with ethanol-glacial acetic acid-methanol-water (60:

15:15:10) or acetonitrile-water (85:15), and sugar zones

were detected with 1-naphthol-sulfuric acid reagent.

Quantification of glucose was carried out by scanning

sample and standard zones at 515 nm using a Shimadzu

CS-930 densitometer, as was also described earlier (Con-

away et al., 1995). If the scan area of at least one of the

2.00-8.00 AtL aliquots of reconstituted hemolymph samples

or the 1.00-7.50 )uL aliquots of reconstituted DGG sample

was not bracketed by the areas of the spotted standards

(Conaway et al., 1995), samples were quantitatively con-

centrated by nitrogen blow-down and reconstituted in a

smaller volume (typically 30.0 /uL), or diluted, as neces-

sary. The concentration of glucose was calculated using

the equations described previously (Anderton et al., 1993),

with incorporation of dilution or concentration factors as

needed. The Student's t-test was employed to determine

the significance of differences between the mean concen-

trations of glucose in the hemolymph and DGG of the

three strains of snails. A value of P < 0.05 was considered

to be significant.
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To identify other sugars in the hemolymph and DGG
of the three snail types, 1.20 ^L of 1.00 /ug/ML standard

solutions of glucose, trehalose, maltose, fructose, sucrose,

xylose, mannose, lactose, raffinose, galactose, fucose, me-

lezitose, and ribose were spotted on the same plate with

the sample solutions, and R, values of standard and sample

zones were compared in both mobile phases. In order to

confirm the identify of sugars made on the basis of a match

in sample and standard Ri values, a spiked sample was

prepared by mixing equal volumes of a 1.00 Mg/ML stan-

dard of the presumed sugar and reconstituted hemolymph

or DGG sample. The spiked sample was spotted on a plate

along with the sugar standard and unspiked sample.

Results

Hemolymph and DGG glucose concentrations resulting

from the feeding experiments for the three snail strains

are given in Table 1. The data in this table indicate that

glucose concentrations were highly variable. The Student's

t-test, which was used to test the significance of the dif-

ferences in the glucose levels in the hemolymph and DGG
of the snails depending on their diets, was carried out as

follows: unrestricted vs. restricted, unrestricted vs. starved,

and restricted vs. starved for all snail strains. The results

of these tests gave values of P > 0.05 for all comparisons,

indicating that restricted diets do not have a significant

difference on hemolymph or DGG concentrations. Cali-

bration curves of the glucose standards produced during

these quantitative analyses had linearity correlation coef-

ficients {R values) of 0.94-0.99.

Contrary to the findings of Anderton et al. (1993) and

Conaway et al. (1995), maltose rather than trehalose was

identified as a major sugar in addition to glucose in the

Table 1

Effect of restricted diets on hemolymph glucose concen-

tration and % glucose levels in the DGG of Biomphalaria

glabrata and Helisoma trivolvis (Colorado and Pennsylvania

strains).

Mean ± SE
glucose

in hemo- Mean ± SE %
lymph glucose in

Snail strain Type of diet (mg/dL) DGG
B. glabrata Unrestricted 101 ± 17 0.15 ± 0.03*

Restricted 64 ± 22 0.42 ± 0.01

Starved 59 ± 10 0.20 ± 0.04

H. trivolvis (CO) Unrestricted 32 ± 11 0.027 ± 0.002

Restricted 22 ± 8 0.023 ± 0.004

Starved 14 ± 2 0.021 ± 0.003

H. trivolvis (PA) Unrestricted 10 ± 2 0.021 ± 0.004

Restricted 5.3 ± 0.6 0.018 ± 0.001

Starved 8 ± 1 0.018 ± 0.003

Table 2

/?( values of standards on a high performance silica gel

plate impregnated wth sodium bisulfite and citrate buffer

and developed with (1) acetonitrile-water (85:15) or (2)

ethyl acetate-acetic acid-methanol-water (60:15:15:10).

