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Preface

With an estimated 35,000 species, terrestrial gastropod molluscs are
one of the most successful and diverse animal groups in land-based eco-
systems. These animals have long been of importance to human societies
as food, medicine, crop pests, vectors of parasites, and as tools, personal
ornamentation and currency in trade. A relatively small fraction of the
global terrestrial gastropod diversity — in the order of 100 species — has
proved to be highly adaptive to environmental change brought about by
human activity, and often become a highly abundant and characteristic
component of invertebrate faunas in modified habitats. These species
generally exhibit high propensities for both passive dispersal associated
with human trading activities and invasiveness when introduced to
new areas. They have become increasingly important as crop pests in
agriculture and as vectors of helminth parasites in humans and domestic
livestock. Because of their increasing ubiquity and economic importance,
and their utility as laboratory animals, these same species are among the
most intensively studied invertebrates. They have proved to be excellent
model systems for studies in, for instance, neurophysiology, behavioural
ecology and population genetics. By virtue of their capacity to accumulate
metal in their tissues, these animals are also of increasing utility as
bioindicators of environmental pollution. Many of these areas of investi-
gation show that research on terrestrial gastropods can contribute to the
wider fields of research endeavour encompassing physiology, ecology,
evolution and conservation biology.

The greater part of the terrestrial gastropod biodiversity, however,
goes unnoticed by people — they are mostly small creatures, seeking
out a living as detritivores, contributing significantly to nutrient cycling
through facilitation of decomposition and return of plant litter to the soil.
In many parts of the world, terrestrial gastropod communities are being



Preface

greatly perturbed or lost through human-induced habitat degradation and
loss.

This book presents a synthesis of current knowledge and research on
the biology of terrestrial gastropod molluscs. In a series of peer-reviewed
chapters, it provides authoritative coverage of the topics of morphology,
phylogeny and systematics, structure and function of the various organ
systems, feeding behaviour, life history strategies, behavioural ecology,
population and conservation genetics, and soil biology and ecotoxicology.
This book is for both students and professionals concerned with terrestrial
Mollusca.

Gary M. Barker
Landcare Research
Hamilton

New Zealand
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1 Gastropods on Land:
Phylogeny, Diversity and
Adaptive Morphology

G.M. BARKER

Landcare Research, Private Bag 3127, Hamilton, New Zealand

The Mollusca is a very old monophyletic invertebrate lineage, dating from
before the Cambrian. Molluscs are in appearance, anatomy, ecology and
physiology a highly diverse group, for which the phylogenetic pathways
and higher classification have been controversial since the very beginning
of comparative investigation (e.g. Morton, 1963; Salvini-Plawén, 1972,
1980, 1984, 1990; Lauterbach, 1984; Ivanov, 1996; Salvini-Plawén and
Steiner, 1996, and references therein). Within the Mollusca, many
problems in our understanding of systematic relationships arise among
the ecologically disparate Gastropoda (Haszprunar, 1988b). Ponder and
Lindberg (1997) summarize the history of evolutionary and classificatory
work on gastropods over the past two centuries, leading to the renewed
interest in gastropod phylogeny, at taxonomic levels varying from ordinal
to species-group level, over the past 15—-20 years. This upsurge in interest
has been contingent upon the application of new techniques, such as
electron microscopy for investigation of anatomical characters, molecular
methods for characterizing the genome, and cladistic methodologies
for formulating phylogenetic hypotheses, the latter aided by computer
algorithms for more rigorous and replicable development and testing of
phylogenetic reconstructions.

In this modern era of gastropod systematics, Haszprunar (1985c, 1987,
1988a,b) has been most influential in establishing a phylogenetic
framework (Fig. 1.1) based on cladistic principles, albeit with some
critism of the methodologies employed to construct the trees manually
(Bieler, 1990; Haszprunar, 1990). Ponder and Lindberg (1996) presented
a preliminary computer-generated parsimony analysis based on 25
superfamily/family taxa and 95 morphological characters. Subsequently,
these workers (Ponder and Lindberg, 1997) published the results of an
array of parsimony analyses for an expanded data set comprising 40 taxa
and 117 morphological characters. The analysis by Ponder and Lindberg

OCAB International 2001. The Biology of Terrestrial Molluscs
(ed. G.M. Barker) 1
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Fig.1.1. The phylogeny and classification of gastropods according to Haszprunar (1987, 1988a,b).
Neolepetopsidae identified in Haszprunar’s cladograms as ‘Hot-vent-C’. *Taxon* indicates an
orthophyletic group.

(1997) provides the most robust phylogenetic reconstruction for the major
groups in the Gastropoda published to date (Fig. 1.2). Their analysis
indicates a primary division of the monophyletic Gastropoda into two
primary groups, the Eogastropoda — for Patellogastropods and ancestors —
and the Orthogastropoda — the remainder. Orthogastropoda were shown
to comprise several well-defined clades. The Vetigastropoda encompass
most of the gastropods previously included in the paraphyletic Archaeo-
gastropoda (Fissurelloidea, Trochoidea, Scissurelloidea and Pleuro-
tomarioidea) (see Haszprunar, 1988a,b, 1993; Hickman, 1988) as well as
lepetodriloidean and lepetelloidean limpets and sequenziids. The
relationships of the Peltospiridae and Neomphalidae were unresolved.
The Cocculiniformia were shown to possibly be paraphyletic, with
Lepetelloidea belonging to the vetigastropod clade, and Cocculinoidea to
the Neritopsina. The placement of the cocculinoid—neritopsine clade was
not well unresolved, but was treated by Ponder and Lindberg (1997) as a
sister clade to the rest of the orthogastropods in their consensus tree.
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Fig. 1.2. The phylogeny and classification of gastropods according to the parsimony analyses of
Ponder and Lindberg (1997), based on 40 taxa and 117 morphological characters. *Taxon* indicates
an orthophyletic group.

Caenogastropods and heterobranchs were each shown to be monophy-
letic, and collectively constitute a clade (Apogastropoda) of sister status
to the orthogastropods traditionally grouped as ‘Archaeogastropoda’. In
Ponder and Lindberg’s (1997) analysis, the Architaenioglossa is placed as
a basal divergence within the caenogastropod clade. The Euthyneura
represent the climax of the heterobranchian radiation.

Terrestrial species occur in the Neritopsina, Architaenioglossa,
Sorbeoconcha and Euthyneura. Thus, the phylogeny-based classifications
of Haszprunar and of Ponder and Lindberg confirm what has been known
for centuries — that terrestriality has been achieved independently in
several gastropod lineages. Reflecting their focus on higher relationships
within the Gastropoda, however, the Euthyneura were poorly represented
among the taxa included in the phylogenetic reconstructions of
Haszprunar (1987, 1988a,b) and Ponder and Lindberg (1996, 1997), and
thus do not provide for hypotheses on the evolutionary history of the
foremost radiation on land, namely that within the Pulmonata. While the
monophyly of the Pulmonata has generally been accepted, the phylogen-
etic relationships of the various adaptive radiations recognizable within
these euthyneurans have not been fully resolved. This has, for the most
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part, been due to differing interpretations of pathways of evolutionary
change in conchological and anatomical characters (e.g. Pelseneer, 1901;
Thiele, 1929-35; Hubendick, 1945; Pilsbry, 1948; Morton, 1955a,b,c;
Baker, 1955, 1956; van Mol, 1967; Delhaye and Bouillon, 1972a,b,c;
Minichev and Starobogatov, 1979; Tillier, 1984a,b,c, 1989, Haszprunar,
1985; Golikov and Starobogatov, 1975, 1988; Haszprunar and Huber,
1990; Nordsieck, 1985, 1992; Salvini-Plawén and Steiner, 1996) and the
failure to employ autapomorphies as the basis for taxon definition at all
levels of classification. As a consequence, taxonomy and nomenclature
have been unstable (Fig. 1.3).

Molecular data potentially provide more characters for phylogenetic
analysis. However, these methods have to date (e.g. Tillier et al., 1992,
1994, 1996; Rosenberg et al., 1994, 1997; Harasewych et al., 1997;
Winnepenninckx et al., 1998; Colgan et al., 2000) generally provided poor
resolution of relationships among major groups and only modest congru-
ency with trees derived from analyses of morphological data (Ponder and
Lindberg, 1997). Using partial 28S ribosomal (rDNA) and histone H3
sequences, Colgan et al. (2000) found support for the monophyly of the
Patellogastropoda, the ‘higher’ vetigastropods and the Euthyneura, and
for the polyphyly of the ‘Cocculiniformia’. However, there was little sup-
port for Ponder and Lindberg’s (1997) division of the gastropods into two
major clades (Eogastropoda and Orthogastropoda) or for Caenogastropoda
and Heterobranchia as monophyletic taxa. The data of Colgan et al. (2000)
do not clarify the relationships of the Neritopsina or Achitaenioglossa.

Tillier et al. (1996) suggested that the expectation that DNA sequences
will resolve the higher relationships within the Pulmonata, and in
particular the Stylommatophora, may not be realized because rapid
radiation may have involved only a low number of substitutions (i.e. a
low number of potential synapomorphies), while the comparatively long
time after the initial radiation may have led to accumulation of many
convergent substitutions. Nevertheless, there remains strong interest in
resolving relationships and developing more evolutionary-based classifi-
cation schemes for groups within the Pulmonata based on morphological
and molecular data (e.g. Emberton, 1988, 1991a,b, 1994; Emberton et al.,
1990; Pearce, 1990; Roth, 1996; Scott, 1996; Thomaz et al., 1996;
Hausdorf, 1998; Cuezzo, 1998; Douris et al., 1998; Wade et al., 1998, 2001;
Muratov, 1999). Colgan et al. (2000) have estimated slow evolutionary

Fig. 1.3. (Opposite) Examples of the varied phylogenies and classification schemes proposed for
Pulmonata. (A) The manually derived cladogram of van Mol (1967), based on assumed polarity in
characters of the cerebral ganglia. (B) Relationships inferred from the classification scheme of Tillier
(1984b), based on assumed polarity and apomorphic states in characters of various organ systems.
(C) The manually derived cladogram of Nordsieck (1985), based on assumed polarity and apomorphic
states in characters of various organ systems. (D) Relationships inferred from the classification scheme
of Stanisic (1998), based on an interpretative consensus of various phylogenetic hypotheses. In the
phylogeny proposed by Nordsieck (1985) and the classification scheme proposed by Stanisic (1998),
the Succineidae and Athoracophoridae are treated as part of the stylommatophoran radiation.
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rates in 28S rDNA of Euthyneura, and evolutionary stasis subsequent to
the initial divergence, relative to that in Patellogastropoda, Veitgastro-
poda and basal Heterobranchia.

In this chapter, a new phylogenetic reconstruction for the Gastropoda
is presented on the basis of morphological characters. The phylogeny
of the terrestrial Pulmonata is analysed in more detail based on morpho-
logical and molecular data. These reconstructions are then used as the
historical hypotheses for a synoptic discussion of gastropod radiation into
terrestrial environments.

New Phylogenetic Hypotheses of Adaptative Radiation in
Gastropoda

Fig. 1.4.

Figure 1.4 presents the most parsimonious reconstruction of the phylog-
eny of Gastropoda based on 72 morphological characters (Appendices 1.1
and 1.2). While many of the characters are common to both analyses, the
topology of the tree presented in Fig. 1.4 has only moderate congruency
with the consensus tree of Ponder and Lindberg (1997) (cf. Fig. 1.2). This
reflects differences in scoring of character states, in a priori assessments
of their evolutionary polarity, and in the choice of taxa for inclusion in
the analyses. Consistent with Ponder and Lindberg (1997), the Hetero-
branchia are hypothesized to have arisen prior to the Caenogastropoda.
In the present analysis, the terrestrial radiation in Heterobranchia is
monophylogenetic, with Ellobiidae basal to a onchidioid-rathouisioid
and stylommatophoran—succineoid divergence. Among the lower

(Opposite) Phylogram for Gastropoda as indicated by the single most-parsimonious recon-

struction (tree length 1380; consistency index 0.69; homoplasy index 0.90; retention index 0.81; rescaled
consistency index 0.55) generated by paup+ 4.0 (Swofford, 1998) from 72 morphological characters
(Appendices 1.1 and 1.2). The branch lengths are proportional to the numbers of character changes
(scale bar = 10 character state changes). Taxon nomenclature generally follows that of Fretter et al.
(1998), Rudman and Willan (1998) and Smith and Stanisic (1998), except that for this analysis the

Sequenzioidea (with single family Sequenziidae) was treated independently of the Vetigastropoda
(comprising superfamilies Pleurotomarioidea, Fissurelloidea and Trochoidea), the family name

Vaginulidae is used in preference to Veronicellidae, the Planorbidae is taken to include species often

assigned to Ancylidae, and Succineidae and Athoracophoridae were treated independently of the
Stylommatophora (the latter comprising numerous superfamilies and families). The analysis pre-

supposed that the taxa included are monophyletic, and no attempt was made to substantiate a priori
their monophyly by investigating their potential autapomorphies. Heuristic searching was employed, with
multiple states of characters within taxa interpreted as polymorphism, preference given to reversals over
parallelisms using the DELTRAN option, branch swapping by tree bisection—-reconnection (TBR), and a
random addition sequence with ten replications. While analysis without a priori assumptions is desirable,
preliminary analyses with unordered character states indicated a number of implausible transformations
in some basic molluscan characters. Solutions to this enigma included treating these characters as irre-
versible or Dollo, or by constructing step matrices or character state trees that weighted heavily against
reversals. Only trees compatible with higher taxa relationships inferred from the osphadial ultrastructure
data (cilia bottles and Si1, Si2, Si4 cells) of Hazsprunar (1985a,b) were retained. The node numbers are
relevant to the information on apomorphic changes in Appendix 1.3. Bootstrap analysis (Felsenstein,
1985), as implemented in PAauP* 4.0, yielded >65% support for nodes 1-11, 19-29 and 33-47.
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gastropods, the Neritopsina are grouped with the Neomphaloidea and
achitaenoglossan Cyclophoroidea and Ampullarioidea, in a clade sister to
the Caenogastropoda. Ponder and Lindberg (1997) found support for an
evolutionary association of Neritopsina and Neomphaloidea in several
of their reconstructions, but Cyclophoroidea and Ampullarioidea were
indicated to have a sister relationship to the Caenogastropoda.

Parsimony analysis of the terrestrial radiation in Pulmonata, using
the morphological data presented in Appendices 1.4 and 1.5, confirms the
monophyly of the Succineoidea and its sister relationship to the Stylom-
matophora. However, the relationships within the Stylommatophora are
generally poorly resolved. While some clades that traditionally have been
assumed to be monophyletic are recovered (e.g. Arionidae—Philomycidae;
Limacidae—Agriolimacidae), others are not. In particular, the Orthurethra,
Limacoidea, Helicioidea and Achatinoidea as monophyletic clades are
not well supported. Further, this reconstruction is not well concordant
with that indicated by analysis of 28S rDNA sequences (Wade et al.,
1998, 2001; C.M. Wade, personal communication). Figure 1.6 presents a
maximium parsimony re-analysis of the morphological data in Appen-
dices 4 and 5 with the constraint that retained trees are congruent with the
clades well supported in the 28S rDNA analysis of Wade et al. (1998,
2001; C.M. Wade, personal communication): Succineoidea, Orthurethra,
Limacoidea, Helicioidea and Achatinoidea were taken as monophyletic
clades, but no assumptions were made about their inter-relationships.
This analysis provides for mapping of morphological characters on to the
28S rDNA phylogeny, and thence for discussion of the adaptive radiation
in these gastropods.

Figure 1.7 is a diagramatic summation of the phylogenetic hypotheses
developed in Figs 1.4 and 1.6, with illustration of the body plan at
four grades of gastropod evolution, namely Vetigastropoda, sorbeoconch
Caenogastropoda, ellobioidean Pulmonata, and stylommatophoran
Pulmonata. Tables 1.1 and 1.2 briefly review habitat occupancy and
feeding modes as the two principal adaptative zones in Gastropoda.

Fig. 1.5. (Opposite) Phylogram for the terrestrial Pulmonata as indicated by the single most parsi-
monious reconstruction (tree length 1464; consistency index 0.48; homoplasy index 0.95; retention index
0.78; rescaled consistency index 0.36) generated by paur+ 4.0 (Swofford, 1998) from 57 morphological
characters (Appendices 1.4 and 1.5) without any a priori topological constraints imposed. The branch
lengths are proportional to the numbers of character changes. Taxon nomenclature generally follows
that of Tillier (1989). The analysis pre-supposed that the taxa included are monophyletic, and no attempt
was made to substantiate their monophyly by investigating their potential autapomorphies, although the
various subfamilies in Arionidae and the two subfamilies in Athoracophoridae were included separately in
the analyses to test the ability to recover these clades: the analysis indicated the respective monophyly
of the Arionidae and Athoracophoridae. Heuristic searching was employed, with multiple states of
characters within taxa interpreted as polymorphism, preference given to reversals over parallelisms
using the bELTRAN option, branch swapping by tree bisection—reconnection (TBR), and a random addition
sequence with ten replications. Ellobiidae, Onchidiidae and Vaginulidae were treated as outgroups.
Preliminary analyses with unordered character states indicated a number of implausible transformations,
so various characters were treated as irreversible or Dollo, or by constructing step matrices or character
state trees that weighted heavily against reversals.
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Basic Gastropod Organization

Fig. 1.6.

Primitively Gastropoda are marine animals, but several groups in this
molluscan class have made the adaptive shift from aquatic to terrestrial
existence. To appreciate fully the adaptive radiation into the terrestrial
environment, it is necessary first to examine the body plan of the
primitive gastropod from which these terrestrial taxa evolved.

In the primitive gastropod, the body is divisible into a head—foot and a
visceral hump, interconnected by a neck or waist. The visceral hump,
located within a calcareous shell, houses the viscera. It seems that the
earliest gastropods had a limpet-like shell and that the asymmetrical shell
coiling, typifying the great majority of gastropods, evolved several times
in this molluscan class (Haszprunar, 1988b). Some groups have devel-
oped secondarily non-coiled, limpet-like shells or have reduced the shell
completely. Terrestrial gastropods evolved from clades with coiled shells.
This shell coiling is associated with an asymmetrical body plan, with
reduction in the size of the organs on the right, inner side of the spiral.
Gastropod shells are composed of several different layers — a thin outer
organic layer or periostracum consisting of conchiolin overlying much
thicker crystalline calcium carbonate layers. The shell is formed by
accretionary growth at the mantle edge. The mantle is a thin membrane
that extends minutely beyond the shell aperture, and at its edge adds
a shell increment to the aperture margin so that each increment copies a
configuration of the mantle edge at that time. The shell tube coils in
a logarithmic spiral, retaining isometric proportions between length, area
and volume parameters as it grows. The inner walls that form the axis
of shell coiling is referred to as the columella. The whole of ontogeny
is conserved in the shell, as the larval shell (termed the protoconch) is
generally retained as the apex to (sometimes concealed within) the post-
embryonic shell, termed the teleoconch.

The head—foot is concerned with sensory and locomotor activities,
and is protruded from the protective shell during movement and feeding.
Head—foot protrusion is effected mainly by blood pressure but is
withdrawn by contraction of muscles, a larger right and smaller left,
originating on the columella of the shell. A pocket-shaped space, the

(Opposite) Phylogram for the terrestrial Pulmonata as indicated by the single most parsi-

monious reconstruction (tree length 1719; consistency index 0.48; homoplasy index 0.96; retention index
0.75; rescaled consistency index 0.37) generated by paur+ 4.0 (Swofford, 1998) from the same 57
morphological characters as employed in the analysis presented in Fig. 1.5 (Appendices 1.4 and 1.5) but
with a priori constraint that trees must be compatible with a 28S rDNA sequence phylogeny (Wade et al.,
1998, 2001; C.M. Wade, personal communication) in which there is strong support for Orthurethra,
Limacoidea, Endodontoidea, Helicoidea, Succineoidea and Achatinoidea as monophyletic lineages. The
branch lengths are proportional to the numbers of character changes. The node numbers are relevant

to the information on apomorphic changes in Appendix 1.6. Bootstrap analysis (Felsenstein, 1985) as
implemented in Paur+ 4.0 yielded >70% support for 1ll labelled nodes. Taxon nomenclature generally
follows that of Tillier (1989). The a priori treatment of character transformations and conditions for
Heuristic searching were as given in Fig. 1.5.
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pallial cavity, occurs above and behind the head, but within the shell.
Its floor is formed by the dorsal surface of the head—foot, its roof by the
mantle skirt — a thin fold from the anterior face of the visceral hump
joined laterally to the head—foot — leaving the cavity open anteriorly. The
mantle cavity is filled with water when the animal is active but accommo-
dates the retracted head—foot. Primitively, the head bears dorsally a pair
of sensory peducles, the cephalic tentacles, with an eye of an open vesicle
or closed cup type located at their base. The ventral surface of the foot,
termed the sole, is the locomotary pad and comprises a densely ciliated
epithelium overlying an elaborate pedal musculature. At its anterior end
and for a short distance down the sides, a deep groove separates a thin
fold, the mentum; near the median line, at the bottom of this groove, is the
external opening of the pedal mucous gland (suprapedal gland) which
functions by laying down a mucus pad over which the animal crawls.
Anteriorly, separated from the sole and mentum by a deep groove, is the
snout or rostrum, with the mouth near the centre. Locomotion generally is
achieved through a series of waves passing over the mesopodial sole,
brought about by local contraction and relaxation of the pedal muscula-
ture. These waves may be direct, starting at the posterior, or retrograde,
starting at the anterior, and may be monotaxic in occupying the whole
width of the sole, or ditaxic in comprising two series out of phase with
one another and each occupying half the width of the sole. Miller (1974)
suggested that retrograde waves are the more primitive of the two wave
types, because of their occurrence in chitons and lower gastropods. In
that they confer greater agility, ditaxic waves are assumed to be more
advanced than monotaxic ones. These basic types of locomotion, based on
wave propagation in the pedal musculature, have been subject to various
modifications in numerous gastropod lineages (summarized in Fretter
et al., 1998). Further, a number of gastropods have adopted ciliary gliding
as the means of locomotion. The dorsal surface of the body is covered
by a simple, non-ciliate, columnar epithelium, while the sole is covered
by a ciliated epithelium. Both usually contain numerous mucus cells. A
peripheral zone around the foot is elaborated primitively as an epipod-
ium, often with tentacles. Because of its pedal innervation, the epipodium
represents a sensory specialization of the gastropod foot.

Fig. 1.7.  (Opposite) Diagrams to illustrate the general organization of the adult animal at different
grades of structural evolution in the Gastropoda, with emphasis on pallial, nervous, digestive and repro-
ductive systems. (A—C) Generalized vetigastropod (B and C illustrating variation in coiling of the intes-
tine). (D—E) Generalized sorbeoconch caenogastropod. (F-H) Generalized ellobiidoidean pulmonate.
(I-K) Generalized stylommatophoran pulmonate. The broken line denotes the limit of the pallial cavity.
ai, anterior loop of intestine; an, anus; au, auricle; b, buccal mass; bc, bursa copulatrix; cg, cerebral
ganglion; ct, ctenidium; dg, digestive gland; e, eye; et, epipodial tentacle; f, foot; g, gonad; it, inferior
tentacle; n, nephridium; oec, oesophageal crop; oep, oesophageal pouches; oes, oesophagus;

op, operculum; os, osphradium; p, penis; pal, pallial gonoduct; pc, pedal cord; pg, pedal ganglion;

per, pericardium; pi, posterior loop of intestine; plc, pallial cavity; plg, pleural ganglion; pn, pneumostome;
prm, penial retractor muscle; pv, pulmonary veins; r, rectum; rg, renal gonoduct; s, shell; sb,
suboesophageal ganglion; sg, seminal groove; slg, salivary gland; sp, supraoesophageal ganglion;

st, stomach with spiral caecum; t, cephalic tentacle; u, ureter; v, ventricle; vd, vas deferens.
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Table 1.1. Habitats occupied by various gastropod clades

Marine benthic Terrestrial
Marine

Deep sea Shallow sea plankton Estuarine Freshwater Amphibious Damp Arid

Patellogastropoda * * *

Vetigastropoda * * *

Neritopsina * * * * * *)
Helicinoidea *% *
Hydrocenoidea *

Cyclophoroidea *k

Ampullarioidea *k *

Sorbeoconcha * * * * * * * *
Littorinoidea ok * * * ® ®
Rissooidea * *k * * * *
Neogastropoda * * * *)

Heterobranchia * * * * * * * *
Allogastropoda * * * *

Opisthobranchia * * * * *)

Ellobioidea * *k *
Onchidioidea * *x * *
Rathouisioidea *
Succineoidea * ok *
Stylommatophora *k *

**Predominate, *present, (*)rare. Modified from Ponder and Lindberg (1997).

Table 1.2.  Feeding modes in various gastropod clades

Grazing Active
Detritivory Herbivory carnivory predation Parasitic Suspension

Patellogastropoda * ok
Vetigastropoda b ok * *
Neritopsina b ki
Helicinoidea *
Hydrocenoidea *
Cyclophoroidea * *
Ampullarioidea * *
Sorbeoconcha * * * * * *
Littorinoidea * *x
Rissooidea * *x
Neogastropoda ™*) *) * *k *)
Heterobranchia * * * * * *
Allogastropoda * * * *
Opisthobranchia * * * *)
Ellobioidea * *
Onchidioidea * * *)
Rathouisioidea *
Succineoidea *x *
Stylommatophora *x *x * *

**Predominate, *present, (*)rare. Modified from Ponder and Lindberg (1997).
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Gastropod opercula are hard, disc-shaped structures secreted by and
carried on the dorsal surface of the foot. They are found during ontogeny
in all gastropods with free larval development. The primary function of
the operculum is to close the shell aperture, thus providing protection for
the head—foot when the larva is retracted inside the shell (Bandel, 1982).
This function also occurs in the adult gastropod when the operculum is
retained throughout ontogeny. Because the opercula are always attached
to the dorsal surface of the foot, are of conchiolin, and are often calcified,
Adanson (1757) suggested a strict homology between the operculum and
the shell. Accordingly, gastropods and lamellibranchs were both true
bivalves and the gastropod columellar muscle could also be said to be
homologous with bivalve adductors. While Houssay (1884) and Kessel
(1942) showed that the operculum is secreted by an epithelium differenti-
ated on the dorsal side of the foot, homology with the shell was still
supported by Fleischmann (1932), Pruvot-Fol (1954) and others. More
recently, Checa and Jiménez-Jiménez (1998) presented evidence for
derivation of the epithelium that secretes the operculum from the shell-
secreting mantle. These authors suggested that the parietal segment of
the periostracal groove migrated towards the epipodium and became
independent from the rest of the mantle. The concomitant development
of an opercular disc allowed the successive turns of the periostracal
strip to seal together. The flexiclaudent spiral operculum, evident today
in neomphalid and vetigastropod Archaeogastropoda and cerithioidean
Caenogastropoda, is thought to be plesiomorphic in Gastropoda. The
flexiclaudent operculum is secreted when the animals are partly or
wholly extended, and achieves a seal of the aperture in retracted animals
by virtue of it flexing at the margins. During the course of gastropod
evolution, the rigiclaudent operculum emerged several times from the
ancestral flexiclaudent type. The rigiclaudent operculum is secreted
when the animal is in the retracted position and the operculum takes on
the shape of the aperture.

A further unique aspect of the gastropod is an event called torsion,
which occurs early in larval life and involves a shift in body orientation.
At first, the larval gastropod has the pallial cavity at the posterior end
of the body, but two 90° rotations of the visceral hump occur over a
short period of time, which brings the pallial cavity to an anterior position
just above and behind the head. In basal Vetigastropoda, a respiratory
organ (ctenidium or gill), with skeletal rods and a chemosensory organ
(osphradium) running axially along its ventral membrane, lies along each
side of the pallial cavity. Towards the posterior of the pallial cavity are
paired hypobranchial glands. The anus opens medianly, flanked on each
side by a nephridial opening. To function as a respiratory space, the
pallial cavity is ventilated by cilia on the ctenidial lamellae beating so that
water is drawn into the pallial cavity anterolaterally and ventrally and
passed over the osphradia and gills. Right and left streams converge medi-
anly over the anal and nephridial openings and leave the pallial cavity
anterodorsally. The heart, surrounded by the pericardium, is usually
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placed asymmetrically and transversely on the left, where visceral hump
and pallial cavity meet. It consists of a ventricle flanked on each side by
an auricle.