Ri value

Sugar Solvent (1) Solvent (2)

Glucose 0.41 0.70

Trehalose 0.19 0.48

Maltose 0.22 0.54

Fructose 0.45 0.70

Sucrose 0.28 0,60

Xylose 0.56 0.80

Mannose 0.43 0.72

Lactose 0.19 0.45

Raffinose 0.082 0.33

Galactose 0.34 0.66

Fucose 0.58 0.78

Melezitose 0.13 0.39

Ribose 0.58 0.78

n = 2; n = 3-5 samples in all other trials.

hemolymph and DGG samples of the snail samples. This

identification was indicated by an exact match in Rf values

between sample and maltose standard zones in both the

acetonitrile-water and ethyl acetate-acetic acid-methanol-

water solvent systems, and was confirmed by the spiking

experiments. Samples spiked with trehalose gave an extra

zone that lined up with the trehalose standard, whereas

the samples spiked with maltose gave only a single, sym-

metrical zone that was more intense but had an identical

7?f value compared to the maltose standard and unspiked

sample zones. Table 2 lists Ri values in both solvent systems

for standards of all sugars studied.

Discussion

The two mobile phases employed in our analyses were

originally recommended by Fell (1990), who performed

three unidimensional developments for the acetonitrile-

water solvent but only one for the acidic solvent. We used

three developments with each mobile phase because of the

improved resolution achieved, resulting in more certain

identification of the sugar zones.

Thompson & Mejia-Scales (1993) showed a significant

decline in hemolymph glucose levels of B. glabrata snails

maintained on restricted diets. In this study, there was no

significant decline in hemolymph glucose levels in either

B. glabrata or H. trivolvis snails maintained on restricted

diets. Thompson & Mejia-Scales (1993) did not examine

sugar levels of the DGG of B. glabrata snails maintained

on restricted diets.

Some differences are apparent between the Thompson

& Mejia-Scales (1993) study and our present study that

may account, at least in part, for the disparate findings.

They maintained their snails for 4 weeks at 26°C with a
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photoperiod of 16 hr light:8 hr dark, whereas our snails

were kept for 1 week at 22-24°C with a 12 hr:12 hr light

:

dark photoperiod. Moreover, analysis in the Thompson &
Mejia-Scales (1993) study was by spectrophotometry,

whereas HPTLC was used in our study.

Regardless of the feeding regimens used in both studies,

the range of hemolymph glucose values in B. glabrata in

mg% was 3.2 to 8.1 in Thompson & Mejia-Scales (1993)

and 59.3 to 101.3 in the present study. As mentioned in

the previous paragraph, differences between the two stud-

ies probably accounted in part for such disparate results.

Our previous reports on sugars in planorbid snails (An-

derton et al., 1993; Perez et al., 1994; Conaway et al.,

1995) have identified trehalose, in addition to glucose, as

major hemolymph carbohydrates. The identification of tre-

halose in these studies was based on comigration of sample

zones at R( 0.19 with a trehalose standard zone using the

acetonitrile-water (85:15) solvent system of Fell (1993).

During the present study, comigration of the trehalose

standard band and the corresponding snail sample bands

did not occur, but a major sugar zone at R^ 0.22 comigrated

with maltose and was clearly separated from the trehalose

standard band in the acetonitrile-water solvent. Identifi-

cation of this second major sugar in hemolymph as maltose

was confirmed using triple development with the acidic

solvent system of Fell (1993) and spiking experiments in

both solvents, as described above. The presence of maltose

in gastropods has been reported previously (see review in

Livingstone & de Zwann, 1983). Other zones were de-

tected in the chromatograms of hemolymph and DOG
samples, but they did not line up with any of the standard

zones and could not be identified.

We are not sure of the occurrence of trehalose in pla-

norbid snails. Fairbairn (1958) first reported on the pres-

ence of trehalose in B. glabrata based on spectrophotometric

analysis. Our earlier HPTLC studies (not confirmed in

the present study) based on comigration of a significant

sugar zone with an authentic trehalose standard also sug-

gested significant amounts of trehalose in B. glabrata, the

concentrations of which were reported (Anderton et al.,

1993; Perez et al., 1994; Conaway et al., 1995). Unpub-
lished observations by S. N. Thompson (personal com-

munication, 1995) based on HPTLC analysis of B. gla-

brata hemolymph extract suggested the presence of trace

amounts of trehalose; moreover, unpublished observations

by N. Wisnewski (personal communication, 1992) based

on gas chromatography/mass spectrometry (GC/MS)
analyses indicated the presence of trehalose in both the

hemolymph and DGG of B. glabrata. The qualitative and

quantitative analysis of trehalose in planorbid snails needs

further examination.
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New Records of Phylliroidae

(Opisthobranchia: Nudibranchia) from the

Gulf of California, Mexico
by^

Ma. Ana Fernandez-Alamo

Laboratorio de Invertebrados, Facultad de Ciencias,

Universidad Nacional Autonoma de Mexico,

A.P. 70-371. Mexico, D.F. 04510

Nudibranchs of the family Phylliroidae lead a pelagic ex-

istence, spending their entire life cycles in the open ocean.

They have been considered parasites of medusae and si-

phonophores by Ankel (1952), Martin & Brinckmann

(1963), Martin (1966), and Sentz-Braconnot & Carre

(1966). Recently, Lalli & Gilmer (1989) re-examined the
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particular nutritional types of members of this family and

their species relationships with other planktonic animals.

They suggested that the association with coelenterates is

clearly one of predator and prey. This paper reports the

occurrence of two species of Phylliroidae in the Gulf of

California. Both are well known from the Mediterranean

Sea (Ankel, 1952; Rose, 1957; Martin & Brinckmann,

1963). They also occur in the Atlantic Ocean (Van der

Spoel, 1970; Abbott, 1974), but their records in the Pacific

Ocean are scarce.

Taxonomy and Geographic Distribution

Suborder Dendronotina Odhner, 1934

Superfamily DENDRONOTOIDEA Odhner, 1934

Family Phylliroidae Ferussac, 1821

Genus Phylliroe Peron & Lesueur, 1810

Phylliroe bucephala Peron & Lesueur, 1810

(Figure 1)

Previous records in the Pacific Ocean: New Zealand,

Hauraki Gulf between Mokohinau Islands and Kawan
Island, and off Cape Bret (Powell, 1937, 1979). Coastal

waters off New South Wales, Australia (Dakin & Colefax,

1940). North-east Pacific off North American coast at

33''19'N, 128°27"W (Dales, 1953). West coast of Mexico,

between latitudes 14° and 24°N (Keen, 1971).

Material examined: It was collected by Centro Interdis-

ciplinario de Ciencias Marinas (CICIMAR), Institute

Politecnico Nacional in La Paz, Baja California, Mexico,

during the GOLCA 8404 cruise in March and April 1984,

with oblique net-tows from a depth of 200-0 m. Station

data are: sta. 92 (26°16'N, 110°29'W) 31 March, 1 spec-

imen; sta. 95 (25°50'N, 110°12'W) 1 April, 3 specimens;

sta. 98 (26°22'N, 109°43'W) 1 April, 1 specimen; sta. 105

(25''14'N, 1 10''16'W) 2 April, 1 specimen; sta. 110 (25°09'N,

109°20'W) 3 April, 1 specimen; sta. 123 (24°27'N,

108°30'W) 4 April, 1 specimen; sta. 125-A (24''02'N,

108°18'W) 6 April, 1 specimen.

Additional material: Specimens were sorted from zoo-

plankton samples collected with open-closed net (Leavitt

1 m), during the El Golfo 6311-12 cruise (November-

December, 1963) of the Scripps Institution of Oceanog-

raphy, University of California, San Diego (SIO) in the

following localities: sta. Ill (26°32'N, lir03'W) 19 No-

vember, 50 m depth, 1 specimen; sta. III-A (26°36'N,

110°03'W) 20 November, 40 m depth, 1 specimen; sta.

III-A (26°36'N, 110°03'W) 20 November, 50 m depth, 2

specimens; sta. III-B (26°32'N, lir03'W) 20 November,

60 m depth, 5 specimens.

Measurements in millimeters: Largest: 19.0 length, 8.0

width; smallest: 4.0 length, 1.7 width.

Explanation of Figures 1 and 2

Figure 1. Phylliroe bucephala from the GOLCA 8404 cruise, sta.

123. L.I.UNAM3767. A preserved specimen in formalin. Size:

17x8 mm.

Figure 2. Cephalopyge trematoides from the GOLCA 8404 cruise,

sta. 117-A. L.I.UNAM3776. A preserved specimen in formalin.

Size: 5.9 x 0.7 mm.