Although coelomatic, the body cavity sensu stricto of these
gastropods is reduced to the pericardium. As a consequence, the body
cavity sensu lato is comprised of three major venous sinuses: (i) the
cephalopedal sinus of the head—foot region; (ii) the visceral sinus of the
visceral hump; (iii) and the subrenal sinus located near the columellar
muscle at the base of the visceral mass. There is considerable variation
with respect to the circulatory system among primitive gastropods, with
nearly every archaeogastropod superfamily having its own type (Fretter
and Graham, 1962; Andrews, 1981, 1985; Haszprunar, 1988b; Ponder and
Lindberg, 1997). In the primary coiled Vetigastropoda, blood is gathered
into main veins leading to the right nephridium, where it is filtered before
passing to the mantle skirt and ctenidia. Each auricle receives oxygenated
blood from a ctenidium and passes it to the ventricle, from which two
aortae distribute it to the sinuses (anterior and posterior, respectively),
where aortic branches ultimately discharge to haemocoelic spaces inter-
penetrating the various organs. Respiratory exchange occurs mainly
across the surfaces of the ctenidial leaflets, although in some intertidal
species there is increased vascularization of the mantle skirt permitting
respiratory exchange there also (Deshpande, 1957). A blood filtrate enters
the pericardial cavity from the auricles; the pericardial gland within
the auricle walls, with specialized cells called podocytes, serves as the
filtration site. In most vetigastropods, numerous outpouchings of the
auricular wall form filtration chambers, but in Fissurellidae the podocytes
are confined to areas of each auricle close to the openings of the veins. At
systole, when the ventricle is refilled, blood is retained in the pericardial
gland chambers and the resulting pressure gradient causes fluid and
molecules up to a given size to pass to the pericardium. This primary
urine escapes to the nephridia via renopericardial ducts, where it is
modified to the final urine to be shed to the pallial cavity.

The excretory organs of basal archaeogastropods are paired,
coelomatic ducts, situated wholly within the visceral hump and opening
to the innermost end of the pallial cavity. In the plesiomorphic state, it is
assumed that the nephridia were simple sacs and were in communication
with other coelomic spaces, each being joined to the pericardium by a
ciliated renopericardial duct which, on the right side, received the duct
from the single gonad (Fretter and Graham, 1962). This arrangement is
retained in diotocardian members of the extant vetigastropods, although
the paired nephridia have long been known to differ in structure and
function (e.g. Perrier, 1889; Cuénot, 1899; Delhaye, 1976; Andrews, 1988).
The post-torsional right nephridium is concerned with nitrogen excre-
tion, the left with the ionic composition of the blood. The separation of
functions probably arose because the right nephridium receives largely
deoxygenated blood, rich in waste products from the viscera, whereas the
left receives blood low in waste and replete in oxygen on passage through
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the ctenidium (Andrews, 1985). In vetigastropods, the left nephridium
has assumed a pallial location, with a tall, papillate, usually ciliated
epithelium surrounding a core of spongy connective tissue penetrated by
blood spaces. In Trochoidea the wall of this papillary renal sac, towards
the pericardium, has become specialized as a nephridial gland (Andrews,
1985, 1988). This gland comprises a pad of connective tissue penetrated
by tubular extensions of the nephridial lumen, blood lacunae and muscle
fibres. It offers a large surface in contact with blood on one side and urine
on the other, and, therefore, has a function in osmoregulation. The blood
in the nephridial gland collects in an efferent vessel, separate from that
which collects blood from the rest of the nephridium, to pass directly to
the auricle.

The mouth, placed at the end of a pretentacular snout, leads into a
buccal cavity to which paired salivary glands discharge. On the roof of the
buccal cavity anteriorly are two cuticular jaws, and on its floor lies
the odontophore, a protrusible tongue-like organ coated with a radular
membrane on which are mounted teeth. The radula is unique to molluscs.
In their simplest form, each tooth consists of a basal plate, by which it is
attached to the radular membrane, and one or more elevated sharp edges
or cusps. The radular membrane is symmetrical, with the teeth arranged
in transverse rows. In Vetigastropoda, the radular membrane is flexible
(flexoglossate), but a more primitive radula type, with rigid radular mem-
brane (stereoglossate), is to be found in Patellogastropoda. During feeding,
complex muscles control movement of the radula and associated support
cartilages. In Vetigastropoda and all higher gastropods, the radular mem-
brane is thus rotated partly over the tip of the underlying support when
produced through the mouth. When the odontophore is protruded, the
teeth on the radular membrane are elevated and can scrape, pierce, cut
or tear the object with which they come into contact and produce small
bits for swallowing. During feeding, the teeth become worn, with cusps
gouged, chipped or ground down. This wear problem is solved by new
rows of teeth forming at the posterior end of the radula throughout the
life of the animal, while worn teeth at the anterior end are discarded
continuously to be swallowed and passed out in the faeces. The mem-
brane gradually grows forward, moving new teeth into the feeding
position and worn teeth to the area where the membrane can be resorbed
by the animal. The radular membrane is extended beyond the posterior
limit of the buccal mass as a radular sac, towards the terminus of which
are the odontoblastic cells responsible for formation of the teeth and
membranoblasts that furnish the radular membrane; the length of this sac
is proportional to the wear and hence to the replacement rate of the
radular teeth. In most archaeogastropods there are two pairs of buccal
cartilages, which is probably the basic number but which has been
enlarged or reduced secondarily in a number of lineages.

The oesophagus arises from the dorsal aspect of the buccal mass and
reaches the stomach through the neck linking head—foot and visceral
mass, and so is affected by torsion. The oesophagus is compressed
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dorsoventrally, and is characterized by two strong, longitudinal folds that,
together with a dorsomedian ciliary tract, form the dorsal food channel, a
pair of lateral, glandular pouches (oesophageal glands), and a ventro-
median ciliated tract. Because of torsion, these oesophageal zones rotate
180° counter-clockwise along its midsection. The stomach, complex
internally, lies at the base of the visceral mass, on the left. The oesophagus
opens to the stomach halfway down the right, columellar side, alongside
ducts from a voluminous digestive gland that occupies much of the
visceral mass. The middle part of the stomach is equipped with a series of
parallel ridges that constitute a sorting area, and adjacent a cuticularized
gastric shield. A caecum extends back from the sorting area. From the
posterior-most opening of the digestive gland arises a ridge, the major
typhlosole, to run into the intestine. A second ridge (minor typhlosole)
arises more anteriorly to also run to the intestine. Between them, these
typhlosoles divide the outlet from the stomach into two channels. One is
the style sac, which leads from the main cavity and receives the stomach
string, i.e. indigestible remains of food. The other is the intestinal groove
into which ridges from the sorting area extend: it forms a pathway for the
liver string, i.e. waste leaving the digestive gland. From the style sac,
the intestine follows a rather lengthy course that always includes an
anteriorly directed loop. The intestine enters the pericardial cavity,
passing through the ventricle, before joining the rectum to open as the
anus in the left side of the mantle cavity.

These animals are predominantly grazers and detritivores. Food is
passed to the stomach along the ciliated oesophageal channel, where it is
mixed with mucus and enzymes from the lateral villi. In the stomach, it
meets further enzymes from the digestive gland, passes into, along and
out of the caecum, and is then squeezed by the gastric shield. Digested
food and some particulate matter pass into the digestive gland for uptake.
The residue enters the style sac, where it is rotated, compacted and
bounded with mucus into the beginnings of a faecal rod, the protostyle.
These gastropods generally produce faecal strings.

In the primitive gastropod, the nerve centres are weakly concentrated
in the head—foot, forming a loose ring around the oesophagus. There
are three pairs of ganglia. The cerebral ganglia, linked by a cerebral
commissure, are placed far forward dorsally over the buccal mass. Each
cerebral ganglion sends two connectives ventrally, one each to the pleural
and pedal ganglia located ventrally at the level of the anterior border of
the foot. The left and right pleural ganglia are linked to the respective left
and right pedal ganglia by a short connective. The pedal ganglia comprise
long cords that extend posteriorly and are linked by many commissures.
This ganglionic arrangement, with the pleural ganglia sited closer to the
pedal ganglia than to the cerebral ganglia, is termed hypoathroid. Primi-
tively, the visceral loop is represented by a neural cord, but in vetigastro-
pods distinct ganglia have developed. Paired visceral ganglia lie at the
base of the visceral hump, linked to the pleural ganglia by connectives
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that traverse the neck and so are affected by torsion. As a consequence the
half-loop starting at the right pleural ganglion crosses over the oesophagus
to the visceral ganglion on the left, and the half starting at the left pleural
ganglion passes under the oesophagus to the visceral ganglion on the
right, so giving the crossed condition of the visceral loop known as
streptoneury. The dorsal pleural-visceral connective carries medially
a supraoesophageal ganglion that innervates the left ctenidium and
osphradium. The ventral connective carries a corresponding sub-
oesophageal ganglion, innervating the same organs on the right. The
osphradium is the primary sensory organ of the pallial cavity and, as in
vetigastropods, is generally located on the pallial roof in association with
the efferent branchial membranes.

The cerebral ganglia receive tactile and olfactory sensory input from
cephalic tentacles on the head and from the lips around the mouth,
and visual signals from the eyes; there is a single nerve to each cephalic
tentacle. The cerebral ganglia also innervate the buccal muscles. The
pedal ganglia control locomotor movements of the foot and receive
sensory information from a series of epipodial tentacles. The pleural
ganglia innervate the mantle edge, and the visceral ganglia the organs of
the visceral mass.

The gonad is of mesodermal origin, arising during organogenesis
by migration and multiplication of pericardial cells. In many basal gastro-
pods, the sexes are separate and, therefore, individuals are dioecious with
a single gonad located near the apex of the visceral hump. Some are
hermaphroditic, however, with the single gonad producing both ova and
spermatozoa. Debate continues as to whether gonochorism or hermaphro-
ditism is the primary condition among the Gastropoda (e.g. Haszprunar,
1988b). The gonad communicates with the cavity or duct of the right
kidney, whose aperture is thus a urinogenital pore. At the most primitive
level, gametes are broadcast into the surrounding water, and fertilization
is external. Therefore, generally, there is little or no elaboration of the
genital duct or modification for copulation, and the jelly-like material that
surrounds the ova arises in large part in the ovaries. In some Vetigastro-
poda, however, the distal portion of the right kidney duct is modified
into a glandular region that produces a mucous layer in which eggs are
deposited during spawning. Further, in a number of archaeogastropods,
including some vetigastropods, a glandular gonoduct is developed in the
pallial roof and fertilization is internal. There is a trend for the cephalic
tentacles or anterior cephalic processes to be used as a copulatory organ.
Primitively, the eggs are broadcast into the water column, but a number of
vetigastropods produce egg strings or benthic egg masses, while others
brood eggs in the pallial cavity. Trochophore and veliger stages are
present in embryonic life, but the stage at hatching varies from early
trochophore to crawling young after metamorphosis. The embryonic
shell, that forms the protoconch atop of the adult shell, is produced at
once by the shell gland prior to hatching.
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Gastropods on Land

Worldwide, terrestrial gastropods have been estimated to number about
35,000 extant species (Solem, 1984; van Bruggen, 1995). The gastropod
groups represented in terrestrial environments are Hydrocenoidea,
Helicinoidea, Cyclophoroidea, Rissooidea, Littorinoidea, Ellobioidea,
Onchidioidea, Rathouisioidea, Succineoidea and all superfamilies in the
Stylommatophora. This diversity encompasses approximately 112
gastropod families, but the number of independent invasions of land
from the aquatic environment is thought to exceed 10 considerably,
as terrestriality has been achieved repeatedly in some families (e.g.
Truncatellidae; Rosenberg, 1989, 1996a). The vast majority of terrestrial
gastropods are stylommatophoran pulmonates, probably exceeding
30,000 species. In most regions of the world, it is these stylommatophoran
pulmonates that dominate the terrestrial faunas. In some regions, how-
ever, prosobranchs constitute a significant part of the faunas, the most
notable being Central America and the islands of the Caribbean (de la
Torre and Bartsch, 1938, 1941; de la Torre et al., 1942; Bartsch and Morri-
son, 1942; Bartsch, 1946; Solem, 1956) and Madagascar (Fischer-Piette
et al., 1993; Emberton, 1995a,b; Emberton and Pearce, 1999). Generally,
the prosobranchs are considered the more primitive or ancient element
among the terrestrial gastropods, but this is due more to the conservatism
of the prosobranch lineages and their retention of primitive aspects of
morphology than to the duration of their existence on land.

Archaeogastropod Neritopsina

Neritopsina are thought to have arisen early in the evolutionary history
of the gastropods, with a fossil record extending back to the Middle Devo-
nian (Knight et al., 1960a). The extant members of this clade comprise
Neritopsidae, Phenacolepadidae and Titiscaniidae in marine environ-
ments, Neritidae in marine, brackish water, freshwater, semi-terrestrial
estuarine and coastal terrestrial environments, and Helicinidae and
Hydrocenidae in terrestrial environments. Fossils from the Carboniferous
of North America have been attributed to the Helicinidae (Solem and
Yochelson, 1979), but the next oldest record for this family is from the
Upper Cretaceous of Europe (Knight et al., 1960a) and North America
(Bishop, 1980). Extant Helicinidae are mostly tropical, being distributed
in Central America—West Indies and the Indo-Asian—Polynesian regions.
A fossil record for the Hydrocenidae extends back only to the Pleistocene
(Knight et al., 1960a) but their contemporary widespread occurrence
suggests a more ancient origin. Hydrocenids have radiated most exten-
sively in Borneo, and there constitute a significant component of the
terrestrial gastropod fauna (Thompson and Dance, 1983).

The family Hydrocenidae frequently is placed in close relationship
with the Helicinidae, but the internal anatomy is so divergent from the
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more primitive anatomical states of the Helicinidae that only a remote
relationship can be established on the basis of morphological data (Thiele,
1910; Bourne, 1911; Baker, 1925b; Thompson, 1980). Indeed, Haszprunar
(1988b) suggested that the Hydrocenidae and Helicinidae represent two
independent invasions of land from aquatic ancestors. This divergence
is recognized here in the assignment of Hydrocenidae and Helicinidae
to separate superfamilies, respectively Hydrocenoidea and Helicinoidea.
Several groups within the Helicinidae have been recognized previously
(e.g. Wagner, 1907-11; Baker, 1922, 1923, 1956; Thiele, 1929-35; Boss
and Jacobson, 1975; Thompson, 1980), but confirmation of their status
and relationships awaits a comprehensive phylogenetic analysis using
cladistic methodologies. There has been no systematic review of the
Hydrocenidae since Pfeiffer (1876). As a consequence, there currently is
little understanding of the hydrocenid evolutionary history and within-
family relationships, and indeed little agreement on the status of the
various generic names in use (Thompson and Dance, 1983; Solem, 1988).
The hydrocenids are a poorly studied group, principally because of
their minute size and cryptic behaviour. However, they are often locally
abundant (e.g. Berry, 1966).

Neritopsina primitively retain the diotocardian heart, with the
ventricle penetrated by the rectum, a rhipidoglossate radula, and both left
and right columellar muscles. They are characterized by their primitive
bipectinate (with a row of filaments on both sides of the median branchial
vein) ctenidia without skeletal rods, by ciliary lateral specialization of the
sensory epithelium of the osphradium, and by specialization and hyper-
trophy of the genital organs in the pallial cavity, with suppression of the
(post-torsional) right pallial organs. The circulatory system is essentially
as seen in Vetigastropods. Ultrafiltration and production of a primary
filtrate occur in the auricle of the heart (Andrews, 1985; Estabrooks et al.,
1999). The pallial cavity roof and floor are vascularized, which may have
been a pre-adaptation to colonization of land. In the terrestrial families,
the Helicinidae and Hydrocenidae, the pallial cavity lacks gills and
osphradia. The left kidney is retained as a functional renal organ, the
nephridium, with a tubular urinary chamber that opens to the posterior of
the pallial cavity via a papilla (Delhaye, 1974b; Andrews, 1981). The
nephridium is lacking a nephridial gland (Andrews, 1988). Mucoid
cells are generally present in the renal, renopericardial and renal orifice
epithelium, whose mucopolysaccharide secretions may have a role in
decreasing surface tension in the nephridium and, in terrestrial species,
decreasing renal desiccation (Estabrooks et al., 1999). The terrestrial
Neritopsina, in contrast to marine gastropods but in common with those
inhabiting freshwater, regulate their blood composition osmotically
and ionically, and the nephridium is involved in ion resorption. The
nephridium produces dilute urine (Little, 1972). Loss of the right auricle
of the heart has occurred in most Neritopsina, but two auricles still persist
in some, including the two most primitive groups within the Helicinidae:
in Ceres Gray (Ceresinae), the right auricle is functional and nearly
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as large as the left; in Hendersonia Wagner (Hendersoninae), the right
auricle is functional but very much reduced in size. In Helicinidae, both
columellar muscles are retained, though the left is reduced in size. In
Hydrocenidae, this left muscle is entirely absent.

Neritopsins retain the dioecious condition, but they have attained
internal fertilization. The genital duct is divisible into gonadial, renal and
pallial sections. No physical connection between the gonoduct and the
renal system is to be observed in extant Neritopsina. However, a short
duct leaves the renal gonoduct and opens to the pallial cavity, alongside
the vestigial right gill in Neritidae. The opening of this duct bears the
same relationship to the right gill as that of the left nephridium to the
left gill, and appears to be homologous with the opening of the right
nephridium of vetigastropods (Fretter, 1965). The short glandular renal
gonoduct of the more primitive gastropods has been supplemented by a
tubular pallial extension to form a glandular pallial gonoduct. In the
females, this is associated with provision of the fertilized ova with
nutritive albumen and their enclosure within a capsule. The pallial
gonoduct may have arisen through the extension of the glandular renal
gonoduct in the anterior pallial vein; the rectum follows the same course
(Fretter, 1965). The terminal part of the renal gonoduct, at the back of the
pallial cavity, is elaborated to form either a lobate pocket or a blind
diverticulum: its function is not known, although Baker (1925b) observed
the lumen in female Hendersonia to be crowded with spermatozoa
(allosperm). The junction of the visceral and pallial portions of the
gonoduct is elaborated into a fertilization chamber which bears two acces-
sory chambers or diverticula, one functioning as the bursa copulatrix
for reception of allosperm (or spermatophores where they are produced)
by way of its opening to the posterior of the pallial cavity via a short
papilla, the other functioning as a receptaculum seminis as indicated by
the presence of crowded spermatozoa arranged radially so that their
nuclei associate with cytoplasmic processes of the lumen wall (Baker,
1925b). Spermatophores apparently are not produced in Helicinidae and
Hydrocenidae. The bursa copulatrix represents the metamorphosed right
nephridium and the papilla its orifice (Thiele, 1902; Baker, 1925b). The
glandular renal section of the neritopsinan gonoduct runs to the glandular
pallial section near the posterior limit of the pallial cavity, where the first
secretory tissues, probably derived from the glandular right nephridium,
have assumed an albuminiparous function. The single left hypobranchial
gland opens to the posterior of the pallial cavity independently of the
reproductive system in helicinid Proserpinellinae, but in Helicininae and
Hendersoninae the gland has a secondary duct opening to the papilla of
the bursa copulatrix. In more advanced Neritopsina, such as the marine
Phenacolepadidae, the hypobranchial gland has been fully incorporated
into the proximal part of the pallial gonoduct in the females (Fretter,
1984). The pallial gonoduct and the rectum are intimately associated
along their course in the pallial cavity: in females of many Neritopsina,
the openings of the rectum and genital duct are linked by a sac that
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provides particulate material (of rectal origin) for reinforcement of the
egg capsule wall. In the Neritidae, the sac is provisioned with calcium
carbonate sourced from the digestive gland (Andrews, 1937). In males,
the pallial gonoduct is elaborated into several types of prostatic tissues.
The males of marine Neritopsina usually have an external phallus of
pedal origin on the right side of the head, but this is absent in the
terrestrial taxa. In phallate Neritopsina, the pallial gonoduct continues
forward to the penis as the spermiduct, either an open groove or a closed
vas deferens.

Development in Neritopsina involves both trochophore and veliger
stages. However, in these animals, the trochophore stage is passed within
the egg capsule. Primarily, the larval phase is short, and feeding
does not occur (lecithotrophic). In some species, however, the veliger
has a planktonic life and feeds actively (planktotrophic). The freshwater
Theodoxus shows significant modifications of this bauplan, with the
single embryo in each egg capsule feeding on nurse eggs and hatching as a
juvenile animal. In the terrestrial Neritopsina, intracapsular development
occurs with hatching delayed until metamorphosis of the veliger larva is
complete. The eggs of the Malayan Hydrocena monterosatiana Godwin
Austen & Nevill are enclosed in calcareous capsules that are glued to
surfaces such as rocks and vegetation. The capsules comprise two halves,
with a suture between the base and lid (Berry, 1965), similar to that seen
in neritids (Fretter, 1946).

The digestive system in Neritopsina lacks salivary glands, although
secretory crypts embedded in the buccal mass at the origin of the oesopha-
gus (Baker, 1925b) may be homologous to the salivary glands in other
gastropods. The radula remains of the rhipidoglossate type, but the
central and first lateral teeth are often absent. The jaws are absent.
The oesophagus is rather long and, in most neritopsins, the oesophageal
glands take on the form of diverticulate pouches. The stomach is large,
with the caecum vestigial or absent. The style is absent. The intestine of
the Neritopsina remains long, describing a single or double forward loop,
linked to the anterior aorta by arterial branches. The rectum extends to the
front of the pallial cavity and conveys waste to the exterior. In the marine
and freshwater Neritidae, the rectum passes through the ventricle en
route to the anus, but in the terrestrial Neritopsina, the rectum does
not penetrate the pericardium. In contrast to more primitive gastropods,
neritopsins produce faecal pellets.

Like the Vetigastropoda, the Neritopsina possess a hypoathroid cen-
tral nervous system (CNS), with the pedal ganglia extended posteriorly as
cords connected by a principal, anterior commissure, and often with sev-
eral minor, more posteriad commissures. In helicinids such as Hender-
sonia, the anterior ends of the pedal cords are enlarged into pedal ganglia.
Furthermore, several Neritopsina have the pleural ganglia fused to the
anterior portion of the pedal ganglia and form a ring-like connection with
the suboesophageal ganglion. In the Neritopsina, the pedal cords strongly
diverge at about a 60-75° angle. In Helicinidae and Hydrocenidae, the
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pedal cords are only weakly divergent. In addition to the cerebral com-
missure, the labial or subcerebral commissure is retained in Neritopsina.
The head of Helicinidae bears the usual pair of cephalic tentacles, with an
advanced, closed-vesicle eye at the base of each. In Hydrocenidae, the
tentacles are absent and the eyes are borne on short stalks.

Hydrocenids are found only in moist regions. Generally they are
ground dwelling, although some species occur on tree trunks in rain-
forests. They possess conical to globose shells, generally less than 10 mm
in height, with the umbilicus closed by the callosity of the columellar.
The operculum, rigiclaudent and paucispiral or concentric, is always
present, with a prominent internal apophysis embedded in the columellar
muscle. Helicinidae occupy environments ranging from moist tropical
rainforest to xeric scrubland. Most helicinids are terrestrial, but some are
partially or wholly arboreal. Many helicinids are able to aestivate during
dry weather, withdrawn into their shells and cemented to rocks or tree
trunks. The shells of the Helicinidae may be conical, globose or flattened,
usually less than 30 mm in diameter, imperforate with the umbilicus
closed by the columellar callus. The rigiclaudent operculum, when
present, is composed of an inner corneous and an outer paucispiral or
concentric calcareous layer: a true apophysis is lacking, but a small ridge
provides for columellar muscle attachment. In the Proserpininae and
Proserpinellinae, the operculum is absent, with loss of this structure
representing a secondary condition in these subfamilies rather than the
non-operculate condition being a plesiomorphic one for the Helicinidae
as a whole, as suggested by Thompson (1980). The shell aperture in
helicinids is often with palatal and parietal plicae and columellar
barriers. In common with other neritopsin snails, Hydrocenidae and
Helicinidae exhibit progressive resorption of the shell columella and
internal partitions as the animal increases in size, resulting in a flatted
spheroidal visceral mass that is simply encircled by the last shell whorl.
The foot sole is furrowed in Hydrocenidae. In Helicinidae, the sole is
usually uniform, but in Proserpininae the sole extends laterally up on to
the sides of the foot where it is delimited by a parapodial groove and thus
similar to the aulacopodous condition seen in some terrestrial pulmo-
nates. Baker (1928) noted the large sole in Helicina delicatula Shuttle-
worth to be functionally tripartite; locomotion seems to be accomplished
mainly by the broad and firm, central zone, which develops definite and
numerous retrograde pedal waves. Helicina de Lamarck species are rather
active animals. In contrast, Baker (1928) observed species of Schasicheila
Shuttleworth to be relatively slow moving and inactive. The sole of the
foot in these animals is elliptical, comparatively short and, as evident in
preserved material, divided into two halves by a longitudinal groove.
Locomotion is accomplished by irregular retrograde waves, with only one
or two on the sole at any one time. Usually, the two sides of the foot move
in unison, but they can act separately to a small extent.

Little is known of the biology of the terrestrial Neritopsina. Many
helicinids and hydrocenids are known to be most abundant in, and
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indeed often restricted to, limestone areas. Others exhibit broad ecologi-
cal tolerance and accordingly are widely distributed. The calcicolous
Malayan hydrocenid species H. monterosatiana feeds on algae, moss and
lichen (Berry, 1961).

Architaenioglossan caenogastropods

The extant Architaenioglossa, as presently recognized, comprises two
groups, the freshwater and often amphibious Ampullarioidea and the
terrestrial Cyclophoroidea. While the ampullarioidean Ampullariidae
and Viviparidae are not strictly terrestrial and therefore not among the
gastropods being addressed in this chapter, they do provide a useful refer-
ence point when considering the adaptive diversity in Cyclophoroidea.
Analyses by Ponder and Lindberg (1996, 1997) suggest that Architaenio-
glossa is a sister group to the remainder of the caenogastropods. My analy-
ses indicate a closer relationship to Neritopsina and Neomphaloidea.
Taxa recognizable as architaenioglossans separated early in the evolution
of the caenogastropods, possibly in the Devonian, as the first fossils
attributed to this group occur in deposits of Lower Carboniferous age
(Knight et al., 1960a; Bandel, 1993) (but see Solem and Yochelson, 1979).

The Viviparidae comprise three recognized subfamilies — the
Viviparinae from Europe, Asia and North America; the Campelominae
from North America; and the Bellamyinae from South-East Asia, Japan
and Australia. These are strictly freshwater animals. The Ampullariidae
occur in tropical and subtropical freshwater habitats of Africa (including
Madagascar), South-East Asia, and the Americas. Several exhibit amphib-
ious tendencies. Debate continues on the relationships and supraspecific
groups within the Ampullariidae (e.g. Michelson, 1961; Berthold, 1989,
1991; Bieler, 1993).

The most comprehensive investigation of the Cyclophoroidea to date
is that by Tielecke (1940). On the basis of several conchological and ana-
tomical characters, Tielecke recognized five cyclophoroidean families:
Cyclophoridae, Poteriidae, Pupinidae, Cochlostomatidae and Maiza-
niidae. As noted by Solem (1959) and Thompson (1967), Tielecke’s
classification probably reflects natural relationships, but it lacked
explicit use of apomorphies in recognition of family units and ignored
nomenclatural priority among the many suprageneric names available.
Thompson (1969, p. 35) noted, ‘Recent authors tend to recognize the
group as a superfamily with several families, but no one has demonstrated
the presence of characters that consistently separate and characterize
the families.” Morton (1952), Creek (1953), Berry (1964), Prince (1967),
Thompson (1969), Climo (1973), Kasinathan (1975), Girardi (1978),
Jonges (1980), Varga (1984) and others have significantly advanced
knowledge on the anatomy of cyclophoroideans, but the superfamily
awaits revision using modern phylogenetic analysis methods. In a
checklist of caenogastropods, Ponder and Warén (1988) recognized
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Cyclophoridae, Neocyclotidae (= Poteriidae sensu Tielecke), Neopupidae,
Craspedopomatidae (= Maizaniidae sensu Tielecke), Diplommatinidae,
Pupinidae and Aciculidae as extant cyclophoroidean representatives, and
their classification is followed here. Cyclophoridae occur in southern
Africa, Madagascar and the Indo-Pacific. Neocyclotidae is represented in
Central America, South America, the West Indies and the South Pacific.
Craspedopomatidae is confined to Africa and Pupinidae to the Indo-
Pacific. Diplommatinidae comprise two subfamilies of vicariant distribu-
tions: the Cochlostomatinae confined to the European region, and the
Diplommatininae mainly to Madagascar, East Asia and the western
Pacific, but possibly including the American Adelopoma Déring. The
New Zealand endemic genera Cytora Kobelt & Moellendorff and Liarea
Pfeiffer have been attributed to a distinct family (Liareidae by Powell,
1946; Cytoridae by Climo, 1970) (Climo, 1975), but are treated as part
of the pupinid radiation by Ponder and Warén (1988). The systematic
relationships of the Aciculidae have long been recognized as problematic
and the family generally attributed to the caenogastropod Littorinoidea
in the absence of definitive phylogenetic analysis (e.g. Thiele, 1929-35).
Architaenioglossans retain only one set of pallial organs. The Ampul-
larioidea retain a monopectinate ctenidium (one row of filaments) in
the pallial cavity, while the cyclophoroideans have lost the gill. In both
superfamilies, the anterior of the pallial cavity is highly vascular and
functions as a lung. The relative sizes of the ctenidium and ‘lung’
in ampullarioideans, and their relative importance in respiration, vary
among species according to the relative lengths of time spent in or out of
water, and the degree to which water quality in their habitat affects the
respiratory efficacy of the gill (Andrews, 1965). The ctenidium is greatly
reduced in the more terrestrial ampullariids, such as members of the
genera Turbinicola Annandale & Prashad and Asolene d’Orbigny, and
respiration is effected primarily by the pallial cavity when the animals
are not submerged. In Cyclophoridae, the pallial cavity is the primary
respiratory site, but it is complemented by respiratory gas exchange in the
vascular spaces in the nephridium (Andrews and Little, 1972). With the
pallial cavity widely open to the exterior, as it is in their marine ancestors,
ventilation in cyclophoroideans is brought about by movement of the
head in large animals such as cyclophorids (Andrews, 1965; Kasinathan,
1975) but seems to depend on diffusion in small ones. In minute species,
such as aciculids of the genus Acicula Hartman, respiratory exchange
occurs through the water that fills the pallial cavity (Creek, 1953). In
Acicula, cilia on the head and hypobranchial gland set up currents in the
pallial water that probably facilitate gaseous exchange over the respira-
tory surface. As in Neritopsina, the nephridium has a primarily visceral
location in ampullariid Ampullarioidea, but is wholly pallial in vivi-
parids and Cyclophoroidea. Structurally, the nephridium of Viviparus de
Montfort, in Viviparidae, differs little from the basic monotocardian plan,
the only modification being the development of a pallial ureter. In
Pomacea Perry, in Ampullariidae, the nephridium is subdivided into
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two chambers, the posterior part — sited largely in the viscera — being
concerned with excretion and water storage, and the anterior part — in the
mantle skirt — largely concerned with resorption. The nephridium opens
laterally, reflecting partial rotation of the nephridium to the post-torsional
right. This trend for subdivision and rotation of the nephridium is
elaborated further in cyclophoroideans. In these animals, the nephridium
consists of two distinct regions: the main body with lamellate internal
structure and primarily excretory in function, and an unfolded region
surrounding the renopericardial and external openings and concerned
with resorption of water from the urine. Further, the opening of the
nephridium to a narrowed part at the posterior of the pallial cavity has
been brought about by maintenance of the plesiomorphic position of
the orifice but migration with rotation of the nephridium into the mantle
cavity. In some cyclophoroideans, the separation of the posterior bay of
the pallial cavity from the more anterior, respiratory part is achieved by
the apposition of the overhanging nephridium to the rectum and genital
duct. In others, a transverse septum has developed, and separation from
the pallial cavity is more substantive (Kasinathan, 1975; Andrews and
Little, 1982). The partial or near complete separation of the posterior part
of the pallial cavity from the rest of the cavity raises the possibility that
urine may be retained there long enough to permit further resorption
of ions and water through the pallial epithelium (Andrews and Little,
1972, 1982). The nephridium in these gastropods apparently secretes a
stream of almost pure water that moistens the surface of the pallial cavity.
This aids respiration and keeps the tissues from drying out. The efficiency
of these excretory/respiratory systems is marginal, and activity in
cyclophoroideans is confined to periods of very high humidity. When the
humidity is low, the animals remain retracted within their shells, with the
aperture sealed by the operculum to prevent moisture loss. Many have
special adaptations of the shell aperture to allow respiration to continue
at these times (Rees, 1964).