Genus Cephalopyge Hanel, 1905

Cephalopyge trematoides (Chun, 1889)

(Figure 2)

Previous records in the Pacific Ocean: Shimizu Bay,

Japan (Baba, 1933); off coast of New South Wales, Aus-

tralia (Dakin & Colefax, 1936, 1937); North-eastern Pa-

cific, 28°30'N, 117°58'W (Dales, 1953); Camp Cove, Port

Jackson, New South Wales, Australia, North-eastern Pa-

cific, 28°38.1'N, 115°15.9'W; 33°24'N, 117°55'W (Stein-

berg, 1956).

Material examined: It was collected by CICIMAR, In-

stitute Politecnico Nacional, La Paz, Baja California Sur,

during the GOLCA 8404 cruise in March and April 1984,

with oblique net-tows from a depth of 200-0 m. Station

data are: sta. 61 (27°33'N, 112°23'W) 26 March, 1 spec-

imen; sta. 93 (25°39'N, 1 10°40'W) 31 March, 2 specimens;

sta. 100 (26°15'N, 109°25'W) 1 April, 1 specimen; sta.

106 (24°41'N, 110°19'W) 2 April, 2 specimens; sta. 108

(24''53'N, 109"'55'W) 3 April, 1 specimen; sta. 110 (25°08'N,

109°20'W) 3 April, 1 specimen; sta. 116 (24°45'N, 109°04'W)
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4 April, 1 specimen; sta. 117 A (24°24'N, 110°04'W) 4

April, 4 specimens; sta. 120 (24''03'N, 109°20'W) 5 April,

1 specimen; sta. 122 (24°14'N, 108°46'W) 5 April, 1 spec-

imen; sta. 123 (24°47'N, 108°29'W) 5 April, 1 specimen;

sta. 129 (23°47'N, 108''03'W) 7 April, 1 specimen; sta.

134 (23''07'N, 109°20'W) 7 April, 1 specimen.

Additional material: A zooplankton sample from the El

Golfo 6311-12 cruise (November-December, 1963) of the

Scripps Institution of Oceanography, University of Cali-

fornia, San Diego. It was taken with open-closed net

(Leavitt 1 m) in the Station II-A (25°36'N, 1 10°15'W) 17

November, 40 m depth, 1 specimen.

Measurements in millimeters: Largest: 7.5 length, 0.7

width; smallest: 2.7 length, 0.5 width.

Comments: Detailed descriptions and illustrations of this

species are given by Stubbings (1937, as Cephalopyge arab-

ica), and Steinberg (1956). In the studied specimens it was

not possible to find the radula, possibly because of pres-

ervation in formalin. However, in a specimen which was

dissected, the jaws had a very small papilla, possibly the

odontophore.

The sizes of the specimens are smaller than those re-

corded by Steinberg (1956) for specimens of C. trematoides

from the southwestern Pacific, and are similar or somewhat

smaller than those of specimens of Cephalopyge described

by other authors such as Chun (1889, in Stubbings, 1937),

Andre (1906), and Stubbings (1937).

All specimens of P. bucephala and C. trematoides collected

by CICIMAR from the GOLCA 8404 cruise were de-

posited in the Laboratorio de Invertebrados, Facultad de

Ciencias, Universidad Nacional Autonoma de Mexico, and

all specimens from the El Golfo 6311-12 cruise were de-

posited in the Scripps Institution of Oceanography, plank-

tonic invertebrates collection.

Discussion

The species of the family Phylliroidae are best known from

the Mediterranean Sea and Atlantic Ocean. Few records

of these nudibranchs exist in the Pacific Ocean. Most have

been made from the southwestern Pacific, in the waters of

New Zealand and Australia (Dakin & Colefax, 1940;

Powell 1937, 1979; Steinberg, 1956). Baba (1933) re-

corded a new species, Cephalopyge onentalis, from Japa-

nese waters, but Steinberg (1956) placed it in synonymy
with C. trematoides.

There are fewer records from the eastern Pacific. Dales

(1953) recorded one specimen of Phylliroe bucephala and

one Cephalopyge trematoides, collected at 33°19'N,

128°27'W, and 28°30'N, 117°58'W, respectively, off the

coast of Baja California. Steinberg (1956) recorded Ceph-

alopyge trematoides from two localities (28°38.rN,
115°15.9'W; 33°24'N, 117°55'W). Lance (1961) men-
tioned Cephalopyge trematoides in his distributional list of

Southern California opisthobranchs as "usually collected

accidentally in plankton tows." These are the first records

of Phylliroe bucephala from the Gulf of California. Keen

(1971) mentioned that "numerous free-swimming adults

have been collected during plankton tows by the Scripps

Institution of Oceanography off the west coast of Mexico
between latitudes 14° and 24°N." However, there are no

records of this species in the invertebrate collections of SIO
(M. Ohman and A. Towndsend, personal communica-

tion), so Keen's records are apparently from the Pacific.