Architaenioglossans retain the primitive gastropod condition in that
urine is formed by ultrafiltration through the wall of the auricle into the
pericardial cavity. Filtration chambers, similar in structure to those in
vetigastropods, occur extensively in the auricle of Viviparidae (Boer et al.,
1973; Andrews, 1979) and less so in Ampullariidae (Andrews, 1965).
Cyclophoroidea lack pericardial gland chambers but none the less retain
podocytes on the auricular wall (Andrews and Little, 1972). The reduced
development of the filtration area in cyclophoroideans, cutting the
filtration rate and volume, can be viewed as a water conservation mecha-
nism (Andrews and Little, 1982). The ultrafiltrate enters the nephridium
through the renopericardial duct and is modified there by resorption
of ions, organic molecules and water, and by the excretion of purines
and lipids (Andrews and Little, 1971, 1972, 1982). The nephridial gland
is present in the nephridium of viviparids, vestigial in ampullariids,
and absent in cyclophoroideans (Andrews and Little, 1982; Andrews,
1988). The involvement of the nephridium in osmoregulation has led
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to increased excretory activity of the hypobranchial gland. This gland
is elaborated variously among families into extensive subepithelial
glandular tissue which discharges products into the excretory groove that
runs on the right side of the pallial cavity from the nephridial orifice
to the mantle collar. The hypobranchial gland has both excretory and
secretory functions in these animals, releasing purines and lipids that are
combined with the products of the nephridium in the pallial groove to
form an excretory string to be carried from the pallial cavity (Andrews and
Little, 1972).

Cyclophoroideans are dioecious, with internal fertilization. There is
only one gonad, representing the post-torsional right side of the animal,
and the renal gonoduct that runs from the gonad is separated from the
functional nephridium. There may be a vestige of the gonopericardial
duct. In many cyclophoroideans, the renal gonoduct still retains an
opening to the pallial cavity. A true bursa copulatrix, for reception
of allosperm during mating and resorption of excess gametes, and a
receptaculum seminis, for storage of received allosperm, are associated
with the distal section of the renal gonoduct. Their sacculate reservoirs
invariably are located in the visceral cavity, but their ducts exhibit a range
of configurations. In various taxa, the bursa copulatrix and/or the recepta-
culum seminis has been lost. Unlike the situation in early gastropods,
that part of the gonoduct of ectodermal origin in architaenioglossans is
extended through the pallial cavity to open towards the mantle collar and
is closely associated with the anus. In this respect, the evolution of
the reproductive system in architaenioglossans closely parallels that
in Neritopsina. In cyclophoroideans, the pallial gonoduct comprises a
series of glandular chambers separated by septa. In the females, this is
associated with investments of the fertilized ova with nutritive albumen
and their enclosure in a capsule. The albumen gland is found either as
a widening of the renal gonoduct, as a pouch opening into the renal
gonoduct or as a sacculate chamber continuous with the proximal part of
the capsule gland, usually located in the visceral cavity. In the primary
condition (e.g. still evident in Neopupidae and some Cyclophoridae), the
female pallial gonoduct is widely open to the pallial cavity along its
ventral axis. In more evolved forms, the pallial gonoduct is a closed tube,
opening to the pallial cavity via a narrow orifice at its anterior extremity.
Such a change from an open channel to a closed duct has occurred
independently in several cyclophoroidean lineages, as evidenced by the
ontogeny of many species which have closed ducts in the mature animal
but in which, during development, the pallial oviduct first appears as a
longitudinal groove in the mantle skirt that later closes over. Morton
(1952) regarded closure of the pallial gonoducts as an adaptation to
terrestrial existence, but this can hardly be true given that such closure
has occurred repeatedly in Architaenioglossa and indeed in many other
caenogastropod lineages, in marine, freshwater and terrestrial environ-
ments. The glandular cells are confined to the epithelium that lines the
lumen (Morton, 1952; Creek, 1953).
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In cyclophoroidean males, the renal gonoduct is a simple duct,
terminating in the posterior part of the pallial gonoduct. The pallial
gonoduct of the males is glandular, functioning to produce prostatic
secretions and, in at least some species, spermatophores (Weber, 1924;
Kasinathan, 1975; Jonges, 1980). Corresponding to the condition in the
females, the neopupid males possess a prostate open to the pallial cavity
via a slit along its columellar margin. In the Neopupidae, the male system
is continued forward as an open seminal groove along the right side of the
head to run to the tip of a penis located behind the right cephalic tentacle.
This condition of an open groove running to a penis behind the tentacle
is evident in Aciculidae and Maizaniidae, some Cyclophoridae and
Cochlostomatinae Diplommatinidae. According to Creek (1953), the
seminal groove in Acicula assumes the form of a duct during copulation,
due to contraction of the circular muscle fibres that lie beneath the epithe-
lium. In some Cyclophoridae and Pupinidae, the spermiduct takes the
form of a closed tube, the vas deferens, firstly running a short distance
through the anterior of the pallial cavity, then penetrating the anterior
cephalic body wall to enter the penis where it runs internally to the tip.
The conditions of open spermiduct and closed vas deferens are both
represented in Neocyclotidae, but here the penis is located on the dorsal
midline of the head, its base located within the pallial cavity. In a number
of cyclophoroideans, including craspedopomatid Maizania Bourguignat
and neocyclotid genera such as Ostodes Gould and Neocyclotus Fischer &
Crosse, the penis bears a terminal flagellum, while in pupinid Cytora the
penis is equipped with a retractable, terminal intromittent organ. Some
Pupinidae and Diplommatinidae are aphallic.

The free-living phase of the trochophore larva, characteristic in the
development of Vetigastropoda and other primitive prosobranchs, is
absent in Architaenioglossa. The Ampullariidae and Cyclophoroidea
generally produce spherical capsules, each enclosing a single embryo that
undergoes direct development. The veliger larval stage is suppressed.
Some Cyclophoroidea are ovoviviparous or viviparous, and all Vivi-
paridae are ovoviviparous, with the embryos completing development
in a ‘brood pouch’ within the pallial gonoduct. The sparse information
available on the reproductive biology of cyclophoroideans relates only to
oviparous species. Kasinathan (1975) provides some observations on the
reproductive biology of the oviparous cyclophorids Cyclophorus jerdoni
(Benson), Micraulax scabra (Theobald), Pterocyclus bilabiatus (Sowerby),
Theobaldius ravidus (Benson) and Theobaldius shiplayi (Pfeiffer) from
the Alagarkoil Hills, southern India. The duration of copulation in these
species varies greatly (3—4 to 6—10 h), but all involve transfer of spermato-
phores from the male to the female. Deposition of egg capsules generally
commenced within a few days after copulation and, while the eggs
pass singly through the pallial gonoduct, females deposited 40-150 eggs
over the following few weeks. The eggs of C. jerdoni, M. scabra and
P. bilabiatus were found to be spherical, with a white calcareous shell. In
the case of the two Theobaldius Nevill species, the eggs possessed opaque
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yellow capsules that were spherical except for a small, flattened area.
Van Benthem Jutting (1948) states that Cyclophorus perdix (Broderip &
Sowerby), of Javanese forests, produces eggs with a calcareous shell, and
deposits them in clutches, which in one case comprised ten eggs. Dupuis
and Putzeys (1901) describe the eggs of the African Maizania intermedius
von Martens as ‘black, small, and very numerous’. According to Prince
(1967), the diplommatinid Cochlostoma septemspirale (Razoumowsky),
of rocky habitat in southern Europe, produces clutches of 3—8 eggs, each
egg heavily invested with albumen within a calcareous shell, and thinly
coated in faecal material and other debris. At egg laying, the adult holds
each egg by the foot while using its mouth to transfer calcium-rich faecal
pellets to the surface of the egg. In the related diplommatinid genus
Obscurella Clessin, the eggs vary among species — those of Obscurella
obscurum (Draparnaud) are grey, and have a weak calcareous shell, while
those of Obscurella hidalgoi (Crosse) are cream coloured, soft and sticky
and readily adhere to plant material. Berry (1964) found breeding in
the Malayan diplommatinid Opisthostoma retrovertens Tomlin to occur
throughout the year but with a pronounced peak coinciding with the
monsoon rains of September to January. The eggs of this species are
provided with a calcareous shell comprising two halves joined by a suture
passing around the greatest circumference.

The cyclophoroidean CNS retains the primitive features of the hypo-
athroid condition of the cerebropedal ring, the pedal ganglia with cords
running the length of the foot and united by numerous commissures, and
the crossed or streptoneurous condition of the visceral loop. In the fresh-
water architaeniglossan sister group Ampullariidae, the cerebropedal
ring is similarly hypoathroid, while in the Viviparidae the hypoathroid
condition is restricted to the left side and the right side is epiathroid with
close apposition of cerebral and pleural ganglia. The primary hypoathroid
condition and only partial epiathroidy strongly suggests architaenio-
glossans affinities with the archaeogastropods, rather than with the
caenogastropods that are characterized by full epiathroidy; as suggested
by Ponder (1991), the epiathroid condition probably arose independently
in Architaenioglossa and Caenogastropoda. Various cyclophoroideans
exhibit zygoneury with connections between the right pleural and sub-
oesophageal ganglia or between the supraoesophageal and the left pleural
ganglia, which are thought to impart improved neural coordination. None
the less, the CNS of Architaenioglossa is little more concentrated than
that in vetigastropods, and the presumptive neurosecretory cells remain
widely dispersed through the various ganglia and cords (e.g. Gorf, 1961).
The osphradia of the freshwater Ampullarioidea are similar to those of
Neritopsina in possessing a sensory epithelium dividing into a central
zone and lateral zones with ciliated cells. In Ampullarioidea, the lateral
zones are uniquely differentiated to deep grooves (Haszprunar, 1985a).
Contrary to statements in the literature, the osphradium is often retained
in the cyclophoroidean pallial cavity, albeit reduced in size (e.g. Creek,
1953; Kasinathan, 1975), but the absence of information on its structure
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currently prevents any useful comparison with that in Ampullarioidea or
indeed any other gastropod.

Cyclophoroideans are generally regarded as detritivores, and indeed
some are known to feed on decaying leaf material (Prince, 1967). How-
ever, many are apparent specialists, feeding predominantly on algae,
fungi or mosses (e.g. de la Torre et al., 1942; Morton, 1952; Berry, 1964).
The digestive system is known in any detail for only a few cyclo-
phoroideans. That of the pupinid Cytora pallidum (Hutton) exhibits many
of the basic features seen in archaeogastropods (Morton, 1952), including
a buccal mass equipped with paired jaws; a long radular sac; the stomach
differentiated into a proximal digestive sac and a distal style sac with
mucoid protostyle; and an intestine with a forwardly directed loop. Fea-
tures in which C. pallidum is more advanced than Vetigastropods include
the loss of the radular diverticulum; the reduction of the odontophoral
cartilages to just one pair; the taenioglossan radula; simplification of the
anterior digestive tract with reduction of the oesophageal glands to a
ventral glandular area (curves to a dorsal position posteriorly) and loss of
the ventral ciliated tract; simplification of the sorting area of the stomach
and associated loss of the gastric caecum; loss of the anterior lobe of the
digestive gland; the failure of the intestine to penetrate the pericardium;
and the anus opening towards the anterior of the mantle cavity. Not all
of these advanced features are shared by other cyclophoroideans. For
example, some cyclophorids retain the gastric caecum, and most retain
the two lobes of the digestive gland. Yet other cyclophoroideans exhibit
features more advanced than in C. pallidum, with marked simplification
of the stomach so that there is no style or gastric shield, and with consid-
erable reduction in the intestinal length so that the forward-directed loop
is barely discernable. In the taenioglossate radula, each transverse row
comprises just seven teeth — a central tooth flanked on either side by a
robust lateral tooth, each in turn flanked by two elongate marginal teeth.
The taenioglossate-type radula is common among higher gastropods and,
generally assumed to have arisen only once in gastropod evolution, has
been regarded as indicative of the monophyly of the caenogastropods
and heterobranchs. However, the taenioglossate radula represents a sim-
plification or reduction of the rhipidoglossate radula, and Haszprunar
(1988b) and Ponder and Lindberg (1997) are justified in questioning its
monophyletic status.

The majority of Cyclophoroidea live on the ground, amongst leaf
litter, decaying wood and mosses in forests. Some species, particularly
among cyclophorids, remain buried deeply in humus; Kasinathan (1975)
noted, for example, that M. scabra of the Alagarkoil Hills, southern India,
occurred to a depth of 15-20 cm, even during the monsoon season. Some
ground-dwelling species, particularly in Diplommatinidae, are also to be
found amongst leaf litter and humus accumulated in epiphytes. Many
cyclophoroideans are found associated with limestone rock formations,
and some are obligate calcicoles. Others live on tree trunks or foliage and
can be regarded as truly arboreal. Cyclophoroideans are, as a general rule,
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strongly dependent on high humidity conditions for activity and, as such,
are largely confined to moist woodland and rainforest ecosystems. None
the less, there are species that occupy more open habitat, such as certain
species of the diplommatinid genus Obscurella that occur in an exposed
rock rubble habitat in the European mountains. The ecology of archi-
taenioglossans is poorly known. Berry (1962, 1964, 1966, 1975) provides
some information on abundance and reproductive phenology of O.
retrovertens on Bukit Chintamani, a limestone hill in Pahang.

There is great variation among cyclophoroidean species in shell
size (1-60 mm), shape (discoidal, turbinate, turreted, pupiform; open
or closed umbilicus) and orientation of coiling (predominately dextral,
but some sinistral), even within a single family. The operculum is
rigiclaudent and multispiral. The animal generally has the head produced
to a long snout, and carries a pair of slender, cylindrical, highly contrac-
tile cephalic tentacles with the advanced, lens-equipped eyes on their
outer bases, usually on short peduncles. The sole generally is undivided.
Acicula progresses by ciliary gliding.

Sorbeoconch caenogastropods

Within the sorbeoconchan caenogastropods occur a diverse assemblage
of families. While the primitive marine habitat still predominates, a
great many sorbeoconchan lineages are represented in marine littoral
and supralittoral, freshwater and terrestrial environments. Of interest
in our discussion on land-based gastropods are the littorinimorphan
superfamilies Littorinoidea and Rissooidea.

The extant Littorinoidea comprises the mainly marine Littorinidae,
the marine Zerotulidae, Skeneopsidae and Pickworthiidae (the latter
of uncertain affinity), and the terrestrial Pomatiasidae. They possess
moderately large shells, up to 50 mm in height, which are turbinate,
trochoidal or conical in shape. Their opercula are rigiclaudent and
paucispiral. The Littorinidae can only be traced to the beginning of
Tertiary times (Bandel, 1993), with fossils in Palaeocene age deposits
of Europe and California (Reid, 1998). According to a model offered by
Ponder (1988), the Littorinoidea arose from a common ancestor with the
Eatoniellidae (assigned to the Cingulopsoidea by Ponder and de Keyzer,
1998) in the cold water of southern Pangea and reached European waters
by the beginning of the Cretaceous. As noted by Bandel (1993), fossil
evidence to support this hypothesis is missing so far. According to Reid
(1998), the family Littorinidae contains 13 extant genera and about 180
species, grouped in three subfamilies: Lacuninae, Laevilitorininae and
Littorininae. This classification is based on a phylogeny of all 33
recognized subgenera, produced by cladistic analysis of morphological
data (Reid, 1989). However, Reid’s (1989) interpretation of polarity for
many of the character states employed in the cladistic analyses is highly
questionable, and thus acceptance of the suprageneric relationships must
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await re-analysis of the data set. There is an extensive literature on the
systematics, anatomy and ecology of the marine Littorinidae, but little is
known about the remaining littorinoidean families.

Despite their colonization of the littoral fringe, none of the littorinid
Littorininae have become truly terrestrial. In fact, one of the develop-
ments that permitted their successful colonization of the littoral fringe,
i.e. the pelagic egg capsule, has tied them to the marine environment
(Reid, 1989); those littorinids living in the high littoral zone generally
migrate to the water to spawn. The few examples of non-planktotrophic
development in the littoral Littorininae, involving ovoviviparity in
Echininus viviparus Rosewater, Tectarius viviparus (Rosewater) and
Littoraria aberrans (Philippi), of high littoral fringe cliffs in the former
two, and landward fringe of mangrove forests in the latter, are apparently
of recent origin and have not produced terrestrial radiations (Reid, 1989).
The amphibious Cremnoconchus Blanford, in the subfamily Lacuninae, is
the only littorinid lineage to be found outside the marine environment. It
is represented by two species, Cremnoconchus syhadrensis (Blanford)
and Cremnoconchus conicus Blanford, occupying wet cliff habitats beside
streams in the western Ghats of India (Blanford, 1863, 1870). As a sister
group of the marine Bembicium Philippi and Risellopsis Kesteven, with a
possible Gondwanaland origin, Cremnoconchus is believed to be an
ancient littorinid advance on to land (Reid, 1989), which none the less has
not produced an extensive radiation.

The Pomatiasidae are, according to Wenz (1938—44) and Hrubesch
(1965), present in the Late Cretaceous of southern France. The extant
Pomatiasidae occur in the Americas and the West Indies, Europe and
the Middle East, to Africa and India. These animals have turreted to
planispiral shells, usually less than 10 mm in greatest dimension, but
ranging up to 80 mm in the Madagascan Tropidophora curveriana (Petit),
the largest extant land operculate gastropod. In some genera, the shell of
adult animals often is decollated. Slight sexual dimorphism in shell size
often is evident, with females a little larger than males. The rigiclaudent
operculum is multispiral or paucispiral. These animals generally occur
in moist forest, dwelling in leaf litter and rock talus, but with the activity
of Tudora Gray extending arboreally into the trees and shrubs. Some
Pomatiasidae, such as Mexican species of Choanopoma Pfeiffer, are
abundant in xeric and mesic forests. Particularly diverse pomatiasid
radiations have long been recognized among a complex of genera in
the Americas (de la Torre and Bartsch, 1938, 1941; Solem, 1961) and
within Tropidophora Troschel of Madagascar (Fischer-Piette et al., 1993;
Emberton, 1995b). The Old World and the Neotropical pomatiasids often
have been assigned to separate families (Pomatiasidae and Annulariidae,
respectively), principally on radular characters (e.g. Henderson and
Bartsch, 1920; Thompson, 1978). Baker (1924) and Solem (1961) consid-
ered the basis for separation as different families to be inadequate and
to obscure the very close anatomical relationship between the Old
World and New World forms. The phylogenetic relationships among



34

G.M. Barker

pomatiasids have yet to be resolved, and Solem (1961) highlighted the
need for a substantive systematic revision of these animals.

Rissooidea is the largest group in Littorinimorpha, and indeed
among the Sorbeoconcha; Ponder (1988) recognized 17 families, of
which Assimineidae, Pomatiopsidae, Truncatellidae and Hydrobiidae are
represented in terrestrial habitats. Rissooideans are small animals, rarely
exceeding 10 mm in shell length. They exhibit a large diversity in shell
shape, ranging from planispiral to very elongate, and from tightly to
loosely coiled or even uncoiled and tusk-like. The shells of males are
sometimes slightly smaller than those of females. The shells of adult
Truncatellidae are usually decollate through loss of the protoconch and
early teleoconch whorls. The rigiclaudent opercula of rissooideans vary
from multispiral to concentric, often with a peg arising from the inner
surface to embed in the columellar muscle. As pointed out by Ponder
(1988) and Ponder and de Keyzer (1998), the superfamily as presently
conceived cannot be defined by autapomorphies and is possibly para-
phyletic or even polyphyletic. Rissooidea can only be traced to the middle
of the Mesozoic, with records from the Jurassic of Italy and New Zealand
(Bandel, 1993). The evolutionary relationships within the superfamily
have been reviewed by Ponder (1988), but his proposed rissooidean
phylogeny is largely rejected here because of the highly questionable
polarity he assigned to morphological characters employed in the
cladistic analysis. None the less, the family units used here follow Ponder
(1988) and Ponder and Warén (1988). Ponder (1988) suggested that the
Assimineidae, Pomatiopsidae and Truncatellidae comprised a mono-
phyletic group within the Rissooidea that radiated in the Upper Jurassic
of the southern regions of the Pangean continent. Davis (1979, 1982)
places the centre of dispersal of the pomatiopsids in what is now
Antarctica on that part of the continent that abutted India, Australia and
Africa. The group is postulated to then have reached South-East Asia by
being rafted on the Indian plate during the Tertiary. Davis (1979) argues
that rissooidean fossils from the Upper Cretaceous of India and South
Africa are probably pomatiopsids.

Extant Pomatiopsinae occur in South America, Japan, Manchuria,
north-west North America, Australia, China, Taiwan, the Philippines,
Sulawesi and South Africa, with some eight genera and about 30
species (Davis, 1981). Pomatiopsinae are freshwater aquatic, estuarine or
freshwater amphibious, or terrestrial. Japanese Blanfordia Adams, North
American Pomatiopsis Tryon and some members of South African
Tomichia Benson are terrestrial. Triculinae make up the balance of the
pomatiopsid radiation and are restricted to freshwater habitat in Asia.

The occurrence of fossils reputed to be Truncatellidae (Wenz,
1939-44) indicates the assimineid—pomatiopsid—truncatellid radiation to
have been present in Europe, Asia, North Africa and Australia during the
Palaeocene. Ponder (1988) postulated that the Assimineidae developed
on the southern shores of the Tethys Sea. According to Wenz (1939—44),
assimineids did not occur in Europe before Tertiary times, but Hrubesch
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(1965) found Turbacmella Thiele, a genus represented in the extant
faunas of South-East Asia, to be present in the Late Cretaceous of France.
The first fossils assignable to assimineids in North America are Miocene
(Wenz, 1939-44).

The extant Assimineidae comprises two subfamilies. Assimineinae
principally occur in temperate and tropical lowland regions, where they
are amphibious in marine supralittoral, freshwater, and moist terrestrial
environments. Most have been referred to the genera Assiminea Fleming
and Paludinella Pfeiffer but, in the absence of comparative studies, the
systematic relationships and distributional limits of these genera cannot
be defined. Species of the strictly terrestrial subfamily Omphalotropinae
are found in the Indo-Pacific. They occur in a variety of niches, including
forest litter (e.g. some Omphalotropis Pfeiffer), rock rubble (e.g. Electrina
Baird), arboreally in tree foliage (e.g. Pseudocyclotus Thiele, some
Omphalotropis) and in wet moss on cliffs (e.g. Tutuilana Hubendick).
Particularly diverse Omphalotropis radiations are known to occur on
Mauritius and Rodriguez (Madge, 1939). Despite a number of studies on
the anatomy and ecology of selected species (e.g. Marcus and Marcus,
1965a; Fowler, 1980; Solem et al., 1982; Hershler, 1987) and systematic
revisions of regional species groups (e.g. Abbott, 1949, 1958; Turner and
Clench, 1972; Giusti, 1973; Kershaw, 1983; Fukuda and Mitoki, 1995,
19964a,b), there have been no comprehensive, family-level revisions since
Thiele (1927).

The majority of species in Truncatellidae live at or just above the
marine high tide line, among mats of cast-up debris and coastal vegetation
in warm temperate and tropical areas. These are generally referred to the
genus Truncatella Risso. These truncatellids are capable of long-distance
dispersal in marine shoreline debris, and most species have large
geographic ranges. A number of Truncatella species occur, however, in
more terrestrial habitat, often some distance inland and at elevations up to
600 m. Rosenberg (1989, 1996a) demonstrated that the two Truncatella
species in Barbados achieved terrestriality independently from supra-
littoral ancestral stock. Two genera, Geomelania Pfeiffer in forested
mountain areas of the Caribbean and Taheitia Adams & Adams in lowland
to mountain forests of the western Pacific, are terrestrial. These terrestrial
species generally have restricted distributions. Clench and Turner (1948)
catalogued the family, but there have been few studies of the anatomy
(e.g. Kosuge, 1966; Rosenberg, 1996b) or ecology (Rosenberg, 1989), and
the systematic relationships within the family have yet to be examined
critically. None the less, Rosenberg (1996a) found support in anatomical
and molecular characters for the placement of Geomelania in a subfamily
(Geomelaniinae) separate from Truncatella and Taheitia (Truncatellinae),
as earlier suggested by Kobelt and von Méllendorff (1897).

The Hydrobiidae have a poor fossil record, but probably arose in the
Jurassic (Knight et al., 1960a). Ponder (1988) suggested that the hydrobiid
radiation was initiated in the western-most part of the Tethys Sea in the
Upper Jurassic and was widely established prior to the separation of the
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laurasian and gondwanan supercontinents in the Jurassic. Many modern
hydrobiids, including Hydrobia Hartmann and Tatea Woods, live on
estuarine mud, which is the presumptive habitat of the first hydrobiids.
However, the hydrobiid radiation, encompassing some 140 genus—group
taxa (Ponder, 1988), has involved establishment in brackish water and,
more extensively, freshwater. The great diversity of modern hydrobiids is
the result of their low vagility, with isolation in confinement to perma-
nent water bodies resulting in genetic differentiation and speciation at
small spatial scales (e.g. Ponder et al., 1994, 1995). These processes have
led to particularly spectacular radiations in freshwater stream habitats in
North America and Mexico, in springs and seepages in the Great Artesian
Basin of South Australia and Queensland, and in subterranean waters in
Europe, North America and New Zealand (references in Ponder and
de Keyzer, 1998). Some hydrobiids have become amphibious, but only
Falniowskia Bernasconi and Terrestribythinella Sitnikova, Starobogatov &
Anistratenko have become terrestrial.

The littorinimorphans arose from early sorbeoconchan caenogastro-
pod stock that had achieved a grade of evolution characterized by: (i) the
pallial cavity with a single set of pallial organs, including a mono-
pectinate ctenidium, monotocardian heart and an osphradium comprised
of a simple ridge but distinctly structured in having three special cell
types; (ii) a gonochoristic or protandrous hermaphrodite reproductive
system, with the bursa copulatrix located in the visceral cavity and
opening to the posterior of the pallial cavity, and the pallial gonoduct
comprising an open glandular groove; the females producing gelatinous
spawn masses containing non-encapsulated eggs that yield plankto-
trophic larvae; the males with a penis and producing dimorphic male
gametes (euspermatozoa and paraspermatozoa); (iii) the snout-bearing
head containing a buccal mass with paired jaws, odontophoral cartilages
reduced to a single pair, and a radula reduced to the taenioglossate
configuration; (iv) the oesophagus provided with a dorsal food channel
and oesophageal glands; (v) the stomach equipped with a gastric shield
and a protostyle; (vi) the intestine rather long, with the rectum situated on
the right side of the pallial cavity, divorced from the pericardium, to open
through the anus located near the mantle collar; (vii) a streptoneurous
nervous system, with pedal cords, and the pleural ganglia sited close
to the cerebral ganglia (epiathroidy); (viii) bifurcated tentacular nerves;
(ix) loss of the epipodial skirt and associated sense organs; and (x)
rigiclaudent, multispiral operculum.

Various combinations of these basal littorinimorphan features are
shared with some archaeogastropod groups and Architaenioglossa,
reflecting similar grades of evolution. Many of these features, that can be
considered plesiomorphic to Littorinimorpha, are modified substantially
in various littorinimorphan groups.

In common with basal sorbeoconchans (e.g. some cerithioideans), the
left nephridium of littorinimorphans is primitively entirely or primarily
visceral, a condition unlike the primarily pallial position of the left



Gastropods on Land 37

nephridium in vetigastropods, advanced architaenioglossans and hetero-
branchs. The loss of the functional right renal organ in ancestral caenogas-
tropods required the left nephridium to deal with nitrogenous excretion
along with its other functions (Andrews, 1985). The right dorsal wall of
the nephridium, which receives nearly all the blood from the head—foot
and visceral hump on its way to the ctenidium, extracts nitrogenous waste
and discharges it to the lumen. The dorsal wall is modified and folded
to provide sufficient resorptive area. In many littorinimorphans, the
nephridium is enlarged. The auricular wall remains the primary site of
filtration (Andrews, 1988), but, in contrast to the vetigastropods and
architaenioglossans, the podocytes occur in a chamber-like appendage on
the inner wall of the auricle. The blood filtrate from the heart passes to the
nephridium via the renopericardial duct, where its composition is altered
by ionic control and resorption of solutes in a nephridial gland before
being added to the nitrogenous excretory material from the dorsal wall.
This modified fluid is released to the pallial cavity.

In terrestrial littorinoideans, namely the Pomatiasidae, the filtration
chambers in the auricle are reduced in area, cutting the filtration rate
and volume. In Pomatias Studer, uric acid accumulates in a so-called
concretion gland (Creek, 1951; Kilian, 1951) — perhaps an enlarged area
of connective tissue around a blood vessel that is often used for storage
(Fretter et al., 1998). In these animals, the nephridium is pallial and there
is provision there for long-term storage of nitrogenous waste (Kilian, 1951;
Martoja, 1975) because there is neither an exhalant water current nor a
ureter to carry away urine. The nephridium apparently secretes a stream
of almost pure water that moistens the surface of the pallial cavity.

The pallial cavity in the littoral marine forms of Littorinidae generally
is equipped with a well-developed ctenidium. The ctenidium is retained
in Cremnoconchus, the only Lacuninae genus found outside the marine
eulittoral or sublittorial habitat. Numerous Littorininae occur in the
littoral fringe. Among these, species of Tectarius Valenciennes and
Nodilittorina von Martens living at supratidal levels of rocky shores, and
of Littoraria Griffith & Pidgeon in mangrove trees, the gill leaflets are
relatively reduced in size, forming mere wrinkles on the surface of the
mantle skirt for much of their length (Reid, 1986). This trend for gill size
reduction in apparent association with terrestrial existence evidently
is expressed in the Pomatiasidae, exemplified by Pomatias where the
ctenidium is reduced to a few folds of epithelium. Here, the general
surface of the mantle skirt assumes the main respiratory surface (Delhaye,
1974a).

The ctenidium is similarly a plesiomorphic trait of the Rissooidea.
In many rissooideans, however, the ctenidium is more or less reduced.
Different degrees of gill reduction can occur in closely related clades —
for example, in the Pomatiopsidae, the ctenidium is well developed in
Pomatiopsis and Tomichia, but greatly reduced or absent in Blanfordia.
Reduction and loss of the ctenidium often have been assumed to be
associated with amphibious and terrestrial life, but such modifications
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can occur in fully aquatic taxa and, in part, are correlated with small
body size. In aquatic forms, the water current normally produced by
the ctenidial leaflets is often produced by the enlarged osphradium
(Haszprunar, 1985a).

Based on osphradial fine structure, Haszprunar (1985a) showed that
the great majority of Caenogastropoda (i.e. those in Sorbeoconcha) share
a highly specialized and diagnostic osphradial type and thus form a
holophyletic group. The osphradium has a sensory epithelium overlaying
the osphradial nerve and thus forming a raised central zone, which is
bordered by two strips of epithelium, the lateral zones, each comprising
microvillus Si1 cells and ciliated Si2 cells. It is these Si1 and Si2 cells
that are particularly diagnostic of the sorbeoconchan Caenogastropoda
(Haszprunar, 1985a, 1988a,b). Haszprunar (1985a) found the lateral zones
typically to be developed symmetrically about the central zone in the
osphradia of sorbeoconchans, including those of the littorinid Littorina
littorea (Linnaeus). In Littorina saxatilis (Olivi), Littorina neritoides
(Linnaeus) and the hydrobiid Hydrobia ulvae (Pennant), Haszprunar
(1985a) noted an asymmetry of the lateral zones, and correlated this with
a supralittoral habitat. In Pomatias elegans (Miiller), this trend is further
advanced, with the lateral zone (comprising only Si2 cells) present on
the right side only. Thiele (1927) earlier had observed a strongly asymmet-
rical osphradium, similar to that in Pomatias, in the assimineid genus
Pseudocyclotus. In Assiminea infima Berry, the left side of the pallial
floor is densely ciliated (Hershler, 1987), while in Assiminea grayana
Fleming two ciliated ridges or tracts are present, one on the mantle floor
and one on its roof (Fretter and Graham, 1978). Two opposed ciliary tracts
in the pallial cavity have been advanced as a synapomorphic character of
the Heterobranchia (Haszprunar, 1985c). These tracts produce the water
current in all those heterobranchs in which a water-filled pallial cavity is
present. However, it appears that the potential homology of the lateral
zone Si2 cells of the caenogastropod osphradium, the ciliated ridges in
Assimineidae and the ciliated tracts in Heterobranchia has not been
investigated.

The terrestrial rissooideans possess omniphoric grooves (Davis,
1967), which apparently are modifications of the ciliated, often
unpigmented, strips that are present in most aquatic rissooideans (e.g.
Johansson, 1939; Marcus and Marcus, 1963) in which the left assists with
water flow into the pallial cavity and the right carries waste and sediment
from this cavity. In the terrestrial groups, the omniphoric grooves are
utilized to carry waste from the pallial cavity on both sides. In at least
some terrestrial assimineids, this system is modified further, with mucus
pumped down the almost tube-like grooves by their mobile edges and
streams from the grooves over the side of the foot. As pointed out by
Ponder (1988), these modifications appear to be related to the amphibious
life, where an inhalant current cannot be created by cilia in the air,
but cleansing of the pallial cavity is still necessary. In the case of
Assimineidae, the mucus flow required for binding and transporting
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waste from the pallial cavity is also utilized as a means of keeping the
active animal moist.

As indicated above, littorinimorphans are derived from proso-
branchiate stock that, while streptoneurous, had achieved epiathroidy in
the configuration of the CNS. Indeed, Haszprunar (1988a,b) considered
the epiathroid condition and the bifid tentacle nerve as synapomorphies
of higher gastropods, of which the sorbeoconch caenogastropods are
basal. None the less, the functional reasons for the change from the
hypoathroid to the epiathroid condition, and the bifurcation of the
tentacle nerve, are not clear (Haszprunar, 1988b). Independently of
epiathroidy, the sorbeoconchan visceral nerve ring has become noticeably
more compact than in vetigastropods. The pedal cords have shortened to
ovoid ganglia in nearly all littorinimorphans, and are connected by a short
commissure. In several littorinimorphan families, including Pomatiop-
sidae, two pairs of cords, each bearing a single ganglion, emerge from the
anterior—ventral and ventral edges of the pedal ganglia: the upper pair
are the propodial ganglia and the lower pair the metapodial ganglia. In
more advanced littorinimorphans, the propodial and metapodial ganglia
are subsumed within the pedal ganglia. In Pomatiasidae, as in most
other littorinimorphans, the pedal ganglia possess a second, weaker
commissure (in addition to the main commissure), reminiscent of the
numerous commissures linking the pedal cords in ancestral stock. This
concentration of the pedal nervous system, resulting in true pedal ganglia,
is convergent with that in some archaeogastropods. The degree of conden-
sation of the visceral neural loop varies greatly among littorinimorphans,
but the lack of available data does not allow us to discern with great
confidence trends related to phylogeny or ecology. However, among the
families of interest from the perspective of terrestriality, the rather long
right pleuro-supraoesophageal connective is retained in Littorinidae and
some Hydrobiidae, is somewhat shortened in Pomatiopsidae, and is very
much shortened in Assimineidae, Truncatellidae and some Hydrobiidae.
Condensation may be related to the size of the animals (Davis et al., 1976).
A concentrated nervous system generally is assumed to be more efficient
in neuromuscular coordination and neurosecretory functions. None the
less, neurosecretory cells occur in the majority of ganglia in the littor-
inimorphan CNS (e.g. Andrews, 1968), reminiscent of the widespread
neurosecretory activity in Architaenioglossa and archaeogastropods. The
littorinimorphan gastropods retain the bifid condition of the tentacular
nerve, with certain exceptions that may be related to a very small body
size (Haszprunar, 1988b; Huber, 1993).

The reproductive tract of littorinimorphans exhibits a high degree
of convergence in structure with that in the architaenioglossans. With
the exceptions of the littorinid Mainwaringia rhizophila Reid, and the
vitrinellid Cyclostremiscus beauii Fischer, which are protandrous her-
maphrodites, all littorinimorphans apparently have remained dioecious.
At least one hydrobiid reproduces primarily through parthenogenesis,
with males infrequent or absent in many populations.
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As in other prosobranchs, the female reproductive tract comprises a
proximal ovary and oviduct, a short renal section, and a large distal part
formed from the mantle wall. Primitively there are two sperm sacs associ-
ated with the renal gonoduct. As in Architaenioglossa, during copulation
spermatozoa are deposited in the bursa copulatrix, a sac on the distal
renal oviduct and located primarily among the visceral organs but open-
ing via a duct to the posterior of the pallial cavity. Although spermatozoa
may be attached temporarily to the lining of the bursa, they are soon
transferred to the seminal receptacle, a bulbous sac incorporated in or
linked to the renal gonoduct. Considerable variation in the structural
relationships of the renal gonoduct, receptaculum seminis, bursa copu-
latrix and pallial gonoduct has developed in the littorinimorphan female
reproductive tract, as illustrated in families with terrestrial representa-
tives. During ontogeny, the pallial gonoduct of littorinids develops as an
open groove, which closes to form a laterally compressed, glandular
tube (Guyomarc’h-Cousin, 1976), rather similar to that to be observed in
architaenioglossans. In all littorinids, the pallial gonoduct takes the form
of a complex, glandular tube, comprising a posterior (largely visceral in
location) albumen gland and an anterior (entirely pallial) oviductal gland,
with the path of the fertilized oocytes within being twisted and spiralled
(Reid, 1986, 1988). In all other littorinimorphans, the pallial oviduct is
basically a straight tube, so the spiral form in Littorinidae is apomorphic.
Reid (1989) recognized the differentiation of the littorinid oviductal gland
into three parts, two associated with production of egg capsules, and the
anterior-most one with a gelatinous matrix. The degree of development of
these different components varies depending on whether reproductive
strategy relies on pelagic egg capsules, benthic gelatinous spawn, ovovivi-
parity or viviparity. In the marine genera of Lacuninae, and Laevilitorina
Pfeiffer, the sole (marine) genus of Laevilitorininae, the albumen gland
is composed of tall, glandular, epithelial cells alternating with ciliated
supporting cells (Bedford, 1965; Reid, 1989). This is also the case for both
albumen and capsule glands of Melarhaphe Menke, the presumptive
basal-most genus in Littorininae (Reid, 1989). In all other littorinid
genera, including Cremnoconchus from Lacuninae, the secretory cells of
the albumen and capsule glands are subepithelial, lying in closely packed
groups beneath the basement membrane (Linke, 1933; Reid, 1989). The
information available from Skeneopsidae (Fretter, 1948), as well as from
members of the Cingulopsoidea (Fretter and Patil, 1958; Ponder, 1968),
indicates the absence of subepithelial glandular cells as plesiomorphic in
Littorinimorpha.

The opening of the female tract is small in Littorinidae, located at
the anterior apex of the oviductal gland complex near the mantle collar.
The bursa copulatrix has become pallial in these animals, arising as
a diverticulum from the pallial gonoduct. Anterior to the point of separa-
tion, the bursa stem is continuous with a deep groove in the lumen of the
pallial gonoduct, while posteriorly a ventral seminal groove leads to the
seminal receptacle. There is a trend for the bursa to be reduced in size in
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littorinids, and it is apparently absent in the genera Pellilitorina Pfeiffer
and Peasiella Nevill, where reception of spermatozoa during copulation
may occur in the pallial gonoduct. Generally, the seminal receptacle is a
sacculate structure on the renal gonoduct, but, in the Lacuninae genera
Pellilitorina, Lacuna Turton and Cremnoconchus, it is located within
the renal gonoduct lumen. Buckland-Nicks and Darling (1993) presented
evidence for storage of allospermatozoa in the ovary of Lacuna variegata
(Carpenter), which may indicate that the entire renal gonoduct in these
animals functions as a seminal receptacle. Separated from the lumen
of the pallial gonoduct almost to the anterior opening of the oviduct, the
seminal receptacle in Bembicium and Risellopsis is reached by a long
duct. Reid (1989) considered this feature a synapomorphy of Bembicium
and Risellopsis, postulating an anterior migration and lengthening of the
originally short duct joining the receptacle to the seminal groove. This is
the only known case of a diaulic pallial gonoduct in the Littorinidae.

In contrast to the condition of the females, the pallial gonoduct of the
males in most littorinid genera is an open groove, communicating with
the pallial cavity all along its length. Only in a small number of littorinid
genera, including Cremnoconchus, has the prostatic gland become a
closed, tubular structure. Creek (1951) considered this an adaptation to
terrestrial life. Reid (1989) suggested that the closed prostatic gland is
plesiomorphic within the Littorinidae, with secondary opening in a num-
ber of littorinid genera. However, Reid acknowledged the convergence of
closure of the pallial gonoduct in many caenogastropods and could not
offer a functional explanation for the postulated reversal of this trend
in Littorinidae. Plesiomorphy of the open spermiduct is the most parsi-
monious explanation. Generally, the glandular tissue of the prostatic
gland is epithelial, with some variation in histochemical character along
its length in some littorinids. In Cremnoconchus, however, the prostatic
gland has subepithelial glandular follicles (Linke, 1935; Reid, 1989).

Spermatozoa are transmitted along a ciliated vas deferens to the penis,
which is located below and behind the right cephalic tentacle. The vas
deferens may be an open groove or a closed duct, the latter condition
occurring in Cremnoconchus. In most cases, the closure of the spermiduct
is superficial, the duct being connected to the penial epidermis by a strip
of epithelial cells, probably reflecting its origin by infolding of the sur-
face epithelium (Reid, 1989). Only in the Lacuninae genera Pellilitorina,
Lacuna, Cremnoconchus and Bembicium is the spermiduct separated
from the epidermis and completely surrounded by muscle tissue. The
penis in Littorinidae is usually differentiated into a basal region and a
more slender, terminal filament, which enters the bursa copulatrix of the
female during copulation. Many littorinid genera possess characteristic
types of penial mucous glands (Marcus and Marcus, 1963; Reid, 1989;
Buckland-Nicks and Worthen, 1992), which represent different solutions
to the problem of securing the penis in position during copulation
(Bingham, 1972; Reid, 1986). Reid (1989) could find no obvious correla-
tion between the habitats of species and the presence of different penial
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glands. Cremnoconchus is unique among littorinids in that the filament
is retracted into the base when the penis is at rest (Linke, 1935; Reid,
1989).

Several authors have postulated that the Pomatiasidae were derived
directly from stock that gave rise to the modern Littorinidae. The structure
of the female reproductive tract strongly indicates, however, that the
pomatiasids evolved from stock more primitive than modern littorinids.
In particular, the Pomatiasidae evolved from stock that had not developed
closure of the pallial gonoduct. In P. elegans and Maganipha rhecta
Thompson, the best studied pomatiasids (Creek, 1951; Thompson, 1978),
there is a widened section of the renal oviduct which functions as a
seminal receptacle, with large numbers of spermatozoa oriented towards
the epithelium. More anteriorly, there is a sac at the posterior end
of the pallial oviduct that functions as a bursa copulatrix. This bursa
opens directly and widely into the pallial cavity, so that the mate’s penis
can be inserted into this sac at copulation. As in Littorinidae, the pallial
oviduct of pomatiasids develops as an open groove. However, unlike in
littorinids, the pallial gonoduct in these animals does not close over
during ontogeny and remains widely open to the pallial cavity as a ventral
slit. Creek (1951) suggested that the extensive opening of the pallial
gonoduct in the female of Pomatias has been acquired secondarily, in
connection with the production of the larger eggs necessary for terrestrial
development. Thompson (1978) supported this hypothesis on the basis
that both P. elegans and M. rhecta produce relatively large eggs. However,
no evidence has been presented for the secondary nature of the open
pallial gonoduct, and I favour the idea that the condition in Pomatias
is homologous to the plesiomorphic condition of Littorinimorpha. The
albumen gland remains located in the visceral cavity, immediately behind
the posterior wall of the pallial cavity, while the oviductal gland extends
along the full length of the pallial cavity. Pomatias has only epithelial
glandular cells in the pallial gonoduct (Creek, 1951), which also favours
the concept of plesiomorphy. The oviductal glands comprise a reduced
capsule gland, responsible for a very thin layer around the albumen-
enriched embryo in the egg, and a jelly gland responsible for coating the
egg with a gelatinous matrix. Each egg as laid has a bright parchment-like
surface, but the female covers this with a layer of soil particles as she
deposits them.

The male pallial gonoduct in Pomatiasidae is closed to the pallial
cavity. The prostatic gland is a broad, spindle-shaped sac, partially
embedded in the visceral hump in Pomatias but entirely pallial in
Maganipha Thompson. Based on histochemistry, the prostate can be
divided into posterior and anterior sections (Creek, 1951). Throughout,
the glandular tissue is epithelial and thus conforms to the basic pattern in
Littorinidae. In all pomatiasids for which the anatomy is known, the
vas deferens runs forward as a closed duct, immediately beneath the
epithelium covering the floor of the pallial cavity, to eventually penetrate
the penis. The phallic organ is concealed within the pallial cavity, and
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thus located a little further posteriad than in Littorinidae. While it is
usually differentiated into a basal region and a more slender, terminal
filament, it differs from that in Littorinidae in lacking conspicuous
mucous glands. During copulation, the penis becomes considerably
lengthened and distended with blood so that it may extend through the
length of the pallial cavity of the female to the bursa copulatrix. Large
variation in penial size occurs amongst populations within pomatiasid
species, as evident in Madagascan Tropidophora (Emberton, 1995b).

Ponder (1988) pointed out the importance of innervation in deter-
mining the homology of the littorinimorphan penis. The penial nerve
originates from the right pedal ganglion in littorinids, as is also the case in
Skeneopsidae (Ponder, 1988) and Pomatias in Pomatiasidae (Garnault,
1887; Creek, 1951). Thompson (1978) indicated that, while the penis of
Pomatias is of pedal origin, that of Maganipha is innervated from the left
pleural ganglion via the suboesophageal nerve and is therefore of pallial
origin. However, Reid (1989) points out that the base of the penis in
Pomatias receives nerves from both the right pedal ganglion and the
suboesophageal ganglion, suggesting the possibility that the penis is
indeed of pedal origin in Pomatiasidae and homologous to that in
Littorinidae. A penis innervated from the pedal ganglia and thus of
presumed pedal origin also occurs in all rissooidean families, with the
apparent exceptions of the Anabathridae and Emblandidae, where penial
innervation is from the cerebral ganglion (Ponder, 1988). Ponder (1988)
considered Anabathridae and Emblandidae as the most primitive of the
Rissooidea and, because of the apparent non-homology of their phallic
organs to that of other Rissooidea, argued that the pedal penis had arisen
independently among Rissooidea and Littorinoidea from an aphallic
condition. In support of this conclusion, Ponder cites small differences in
the origin of the penial nerve — from the anterior part of the pedal ganglion
in Littorina, and from the base of the pleuropedal connective or further
up this connective in the Rissooidea. Reid (1989) was able to confirm the
origin of the penial nerve in the pedal ganglion for most littorinid genera.
However, as the penial nerve of Cremnoconchus and Pomatias arises
at the base of the pleuropedal connective (Linke, 1935; Reid, 1989),
Reid questioned whether the penial innervation was informative about
homology of the phallic structure in Littorinoidea and Rissooidea. None
the less, he concluded that the pedal penis of the Littorinoidea is a
synapomorphy of the superfamily, derived independently from that of the
Rissooidea.

In females of the rissooidean families Rissoidae, Caecidae, Barleeidae,
Anabathridae and Emblandidae, the glandular tissue of the capsule gland
is simple, comprising elongate secretory cells whose histochemical prop-
erties indicate two or three distinct zones. There may be some infolding
of the glandular walls, reminiscent of that in Littorinidae. In all other
rissooideans, including those with representatives in the terrestrial envi-
ronments and thus of interest here (i.e., Pomatiopsidae, Truncatellidae,
Assimineidae and Hydrobiidae), the glandular tissue of the capsule
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gland has been modified by folding into vase-like or tubular structures,
the secretory cells are shortened and the histochemical zonation of the
capsule gland is lost. A similar modification has occurred in the glandular
tissue of the prostatic gland in males of the same families. This change in
the cytology of the capsule gland is a major departure from the primitive
state in the group and, because of the uniformity in cytological change
in affected families, is thought to have occurred once (Ponder, 1988).
Closure of the pallial gonoduct clearly occurred after the divergence in the
cytology of the capsule glands, as both open and closed conditions of
the pallial gonoducts are seen among members of both groups.

In rissooideans, the bursa copulatrix is located primarily in the
visceral cavity, as a diverticulum on the renal oviduct that passes forward
into the albumen gland and thence to the capsule gland. Amongst the
Pomatiopsidae and Truncatellidae, and in a number of other rissooidean
families, several clades retain the primitive feature of utilization of the
renal opening for reception of spermatozoa during copulation. In Poma-
tiopsidae (Triculinae), a renopericardial duct takes spermatozoa from the
nephridium via the pericardium (Ponder, 1988), or the seminal duct
opens at the posterior of the pallial cavity after passing through the renal
wall (Davis et al., 1976; Davis, 1979), or opens into the pericardium and
thence into the pallial cavity (Davis, 1968; Davis et al., 1983, 1984). In
Truncatellidae (Truncatellinae), the bursa lies within the nephridium
with which it communicates by way of a narrow opening, either directly
through the bursal wall or by a short duct from the bursal duct (Fretter and
Graham, 1962; Kosuge, 1966; Ponder, 1988). A second connection, via a
well-developed gonopericardial canal, apparently allows spermatozoa to
enter the renal gonoduct from the pericardium via the renopericardial
opening. Pomatiopsidae (Pomatiopsinae) differ from Pomatiopsidae
(Triculinae), and Truncatellidae (Geomelaniinae) differ from Truncatel-
lidae (Truncatellinae), in that the bursal connection to the renal system
is lost, and an elongated seminal duct extends toward the anterior end of
the pallial cavity. The seminal duct of the Pomatiopsidae forms during
ontogeny as a bud from the bursa (Davis et al., 1976).

Some rissooideans retain the gonopericardial duct, but acquisition of
spermatozoa in these animals no longer involves the renal system. Rather,
in these rissooideans, allospermatozoa are received primitively through a
seminal duct from the bursa copulatrix that is open to the posterior of the
pallial cavity. From this primitive ground plan, two different courses of
evolutionary development have taken place with respect to the seminal
duct. Firstly, the duct is often lengthened towards the anterior of the
pallial cavity. In some cases, the anterior section of this seminal duct has
fused with the pallial gonoduct and the bursa itself has been displaced
anteriorly to lie within the pallial cavity. Secondly, in other rissooideans,
the bursa has lost its opening to the pallial cavity and an allospermatozoa-
conducting groove has developed along the ventral longitudinal axis of
the pallial gonoduct. In the more advanced stages of this latter evolution-
ary trend, evident in ontogeny in hydrobiid Spurwinkia Davis, Mazurkie
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& Mandracchia (Davis et al., 1982) and in transitional series amongst
species in several families (Ponder, 1988), a seminal duct forms as the
ventral channel closes off and separates from the pallial gonoduct. It
is evident that both types of pallial seminal ducts have arisen several
times, independently, amongst Rissooidea, and indeed both may be pres-
ent within one family or even subfamily. Thus, in Hydrobiidae and
Assimineidae, we see an array of seminal duct forms, but in the absence of
comparative ontogenetic information it is often impossible to determine
the origin of the seminal duct. This has led to ambiguous scoring of char-
acter states and uncertainty about the robustness of phylogenetic recon-
structions. My interpretation of the polarity of bursa and seminal duct
changes in Rissooidea differs substantially from that of Ponder (1988).
Davis (1981) regarded the elongated, pallial seminal duct condition, as
seen in Pomatiopsinae, as a pre-adaptation to an amphibious—terrestrial
existence, enabling successful copulation and sperm transfer out of water.

Rissooidean males are invariably phallate, with the living animal
carrying the penis tightly coiled over the neck. The penis is often simple,
with an epithelium populated by glandular cells but lacking specialized
glands. However, in most rissooidean families, the males possess complex
glandular penial structures, comprising glandular ridges in which rows of
small glands discharge through a central slit, apocrine glands, glandular
papillae or mammiform glands. Often there is a ciliated anterior epithe-
lium. The prostatic gland in male rissooideans shows all gradations from
a channel widely open to the pallial cavity to being entirely closed and
sacculate. Similarly, the vas deferens varies from an external groove to a
muscular duct that runs internal to the penis. However, both the prostatic
gland and the vas deferens invariably are closed in the Pomatiopsidae,
Assimineidae, Hydrobiidae and Truncatellidae. The vas deferens pene-
trating the penis often ends as a papilla, which may be eversible through
the action of retractor muscles.

The Littorinimorpha primarily produce spawn in which several to
numerous eggs are embedded in a gelatinous mass within a rind. These
spawn differ from those of archaeogastropods in that each egg has its own
supply of albumen within a thin membrane. Furthermore, the trocho-
phore larval stage invariably passes within the egg, thus the veliger is the
only free larval form in Littorinimorpha. Primarily the veliger has a long
planktonic life and feeds actively (planktotrophy) before metamorphosis,
with the larval shell produced successively by the mantle margin prior to
metamorphosis and settlement.

Direct development, where larval life and metamorphosis occur
within the confines of the egg, has evolved repeatedly in Littorinimorpha.
A further trend common in Littorinimorpha and other caenogastropods is
the encapsulation of the spawn within a multilayered, species-diagnostic
capsule, which represents elaboration of the simple rind that encases the
gelatinous spawn. As indicated by species of Bembicium, in Lacuninae,
the littorinids primitively conform to the basic littorinimorphan plan of
benthic gelatinous spawn and planktotrophic veligers. However, most
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species in the subfamilies Laevilitorininae and Lacuninae complete larval
development within the spawn mass. The eggs and mode of larval
development in Cremnoconchus presently are unknown. In the more
highly derived subfamily Littorininae, the eggs are mostly pelagic,
enclosed in capsules. Most pelagic capsules yield veliger larvae that
undergo planktotrophic development. In some Littorina species, the
capsules are benthic and development is direct. Yet further Littorina
species are ovoviviparous, brooding the embryos either in the pallial
cavity for a period before releasing planktotrophic veligers or in the
modified pallial gonoduct until completion of larval development.
Pomatiasidae produce simplified, spherical capsules, in each of which
a single embryo undergoes direct development, although details are
available only for Pomatias (Creek, 1951; Kilian, 1951). In the case of
P. elegans, each spherical egg capsule is about 2 mm in diameter and,
upon oviposition, is manipulated by the female so as to receive a coating
of soil before being buried beneath the soil surface. The egg contains little
yolk but a large supply of albumen.

Rissooideans typically deposit the eggs in hemispherical capsules
that are attached to hard substrates. In the marine families, planktotrophic
development of veligers is plesiomorphic, with this form of development
probably having evolved in caenogastropods independently of that
in Neritopsina (Haszprunar, 1995). However, direct development has
evolved repeatedly in rissooideans and was pre-adaptive to colonization
of freshwater and terrestrial environments. Hydrobiidae retain the
hemispherical egg capsules. The estuarine species often produce
planktotrophic larvae, but the freshwater and terrestrial hydrobiids have
direct development. The egg capsules of Assimineidae, Pomatiopsidae
and Truncatellidae are spherical or globular, contain a single zygote and
have a sticky mucous coating that causes soil and detritus to become
attached. With the exception of some estuarine species of Assimineidae,
the embryos of these latter three families undergo direct development.
Information on the reproductive biology of the terrestrial rissooideans
generally is confined to Pomatiopsis lapidaria (Say) (e.g. Abbott, 1948;
Dundee, 1957).