Stubbings (1937) mentioned that the distribution of some

species of Cephalopyge is almost worldwide in tropical and

subtropical waters. However, the specimens of the Phyl-

liroidae are difficult to see in zooplankton samples because

of their very small size, and they can escape through the

meshes of the net, and if caught, they are readily overlooked

in sorting large masses of zooplankton.

From this study, it is possible to conclude that these

animals are in fact hidden in the zooplankton masses;

however, they do not escape due to their small size, and

it is necessary to carefully check the whole sample with

the stereoscope microscope in order to find them. It is

possible that the largest specimens have evasion capacity

and could not be captured by the net. Under these circum-

stances and by the exhaustive revision of 77 and 70 zoo-

plankton samples from two cruises in the Gulf of Cali-

fornia and the western coast of Baja California, including

the Guadalupe, Cedros, and Socorro Islands, it is possible

to conclude that Phylliroe bucephala and Cephalopyge tre-

matoides were widespread in the southern region of the

Gulf of California during March-April of 1984; and they

were in only two and one localities, respectively, during

November-December of 1963 at depths of 40-60 m.
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(Conrad, 1831) (Veneroida: Dreissenidae) in
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The Dreissenidae has had a dynamic biogeographic his-

tory, especially in recent times (Nuttall, 1990; Carlton,

1992; Morton, 1993). Much of the group's rapid global

spread has been the direct result of human activity. Almost

certainly, the enormous potential for dispersal is due to

biological factors (Boss, 1982; Morton, 1993), especially

the production of a free-swimming larva, a relatively labile

ecology enabling them to tolerate, to varying degrees, both

fresh and brackish water, and, in extant genera, the sessile

nature of the adult mussel. Mytilopsis leucophaeata (Con-

rad, 1831) is the only Recent species of the dreissenid genus

Mytilopsis Conrad, 1858, known in eastern North Amer-
ica. Until the mid-twentieth century, it was not known
from farther north than Chesapeake Bay on the North

American Atlantic coast.

Materials and Methods

Housatonic River specimens of M. leucophaeata collected

in 1992 and 1995 have been placed in the Museum of

Zoology, University of Massachusetts (UMA MO. 1794,

1831, respectively). Charles River material of the same

species has been deposited in the Museum of Comparative

Zoology, Cambridge, Massachusetts (MCZ 316062), and

the Museum of Zoology, University of Massachusetts,

Amherst, Massachusetts (UMA MO. 1795). Salinity was

determined by a LaMotte Salinity Titration kit (Model

POL-H).

Results and Discussion

Mytilopsis leucophaeata was first observed in the lower

Hudson River in the late 1930s (Rehder, 1937), and by

the 1950s was firmly established throughout the lower

Hudson River basin (Jacobson, 1953; Jacobson & Em-
erson, 1961). The mussel's entry into the Hudson River

estuary was believed to be the result of artificial intro-

duction (Jacobson, 1953). In September 1992, one of us

(D.G.S.) found a single valve and other fragments of M.
leucophaeata in the Housatonic River in Shelton, Fairfield

County, Connecticut, just south of Twomile Island. The
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shell material was found in tidally influenced water and

was associated with both freshwater and upper estuarine

prosobranch and basommatophoran gastropods. Smith

(1994) discussed the prosobranch fauna of this part of the

Housatonic River. The only other molluscan associates

were the freshwater sphaeriid bivalve species Pisidium com-

pressum Prime, 1852, and Pisidium nitidum Jenyns, 1832.

At the time of collection of the M. leucophaeata shells, the

tide was low and the salinity was < 0.5 ppt (%o). In

November 1995, personnel of the Connecticut Department

of Environmental Protection collected several live speci-

mens in Shelton, Fairfield County, just north of Twomile
Island. A portion of the collection was sent to one of us

(D.G.S.) for identification. The species was reported to be

common at the site, and salinity was determined to be 1

to 2 ppt (%o).