Littorinimorphans generally are microphagous, feeding on finely
particulate organic debris, algal and bacterial films and, in the terrestrial
environment, on algal and fungal floras associated with decaying vegeta-
tion and on the surface of live leaves. In addition to their microphagous
diet, some marine Littorinidae are known to be herbivorous on macro-
algae, and members of the terrestrial sister family Pomatiasidae feed on
leaf litter. The digestive system is only slightly modified from that seen in
Vetigastropoda, with a general trend towards simplification. The modern
Littorinimorpha clearly have been derived from stock in which the
dentition had been reduced to the taenioglossate form. Only in some
members of the rissooidean Emblandidae has the dentition been reduced
further. The radular ribbon generally remains long in Littorinoidea, but
generally is shortened in Rissooidea. The number of cartilages in the
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buccal mass is reduced to one pair. The single pair of jaws is generally
well developed in Littorinimorpha, but has been lost in a number of
lineages, including Pomatiasidae and all Littorinidae except Pellilitorina
amongst Littorinoidea, and some Assimineidae amongst Rissooidea. The
oesophageal gland is a plesiomorphic feature, but in most Littorini-
morpha the glandular tissue comprises a raised ventral fold, sometimes
interrupted along the midventral line by a zone that marks where the
ventral ciliated tract once stood. Lateral pouches of the oesophageal
gland persist in reduced form in a number of Littorinimorpha, including
Littorinidae and some Assimineidae and Hydrobiidae. The crystalline
style, which represents a specialization of the protostyle, is developed,
perhaps independently, in several sorbeoconch lineages where more or
less continuous microphagous or filter-feeding occurs and free proteolytic
enzymes are absent (Robson, 1922; Yonge, 1930, 1932; Graham,
1939). The crystalline style is known from members of Hydrobiidae,
Assimineidae, Pomatiopsidae, Truncatellidae and Pomatiasidae, but its
occurrence in terrestrial species has been confirmed only for some species
of Pomatiasidae, in part because of the lack of detailed anatomical study
devoted to land-dwelling littorinimorphans. The oesophageal glands
become vestigial in the presence of a crystalline style (Graham, 1939).
Thus, in Hydrobiidae, Assimineidae, Pomatiopsidae, Truncatellidae and
Pomatiasidae, the oesophageal gland is very much reduced or absent, and
the entire oesophagus takes on the appearance of the posterior oesopha-
gus of more basal gastropods in being essentially circular in cross-section
and lined with a ciliated epithelium thrown into numerous longitudinal
folds. Irrespective of the presence or absence of the style, the style sac is a
prominent feature of the stomach. The digestive gland often is reduced to
a single opening to the stomach, although occasionally there are multiple
openings. The intestinal length is reduced, and typically the intestine
runs posteriorly along the style sac and then makes an abrupt turn to
run anteriorly; the proximal part of the intestine contains a pronounced
typhlosole. The rectum is no longer associated with the pericardium and
runs directly to the anus located at the anterior of the pallial cavity; its
course is usually straight, but in some rissooideans the rectum forms one
or two loops on the pallial roof. These animals produce faecal pellets.

Long cephalic tentacles are plesiomorphic in Littorinimorpha.
However, the cephalic tentacles are rather short in Cremnoconchus and
Blanfordia, and often are vestigial or entirely absent in Assimineinae. The
eyes are of advanced closed-vesicle lens type, located centrally at the base
of the tentacles, on basal bulges of the tentacles or on short peduncles
adjacent to the tentacles. In some deep marine and phreatic freshwater
rissooideans, the eyes are without pigment or are entirely absent.

The foot sole has a distinct propodium and the suprapedal gland
opens in the groove along the anterior edge of the foot between this and
the mesopodium. Amongst Littorinidae Cremnoconchus is an exception,
lacking a transverse propodial groove and exhibiting a much reduced
suprapedal gland. The Pomatiasidae do not have a discernible propodium
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nor transverse groove, and the suprapedal gland opens by a pore at the
front end of the longitudinal groove in the sole.

A second pedal gland, the metapodial mucous gland, is found beneath
the sole in the centre of the foot of basal sorbeoconch caenogastropods.
The gland opens to a longitudinal slit that may reach back to the posterior
edge of the foot. The posterior pedal gland is common in marine forms of
Littorinimorpha, but rarely persists in species occupying estuarine envi-
ronments and invariably is absent from those in freshwater and terrestrial
environments. A tubular gland occurs in the foot of Pomatiasidae, consist-
ing of a mass of tubules in the haemocoel and opening by a pore halfway
along the longitudinal groove dividing the sole. It is not a mucus gland,
but is concerned with osmoregulation (Delahaye, 1974a) and is therefore
not homologous to the posterior pedal gland.

In most Littorinidae, the sole of the foot is divided longitudinally by a
deep groove extending from the posterior edge almost to the anterior
transverse groove. This is a sign of the functional division of the foot into
two halves, responsible for the retrograde ditaxic style of locomotion
(Miller, 1974). However, in a number of littorinid genera, including
Cremnoconchus, no such division of the foot occurs, although locomotor
waves apparently are still retrograde and ditaxic (Miller, 1974; Reid,
1989). The Pomatiasidae do have a similar longitudinal division of the
sole, but here the ditaxic waves are direct (Miller, 1974). Although in
prosobranchs as a whole, retrograde and ditaxic locomotion is the most
common type, in sorbeoconch caenogastropods it is uncommon (Miller,
1974), and Ponder (1988) has suggested that ditaxic locomotion may
be a synapomorphy of the Pomatiasidae and Littorinidae. However, the
different direction of the pedal waves indicates probable independent
acquisition of the bipartite foot in these two families. The rissooideans
generally travel by ciliary gliding. The truncatellids have modified
their essentially ciliary method of locomotion by involving the snout
in a stepping motion (Fretter and Graham, 1962; Kosuge, 1966). Some
pomatiopsids and assimineids also involve the snout for locomotion,
albeit intermittently (Davis, 1967; Ponder, 1988).

Ellobioid pulmonates

The family Ellobiidae has a worldwide distribution. Five subfamilies
generally are recognized (Morton, 1955b; Martins, 1996a,b), although
Harbeck (1996) treats Carychiinae as a distinct family and Starobogatov
(1976) recognizes Melampodidae, Pythiidae, Pedipedidae, Cassidulidae,
Leucophytiidae, Ellobiidae and Carychioidae. The Ellobiinae, Pediped-
inae, Melampinae and Pythiinae (sensu Morton and Martins) collectively
constitute a characteristic component of the mollusc fauna of the upper
and supralittoral zones of the mangrove forests and muddy shores of
the tropical regions, and salt marshes and upper littoral rocky areas of
temperate regions. Among these, Ovatella aequalis (Lowe) in Pythiinae
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and some Melampus de Montfort in Melampinae live just above the high
tide. Some estuarine species, particularly in the genus Melampus, spend
considerable amounts of time out of water, often on vegetation. Among
these subfamilies only the western Pacific Pythia R6ding in Pythiinae has
achieved true terrestriality; its members always frequent moist places,
generally near the shore out of reach of the highest tides, but occasionally
up to 1 km inland and at elevations up to 100 m. Species such as Pythia
scarabaeus Linnaeus are arboreal in mangrove trees. The subfamily Cary-
chiinae is exclusively terrestrial, with the Holarctic Carychium Miiller
living inland in very humid environments, frequently under forest leaf
litter or in wetlands, and one species, Carychium stygium Call, a troglo-
phile of North America. The European Zospeum Bourguignat generally is
associated with Karst caves. Thus, the Ellobiidae exhibit rather modest
diversity and rather little adaptive radiation on land. Contrary to the
perception of Morton and Miller (1973), Starobogatov (1976) and others
that the Ellobiidae represent a terrestrial lineage that has returned to the
marine habitat (‘. . . returning between tides from an atmospheric habit.’
Morton and Miller, 1973, p. 237), it is clear that terrestriality in ellobiids
has been derived repeatedly from stock living in the marine littoral zone.

The fossil record of the Ellobiidae, reviewed by Martins (1996b),
is relatively poor and provides only skeletal information on their
evolutionary history. The oldest known fossil ellobiids are the European
Carychiopsis Sandberger from the Palaeozoic of France. This genus
resembles Carychium, which is known from the Jurassic of Asia, Europe,
America and the West Indies (Zilch, 1959—-60). Presumptive halophilic
Pedipedinae or Pythiinae are known from the Palaeozoic of Europe and
Melampinae from the Cretaceous of North America. It appears, then,
that the ellobiids had already invaded the terrestrial habitat through the
Carychiinae during the Palaeozoic, long antedating the arrival of the
higher caenogastropods such as Littorinimorpha.

The ellobiid shell, oval-conic in shape and with apertural dentition,
ranges from 100 mm in Ellobium Réding to barely 1 mm in Leuconopsis
Hutton and some Pythia. Pythia is unique in having a laterally flattened
shell. The shell is heterostrophic in that the larval shell or protoconch is
hyperstrophically sinistral and, due to reorientation during ontogeny, sits
atop of the dextral, orthostrophic adult shell. Hyperstrophy is suppressed
in ellobiid species with direct development. Hyperstrophy is apparently
rare in gastropods and has been considered by some malacologists to
have arisen only once, thus constituting a synapomorphic character
of the Heterobranchia (Robertson, 1985; Haszprunar, 1985c). However,
the occurrence of heterostrophy in trochoidean vetigastropods, including
cases of hyperstrophy (e.g. Hadfield and Strathmann, 1990), raises the
possibility that this geometric expression of shell development had its
origins in the archaeogastropods or has been derived independently in
several gastropod lineages (Hickman, 1992). All ellobiids, except Pedipes
Scopoli and Creedonia Martins in Pedipedinae, are characterized by
partial to complete resorption of internal shell walls. The animal is
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completely retractable into the shell. In gastropods, the columellar
retractor muscle is primarily adnate to the body wall throughout its
length, and this pattern is retained in basal Heterobranchia and indeed
persists into lower pulmonates. In Ellobiidae, however, there is a trend
towards the main stem of the columellar retractor muscle becoming
free from the body wall from its origin on the columellar. The result is
inversion of the cephalopedal mass on retraction of the ellobiid animal
into its shell, rather than simple retraction. The operculum is retained
in the veliger larval stage (and in juveniles in Blauneria heteroclita
(Montagu)), but is absent in the adult.

The Ellobiidae represent the most primitive of the heterobranch
clades, and indeed of the pulmonate clades, that have colonized the land.
They therefore provide a useful framework for considering the adaptive
morphology and ecology of the pulmonate terrestrial radiation. Like that
in the Caenogastropoda, the pulmonate radiation is usually assumed to
have occurred after the attainment of the monotocardian condition (heart
with a single auricle), with concomitant loss of the right nephridium and
development of elaborate pallial gonoducts. As their name suggests, the
pulmonate gastropods breathe with a ‘lung’ or pulmonary cavity; this
consists of the pallial cavity richly supplied with blood vessels in the
form of a capillary network and which is closed except for a small open-
ing, the pneumostome, to the exterior. Contrary to some earlier reports,
but consistent with interpretations of Hubendick (1945), Yonge (1952),
Brace (1983) and Morton (1988), Ruthensteiner (1997) has demonstrated
through studies of ontogeny that the pulmonary cavity of ellobiids and
other pulmonates is homologous to the pallial cavity of prosobranchs. The
pulmonary cavity thus does not represent a synapomorphic character of
pulmonates. A morphocline from a widely open pallial cavity to one
closed but for the pneumostome is evident in both pulmonates and opis-
thobranchs, indicating that the pneumostome too is not a synapomorphic
character of pulmonates. The pneumostome is contractile in ellobiids and
thus more advanced than the simple, passive orifice of the more basal
pulmonates such as the marine Amphibolidae and the freshwater
Basommatophora. However, both simple and contractile pneumostome
conditions are represented in the marine Siphonariidae, suggesting that
the contractile pneumostome may have arisen independently in several
pulmonate clades. The pulmonary vein and its pallial branches extend
across the dorsal wall of the pallial cavity, permitting respiratory
exchange in the absence of a ctenidium, but generally vascularization of
the pallial cavity is poorly developed in ellobiids and other basal pulmo-
nates. Having the pallial cavity enclosed reduces water loss by evapora-
tion and enables the carrying of a reserve supply of water. The marginal
gain provided by such a modified pallial cavity permits pulmonates to be
active not only out of the aqueous environment, but also under relatively
low humidity conditions. The development of the enclosed, vascularized
pallial cavity was clearly pre-adaptive to terrestriality and was, at
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least partly, responsible for the more successful terrestrial radiation of
pulmonates than that of neritopsins and caenogastropods.

Consistent with a heterobranch level of evolution, the nephridium has
both secretory and resorption functions (Delhaye and Bouillon, 1972a),
and has assumed the role of ultrafiltration of the blood, a function that
was undertaken by the heart in lower gastropods. The nephridium is
located entirely within the pallial cavity and, in contrast to the visceral
supply in Architaenioglossa and Littorinimorpha, the blood supply to
the nephridium in Ellobiidae and other Heterobranchia is pallial. The
nephridium passes blood directly to the heart. The ellobiid nephridium is
elongated, rather like that in Pyramidellidae with the greater axis orien-
tated anterior—posteriorly with respect to the animal’s body, is sacculate,
and is subdivided internally by transverse lamellae. The orifice is located
at the anterior apex, a little short of the anterior margin of the pallial
cavity. In some ellobiids, the anterior-most section of the nephridium,
immediately behind the orifice, is free of lamella and thus essentially
forms a distal ureteric pouch (termed an orthureter). A nephridial gland is
absent. The ventricle is located posterior to the auricle in the pericardium,
and gives rise to an aorta that runs forward through the first loop of the
intestine before dividing into anterior and posterior branches.

The pallial cavity in ellobiids variously combines retention of the
hypobranchial gland located between the nephridium and rectum, two
conspicuous glandular pads associated with the pneumostome (pneumo-
stomal glands), and a darkly pigmented excretory organ (pallial organ) to
the left of the pericardium and linked by a vessel to the pulmonary vein.
All three elements are combined in Melampus (Marcus and Marcus,
1965a). In form, the hypobranchial gland of ellobiids is unremarkable.
The larvae of Heterobranchia often possess an unpaired (usually) pig-
mented mantle organ located close to the rectum that probably had/has an
excretory function (i.e. black larval kidneys). The lower heterobranchs
(e.g. Omalogyridae, Rissoellidae, Pyramidellidae, Architectonicidae
and Orbitestellidae) generally retain their ‘larval kidneys’ in the adult,
whereas it is only a larval organ in the higher groups (Haszprunar,
1988b, and references therein). Haszprunar (1988b) indicated that this
might be due to paedomorphosis or may reflect that status of the lower
Heterobranchia as ancestral with respect to the pulmonate/opisthobranch
groups. As in other pulmonates, the larval kidneys are reduced during
metamorphosis and do not persist in post-larval stages in most Ellobiidae.
However, in a number of ellobiid genera, including Melampus,
Carychium and Pythia, a pigmented organ is found in the roof of the
pallial cavity of the adult, in a position corresponding to that in adults
of lower heterobranchs. In addition, two conspicuous glandular pads
are often associated with the pneumostome (pneumostomal glands),
described by Marcus and Marcus (1965a) as occupying the roof and floor
of the cavity, respectively, in Melampus. Similar structures are seen in
other basal pulmonates such as Otina Gray of Otinidae (Morton, 1955c).
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The ellobiid CNS is hypoathroid in as much as the pleural and
pedal ganglia are adjacent. Haszprunar (1985b,c, 1988b) indicated that
all archaeogastropods and lower caenogastropods with a hypoathroid
CNS possess a simple tentacular nerve, while gastropods that have an
epiathroid CNS have a bifurcated tentacle nerve (with certain exceptions
in very small species). The true epiathroid type has probably evolved only
once, being present in Caenogastropoda and in primitive Heterobranchia.
Haszprunar (1988b) regarded the hypoathroid nervous system in
Ellobiidae, shared among pulmonates only with Succineoidea, Stylom-
matophora and some Trimusculidae, as a secondary phenomenon. This
contention is supported by the occurrence of the bifid tentacle nerve in
Ellobiidae (Huber, 1993), although the tentacular nerve is (? secondarily)
unbranched in some ellobiids (Marcus and Marcus, 1965b).

An essential autapomorphy of the pulmonate CNS is the development
of the special neurosecretory system comprising procerebrum and cere-
bral gland. According to Pelseneer (1901) and van Mol (1967, 1974), the
procerebrum may contain either large cells, small cells (i.e. globineurons)
or both. The presence of large cells alone is correlated with the existence
of an osphradium, and a capacity to breath when submerged. These cells
occur in Siphonariidae, Amphibolidae, Chilinidae, Latiidae and higher
freshwater groups such as Lymnaeidae and Planorbidae. Contrary to the
view of van Mol (1967, 1974), the presence of large cells alone is certainly
primitive for the pulmonates (Haszprunar and Huber, 1990). The presence
of globineurons is correlated with the existence of a contractile pneumo-
stome and exclusive air-breathing (Harry, 1964), and is to be regarded as
a synapomorphy of the higher pulmonates Ellobiidae, Succineidae,
Athoracophoridae, Trimusculidae, Otinidae, Smeagolidae, Onchidiidae,
Vaginulidae, Rathouisiidae and the numerous families in Stylommato-
phora. Among these, the Trimusculidae alone have retained the original
large cells in addition to the acquisition of globineurons. As outlined
by van Mol (1967, 1974), the cerebral gland exhibits a trend from a
tube external to the cerebral ganglion in Ellobiidae, Trimusculidae,
Siphonariidae and Succineidae, to a gland internalized within the cere-
bral ganglion, without an external opening, in the remainder of studied
Pulmonata; Haszprunar and Huber (1990) suggest that this process has
occurred in various pulmonate clades. In adult Ellobiidae, the tube of the
cerebral gland can be traced from the exterior of the animal to the cerebral
ganglion (Ruthensteiner, 1999), reflecting its origin as an ectodermal
invagination, and seen in histological preparations to be filled in its
proximal part by a glandular follicle (Lever et al., 1959). In contrast to
lower gastropods but in common with pyramidelloidean Amathinidae
and opisthobranchs (Bullock, 1965; Weiss and Kupfermann, 1976;
Ponder, 1987), the neurons of the central ganglia in pulmonates increase
in size as the animals grow, leading to neuronal giantism (Gillette, 1991).

During ontogeny, the procerebrum arises independently of the
cerebral ganglion to which it is linked by two connectives. The homology
of the pulmonate procerebrum to the rhinophoral ganglion of the
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Pyramidelloidea and Opisthobranchia has not been resolved satisfactorily
(for discussion, see van Mol, 1967; Haszprunar, 1988b; Haszprunar
and Huber, 1990; Huber, 1993), although Ruthensteiner (1999) provides
evidence that these two structures are the same and probably homologous
to the tentacular ganglion of caenogastropods. The cerebral gland also
arises independently of the cerebral ganglion, and may be homologous to
the subtentacular ganglion of the Opisthobranchia.

A thick cerebral and a thin subcerebral commissure link the cerebral
ganglia. The subcerebral commissure is present in most Pentaganglionata,
and these taxa therefore share a character with the Vetigastropoda and
Neritopsina. This character is not found in the basal Heterobranchia. The
pedal ganglia in genera such as Melampus and Pythia are often united by
two commissures, the posterior one being weaker. In other ellobiids, this
posterior commissure is lacking. The Ellobiidae thus developed from
gastropods with two or more pedal commissures.

The step from the triganglionate to the pentaganglionate level of
organization of the visceral neural loop has been suggested as one of the
most important synapomorphic characters uniting the Opisthobranchia
and Pulmonata as a monophyletic group within the Heterobranchia
(Haszprunar, 1985c). The pentaganglionate condition arises through the
addition of a pair of parietal ganglia to the visceral loop that plesio-
morphically comprises visceral, suboesophageal and supraoesophageal
ganglia. According to Hoffmann (1939), Bullock (1965) and Regondaud
et al. (1974), the parietal ganglia formed by separation of portions of the
original pleural ganglia that supply the lateral body wall and parts of the
mantle, in association with the elongation and modification of the head.
Although these parietal ganglia often are fused with other ganglia, they
are clearly visible in primitive pulmonates, at least during ontogenesis.
However, there is evidence that accessory ganglia on the visceral loop,
presumed homologous to the parietal ganglia, are present in some lower
heterobranchs (e.g. Gegania valkyrie Powell, Mathildidae; Mikkelsen,
1996), indicating an origin earlier than that postulated by Haszprunar
(1985c).

In Chilinidae and Latiidae, the suboesophageal and visceral ganglia
are separated by short connectives. In all other pulmonates, these two
ganglia are in contact or, more commonly, fused. In pulmonates, the
supraoesophageal ganglion tends to be in contact with or fused with the
right parietal ganglion. In Ellobiidae, these ganglia are fused. A moder-
ately long visceral loop, with traces of chiastoneury, can persist in the
presence of these trends, as evidenced by the condition in Chilinidae and
Ellobiidae. Euthyneury in pulmonates is brought about by both con-
centration of the visceral loop and detorsion associated with migration
of the osphradium and supraoesophageal ganglion from the left to the
right side of the pallial cavity (Haszprunar, 1985c). The visceral loop is
variably concentrated in Ellobiidae, but invariably without fusion of the
pleural and parietal ganglia. Several species of Ellobiidae (e.g. Ellobium
dominicense (de Férussac), Myosotella myosotis (Draparnaud)),
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Chilinidae and Latiidae have an accessory ganglion at the left side of
the visceral loop and thus exhibit a hexaganglionate condition. In the
majority Ellobiidae, this accessory ganglion is incorporated in the left
parietal ganglion (Martins, 1996a,b), thus the hexaganglionate condition
may be plesiomorphic in higher heterobranchs, or simply a convergent
innovation in Chilinidae, Latiidae and Ellobiidae.

Heterobranchs are hermaphrodites, with the primitive state being
a gonad (ovotestis) producing both spermatozoa and ova. Reproduction
in Ellobiidae varies from protandric to simultaneous hermaphroditism.
Heterobranchs share a modified spermatozoon that possesses a distinctive
acrosome, spiral nucleus and a complex mitochondrial derivative, reflect-
ing a different mode of spermiogenesis from that in lower gastropods
(Healy, 1988a,b, 1993). Martins (1996a,b) recognized five types of
organization in the reproductive system of Ellobiidae.

1. The Pythiinian type, monaulic?, with the anterior oviductal gland and
prostatic gland running parallel to each other and covering the pallial
gonoduct as far as the vaginal atrium.

2. The Ellobiinian type, diaulic with gonoducts separating immediately
below the receptaculum seminis, with the anterior oviductal and prostatic
glands covering the entire length of the pallial gonoducts.

3. The Carychiinian type, monaulic, with the pallial gonoduct glandular
and the prostatic gland concentrated distally in the gonoduct.

4. The Pedipedian type, which is monaulic or incipient semidiaulic,
with the anterior oviductal gland and prostatic gland covering only the
proximal half of the pallial gonoduct.

5. The Melampinian type, which is advanced semidiaulic, with a very
short spermoviduct and separated long vagina and posterior vas deferens.

The phenomenon of agglomeration of the oviductal glands around
the proximal part of the pallial gonoduct, in a somewhat diverticular
configuration, is a highly distinctive feature of ellobiids. However, this
feature of the pallial gonoducts is present in basal heterobranchs such as
Pyramidellidae, Cornirostridae and Valvatidae, and retained in varying
degrees in opisthobranchs and in Ellobiidae, Latiidae, Physidae,
Siphonariidae, Otinidae, Smeagolidae, Onchidiidae, Athoracophoridae
and Succineidae among pulmonates. This is suggestive of a probable
plesiomorphy in the Heterobranchia. The albumen gland departs from

1 The terms monauly and diauly are applied here only with respect to those sections of the
reproductive tract primitively associated with the pallial cavity, and essentially concern the
relationship of the proximal spermiduct and its prostatic tissues to that of the female oviduct
gland. Thus monauly refers to the situation in which the male and female pallial gonoducts
open to a single lumen, albeit that the lumen is often morphologically or physiologically
subdivided by longitudinal folds. Diauly refers to the situation where the male and female
pallial gonoducts are separated. This interpretation differs from that expressed by some
authors (e.g. Nordsieck, 1985) who confound several different structures by also taking into
account vas deferens, free oviduct/vagina and union of the male and female orifices.
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that seen in lower gastropods in that the secretory products drain via a
duct to the pallial gonoduct; thus the zygotes do not passage through the
gland: the spatially separated albumen gland is probably a synapomorphy
of pulmonates. Pythia primitively retains a spacious lumen in the
albumen gland, but in most ellobiids the gland is complexly lobed with
narrow collecting ductules.

Unlike the condition in lower gastropods with the pallial gonoduct in
the pallial cavity roof, the reproductive system of basal heterobranchs
such as Rissoelloidea, Glacidorboidea, Pyramidelloidea, Acteonoidea,
Ringiculoidea and Diaphanoidea is characterized by the pallial gonoduct
located in the pallial cavity floor. This trend is elaborated further in
higher opisthobranchs, and in pulmonates including Ellobiidae, with
the pallial gonoduct being displaced from the pallial cavity to be free,
along with the gonadial or mesodermal part of the reproductive tract, in
the body cavity. Components of the developing reproductive system in
Ovatella Bivona differentiate in the post-metamorphic animal on the
ventral epithelium of the pallial cavity. The bursa copulatrix together
with the duct and the anlage of the pallial glandular portion of the
gonoduct are first formed as grooves and subsequently constricted from
this epithelium (Ruthensteiner, 1997).

The bursa copulatrix of Ellobiidae arises from the pallial gonoduct.
The bursal sac retains the primitive association with the region of the
visceral cavity above the pericardium, which necessitates a rather long
duct when the opening to the pallial gonoduct is displaced anteriad. The
bursa functions as a gametolytic organ (spermatheca, bursa resorbiens),
being used for the digestion and resorption of excess spermatozoa in
addition to reception of spermatozoa during copulation. The allosperma-
tozoa storage organ, the receptaculum seminis, is unremarkable in being
a diverticulate sac on the lower renal gonoduct or, perhaps more
commonly, within the lumen of this duct. The seminal receptacle opens
distally to a small sacculate chamber that serves as the site of fertilization.
This fertilization chamber is an essential autapomorphy of the hetero-
branchs, but exhibits particular elaboration in ellobiids and other
pulmonates.

A tubular diverticulum associated with the terminus of the female
portion of the pallial gonoduct is apparently plesiomorphic in Ellobiidae,
being present in Pythia, Carychium and Ovatella. It has been lost in
some other genera. It evidently is a reproductive structure, given that its
presence in Carychium varies with the phallic states of individuals
(Harry, 1952) and has been found to contain spermatozoa in Pythia (Berry
et al., 1967). Morton (1955a) termed this structure the pallial gland, but
showed that it has no opening into the pallial cavity. Further, Berry et al.
(1967) found it to be lined by a ciliated epithelium within substantial
muscle, and it thus does not conform to a gland. This structure may
be homologous to, and thus represent a distal displacement of, the
diverticulum on the oviduct part of the female pallial gonoduct in basal
pulmonates such as Chilinidae, Otinidae, Siphonariidae and Latiidae.
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The Ellobiidae are ditrematous. The female aperture is in the
body wall below the pneumostome at the mantle margin, a location
corresponding to that in caenogastropods when allowance is made for
migration of the pallial gonoducts into the body cavity. The male aperture
is anteriad, under the right cephalic tentacle, and thus is consistent with
the usual gastropod location of the male pore. The Ellobiidae evidently
are derived from marine gastropods with an open sperm groove, as
this condition is present in Pythia. Indeed, Pythia alone among the
pulmonates has retained this primitive arrangement for conduction of
autospermatozoa. In other ellobiids, a closed vas deferens lies embedded
in the body wall in the cephalic region; the latter taxa, however, retain
the (? non-functional) ciliated groove along the right side of the body.
Mikkelsen (1996) noted the simultaneous occurrence of the external
groove and internal duct in shelled sacoglossan opisthobranchs, but erro-
neously discounted the possibility of homology of the external groove
to the functional equivalent groove in Caenogastropoda. In all ellobiids,
including Pythia, a closed vas deferens emerges from the body wall
inward near the male aperture to run to its insertion at the apex of the
penis. Primitively, this portion of the spermiduct adheres to the penial
wall, as evident in Blauneria Shuttleworth in Ellobiinae and Myosotella
Monterosato in Pythiinae, but in most ellobiid genera the vas deferens is
freed from the penis. The penis is internal but everts during mating to
penetrate the lower arm of the female section of the pallial gonoduct in
the mate. Retraction after mating is effected by a retractor muscle, which
is anchored variously to the cephalic body wall, columellar muscle or
the floor of the pallial cavity. The insertion of the vas deferens in the
penis is elaborated as a vergic papilla that is fleshy and conical in genera
such as Pythia and Cylindrotis Mollendorff (Ellobiinae), a thin filament
in Ellobium, conical and penetrated by a thin filament in Auricula de
Lamarck, and vestigial in Carychium. Haszprunar (1985c) regarded the
protrusible penis, retractable primarily by a branch from the columellar
muscle, as a synapomorphic character of the higher pentaganglionate
gastropod groups, but internalization of the penis probably developed
repetitively and independently with sinking of the pallial gonoduct
into the haemocoel (Ponder, 1991). None the less, the uniformity
in penial structure suggests a single derivation in the stem that led to
the terrestrial pulmonates. The penial nerve emerges from the cerebral
ganglion, but data are lacking on the ultimate source within the CNS.
While spermatophores are produced commonly in heterobranchs, they
apparently are absent in Ellobiidae. Just proximal to the female aperture
in several ellobiids, a minute duct, the canalis junctor, links the male
pallial duct with the bursa copulatrix (Marcus and Marcus, 1965b).

Morton’s (1955a) study indicated seasonal protandry in Carychium
tridentatum (Risso), with euphally in summer and aphally for the
remainder of the year. Doll (1982) observed copulation in this species. In
contrast, Bulman (1990) indicated that copulation was absent in colonies
of C. tridentatum maintained in the laboratory over four generations, and
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suggested that this species has some form of uniparental reproduction.
Harry (1952) found the ratio of euphallic to aphallic individuals to vary
between populations of Carychium exiguum (Say).

The Melampinae produce jelly-like masses containing 5-2000 egg
capsules, each with an embryo. These eggs yield free-swimming, plankto-
trophic veliger larvae. The veliger stage and metamorphosis in the other
ellobiid subfamilies occur within the egg, and hatching occurs at the
crawling juvenile stage. Cassidula de Férussac, Ovatella and Leucophytia
Winckworth produce egg capsules, numbering as many as 200 and each
containing a single embryo, embedded in a mucoid mass. Auricula
produces several hundred egg capsules that are linked in a string by short
chalaziform filaments. In laboratory colonies, Bulman (1990) found C.
tridentatum to deposit eggs singly, 1-8 per day and 1-13 per individual’s
lifetime. A single embryo is contained in each egg capsule that is
spherical, and gelatinous but for a thin, elastic envelope that is free
of calcium carbonate crystals. The eggs are each covered in faeces by
the parent; Bulman found that egg viability was lost if the faeces were
removed experimentally.

Ellobiidae generally have an unspecialized diet of finely divided
plant material and debris, and thus closely approximate the microphagy
that is probably the primitive feeding mode in the Heterobranchia. C.
tridentatum, however, is known to ingest larger fragments of leaf litter.
Pelseneer (1894) recognized the rhipidoglossate nature of the radula
in pulmonate and basal opisthobranchs, and Morton (1955b) recognized
that Ellobiidae and other pulmonate lines must have arisen prior to
entrenchment of the taenioglossate radula among monotocardian gastro-
pods. This interpretation is accepted here. In contrast, Ponder (1991)
considered the taenioglossate radula, or a radula readily derived from
it, found in Rissoellidae, Mathildidae and Architectonicidae, Valvatidae,
Cornirostridae and Orbitestellidae, to be the primitive one for the
Heterobranchia. From this perspective, the broad radulae comprised
of numerous similar teeth seen in pulmonates and opisthobranchs is a
derived condition, analogous to that seen in Triphoroidea and some other
Caenogastropoda. Pulmonates differ fundamentally from prosobranchs in
that the number of teeth per transverse radular row is not constant, but in
the course of growth new teeth are added on either side, and the shape
of the teeth is determined by the profile of the odontoblasts rather than
the odontoblastic cushions (Mischor and Mairkel, 1984). Some ellobiid
taxa exhibit striking ontogenetic change in radular morphology (Martin
1996b), as do many gastropod groups, and the great diversity of radular
dentition seen in Ellobiidae encompasses many of the dental forms that
have been afforded systematic significance in other pulmonate groups.
According to Haszprunar (1988b), the buccal cartilages that support
the radula in archaeogastropods and taenioglossate caenogastropods are
lacking in all Heterobranchia. Of the presence of cartilage-like structures
in some Heterobranchia, Haszprunar (1988b, p. 392) stated that these
‘differ entirely in their structure from the original cartilages and obviously
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are secondary structures’. However, it has long been recognized that
in gastropods a continuum exists from vesicular chondroid, matrix-
embedded vertebrate-like cartilages in prosobranchs to a matrix-free
myocellular complex in pulmonates and opisthobranchs (e.g. Schaffer,
1913, 1930; Person and Philpott, 1963, 1969; Curtis and Cowden, 1977).
Therefore, it is likely that the radular supporting structures in hetero-
branchs are modified buccal cartilages, rather that new structures. The
buccal mass in basal pulmonates is equipped plesiomorphically with a
jaw comprised of three plates, namely paired lateral and a single dorsal
element. In ellobiids, the lateral plates of the jaws often are reduced or
absent.

The oesophagus is simplified, with longitudinal folds but entirely
lacking pouches, ventral folds and glands that occur in lower gastropods.
Often the oesophagus is dilated to form a crop. The oesophagus generally
opens into an anterior atrium of the stomach, into which the anterior
lobe of the digestive gland opens. The stomach of ellobiids such as
Ophicardelus Beck and Pythia retains some archaic features such as
the ciliary currents, protostyle with typhlosole and food string, and a
posterior caecum behind the entrance of the posterior digestive gland
opening. The sorting area has become vestigial. A new development,
relative to that in caenogastropods, is the strong coat of muscle
surrounding the stomach to form a contractile gizzard, accompanied by
loss of the gastric shield and spread of cuticle over the whole lumen. The
gizzard is elaborated variously in ellobiids, with investment in stronger
musculature and a trend towards structural isolation of the gizzard as a
triturating organ from the rest of the stomach; these features are shared
with other basal pulmonates, such as Amphibolidae. Often the structural
isolation of the gizzard involves transformation or loss of the gastric
caecum and/or the posterior lobe of the digestive gland. Despite these
modifications, the paired typhlosoles still link the digestive gland
openings to the intestine.

The gizzard is a synapomorphy of the pulmonates, but often is
reduced secondarily. Several groups of primitive opisthobranchs have
developed a gizzard anterior to the openings of the digestive gland, which
accordingly has been considered an oesophageal gizzard (e.g. Ponder,
1991). However, the variable placement of the gizzard with respect to the
digestive gland openings among the various groups of lower pulmonates
(e.g. compare Chilinidae and Lymnaeidae with Ellobiidae) indicates a
strong possibility of homology throughout the higher Heterobranchia.

The heterobranch stomach is equipped primarily with a style. When
retained, the style generally is crystalline, as in Orbitestellidae,
Planorbidae and Acroloxidae, and this may be plesiomorphic. In a
number of pulmonates (Siphonariidae, Otinidae and Ellobiidae), the
style is similar in structure to the protostyle of lower gastropods. The
fact that both crystalline and non-crystalline styles occur in Ellobiidae
suggests that the latter is a secondary modification of the former. Often in
Heterobranchia the style is absent.
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The ellobiids generally retain the rather long intestine that
encompasses an anteriorly directed loop. The rectum runs along the
upper margin of the body whorl to terminate in the anus located within
the roof of the pallial cavity, just short of the pneumostome. A small
sacculate anal gland opens on either side of the anus. A folded, ciliate
groove leads the faeces to the exterior. The posterior position of the anus
appears to be a primitive feature of heterobranchs, being the case in all of
the lower groups except valvatids and cornirostrids. The anterior position
in the pulmonates has been derived because the absence of water current
through the pallial cavity necessitates the discharge of faecal material at
the pulmonary opening (Ponder, 1991). Ellobiids produce faecal strings.

The cephalic tentacles in Ellobiidae are hollow, and the two bundles
of the tentacular nerve run in the centre. More peripheral are the muscular
retractors of the tentacle, either as longitudinal fibres in the integument
(e.g. B. heteroclita) or free within the tentacle cavity (e.g. Ellobium
pellucens (Menke)). The tentacle retractors originate on either side of the
head and insert proximal to the sensory apex, which often is thickened
as a sensory knob. The cephalic tentacles generally are only partially
contractile or subretractile. In E. pellucens, among others, these tentacles
can be retracted almost completely into the head: as part of the outer wall
of the tentacle is turned inwards when it is retracted, this retraction is,
at least in part, an invagination. The sessile eyes, when present, generally
are located medial to the base of the tentacles. In some Melampus,
however, the eyes may be as much as 0.3 times the length of the tentacle
from the base. From the information presented by Kowslowsky (1933),
Hubendick (1945) interpreted the rudimentary muscles of the ellobiid
tentacles as foreshadowing the retractor system and tentacle invagination
in Stylommatophora (see below). The anterior margin of the snout, which
functions as labial palps, often is elaborated, albeit weakly, into one or
more pairs of non-ocular tentacles that are contractile. Based on current
information on ontogeny and adult morphology it remains uncertain
whether these accessory tentacles represent the rudiments or remnants of
more definitive structures.

The head is separated from the sole by a transverse groove, into which
the suprapedal mucous gland opens. The foot is entire in Pythiinae,
Microtralia Dall in Pedipedinae, and Ellobium in Ellobiinae. In all other
ellobiids, the sole is divided into anterior propodium and posterior
metapodium parts. Irrespective of the presence or absence of the trans-
verse groove, most ellobiids progress by direct pedal waves. In Blauneria,
the wave of contraction, which originates at the hind end of the foot, stops
for a moment when it reaches the transverse groove, but then continues to
the anterior pedal border. However, Melampus bidentatus Say progresses
in a crawl-step motion in which the metapodium slides by direct pedal
waves while the anterior is lifted and placed (Moffett, 1979). The pedal
waves are initiated in the centre of the metapodium. The transverse
pedal groove is a feature shared among pulmonates only in Otinidae and
Smeagolidae. However, the mechanics of locomotion in these latter taxa
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are different (VI1és, 1913; G.M. Barker, personal observation), probably
indicating convergence in morphology with that in ellobiids. Further,
locomotion in Melampus appears to be a secondary phenomenon, being
derived from that exhibited in the less specialized members of the family
that possess more pronounced direct pedal waves. Morton (1955b)
postulated that the sole morphology in Ellobiidae is adaptive to substrate
conditions, but Fukuda (1994) shows that it has a strong phylogenetic
basis. The posterior extremity of the foot is bifid in Melampinae, but all
ellobiids lack a metapodial mucous gland.

In summary, if we are to accept Ellobiidae as indicative, then the
Eupulmonata arose after loss of the ctenidium, buccal cartilages, oesopha-
geal pouches and glands, metapodial mucous gland and paraspermatozoa,
and after the closure of the pallial gonoducts. In the Eupulmonata
archetype, the nephridium had become pallial in location and blood
supply; the pallial gonoduct had sunk into the body cavity but with the
bursa maintaining a close proximity to the pericardium; both the albumen
gland and more posterior sections of the oviductal glands had become
diverticular to the gonoduct; the female orifice had become extrapallial;
the penis had become internal and extrovertible; the spermatozoa had
attained spiral nuclei and tail pieces; and the nervous system had attained
a hypoathroid configuration, with a procerebrum equipped with globi-
neurons. The lineage from which types are derived had, however, not
developed an introvert proboscis; had not developed union of the male
and female portions of the pallial gonoduct; had not developed closure of
the sperm tract in the cephalic region; and had not reduced the radular
dentition to the taenioglossan type.

Onchidioidean pulmonates

The Onchidioidea comprise a single family, the Onchidiidae, which in
turn comprises only slug-like species (Starobogatov (1976) overempha-
sizes the diversity with recognition of several superfamilies). There is no
fossil record. Extant Onchidiidae are mostly marine, and live submerged
in the subtidal zone, amphibiously in the littoral zone or terrestrially in
the supralittoral zone. They occur throughout the world, except in the
Polar regions, with over 100 species. The highest species richness occurs
in littoral-supralittoral habitats of South-East Asia, with as many as 20
species sympatric in mangrove systems (Britton, 1984). A few are reported
to inhabit brackish and freshwater. One genus of the family, Platevindex
Baker, is represented in both littoral marine and montane rainforest
terrestrial habitats of Borneo and the Philippines (Plate, 1893; Collinge,
1901; Tillier, 1983). Platevindex apoikistes Tillier of Mindoro, the Philip-
pines, found at 400-600 m altitudes in dipterocarp rainforest, associated
with rocks covered in moss and algae, is the best studied representative of
this small terrestrial radiation. Tillier (1984a) concluded that no obvious
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adaptive morphological change in Platevindex relates to colonization of
land from the intertidal environment of presumptive ancestral species.

Some 40 generic names have been applied to onchidiids, but Britton
(1984) considered only 12 genera as well characterized. These animals
are usually oval with a leathery notum that is smooth, or more usually
covered with papillae or tubercles that may contain accessory eyes.
Siliceous spicules occur in the notal tissues of some onchidiids, prompt-
ing Labbé (1934) to suggest affinities with the Opisthobranchia. At the
periphery of the notum there are often repugnatory glands, in structure
somewhat reminiscent of the repugnatory glands at the mantle edge
of caenogastropods such as Calyptraea de Lamarck and Crepidula de
Lamarck and in various opisthobranchs. The notum extends ventrally, as
the hyponotum, to flank the pedal sole, from which it is separated by a
parapodial groove. Their digestive, female reproductive and respiratory
orifices open into the hyponotum or peripedal groove. In front, below the
notal edge and above the mouth, is a strong frontal shield. These external
morphological characters constitute gymnomorphy, which it is shared
with rathouisioideans and is approached in some opisthobranchs, Smea-
golidae, some Succineoidea and some advanced stylommatophorans.

Onchidiids possess one pair of cephalic tentacles. They exhibit
further elaboration of the trend in Ellobiidae, where the hollow tentacles
are retractile due to provision of internal bands of retractor muscles, and
the eyes are displaced towards the tentacle apex. In onchidiids, the eyes
occur at the apex, lying just beneath the sensory epithelium. The tentacles
vary from short and conical to long and cylindrical, but in all cases are
fully retractable into the head. Retraction is effected by means of a pair of
rather short, stout muscles, which arise separately from the body wall on
each side of the head next to the cerebral ganglia, and are inserted in the
extremities of the tentacles without marked subdivision. The tentacular
nerves are separate from the retractor muscles until they reach the ends
of the tentacles, where each nerve divides into short branches, one of
which is the optic nerve innervating the eye. In some onchidiids, such
as Onchidium nigrans (Quoy & Gaimard), retraction is brought about
by invagination of the sensory, eye-bearing apex of the tentacle into the
conical base and then contraction of that basal region (G.M. Barker,
personal observation). In others, such as Onchidella celtica (Cuvier) and
Onchidella evelinae Marcus & Burch, retraction is brought about by com-
plete invagination of the tentacle (Fretter, 1943; Burch, 1968). Onchidiids
are characterized by broad labial palps, which comprise sensory lappets
on either side of the mouth. On the anterior face, above these labial palps,
there are often rudiments of sensory knobs, similar to those seen in some
ellobiids.

Progression is accomplished by means of pedal waves originating
at the posterior end of the foot and coursing anteriorly (direct waves).
Ordinarily, only one of these waves, extending across the whole width of
the foot (monotaxic), is present on the foot at a time.
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Onchidiidae retain the epiathroid configuration of the CNS, which is
the presumptive plesiomorphic condition in Heterobranchia. However,
affinities with the Pulmonata are clearly indicated by the possession of
the complex neurosecretory system consisting of procerebrum, cerebral
gland and dorsal bodies. The cerebral gland is internalized within
the procerebrum and thus, among globineuron-equipped pulmonates,
the Onchidiidae are rather advanced and certainly more so than the
Ellobiidae. The more derived condition, relative to ellobiids, is also
indicated by the cerebral commissure and by all connectives being
short. However, the onchidiids share with ellobiids the fusion of the
suboesophageal ganglion with the visceral ganglion and of the supraoeso-
phageal ganglion with the right parietal ganglion. Interpretation made
through the origin of the left pallial nerve indicates that the pleural and
parietal ganglia, in contrast to the ganglion separation in Ellobiidae, form
a single mass at each extremity of the visceral chain in Onchidiidae:
thus the onchidiids are secondarily triganglionate in configuration of the
visceral loop. Generally, the connectives which join the suboesophageal—
visceral ganglion complex with the pleuro-parietal ganglia on each side
are of unequal length, the right one being twice as long as the left, which is
very short. In P. apoikistes, however, further concentration of the CNS has
led to the visceral and parietal ganglia being adjacent, but not fused. The
pedal ganglia are united by two commissures. Usually these comprise a
broad, very short commissure towards the anterior, and a narrow, longer
commissure that connects their posterior extremities. In a number of
onchidiids, including P. apoikistes, these commissures are more equal in
development.

The larval pallial cavity of Onchidium Buchanan is formed during
the last quarter of the planktotrophic larval phase and has a configuration
remarkably similar to that in the veligers of Ellobiidae (Ruthensteiner,
1997). The pallial cavity is voluminous and widely open on the right
side. The anus lies within the pallial cavity next to its opening.
The nephridium opens within the pallial cavity, on its right side. An
osphradium is present in the most dorso-anterior region. A ciliary band
leads from the posterior left of the pallial cavity towards the opening but,
unlike that in Ellobiidae, ends well short of the opening to the exterior.

The shell is cast off shortly after larval metamorphosis. At this time,
detorsion results in rotation of the pallial complex and its displacement
towards the posterior of the animal, and gives rise to a pallial cavity and
cloaca (Fretter, 1943; Ruthensteiner, 1997). Tillier (1984b) and Tillier and
Ponder (1992) maintain that the onchidiid nephridium is located in the
middle of the pallial cavity with no common wall with the visceral cavity,
and thus approaches the condition seen in lower pulmonates such as
Amphibolidae and Siphonariidae. This condition was suggested as a
synapomorphy of onchidiids because the nephridium sharing at least one
wall with the visceral cavity is plesiomorphic in gastropods. However,
during ontogeny, the nephridium of onchidiids is isolated from the pallial
cavity anlage (Ruthensteiner, 1997) and in adult animals is often not
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completely surrounded by the pallial roof but by a wall abutting the
visceral cavity (Fretter, 1943; Marcus and Marcus, 1956). The relative
position of the nephridium in onchidiids is thus not greatly different from
that in other gastropods, including lower opisthobranchs and other lower
pulmonates such as Ellobiidae. In Platevindex and Oncidina Semper, the
pallial cavity lies along the body wall at the right posterior of the animal,
with the pneumostome at the very posterior right. The pericardium is
located at the anterior of the pallial cavity, indicating an approximately
90° clockwise rotation from the ancestral condition indicated in lower
gastropods. In Onchidiella Gray, the rotation has progressed slightly
further, resulting in the pallial cavity lying transversely to the body axis
at the very posterior, and with a pneumostome opening at the posterior
apex of the body (Hoffmann, 1929; Tillier, 1984b). In these taxa, the
nephridium assumes a bilobed configuration, with the ureter arising from
the left side of the bridge between the respective lobes. In Hoffmannola
Strand, this rotation is continued further, so that the left lobe is consider-
ably larger than the right. The nephridium is sacculate, generally lacking
lamellae but often with a few narrow irregular folds. The ureter originates
from the posterior extremity of the nephridium to open into the rectum
just before the anus. Tillier (1983) suggests that the ureter opening to the
anus is probably a paedomorphic character resulting from the retention of
the larval disposition of the nephridium.

Branching diverticula of the pallial cavity penetrate between the lobes
of the nephridium and push into the tissues of the notum, so that they
come in intimate contact with the blood spaces. In small species, the
pallial cavity is internally smooth, but in the larger species the internal
surface is richly provisioned with a venous network, thus increasing the
respiratory surface. In some onchidiids, the pallial cavity is entirely filled
with shallow alveoli. In amphibious species, the pneumostome is closed
when the animals are submerged, but widely open when out of the water.
On the basis of her ontogenetic studies on O. celtica, Fretter (1943)
claimed that the ‘lung’ of onchidiids is fundamentally different from
the pulmonate lung, and is a secondary structure. However, recent inves-
tigations on organogenesis revealed that the ‘lung’ of onchidiids is homol-
ogous to that in other pulmonate groups and to the pallial cavity of other
gastropods (Haszprunar, 1985c; Ruthensteiner, 1997). Peronia Fleming,
Labbella Starobogatov, Quoyella Starobogatov and Lessonia Starobogatov
possess branching papillae or gills as accessory respiratory structures.

Onchidiids are hermaphrodites, with a level of reproductive tract
organization similar to that in Ellobiidae. The male and female pallial
gonoducts are fused (monauly) and the openings of the pallial gonoduct
and penis are separated (ditrematous condition). The male gonopore
(exceptionally more than one pore) is located at the right side of the
head, either inside or outside the right cephalic tentacle, although in
Hoffmannola it occurs in the centre of the head. The development of the
genital tract from the epithelium of the pallial cavity, after metamorphosis
and detorsion during the complex ontogeny of the pallial complex
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(Ruthensteiner, 1997), means that the female opening is necessarily
retained in the plesiomorphic position near the pneumostome (contrary
to Nordsieck, 1992). In the adult animal, the female opening generally lies
at the posterior end of body, not greatly distant from the pneumostome. In
some species of Paraoncidium Labbé and Platevindex, the female orifice
is not closely associated with the pneumostome but has come to be
located in the right lateral to posterio-lateral part of the hyponotum. As
noted by Tillier (1984b), the position of the female orifice in onchidiids
is thus a secondary phenomenon associated with limacization and
detorsion, but the derivation of variation in location of the female opening
with respect to the pneumostome seen in onchidiids can only be deter-
mined by further comparative ontogenetic studies. As in ellobiids, the
albumen gland is diverticulate to the lumen of the pallial gonoduct and
not passaged by the zygotes. In most onchidiids, there are two albumen
glands, reminiscent of the condition seen in some ellobiids. One side of
the spermoviduct has a thin wall lined by a ciliated epithelium. The other
side has a thick glandular wall, which is expanded to form hollow project-
ing folds. Most genera, including Peronina Plate, Onchidella, Paraon-
cidium and Hoffmannola, have two spiralled, agglomerate oviductal
mucous glands, as also seen in some ellobiids. However, Onchidium has
only one, and Oncidina several. Eggs of Onchidella passage through the
pouches formed by the agglomerate oviductal mucous glands in order that
the various layers of the egg capsule are laid down (Fretter, 1943).
Generally, two allosperm sacks are present. The bursa copulatrix is in
the derived distal location, on a duct originating from the lower reaches of
the female pallial gonoduct. The sacculate reservoir retains its primary
position near the pericardium. Mating in onchidiids generally is reci-
procal, with spermatozoa deposited directly into the bursa copulatrix.
However, Stringer (1963) noted that for O. nigricans, copulation may
involve several individuals in the form of a ring, and McFarlane (1979)
observed copulation chains of Onchidium verruculatum Cuvier, sugges-
tive of non-reciprocate gamete exchange. Like the same structure in
ellobiids, the onchidiid bursa has allosperm reception, and gametolytic
and resorptive functions. Onchidella possess an elongate diverticulum at
the distal extremity of the female pallial gonoduct, which is possibly
homologous to a similar diverticulate structure in the same position in
Ellobiidae, but its function has not been studied in either ellobiids or
onchidiids. The receptaculum seminis remains located in the primary
proximal position in most onchidiids. However, as in many hetero-
branchs, there is trend in onchidiids for this storage structure for
allospermatozoa to be displaced distally, to open below the ducts from the
albumen gland(s). This is exemplified by Onchidium simrothi (Plate).
The prostatic gland exhibits considerable variation in form among
onchidiids. In Platevindex, the prostatic gland is a longitudinal glandular
fold of the spermoviduct, distal to the oviductal glands. In Onchidella, the
prostatic gland comprises a sacculate lateral fold or diverticulum in the
wall of the spermoviduct, often with the narrowed opening to the latter.



Gastropods on Land 65

In Onchidina Semper and Onchidium, the prostatic gland is a large
sacculate structure on a short duct from the spermoviduct. The polarity of
this variation within Onchidiidae remains uncertain, given the equally
variable configuration of the prostatic gland in other heterobranchs. As in
semi-diaulic Melampinae of Ellobiidae, the spermoviduct in Onchidiidae
separates into the vaginal duct and the vas deferens a short distance below
the prostatic gland. The vas deferens separates as a closed duct and takes a
sinuous course to the floor of the body cavity, where, just anterior to the
female aperture, it passes deeply into the thickness of the body wall to run
in an anterior direction on the right side adjacent to the perinotal groove.
At the body anterior, the vas deferens returns to the haemocoel and runs
as a highly convoluted duct to insert in the penis. This route for the
vas deferens through the body wall, notwithstanding the presence of an
external ciliated groove between the genital pores, is remarkably similar
to that in ellobiids (with the exception of Pythia) and several other basal
pulmonate groups. The importance of this character in phylogenetic
reconstruction is generally reduced by the multiple transitions from open
external groove to closed internal duct in Gastropoda.

The penial complex of most onchidiids includes an eversible phallic
structure, that closely resembles the penis in Ellobiidae, and an auxiliary
copulatory structure that has generally been termed penial gland
(e.g. Britton, 1984; Tillier, 1984a). In Quoyella and Peronina, the penis
and penial gland have separate, albeit closely approximated apertures,
while in Platevindex and Onchidium the penis and penial gland open
independently into a common male atrium and thus share a single
opening to the exterior. The penis is usually equipped with a slender
papilla, sometimes with a cuticular ring or shield at its base. The papilla
is often reduced secondarily. The lining of the papilla and/or the anterior
penial cavity is often equipped with cartilaginous hooks that function to
anchor the male organ within the vagina of the mate during copulation.
Such armature of the penial surface is to be found widely in hetero-
branchs and may be plesiomorphic in these gastropods. A retractor
muscle effects retraction of the penis, as in ellobiids. Plate (1893)
recognized three configurations in the penial retractor: type I arising
in the body wall at the level of the CNS, type II at the level of the
pericardium and type III in the posterior of the body cavity.

Aphally is known from onchidiids (e.g. Labbé, 1934), but its
frequency or importance in their reproductive biology are presently
unknown. The penial gland, when present, usually opens through a
prominent papilla into the male atrium. In some cases, this penial gland
papilla is elaborated into a cartilaginous stylet (Plate, 1893; Awati
and Karandikar, 1948). There have been few studies of the copulatory
behaviour of onchidiids, and the relative role of the penis and penial
gland as stimulatory organs and in transfer of semen remains unknown
(Tillier, 1983, 1984a). In Paraoncidium, Hoffmannola, Onchidina,
Lessonia and Onchidella, the penial gland is absent, which is likely to be
the derived condition.
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There is considerable variation among onchidiids in reproductive
strategy. For example, the Australian Onchidium damelii Semper
produces irregular ovoid egg masses containing 100,000-200,000 eggs,
attached to the buttress roots of mangrove trees in estuarine habitats.
These eggs yield planktotrophic veliger larvae. Among the littoral species
of New Zealand, O. nigricans lays approximately 500-11,000 eggs in a
band-like mass. This species too has indirect development, with a free-
swimming veliger. Onchidella flavescens (Wissel) deposits 22 to about 90
eggs in an irregular hemispherical mass. The egg masses of Onchidella
campbelli (Filhol) were similar to those of O. flavescens, but larger, and
comprise 28-120 eggs. In these latter two species, the veliger stage is
passed within the egg capsule, and hatching occurs as crawling juveniles.
The presence of planktonic veliger larvae strongly suggests a primary
marine association for the family, rather than a reinvasion of the marine
habitat from the terrestrial environment suggested by Arey and Crozier
(1921), Starobogatov (1976) and Climo (1980). The truly terrestrial
species, such as P. apoikistes, can be expected to produce eggs in which
development is direct, but information is not available presently on the
numbers of eggs produced or the degree to which the intracapsular veliger
stage is suppressed. In all onchidiids studied to date, the operculum
and shell are cast off, and the visceral hump gradually recessed, in the
post-veliger (or equivalent) stage.

Littoral forms generally feed on algae. However, Marcus (1979) found
numerous small bivalves in the digestive tract of O. celtica, suggesting
carnivory. The radula is the modified rhipidoglossate type. Primarily the
jaw comprises numerous, fused plates, but this structure is often reduced
in Onchidella. Many onchidiids are characterized by large labial palps.
Further, their digestive tract exhibits the basic 90° rotation of pulmonates,
as seen in ellobiids, resulting in the opening of the oesophagus into the
stomach on the right side, and in the opening of the stomach into
the intestine on the left. The oesophagus is sometimes dilated as a crop,
with low internal folds that run in a longitudinal direction. The stomach
generally comprises an anterior chamber, a medial gizzard and a posterior
caecum.

The anterior lobe of the digestive gland opens into the anterior cham-
ber of the stomach through two ducts, and the caecum is reduced to a pos-
terior chamber that receives the duct of the posterior lobe of the digestive
gland. The muscular fibres of the gizzard form two muscular plates. In
Onchidina australis Semper, the gizzard, caecum and duct to the poste-
rior lobe of the digestive gland are diverticulate to the main body of the
stomach. That part of the stomach leading into the intestine often retains
the character of the style sac, being sacculate with confluence of the major
and minor typhlosoles and the presence of the protostyle (Marcus and
Marcus, 1956; G.M. Barker, personal observation). As noted by Tillier
(1984b), although not combined in a single suprageneric group, all the
characters of the morphology of the onchidiid stomach are to be found in
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Ellobiidae, suggestive of a relatively close relationship between the two
families. Many of these features are also shared with Amphibolidae.
There is considerable variation in intestinal length and coiling in
onchidiids. Labbé (1934) recognized five configurations. A moderately
long intestine with two basic loops is retained in Platevindex, Para-
oncidium, Lessonia and some Peronia and Onchidium species. In one
direction of modification, seen in Labbella and some Onchidium, these
two loops are secondarily coiled in a spiral. In the other direction of
modification, in Hoffmannola, Onchidella, Quoyella Starobogatov and
some Peronia, the intestine is considerably shortened, with a reduced
anterior loop and a more or less direct passage posteriorly to the anus. In
all cases, the intestine exhibits only one inflexion point corresponding to
the limit between the basic periaortic and prerectal bends. The major
typhlosole is well developed and in many onchidiids runs the entire
length of the intestine. The intestine is usually characterized by low
folds that run diagonally from the typhlosole (Watson, 1925; Fretter, 1943;
Marcus, 1971; Tillier, 1983). Labbella, Lessonia, Quoyella, Onchidina,
Semperoncis Starobogatov and several species of Onchidium and
Platevindex possess a tubular rectal gland, of unstudied function.