Farther east and north, several dead specimens were

brought to K.J.B. in 1981, having been found attached to

buoy lines near a boathouse on the Charles River, Boston,

Suflfolk County, Massachusetts. These specimens, cur-

rently in the MCZ, were presumably the basis for Marelli

& Gray's (1985) inclusion of Massachusetts within the

North American range of the species. In 1994, several

shells were found along shore in Cambridge by D.G.S.,

and in July 1995, several live specimens were collected

along the Boston shore near the locks. The specimens were

attached singly to the undersides of rocks in 0.5 m of water.

The Charles River is artificially controlled by locks, and

at present, the only source of saltwater is the occasional

opening of the locks for the passage of boats. The salinity

at time of collection was 1.0 ppt (%o); specimens of M.
leucophaeata were associated with the hydrozoan Cordy-

lophora lacustris Allman, 1871, (= caspia) the freshwater

sponge Ephydatia fluviatilis (Linnaeus, 1758), the fresh-

water moUusks Physa sp., Ammcola limosa (Say, 1817),

and Anodonta implicata Say, 1829, and a few dead indi-

viduals of the barnacle Balanus sp.

Additional searches of the lower Saugatuck River in

Westport, Fairfield County, Connecticut, and tidally af-

fected portions of the lower Connecticut River in Con-

necticut have produced no specimens. Thus, the disjunct

occurrence in southern New England of M. leucophaeata

is most likely the result of introduction, presumably by

boat traffic, rather than natural northern dispersal of the

species. Mytilopsis leucophaeata can be confused with two

European dreissenids, the zebra mussel, Dreissena poly-

morpha (Pallas, 1771), and the quagga mussel, Dreissena

bugensis Andrusov, 1897, introduced into North America

in the 1980s and rapidly expanding their range. Young
specimens (< 10 mm shell length) of M. leucophaeata from
the Charles River and the Housatonic River have distinct

zigzag markings, a feature not attributed to this species in

a recent key distinguishing dreissenids established in North
America (McMahon, 1991) and often used to characterize

Dreissena spp. It is important to evaluate other morpho-
logical features characteristic of these species as discussed

by McMahon (1991) and Rosenberg & Ludyanskiy (1994)

before making a determination of Dreissena spp. in south-

ern New England waters.
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International Commission on

Zoological Nomenclature

The following Application was published on 29 March
1996 in Volume 53, Part I of the Bulletin of Zoological

Nomenclature. Comment or advice on this application is

invited for publication in the Bulletin and should be sent

to the Executive Secretary, I.C.Z.N., c/o The Natural
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History Museum, Cromwell Road, London SW7 5BD,

U.K.

Case 2962—D. L. G. Karsten (1789) Museum Leskeanum,

vol. 1 (Regnum Animale): proposed suppression for

nomenclatural purposes.

The following Opinions concerning mollusks were pub-

lished on 29 March 1996 in Volume 53, Part 1 of the

Bulletin oj Zoological Nomenclature. Copies of these Opin-

ions can be obtained free of charge from the Executive

Secretary at the address given above.

Opinion 1822. Helix mtidula Draparnaud, 1805 and H.

nitens Michaud, 1831 (currently Aegopmella mtidula and

A. nitens; Mollusca, Gastropoda): specific names con-

served and a neotype designated for H. mtidula.

Opinion 1823. Nesopupa Pilsbry, 1900 (Mollusca, Gas-

tropoda): conserved.

Opinion 182. Megalodontidae Konow, 1897 (Insecta, Hy-
menoptera): spelling emended to Megalodontesidae, so

removing the homonymy with Megalodontidae Morris

& Lycett, 1853 (Mollusca, Bivalvia).
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Mediterranean Sepiolidae

[Les Sepioles de Mediterranee]

edited by SiGURD V. BoLETZKY. 1995. Bulletin de I'lnstitut

oceanographique, Monaco, Numero special 16; Service des

Publications, Musee oceanographique. Avenue Saint-

Martin, MC 98000, Monaco. 104 pp. Price 100 FF ( + 22

FF for shipping and handling) (US S21).