Rathouisioidean pulmonates

The Rathouisioidea comprise two families of strictly terrestrial pulmo-
nates, the Rathouisiidae and Vaginulidae. They comprise solely slug
forms and thus lack a fossil record. The body form is similar to that in
onchidiids, with the dorsal surface covered by the mantle (notum) that is
separated from its ventral extension, the hyponotum, by a sharp keel, the
perinotum. The ventral surface has a central sole, separated by a para-
podial groove from the lateral hyponota. The notum of rathouisiids is
often produced into a mid-dorsal keel and, recalling the onchidiid
condition, is supplied with small tubercle-like processes. Vaginulidae
too exhibit similarity to the onchidiids in possessing multicellular
repugnatory glands along the perinotum. Rathouisiids are known
from south-east China, Tonkin, Thailand, Burma, Malaya, Indonesia, the
Philippines, New Guinea, the Bismarcks and northern Queensland,
but the family is in need of revision in order to determine the true extent
of specific and supraspecific diversity. The Vaginulidae generally are
described as pantropical. However, while many species do occur in
warm, humid tropical environments, the family is well represented both
at high southern latitudes and at high altitude of low latitude, in environ-
ments that are best described as cool temperate. Vaginulids are most
diverse in the Americas (Baker, 1925a; Thomé, 1975, 1976, 1989) and
Africa (Forcart, 1953). These gastropods are generally ground-dwellers,
living under stones, decaying wood and leaf litter, or subterranean in the
soil, but some species are also arboreal.
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The rathouisioidean cephalic tentacles carry eyes at their apex, as
in onchidiids. However, unlike onchidiids, the cephalic tentacles of
rathouisioideans are only contractile, and lack the ability to invaginate,
meaning that the eyes cannot be retracted fully into the body cavity.
The differences in mode of tentacle withdrawal between onchidiids and
rathouisioideans relate to the arrangement of the retractor muscles, being
free in the lumen in the former and bound to the tentacle wall in the latter.
Rathouisioideans also differ from onchidiids in possessing a second pair
of fully developed tentacles, which are characterized by bifid apices and
partial fusion with the lower fringe of the snout that represents modified
labial palps. In location and innervation, these rathouisioidean inferior
tentacles recall the sensory knobs of the anterior face of the labial palps in
ellobiids and some onchidiids.

A single tentacular nerve runs from each cephalic and inferior tenta-
cle to the cerebral ganglia, which are similar to those of onchidiids in that
the cerebral gland is internalized and located amongst the globineuron
neurosecretory cells of the procerebrum. In the case of vaginulids, the
similarity of the CNS to that of onchidiids also extends to the short
cerebral commissure and the short connectives. However, contrary to
Tillier (1984a), the vaginulid nervous system is more primitive than that
of onchidiids and ellobiids as the suboesophageal ganglion has not fused
with the visceral ganglion and the supraoesophageal ganglion has
not fused with the right parietal ganglion (Oberzeller, 1969, 1970;
G.M. Barker, personal observation). Shortening of the visceral loop in
vaginulids has proceeded only to the extent that the adjacent ganglia
are separated by such short connectives that they abut. The CNS of
rathouisiids is more advanced than that of onchidiids and vaginulids,
with the ganglia of the visceral loop concentrated into left (pleural,
parietal, suboesophageal and visceral) and right (pleural, parietal and
supraoesophageal) masses through ganglion fusion. As pointed out by
Tillier (1984a), this rathouisiid condition is easily derived from the
vaginulid-like CNS. As in onchidiids, the epiathroid configuration of the
CNS evidently is derived secondarily, as all other features of the nervous
system point to affinities with the exclusively air-breathing pulmonates
that are primarily hypoathroid.

The pedal ganglia are linked by two short commissures. In
Rathouisiidae, the pedal nerves issuing from the posterior of the pedal
ganglia run parallel to each other towards the posterior of the body
cavity. However, the course of the pedal nerves is varied in vaginulids,
being parallel throughout, diverging from their point of origin, or initially
parallel but subsequently diverging; the functional significance of
this variation presently is not known. The sole is permanently
transversely ridged. The locomotor waves of contraction are super-
imposed on the ridge structure, and each wave takes in several ridges.
The epidermis on the leading face of each ridge is considerably thicker
than that on the trailing face. Mucous cells are ducted through this
thickened face and thus contribute to the mucus on the underside of
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the sole. The ventral and trailing faces of each ridge are ciliated (Cook,
1987).

The vaginulids are herbivorous, feeding on live and dead plant
material. Many species are subterranean herbivores (e.g. Kulkarni and
Nagabhushanam, 1973). The buccal mass is equipped with an arcuate jaw
comprised of fused narrow vertical plates. The anterior digestive tract
is elaborated into an oesophageal crop, whose walls are thin except for
several weak, longitudinal folds. The stomach is basically like that of
Ellobium in Ellobiidae. It consists of an anterior chamber where the
oesophagus, intestine and anterior duct of the digestive gland enter, and a
posterior chamber that is surrounded by muscular bands and receives the
posterior duct of the digestive gland at its posterior extremity. In some
vaginulids, the posterior chamber is more developed, and in Vaginula de
Férussac a distinct vestige of the gastric caecum occurs.

In vaginulids the proximal intestine is stout, and internally the
confluence of the major and minor typhlosoles ends abruptly with
a sphincter, rather similar to the style sac condition seen in some
onchidiids (Marcus and Marcus, 1956). Unlike onchidiids, however, the
typhlosoles are confined to this style sac and do not advance into the
intestine. The greater part of the intestine is characterized by low
folds that run diagonally from the intestinal groove that represents the
continuation of the channel established between the typhlosoles in the
style sac. This intestinal condition with diagonal folds recalls that seen in
onchidiids. In the majority of vaginulids, the intestine retains the one
anteriorly directed loop, without coiling around the oesophageal crop. In
Spirocaulis Simroth, however, the intestine is secondarily lengthened
and hypertorted (Simroth, 1913). The intestine abruptly transforms into
the rectum just before entering the body wall on the right side to run
posteriorly, to emerge as the anus in the hyponotum near or at the
body posterior; the proximal rectum is characterized by an epithelium of
longitudinal folds, but the remainder of its length within the body wall
often is smooth.

The Rathouisiidae are thought to be primarily carnivores, feeding on
other gastropods. They none the less are known also to include fungi and
vegetable matter in their diet (see Barker and Efford, 2001). The buccal
mass is elaborated so that the radula forms a protrusible proboscis. As
a consequence, the jaw is absent in Rathouisiidae. The oesophagus is
slender, but its walls are thick in that the greatly folded epithelium is
supported by connective tissue and surrounded by muscle. The stomach
is not well developed, being a simple sacculated merging of oesophageal,
digestive gland and intestinal openings. Rathouisiids have lost the ante-
rior lobe of the digestive gland, and the posterior lobe has a large central
cavity. The intestine takes a more or less direct course diagonally across
the body cavity to the anus in the parapodial groove at the anterior right.
The intestine lacks the diagonal folds that characterize the vaginulids.

The rathouisioidean reproductive system is hermaphroditic,
ditrematous and diaulic (contrary to monauly reported by early authors,
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diauly in rathouisiids was demonstrated by de Wilde, 1984). While the
reproductive biology is largely unstudied, hermaphroditism in these
animals is thought to be strongly protandric and in many species strongly
seasonal (Baker, 1925a; Nagabhushanam and Kulkarni, 1971). As is usual
for pulmonates, the ovotestis in vaginulids is posterior, embedded in the
digestive gland. In rathouisiids, however, the ovotestis is in an anterior
position, at the anterior face of the digestive gland. The albumen gland
is diverticulate to the female pallial gonoduct but, unlike the primary
bilobed condition in Ellobiidae and Onchidiidae, it comprises a single
lobe. The female pallial gonoduct comprises a thin-walled, ciliated ven-
tral channel open to the folds of the thick-walled oviductal glands. This
gonoduct is elongated and twisted to varying degrees, often producing a
spiral of ascending and descending lengths of the gonoduct. The ciliated
ventral channel leads to the proximal seminal receptacle that is either
embedded in or diverticulate to the renal gonoduct. The bursa copulatrix
is medial in rathouisiids and invariably distal in location on the female
part of the vaginulid reproductive tract, and its sac retains the primitive
association with the pericardium. In the few studied species, copulation
has been shown to be reciprocal, and the bursa duct often is elaborately
constructed to accommodate insertion of the mate’s penial papilla. In
vaginulids, the bursa copulatrix is joined by a canalis junctor, a branch
of the vas deferens that enters the bursa sac or enters the duct with a
confluence to the sac. Tillier (1984b) suggested that diauly is probably
derived from primitive monauly in vaginulids, because of the presence of
the canalis junctor joining the distal portions of the pallial oviduct and
bursa copulatrix. However, as noted above, the canalis junctor also occurs
in Ellobiidae, suggesting that the canalis junctor itself is a primitive
character in pulmonates. Indeed, the occurrence of the canalis junctor in
Cornirostridae suggests that it may be plesiomorphic in Heterobranchia.

As in ellobiids and onchidiids, a number of vaginulids, such as those
in the genera Leidyula Baker and Imerinia Cockerell, possess an elongate
diverticulum at the distal extremity of the female pallial gonoduct, as in
some Ellobiidae and Onchidiidae. The female gonopore is about midway
down the right side of the animal, opening into the parapodial groove
in Rathouisiidae and into the hyponotum (sometimes very close to the
parapodial groove) in Vaginulidae.

Soon after its origin, the rathouisioidean male pallial gonoduct sends
a short branch to the sacculate prostatic gland, and thus closely approxi-
mates the prostatic condition in some Ellobiidae and Onchidiidae. This
similarity with ellobiids and onchidiids is also evident in the route taken
by the vas deferens, which enters the body wall adjacent to the vagina to
re-emerge at the right anterior of the body cavity and run to the apex of the
penis. The male pore is in the parapodial groove adjacent to the mouth. As
in ellobiids and onchidiids, the rathouisioidean penis is eversible to yield
an erect papilla as an intromittent organ.

In Vaginulidae, the papilla sometimes has a pronounced glans, so
well developed in Semperula Grimpe & Hoffmann that the aperture of the
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vas deferens is basal rather than apical on the papilla. In Filicaulis
Simroth and Imerinia, the papilla is equipped with spines or hooks,
not unlike onchidiids and other heterobranchs. The penial papilla of
rathouisiids is simply conical. Retraction of the penis is effected by a
retractor muscle that arises from the body wall at the anterior of the
pericardium. Vaginulids possess a ganglion on the penial nerve that arises
from the right cerebral ganglion (Hoffmann, 1925; Petrellis and Dundee,
1969; Oberzeller, 1970). According to both Ghosh (1915) and Odhner
(1917), the penial nerve in rathouisiids has its origin in the right pleural-
parietal-supraoesophageal ganglion complex.

In addition to the penis, the rathouisioidean male genitalia are
equipped with a penial gland. That of rathouisiids is remarkably like
that in onchidiids in comprising a single, elongated secretory tubule
terminating in a papilla. In the case of Rathouisiidae, the papilla is rather
inconspicuous. The penial gland in rathouisiids represents the left
gland of a pair of glands, the Simroth glands that open into the anterior
extremity of the parapodial groove on either side of the mouth. In some
rathouisiids, the right gland has been reduced. The fact that these glands
are primarily paired and the left gland is not connected with the
reproductive system suggests that the copulatory function of the penial
gland is derived secondarily (Laidlaw, 1940).

In Vaginulidae, the penial gland comprises a large papilla and a
cluster of digitiform secretory tubules. These tubules vary in length with
the degree of sexual maturity of the animal (Baker, 1925a) and produce a
liquid secretion (Forcart, 1953) that is expelled through a single aperture
at the apex of the papilla. Bani and Cecchi (1982) working with Vaginula
borelliana (Colosi), and Peterellis and Dundee (1969) working with
Angustipes ameghini (Gambetta) demonstrated that the tubules in the
vaginulid penial gland comprise two types, which differ in the nature of
their secretory products. The penial gland is reduced secondarily in some
vaginulid genera. When present, the penial gland of both Rathouisiidae
and Vaginulidae is provided with a retractor muscle, usually arising from
the body wall adjacent to, or with a common origin to, the penial retractor
near the anterior pericardial wall, but occasionally the retractor arises
independently from the floor of the body cavity. The occurrence of
a penial gland was considered by Hoffmann (1925) to have evolved
independently in onchidiids, rathouisiids and vaginulids. Rightly, this
was not accepted by Tillier (1984b). In fact, we can postulate that the
paired Simroth glands in rathouisiids approximate the primary condition
from which the diversity of penial gland configurations (and atrial and
vaginal derivatives) in pulmonates was derived.

Being terrestrial, Rathouisioidea exhibit an entirely intracapsular
embryonic development. Nothing is known presently about the reproduc-
tive biology of rathouisiids. In oviparous vaginulids, clutches vary greatly
among species, for example 3-25 eggs in A. ameghini and 46-70 eggs
in Laevicaulis alte (de Férussac) (Nagabhushanam and Kulkarni, 1971;
Tompa, 1980). Individual eggs are embedded in and connected by a
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chalaziform mucus rope. Tompa (1980) showed that the egg capsules of
A. ameghini are invested with calcium carbonate spherules that are
utilized by the developing embryo as a calcium source. At the time of
oviposition, the adult slug applies faeces to the surface of each egg, in a
manner similar to that seen in Pomatiasidae. The embryonic development
of these oviparous species is characterized by the reduction in the veliger
stage. In some vaginulid genera, such as Pseudoveronicella Germain,
Leidyula and Veronicella de Blainville, both ovoviviparity and viviparity
are known. Baker (1925a) records 35 young in the pallial gonoduct of
Leidyula moreleti (Crosse & Fischer).

In adult Rathouisiidae, the pallial complex is located mid-dorsally
towards the anterior of the animal. The nephridium is generally
semi-lunar in shape, its two extremities enclosing the pericardium from
behind, and yielding a ureter that arises from its anterior margin but
courses posteriorly before turning forward and downward to the excretory
orifice. The pallial cavity is located on the right lateral aspect and opens
ventrally through the juncture of the notum and pedal musculature, into
the parapodial groove as the pneumostome (Laidlaw, 1940). The internal
surface of the pallial cavity is rather smooth. The ureter and rectum
descend to the parapodial groove alongside the pallial cavity, the former
having a common opening with the pneumostome. Tillier (1984b) sug-
gested that the pallial configuration in rathouisiids is not the result of
the detorsional rotation of the pallial complex, but rather the result of
translation and compression to the right side of the body cavity. However,
this conclusion disregards the fact that the pallial complex in rathouisiids
retains its primary mid-dorsal location and exhibits little evidence of
lateral compression. Indeed, the rathouisiid condition is readily attained
by an approximately 180° clockwise (i.e. detorsion) rotation of the pallial
complex seen in pulmonate snails if we accept that the rathouisiid
nephridium was primarily transverse in relation to the body’s longi-
tudinal axis, or had attained such a transverse deposition during the early
phases of limacization (both conditions evident in Stylommatophora),
and with the ureter arising from the nephridial orifice adjacent to the
pericardium (i.e. in close proximity to renopericardial and nephridial
pores) and running across the anterior face of the nephridium before
passage to the pneumostome (a condition also evident in Stylommato-
phora). The female opening has maintained its position relative to that of
the pneumostome, suggesting that the terminal female genitalia were
involved in the detorsional process. A gland lies to the right of the pallial
cavity, against the body wall, and opens into the pneumostomal cavity
independently of the ureter and rectum (Sarasin and Sarasin, 1899).

Sarasin and Sarasin (1899) showed that, in vaginulids, the pallial
cavity, ureter and rectum differentiate from a single invagination of the
embryonic ectoderm. The nephridium in adult vaginulids is lanceolate,
lying against the body wall on the right, with the pericardium anterior—
lateral. It is equipped with a folded primary ureter that for a large part is
embedded in the adjacent body wall. The secondary ureter runs posteriad
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within the body wall parallel to the rectum. The ureter and rectum are
interconnected by one or more fine tubules (Degner, 1934). In Vaginina
Simroth, the ureter, while connected to the rectum by multiple tubules,
opens separately from the anus at the body posterior. In Vaginula,
Leidyula and Pseudoveronicella, the secondary ureter has one or several
proximal connections with the rectum and has a common opening with
the rectum behind the sole. In Laevicaulis Simroth, the secondary ureter
is connected to the middle part of the rectum, but the ureter and rectum
open separately to the exterior. The pallial cavity comprises a narrow,
richly vascularized region of the right posterior body wall surrounding
the rectum and secondary ureter, and opening via the pneumostome in
the parapodial groove behind the sole; the vaginulid pallial cavity is not
absent, as frequently suggested in the literature, it is just greatly reduced
in extent. While the ‘translation and compression to the right side of the
foot cavity’ noted by Tillier (1984a, p. 356) does not apply to rathouisiids,
it is clearly evident in the pallial configuration of vaginulids. Indeed, the
maintenance of the relative positions of the various elements, including
the close proximity of renopericardial and nephridial pores (Pelseneer,
1901; Tillier, 1984a) and right anterior orientation of the pericardium,
indicates derivation of the vaginulid configuration from a detorted,
rathouisiid-like one. From the inclusion of the rectum and ureter in the
body wall from the nephridial region, Tillier (1984a) recognized the sec-
ondary migration of the anus and pneumostome to the caudal extremity of
the foot in vaginulids. In these animals, the female opening was included
in the initial detorsional process but not in the secondary phase that
resulted in posteriad migration of the anal and pallial cavity openings.
The rectum and genitalia generally enter the body wall in close juxta-
position, but in some vaginulid species there is separation.

Succineoidean pulmonates

The extant Succineoidea comprise two families, Succineidae and Athora-
cophoridae. The earliest known Succineidae are from the Palaeocene of
Europe, and fossils occurring in Tertiary deposits in Africa, Europe
and North America. The family is now cosmopolitan, but with greatest
diversity in the islands of the Pacific, in the Indian subcontinent and the
Americas. Succineidae generally are small animals with a thin, high-
spired shell whose dimensions and shape are generally of little diagnostic
value below the family level except for several notable genera. In several
parts of the world, a trend to shell reduction and slug form has occurred.
In Succinea (Hyalimax) Adams & Adams and Omalonyx (Neohyalimax)
Simroth, the shell is reduced to the extent that it is internalized beneath
the mantle shield. All succineids have a weakly developed lateral groove
pattern and ill-defined tubercles on the dorsal integument. Further, they
lack the hyponotum, but possess two shallow parapodial grooves that
run parallel to each other posteriorly from the labial palp on either side,
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to separate the sole from the lateral body wall. The life strategy of
Succineidae is often generalized incorrectly as amphibious (e.g. Duncan,
1960; Rigby, 1965). It is true that many species of Succineidae occur in
marshes, swamps and at lake margins, and are to be found on moist soil or
on emergent vegetation in freshwater systems. However, these species are
strictly air-breathers and do not enter the water actively for feeding or
reproduction, although several species are known to disperse passively
attached to the surface film of water (e.g. Rao, 1925). Only species
associated with continuously wet rock surfaces near waterfalls, such as
Lithotis rupicola Blanford of western Ghats, India, and Succinea bernardii
Récluz of Tahiti (Patterson, 1973), can truly be regarded as amphibious.
The family is also well represented on the ground and arboreally both
in moist environments such as rainforests and marshes and in dry
environments such as sand dunes, savannah woodlands and seasonally
dry stream banks. Succineid snails are able to persist through seasonally
dry periods in an aestivating state, with the animals retracted into the
shell whose aperture is sealed and attached to the substrate by a sheet of
dried mucus, the epiphragm. In the semi-slug and slug forms, this type of
aestivation is not possible and these taxa are confined to permanently
moist sites. No comprehensive monograph of the Succineidae is available,
although the foundations for such have been established by numerous
anatomical studies published over the past 75 years. Patterson (1971a,b)
recognized two subfamilies and 12 genera.

Athoracophoridae are confined to the south-west Pacific region, with
the subfamily Aneitinae occurring from New Guinea through eastern
Australia to New Caledonia and Vanuatu, and the Athoracophorinae in
New Zealand and the Subantarctic. Their dorsal integument has grooves,
with conical tubercles in the intervening panels, both most strongly
developed in Athoracophorinae. The Aneitinae are characterized by a
triangular cephalic shield, carrying the cephalic tentacles, at the anterior
end of the body and extending back to abut the triangular mantle shield
located mid-dorsally in the anterior third of the body; the cephalic and
mantle shields are bounded by grooves. The anus, pneumostome and
excretory orifice occur at the lateral, right apex of the mantle shield. The
shell is vestigial, comprising one or several calcareous granules under
the mantle shield. Where mantle shield is most strongly developed, in
some members of the New Caledonian Aneitea Gray, the body form
in dorsal aspect closely approaches that in Omalonyx (Neohyalimax)
in Succineidae. The sole is broad, without a hyponotum, although in
locomotion the lateral zones of the foot are lifted from the substrate. In
Athoracophorinae, the cephalic and mantle shields are reduced and only
defined, somewhat weakly in some genera, by grooves in the dorsal
integument. Further, the anal orifice has migrated towards the perinotum,
the excretory orifice towards the anterior apex of the vestigial mantle, and
the respiratory orifice towards the centre of the mantle. The internalized
shell comprises numerous small granules, often scribing a broad arc. In
common with the Onchidiidae and Rathouisioidea, the Athoracophorinae
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possess a hyponotum, separated from the dorsum by a pronounced
perinotum. Various subgroups of Athoracophoridae have been the
subjects of systematic and anatomical treatments by, for example, Plate
(1897, 1898), Pfeiffer (1900), Glamann (1903), Suter (1913), Grimpe
and Hoffmann (1925), Solem (1959), Burton (1963, 1977, 1980, 1981,
1982, 1983), Climo (1973) and Barker (1978), but these do not document
adequately the evolutionary diversity within the family. There are
extensive radiations, particularly in New Caledonia and New Zealand,
which previously have been overlooked. The family presently is the
subject of a monographic revision by the present author. The family has
no fossil record.

The foot sole of Succineidae and Athoracophoridae is tripartite, with
locomotion effected by multiple, direct pedal waves in the central zone.
As in some ellobiids, the pedal waves are initiated at the posterior
extremity of the sole. The trend apparent in Ellobiidae for the columellar
muscle and its branches to run in the haemocoel, free of the body wall,
to insert on the anterior organs and cephalic structures, is developed
further in Succineidae. As in ellobiids, this provides for inversion of
the cephalopedal mass on retraction of the animal into its shell. In Athora-
cophoridae, the free muscle system is reduced to the extent that the
columellar muscle is absent. In Succineidae, cephalic tentacle with-
drawal is accomplished by invagination of the apical part of the tentacle
and contraction of the broad basal part (Burch and Patterson, 1969). In the
Athoracophoridae, the apical part of the tentacles is a solid rod, which is
neither contractile nor invaginable, but can be withdrawn into the body
cavity by telescoping into the sleeve-like basal part that is both contractile
and invaginable (Burch, 1968). Solem (1978) presents a convincing
argument for the tentacle retractor conditions in Succineidae and Athora-
cophoridae being related to space limitations in the cephalic region and
thus secondarily derived from ancestral conditions with fully invaginable
tentacles (as in Stylommatophora, see below). However, this does not
accord well with the fact that the succineid tentacle structure and retrac-
tion modes provide transitional states between the clearly plesiomorphic,
contractile tentacles in Rathouisioidea and the apomorphic, invaginable
tentacles in Stylommatophora, despite the succineid free muscle system
being well developed. One has to acknowledge the reduction in the free
muscle system in Athoracophoridae, as eluded to by Solem (1978), but
their retracted, solid tentacles occupy as much cephalic space as fully
invaginated ones in typical stylommatophorans and thus run counter
to Solem’s arguments based on space-saving adaptations. Solem’s inter-
pretations apparently were coloured by his treatment of Succineidae and
Athoracophoridae as advanced stylommatophorans, rather than as sister
taxa to the Stylommatophora.

Succineidae generally possess a second pair of short tentacles at the
anterior face, below the cephalic, eye-bearing tentacles. In this regard,
they are similar to the rathouisioideans, except for the singular rather than
bifid apex of these inferior tentacles, and that they are invaginable and
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thus can be retracted into the body cavity. These inferior tentacles are
vestigial in at least Lithotis Blanford and Omalonyx (Neohyalimax), with
the retention of the retractor muscle and nerve bundles indicating a
secondary loss. These tentacles and their retractors and nerve supply are
absent in all Athoracophoridae.

The hypoathroid CNS of Succineidae and Athoracophoridae
approximates that in Ellobiidae in possessing a prominent globineuron-
containing procerebral lobe and a tubular cerebral gland that extends from
the procerebrum to the skin near the base of the cephalic tentacle (Cook,
1966; van Mol, 1967; G.M. Barker, personal observation). While the cere-
bral gland maintains a tube open to the body exterior in adult Ellobiidae,
the orifice to the body exterior has disappeared by the time Succineidae
and Athoracophoridae hatch from the egg (Cook, 1966). As in Ellobiidae
and Onchidiidae, the Succineoidea possess the subcerebral commissure.
With respect to the length of the connectives, the succineoidean CNS is
highly concentrated relative to that in ellobiids, but of similar concentra-
tion to that in onchidiids and vaginulids. The general pattern of ganglion
configuration in the pentaganglionate visceral loop of succineoideans is
fusion of the right pleural, parietal and visceral ganglia. The left pleural
ganglion generally abuts the left parietal ganglion, which in turn is either
separated from the visceral ganglion by a short but distinct connective, or
pressed against it. Several Succineidae and Athoracophoridae exhibit
even more concentration, with the visceral ganglion seemingly fused to
both parietal ganglia and consequently tending towards a medial location
on the visceral chain.

Succineoidea are simultaneous hermaphrodites. The reproductive
system in Succineidae is semi-diaulic in that the spermiduct initially
comprises a ciliated groove on the ventral floor of the female pallial
gonoduct, forming a spermoviduct, and separates from the female pallial
gonoduct before giving rise to the prostatic gland and continuing as the
vas deferens to the penis. Generally, the length of the spermoviduct is
short, being associated with the oviductal gland only in its most proximal
part. However, in some succineids, such as Catinella vermeta (Say), the
spermiduct is maintained as a ventral groove for almost the entire length
of the glandular oviductal part of the female pallial gonoduct, but none
the less separates before giving rise to the vas deferens and associated
prostatic gland (G.M. Barker, personal observation). Generally, the
oviductal gland is comprised of voluminous folds whose lumina are
tangential to the long axis of the gonoduct, recalling the condition in
Ellobium of the Ellobiidae. During ontogeny, the oviductal gland folds
of the female pallial gonoduct develop as outgrowths of the wall of an
initially undulating tube (Hoagland and Davis, 1987).

The Athoracophoridae are predominantly diaulic. In Aneitea and
Triboniophorus Humbert in Aneitinae, and Amphikonophora Suter in
Athoracophorinae, the male and female pallial gonoducts separate imme-
diately below the fertilization chamber. The female pallial gonoducts
in these athoracophorid genera generally lack the oviductal folds that
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characterize Succineidae, but possess a more tubular structure, albeit
with often thick, glandular walls. Often the female pallial gonoduct is of
considerable length. These features recall the female gonoduct of onchi-
diids, rathouisiids and several ellobiid genera. In the athoracophorine
Pseudaneitea Cockerell, the oviductal gland is produced as a single but
often massive glomerate outgrowth to the main axis of the otherwise tubu-
lar female pallial gonoduct (Burton, 1980). The prostatic gland in all these
athoracophorids is basically of the same structure as that in Succineidae
in being a compacted mass of follicles opening to the vas deferens.

Remarkably, in Athoracophorus Gould and two undescribed genera of
the Athoracophorinae, a monaulic condition is present (Barker, 1978;
Burton, 1978; G.M. Barker, unpublished), which combines the female
oviductal gland configuration of Succineidae with an ellobiid-like diffuse
ribbon of prostatic gland follicles opening into the spermiduct that
constitutes a ventral groove throughout the length of the pallial gonoduct.

Unlike that in ellobioid, onchidioid and rathouisioid pulmonates, the
vas deferens of succineoideans is a closed duct throughout and does not
enter the body wall. That part which descends from the pallial gonoduct
to reach the anterior of the body evidently is derived from the spermi-
duct that is embedded in the body wall of the onchidiids, vaginulids,
rathouisiids and most ellobiids, but has become free in the haemocoel.
The anterior extremity none the less maintains a close association with
the connective tissue of the body wall. That part which runs to insert
in the penis is homologous to the closed vas deferens in the lower pulmo-
nates. In many succineids and athoracophorids, this latter part of the vas
deferens is differentially constructed, with the musculature of the walls
considerably thickened. While spermatophores are not produced, these
particular succineoideans tend to transfer spermatozoa in distinct
mucous packages (para-spermatophores; Webb, 1977a,b,c). Other Suc-
cineidae and Athoracophoridae evidently transfer spermatozoa simply
suspended in seminal fluid.