Despite the fact that the sepiolids represent an abundant

and diverse assemblage of Mediterranean cephalopods, they

have not been studied as extensively as those groups that

have more substantial fisheries in this geographic area,

such as the octopods. However, a database is accumulating

on this group, as they provide good model systems for a

variety of basic biological questions, because of their small

size, relatively fast growth rates, and the ability to raise

them under laboratory conditions.

This monograph, edited by S. v. Boletzky, offers not

only a good introduction to the Mediterranean sepiolids,

but also to this family of cephalopods in general. The
contribution contains a series of well-reviewed papers that

resulted from a meeting held in the early 1990s of the

working group on cephalopods of the International Com-
mission for Scientific Exploration of the Mediterranean.

The volume consists of an introduction by C. Volpi, M.
Borri & S. v. Boletzky and 1 1 contributed papers on var-

ious aspects of the biology of the Mediterranean Sepiolidae.

Most of the articles include a sizeable bibliography, which

when considered together probably cover most of the avail-

able literature on this family of cephalopods.

Following the well-written introduction, which provides

a good "roadmap" for the subsequent articles, the contri-

butions focus primarily on the systematics and biogeog-

raphy of the Mediterranean sepiolid species. The chapter

by G. Bello provides a both usable and elaborate key for

the three subfamilies, seven genera, and 23 species that

comprise this family. Three of the manuscripts (by Sartor

& Belcari; Volpi, Borri & Zucchi; and, Wurtz, Matricardi

& Repetto) cover the distribution and abundance of species

off of the Italian coast; another contribution covers these

issues for species of the northwestern Mediterranean (by

Villanueva); and one article (by Orsi Relini) focuses on

the distribution and abundance of a midwater species of

sepiolid, Heteroteuthis dispar, from the Ligurian Sea. Ar-

ticles by Boucher-Rondoni, Martin, & Peduzzi and Ra-
gonese & Jereb explore the use of two different types of

characters, antigenicity of eye lens proteins and biometry,

respectively, in the systematics of sepiolids. In their con-

tribution, Bello & Biagi challenge the notion that members
of the sepiolid subfamilies Sepiolinae and Rossiinae are

exclusively benthic or benthopelagic; they present data

from capture records indicating that many of these species

spend considerable periods of time great distances from

the substrate. The closing contribution of the monograph,

by S. v. Boletzky, provides a cladistic analysis of the se-

piolids in relation to other major cephalopod taxa. The
volume includes one article that is not concerned with

systematics and biogeography, by Gabel-Deickert, on re-

productive patterns in the sepiolids, with a concentration

on one particular species, Sepiola affinis. This contribution

will be valuable to those experimental scientists who are

considering the raising of Mediterranean sepiolids under

laboratory conditions.

In summary, this monograph is short and of somewhat
limited scope, but full of useful information concerning

this subset of the Mediterranean fauna. This volume would

be a valuable and essential component of the libraries of

researchers studying the biology of sepiolid squids.

Margaret McFall-Ngai

Revision der Gattung Vallonia Risso 1826

(MoUusca: Gastropoda: Valloniidae)

by JOCHEN Gerber. 1996. Schriften zur Malakozoologie

aus dem Haus der Natur—Cismar, 8. 227 pp., 85 figs.

Ostholstein, Germany. ISBN 3-925 919-22-8 (paper-

bound), 3-925 919-23-6 (hard cover).

This paper presents a careful and thorough revision of

the known fossil and Recent nominal taxa of the Holarctic

pulmonate land snail genus Vallonia. Forty species and

subspecies regarded as valid are treated comprehensively;

a key aids in their identification. Eight new species and

subspecies are described. Neotypes are designated for five

nominal taxa and lectotypes for many others. Special ter-

minology used in the description of the minute valloniid

shell is defined by reference to clear illustrations. The
species concepts are employed in light of Vallonia^ pre-

dominantly self-fertilizing mode of reproduction.

A chart of hypothetical phylogenetic relationships (fig.

12) is plotted on a Cenozoic time scale. Some attempt is

made (p. 32) to designate plesiomorphic and apomorphic

states of a few shell characters, partly by outgroup com-

parison but also by stratigraphic precedence and the as-

sumption that "common equals primitive." The branching

diagram leans heavily on stratigraphy; it is not evaluated

against criteria of parsimony, and discussions of character-

states are pulled in, apparently on an ad hoc basis, to

support various nodes and line segments.

B. Roth
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