The capacity for self-fertilization is widespread in Succineidae
(Patterson, 1970), but the extent to which this reproductive strategy is
employed in natural populations presently is not known. Rao (1925)
raised the possibility of a form of self-copulation in L. rupicola as one
specimen was found with the penis everted and deeply inserted into
its own vagina. Where mating occurs, it apparently invariably involves
reciprocal gamete exchange in both Succineidae and Athoracophoridae.
In the majority of species, spermatozoa are deposited in the free oviduct of
the mate and subsequently transferred to the receptaculum seminalis,
with the excess directed to the bursa copulatrix (Webb, 1953; Hecker,
1965; Rigby, 1965; Jackiewicz, 1980; G.M. Barker, personal observation).
In some succineids, however, mating occurs without intromission, with
gamete exchange effected by deposition of spermatozoa on the mate’s
everted penis (Webb, 1977a,b,c; Emberton, 1994). Asami et al. (1998)
categorized mating in succineids as non-reciprocal, with one animal
functioning as the ‘male’ that achieves copulation by mounting the



78

G.M. Barker

‘female’s’ shell. Villalobos et al. (1995) observed that reciprocity in
gamete exchange was achieved by Succinea cosaricana von Martens
through male—female role reversal in a subsequent copulation.

The seminal receptacle is present primarily as a diverticulate sac
opening adjacent to the renal gonoduct in a distinct fecundation pouch.
In Succineidae and some Athoracophorinae, the seminal receptacle
comprises a number of chambers and thus is lobate in appearance. The
diverticulum is absent in Aneitinae and the seminal receptacle is
represented as a distended terminal section of the renal gonoduct. In
Succineidae, the bursa copulatrix is primarily on a long duct opening to
the distal part of the female pallial gonoduct. However, the duct is often
reduced and may be located secondarily on the genital atrium or the male
genitalia. While its duct generally is reduced, the bursa invariably is
located on the female pallial gonoduct in Athoracophoridae.

A diverticulum is present on the oviductal gland region of the female
pallial gonoduct in Aneitinae. The occurrence of similar diverticula in
Ellobiidae, Otinidae, Chilinidae, Siphonariidae and Latiidae indicates a
possibly plesiomorphy in basal pulmonates, but homology has yet to be
demonstrated.

The male genitalia of Succineidae and Athoracophoridae exhibit
remarkable similarity, and comprise a tubular, thick-walled penis that in
some species bears one or more caecal flagella; the penis and its flagella
become everted during copulation. The entrance of the vas deferens into
the penis is through a simple pore that often is located at the apex of a
small conical or, rarely, coiled papilla. The epithelium lining the penis
lumen generally is thrown into low folds or papillae that in Succineidae
may be covered in a cuticle and/or bear crystalline rosettes (Quick, 1933,
1936; Tillier, 1981; G.M. Barker, personal observation). In Athoracophor-
idae, the epithelium comprises numerous scale- or hook-like cuticular
papillae, of species-specific form (G.M. Barker, personal observation). In
both families, the penis and terminal part of the vas deferens may be
enclosed entirely or partially within a thin, muscular sheath.

The penial retractor in Athoracophoridae arises from the dorsal body
wall, usually in the vicinity of the pallial complex, and runs directly
forward to insert on the penial complex. This is essentially the same
configuration as in onchidiids, rathouisiids and vaginulids, and is
easily derived from the retractor system in ellobiids that is essentially
columellar. As recognized by Tillier (1984c), the condition is fundamen-
tally different in Succineidae. Here the retractor arises from the mantle
adjacent to the origin of the aorta, inside the periaortic, anterior-most
intestinal loop, and in running to the penis the muscle passes under that
intestinal loop. This implies some modification of the ontogenesis of
the male genitalia, or the retractor muscle, in succineids. Interestingly,
A. Dutra-Clarke (personal communication) observed both under- and
over-intestinal routes for the penial retractor within a single population
of Omalonyx matheroni (Potiez & Michaud). Furthermore, the penial
retractor is absent in Indosuccinea Rao and Lithotis.
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The penial gland generally is absent in Succineidae, but a thick-
walled appendix opening through the lateral wall of the penis in
C. vermeta, supplied with a branch of the penial retractor muscle, may
represent a modified penial gland; in other members of the genus
Catinella Pease, the penial gland is reduced further. In Neosuccinea
Matekin, an elongate appendix, with a strongly muscular base and more
sacculate apex, occurs on the vagina. That the bursa duct varies in its site
of insertion suggests that there is considerable evolutionary plasticity
in the configuration of the terminal genitalia, and the penial gland that
initially was adjacent to the genital atrium, and the bursa initially opening
to the female pallial gonoduct, may have become variously incorporated
into the terminal genitalia. The current literature suggests absence of the
penial gland in Athoracophoridae, but recently discovered species in
New Caledonia possess elaborate male genitalia that include a massive,
stylet-bearing stimulator dominating the penis in a position equivalent to
the penial gland in Catinella (G.M. Barker, unpublished).

While primarily ditrematous, the Pulmonata have achieved mono-
trematry in several lineages. Among succineids, the male and female
genitalia open separately, but closely juxtaposed, to the exterior in
Succinea Draparnaud and Lithotis. In other Succineidae, and in
Athoracophoridae, the male and female ducts open to a common genital
atrium immediately inside the body wall and thence through a single
orifice to the exterior. The genital opening is located behind the
right cephalic tentacle, somewhat posteriad in most Succineidae but
immediately adjacent to the tentacle in Omalonyx (Neohyalimax). The
latter position is characteristic of all Athoracophoridae.

There has been much debate on the origin of hermaphroditism in
pulmonates. Pelseneer (1896) thought that a monaulic, monotrematic
prosobranch female system became hermaphrodite, and cainogenetically
developed a male organ with functional connection to the pallial
gonoduct opening through an open groove, to give rise to the pulmonate
reproductive system. Based on variation in the configuration of the
terminal genitalia, Visser (1977, 1981) interpreted hermaphroditism as
being derived in pulmonates from a monaulic, prosobranch condition, but
with development of female features in a male system leading to the
basommatophoran condition, and male features in a female system lead
to the stylommatophoran condition. Monauly as the plesiomorphic
condition in pulmonates is also supported by ontogeny of the pallial
gonoducts in stylommatophorans (e.g. Hochpochler, 1979) and the wide-
spread occurrence of the monaulic (spermoviduct) condition in lower
Heterobranchia (e.g. Pyramidelloidea). Diauly has thus been treated as a
derived condition (e.g. Duncan, 1960; Berry et al., 1967; Visser, 1981;
Martins, 1996b).

However, the widespread occurrence of hermaphroditism, including
the presence of both dioecious and hermaphroditic species within
some families, and the changes from one sex to the other in response to
environmental stress or natural protandry, point to hermaphroditism as
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plesiomorphic in Gastropoda. It seems that hermaphroditism is often
suppressed for periods in the evolutionary history of various gastropod
groups, only to re-emerge under certain evolutionary or ecological
conditions. In hermaphrodites, there may be separate ovary and testis, or
various forms of unification of these into a functional ovotestis. None the
less, in all extant gastropods, there is a single renal gonoduct. Contrary to
the view of Visser (1981), paired gonads and mesodermal gonoducts are
not necessarily a prerequisite for diauly in the pallial gonoducts. It is clear
that the ditrematous condition precedes the monotrematic condition in
the evolution of the Pulmonata, but the consolidation of the male and
female genital openings that has thus taken place during the phylogenetic
development of the various pulmonate groups does not necessarily imply
unification of the pallial gonoducts. Further, that the pallial gonoduct has
an apparent single ectodermal ontogeny in monaulic, higher pulmonates
is not necessarily very informative about the origins of hermaphroditism
in ancestral pulmonates — developmental studies are needed in diaulic,
lower pulmonates. It is clear that diauly is widespread in the lower
pulmonates and may be plesiomorphic for this clade; consistent with the
interpretation of Solem (1972b, 1976) that fusion of the male and female
pallial gonoducts has occurred repeatedly amongst Stylommatophora.
Phylogenetic analyses of both morphological and 16S rDNA sequence
character data (G.M. Barker, unpublished) strongly indicate that diauly is
plesiomorphic in Athoracophoridae and that monauly has been derived
independently four times in this family. The variation in the condition
of the pallial gonoducts, even within Ellobiidae and Athoracophoridae,
points to remarkable evolutionary instability in the degree to which the
male and female components are united, and it is probable that within
gastropods there is much homoplasy and possibly reversals.

The Succineoidea are oviparous, producing cleidoic eggs. Many suc-
cineids produce firm egg capsules, each with a single embryo, embedded
in a mucous jelly (Fischer, 1938; Hecker, 1965; Rigby, 1965). Succinea
putris (Linnaeus) produces such clutches, comprising up to 50 or 60
eggs. Other Succineidae produce separate eggs. Austrosuccinea archeyi
(Powell), for example, produces clutches of up to 15 spherical egg
capsules that are not embedded in jelly (Powell, 1950). The eggs of
Omalonyx felina Guppy are not embedded in mucous jelly, but are often
linked as the capsule material is drawn out in a string, resembling those
in Vaginulidae (Patterson, 1971b). Athoracophoridae generally produced
clutches of 10-30 separate, spherical to oval egg capsules, each with a
single embryo (e.g. Suter, 1913; Barker, 1978). Recent discoveries (G.M.
Barker, unpublished) have shown that the Athoracophoridae produce the
spectrum from hard, calcareous shelled egg capsules to firm, multilayer,
jellied capsules. The Succineoidea exhibit intracapsular development,
with no veliger stage but a gradual assumption of adult features.
Post-gastrula stages are characterized by differentiation of rudiments of
the foot and viscera, and development of the anterior sac (hepatic mass).
The Athoracophoridae lack a shell plate, and the vestiges of the shell in
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the form of one or more granules seen in the adult animal are laid down at
the early post-gastrula stage.

Great evolutionary instability in chromosomal richness is apparent in
Succineoidea. While some Succineinae retain a haploid chromosome
complement approaching that in basal pulmonates (15-19 haploid
chromosomes; Patterson and Burch, 1978), others exhibit apparent
chromosomal deletion or addition, resulting in variation from 11 to 25
haploid chromosomes within the subfamily. As an apparent result of
considerable chromosome deletion, Catinellinae exhibit extremely low
chromosomal richness (five or six haploid chromosomes) (Natarajan
et al., 1966; Butot and Kiauta, 1967; Patterson, 1968a,b; Patterson and
Burch, 1978). Solem (1978) relates aneuploid reduction in Catinellinae to
ecological fitness in ephemeral habitats, but failed to take into account the
wide variation of chromosome richness in Succineinae occupying the
same types of habitats. Athoracophoridae have a haploid complement
of 44 (Burch and Patterson, 1971), suggesting a possible polyploid
mutational origin from a succineid ancestor.

The pallial organs of Succineoidea have drawn considerable comment
in the literature. None the less, their basic configuration in succineid
snails is not unlike that in Ellobiidae, except that the nephridium is wider
than it is long, the lamellae-free, distal ureteric pouch is absent, and a
tubular ureter is formed. In discussion on the Succineidae, Pilsbry (1948,
p- 771) indicated, ‘the short, wide shape of the kidney may be related to
the shortening of the whole pallial cavity in this group’. Indeed, the
arrangement of lamellae strongly points to the derivation of succineid
nephridium from elongation subperpendicular to the rectum on the
visceral side of a relatively short ancestral nephridium (Tillier, 1989). In
their possession of an elongate, tubular ureter, the Succineidae are like
Onchidiidae, Vaginulidae and Rathouisiidae; the respective ureters have
the same cellular structure (Delhaye and Bouillon, 1972b,c), suggesting
homology. In succineid snails, the ureter traverses across the face of the
nephridium to reach the posterior extremity of the pallial cavity before
running forwards parallel to the rectum to the ureteric orifice at the
pneumostome. In many Succineidae, the terminal part of the ureter, near
the pneumostome, is continued along the front of the pallial cavity as a
blind caecum (Quick, 1933, 1936). The short pallial cavity is highly
vascularized. Succineid snails living in the splash zone of waterfalls,
and thus with water continually collecting on the shell, frequently have
evolved a pneumostomal ridge on the shell to channel water away from
the pallial cavity opening (Patterson, 1973). The principal pallial modifi-
cations associated with evolution of the slug form in succineids are the
further compaction of the respiratory surface, secondary shortening and
slight detorsional rotation of the nephridium, and the freeing of the ureter
from the anterior face of the nephridium, resulting in some variation in its
route to the excretory orifice. The vascularization has become concen-
trated into pouch-like lobes that hang pendulously from the remaining
pallial cavity roof in succineid slugs such as Omalonyx d’Orbigny s.str.
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The general relative disposition of the pallial organs in athora-
cophorid Aneitinae is similar to what is found in succineid slugs:
nephridium basically in the posterior left part of the pallial cavity, heart
in front of the nephridium, and pneumostome opening together with
rectum and ureter on the right side of the pallial cavity. The respiratory
part of the pallial cavity is completely filled by a net of connective tissue,
including the venous system and delimiting a system of air lacunae; this
represents a more advanced stage in the evolutionary compaction of
the respiratory surface evident in succineid slugs. Early workers drew
analogies between this respiratory configuration and the tracheal system
of insects (e.g. Plate, 1898). Simroth (1918) recognized the highly
compacted nature of the pallial cavity in Athoracophoridae.

The nephridium in Aneitinae is compact, with a lumen strongly
lamellate. Adjacent to the opening to the pericardium, the nephridial pore
with a sphincter gives rise to a tubular ureter that in Aneitea is rather short
and runs directly to the renal orifice adjacent to the pneumostome. In
Triboniophorus, the ureter is elongated and scribes several loose loops
before running forward to the renal orifice (Burton, 1981; D.W. Burton,
personal communication; G.M. Barker, unpublished). In Aneitinae, the
ureter opens adjacent to the pneumostome, but disjunct from the anus
(Plate, 1897, 1898; Glamann, 1903; Burton, 1981). The nephridium in
Athoracophorinae is elongated and bilobed, with its long axis across the
full width of the body perpendicular to the body axis. The nephridial ori-
fice is on the right anterior face, adjacent to the renopericardial pore, to
give rise to a long, folded ureter similar to that in Triboniophorus, to ter-
minate through an orifice in the anterior of the vestigial mantle shield. A
feature common to all athoracophorids is the presence of one or several
tubular, secretory diverticula opening through multiple but closely grouped
pores under the ureter orifice (Burton, 1981). Early authors described and
depicted the ureter in Athoracophoridae as ramifying into diverticula;
this error has been perpetuated in the literature (e.g. Tillier, 1989). As
demonstrated by Burton (1981), the ureter is a tube which, when long,
becomes folded like that in Vaginulidae. The considerable variation in the
nephridial shape and urethral length in Succineoidea indicates that neither
is particularly informative about higher level systematics in Pulmonata.

In Athoracophorinae, a slender duct arises from near the distal
extremity of the ureter and runs along the rectum to open through a
minute pore into the distal intestine (Burton, 1981). Burton (1981)
postulated that the tubule linking the ureter with the intestine is a
synapomorphy of the Athoracophorinae. He assumed that the absence in
Aneitinae is plesiomorphic, but there is a possibility that the structure in
Athoracophorinae is homologous to the tubule(s) linking the ureter with
the rectum in Vaginulidae.

Succineoidea feed primarily on minute cryptogams (e.g. fungi,
filamentous algae and diatoms) associated with rock and plant surfaces.



Gastropods on Land 83

Some Succineidae, such as Succinea putris and Omalonyx, are
herbivorous, feeding on living plant tissues. As with Ellobiidae, the great
diversity of radular dentition in Succineoidea serves to emphasize
the low value afforded by the radulae in supraspecific systematics
in pulmonates. An essential synapomorphy of the Succineoidea is the
elasmognathous jaw, characterized by the development of an accessory
plate to which the buccal musculature attaches. The oesophagus is
generally short, with low longitudinal ridges. In some succineid species,
these folds delimit two quite pronounced (even pigmented) channels on
each of the dorsal and ventral aspects of the oesophageal epithelium. The
Succineidae and Athoracophoridae invariably possess an oesophageal
crop, which narrows posteriorly to the stomach. The stomach is
simplified relative to that in Ellobiidae, Onchidiidae and Vaginulidae — it
is a simple curvature with oesophageal and intestinal openings at the
respective extremities and thus widely separated, the ducts to the two
digestive gland lobes open in its concave arc more or less contiguous in
the angle formed by the oesophageal crop and intestine, and all vestiges of
the gizzard are absent. These features are secondary and, given that
similar configurations have been achieved in other pulmonates, do not
accord much systematic significance. The absence of the gizzard is
obviously correlated with the more enzymatic breakdown of digested
food materials relative to that in lower pulmonates. A small caecum is
associated with the duct of the posterior lobe of the digestive gland in
both Athoracophoridae and Succineidae. In drawing on the work of Rigby
(1965), Solem (1978, p. 85) concluded that the caecum in succineids ‘is
convergent with similar structures in Basommatophora, other Stylom-
matophora, and browsing opisthobranchs’. Tillier (1989) too considered
this a new structure, developed in compensation for the simplified stom-
ach. However, I consider the caecum in Succineoidea to be homologous
to that structure in Ellobiidae, and both homologous reductions of the
gastric caecum in lower gastropods. Internally, the stomach wall has low
folds, the stronger two of which may be recognized as typhlosoles that
converge to form a weak intestinal groove between them in the proximal
intestine.

The intestine of Succineidae and Athoracophoridae has a single
forward-directed loop, turning posterior after crossing over the aorta.
From the aorta, the intestine has one loop backwards before going forward
to the anus. In Succineidae, the intestine is rather short and lacks any
coiling around the crop. In contrast, the intestine in Athoracophoridae is
very long, and often (but no invariably) hypertorted to coil around the
oesophageal crop (Tillier, 1984c; G.M. Barker, unpublished), exactly as in
the vaginulid Spirocaulis; this hypertorsion is achieved during ontogeny
after torsion of the embryo. In both families, the intestine generally is
without epithelial folds, but the rectum frequently has pronounced
longitudinal folds.
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Stylommatophoran pulmonates

The extant Stylommatophora are highly diverse, with some 71-92
families recognized (Emberton et al., 1990). As pointed out by Solem
(1985), the northern hemisphere regions are rather depleted in stylom-
matophorans as these regions have been colonized in relatively recent
post-glacial times from a few refugia. The greatest diversity today occurs
in isolated island and montane refugia systems of the southern hemi-
sphere, and some tropical forest systems. Solem (1974, 1979a,b, 1981),
Solem and Yochelson (1979), Nordsieck (1986), Tillier et al. (1996),
Tracey et al. (1993) and others have discussed the stylommatophoran fos-
sil record. Solem and Yochelson (1979) attribute four Upper Mississipian
taxa, approximately 320 million years old, to the Stylommatophora,
which indicates a stylommatophoran radiation in the Carboniferous
shortly after the emergence of the pentaganglionate Heterobranchia.

Nordsieck (1986) advocated a similar timing for the Stylom-
matophora. With consideration of fossils (in particular, the confirmed
diversity of stylommatophorans in the Cretaceous) and molecular
phylogeny, Tillier et al. (1996) concluded that the emergence of the
opisthobranch and pulmonate clades probably occurred earlier than
the Upper Carboniferous (though possibly as late as the Triassic), but
the emergence of the Stylommatophora is relatively recent, being late
Cretaceous—Palaeocene (65-55 million years ago). This implies that the
Carboniferous terrestrial taxa are not stylommatophoran. However, the
late Cretaceous—Palaeocene origin of the Stylommatophora suggested
by Tillier et al. (1996) is not consistent with the wide dispersion in
pre-Cretaceous times indicated by the intercontinental disjunctions
evident in extant members of several stylommatophoran families.

A suite of morphological, physiological and behavioural adaptations
that enable regulation of body hydration has been critical to the success of
the Stylommatophora (Solem, 1974; Riddle, 1983; Cook, Chapter 13, this
volume). Undoubtedly the contractile pneumostome, which reduces the
extent to which the pallial cavity is exposed to the evaporative demands
of the ambient environment, has been central to this success. Stylom-
matophorans often take up water through the pneumostome: a rectal
pump rapidly conveys this water through the anus into the digestive tract.
Under dry environmental conditions, this extrasomal reserve cannot only
be utilized by absorption into the blood, but a large portion can be
expelled from the anus and directly conveyed to the external body
surfaces where water losses due to evaporation and locomotion occur
(Neuckel, 1985). Furthermore, these animals frequently store urine in the
pallial cavity, which is thought to function as a reservoir of water (Blinn,
1964; Smith, 1981) for subsequent resorption by the renal system. Unlike
caenogastropods, ultrafiltration to produce urine does not occur in the
pericardial cavity but rather in the nephridium (Vorwohl, 1961; Martin
et al., 1965); podocytes are absent in the heart, and ultrafiltration occurs
across the lamellae of the nephridium (Potts, 1975). These animals are
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purinotelic in that the nephridium excretes much solid matter in the form
of uric acid, guanine and xanthine concretions, thus enabling nitrogen
removal with reduced water loss (Riddle, 1983). Many species have been
shown to have remarkable physiological tolerance of the considerable
variation in body water content that can occur during the course of daily
activity cycles and in the course of aestivation. In addition to the uptake
through the pneumostome mentioned above, stylommatophorans are able
to rehydrate rapidly by uptake of water through the integument, by drink-
ing and through feeding. As with Succineidae, most stylommatophoran
snails are able to aestivate over periods of unfavourable conditions, with
the animal retracted into the shell and the shell aperture sealed with one
or more epiphragms or cemented to the substrate (Riddle, 1983; Solem,
1985).

The basic configuration of the pallial organs in Stylommatophora
resembles that in Ellobiidae. In (dextral) stylommatophoran snails, the
nephridium, on the left side of the pallial cavity, generally is triangular in
shape and its base shares a common wall with the visceral cavity, where it
runs along the periaortic intestinal bend. The pericardium is applied to its
left side and is prolonged towards the pallial border by the pulmonary
venous system and towards the visceral cavity, outside the pallial cavity,
by the aorta. The aorta crosses the intestinal bend before dividing into
anterior and posterior branches. The pulmonary vein usually produces
extensive vascularization over much of the pallial surface between the
nephridium and pneumostome. This is the primary site of respiratory gas
exchange. The contractile pneumostome opens and the diaphragm (the
floor of the pallial cavity) contracts to dilate the pallial cavity and draw air
in. Closure of the pneumostome and relaxation of the diaphragm produce
a positive pressure inside the cavity, facilitating gaseous exchange across
the venous network on the pallial cavity roof. The pneumostome again
opens to initiate repetition of the cycle.

I follow Delhaye and Bouillon (1972a,b,c), Nordsieck (1985) and
Tillier (1989) in recognizing the renal organ as comprising three
morphologically and functionally distinct parts: (i) a broad proximal,
internally lamellate nephridial sac, the nephridium proper; (ii) a distal
ureteric pouch (orthureter); and (iii) a ureter that may be represented
by an open ciliated groove or a closed tube, of lengths varying among
taxa. The nephridium opens to the pericardium by a renopericardial
pore and expels the excreta through a nephropore into the orthureter or
directly into the ureter. The development of ureters in these terrestrial
pulmonates, characterized by internal transverse lamellae (Delhaye
and Bouillon, 1972b), may be correlated with the need for increased
resorption of ions and water.

The higher systematics of the Stylommatophora generally used
today originates from Pilsbry (1900), who founded it on the structure of
the excretory system. While being rejected by Simroth and Hoffmann
(1908-28), Thiele (1929-35) and others on the grounds that it did not
reflect natural relationships, Pilsbry’s scheme was generally accepted
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after further development by Baker (1955, 1956), Solem (1959) and Zilch
(1959-60). Pilsbry (1900) proposed the ordinal group Orthurethra for
stylommatophorans possessing both nephridium and orthureter, with an
anterior nephropore, but usually with only the proximal part of the ureter
developed as a groove along the rectal face of the nephridium. The
taxon Mesurethra was defined as possessing neither a orthureter on the
nephridium nor a closed ureter, while Sigmurethra was defined as being
without a orthureter but possessing a ureter running along the anterior of
the nephridium to the top of the pallial cavity (primary ureter) and then,
adjacent to the rectum, to the pneumostome (secondary ureter).

The possession of an orthureter on the distal part of the nephridium
generally has been assumed to be plesiomorphic in Stylommatophora
because this type of configuration occurs in Ellobiidae and various
aquatic, basal pulmonates (Delhaye and Bouillon, 1972a,c; Nordsieck,
1985; Tillier, 1989). Delhaye and Bouillon (1972b) considered the
orthureter to be a secondary specialization of the anterior part of the
nephridium. While there has been much incompatibility in the various
suprafamilial schemes proposed, even in the past few decades, there
have been explicit or implicit inferred sister-group relationships of
the orthurethran and non-orthurethran Stylommatophora (Solem, 1985;
Tillier, 1989; Emberton and Tillier, 1995; Stanisic, 1998). The retention
of the orthureter in the excretory system among stylommatophorans
generally has been recognized only in those taxa traditionally grouped as
Orthurethra, namely Pupilloidea, Chondrinoidea and Partuloidea. Tillier
(1989) has demonstrated, however, that a pouch-like differentiation in the
nephridium is present in a number of non-orthurethran families. Despite
the homology of these nephridial pouch and orthureter structures not
being fully resolved by histological and functional studies, the ordinal
status of Orthurethra is called into question. The validity of this ordinal
category apparently is weakened further by several orthurethrans possess-
ing a retrograde closed ureter (Watson, 1920; Solem, 1964; Tillier, 1989),
by many non-orthurethran taxa exhibiting transitional states between
the ureter morphologies used originally to define the Mesurethra and
Sigmurethra (Nordsieck, 1985; Tillier, 1989), and the absence of clear-cut
sister-group relationships between Orthurethra and other Stylommato-
phora in recent phylogenetic analyses of molecular (Tillier et al., 1996)
and morphological data (Barker, 1999). None the less, support for the
monophyly of the Orthurethra is found in 28S rDNA sequences (Wade
et al., 2001). If the mesurethran condition is part of the same morphocline
as the Sigmurethra, as suggested by Delhaye and Bouillon (1972b) and
accepted here, then the Sigmurethra were derived from gastropods with-
out a closed ureter, but after the loss of the orthureter. According to
Schileyko (1979), sigmurethry is a feature in embryogenesis, even in
orthurethran forms without a ureter in the adult animal.

Tillier (1989) proposed a new higher classification of non-
orthurethran Stylommatophora. Using the differentiation of the renal
morphology, Tillier recognized two phylogenetic lines within the
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Sigmurethra, one in which at first a dedifferentiation of the nephridium
took place which was partly followed by a closure of the ureter
(Brachynephra sensu Tillier), and another in which at first a closure of the
ureter took place which was partly followed by a dedifferentiation of
the nephridium (Dolichonephra sensu Tillier). I concur with Nordsieck
(1992) in considering Tillier's hypothesis as an overvaluation of the
differentiation of the nephridium.

Pilsbry created the ordinal category Heterurethra for the Succineidae
(placed in Stylommatophora, contrary to relationships suggested here),
whose excretory system was said to differ from that of the Sigmuethra in
that the nephridium extends transversely, and the primary and secondary
arms of the ureter are at right angles to each other. Baker (1955)
applied the term Heterurethra to all stylommatophorans (inclusive of
Succineidae) possessing a nephridium transverse with respect to the
body axis but, as pointed out by Nordsieck (1985), this configuration in
Stylommatophora is really a form of sigmurethry. If we accept that the
Succineoidea are not part of the Stylommatophora clade, then the trend to
heterurethrary in the stylommatophoran Sigmurethra will be recognized
as convergent on that in Succineidae.

Space is limited here, so the great diversity within the Stylom-
matophora is necessarily treated collectively. They are primarily snails,
whose shells vary from very elongate to globose, depressed and discoidal,
with the coils rounded, angular, shouldered or flattened, with shallow
or impressed sutures, and with many to few whorls. The outer lip of
the shell may be either thin in species with indeterminate growth, and
variously thickened and sometimes turned back or reflected in species
with determinate growth. The interior walls of the shell often possess
folds of varying types: those that occur on the shell axial walls or
columella are referred to as columellar lamellae, those on outer shell
walls are referred to as palatal plicae. The palatal plicae result from fold-
ing of the secretory surface of the mantle and are produced throughout the
animal’s life, but most frequently at the termination of post-embryonic
development. In contrast, the columellar lamellae appear even in embryo-
genesis and continue to lengthen as the shell grows. Based on patterns
seen in ontogeny, Schileyko (1979) regarded the presence of lamellae
as a plesiomorphic character, while the plicae were considered to
have evolved independently in several lineages. Nordsieck (1986) and
Pokryszko (1997) emphasized, however, that the presence of lamellae and
plicae, irrespective of the ontogeny in extant taxa, must be evaluated as
plesiomorphic because these characters are present in taxa (Ellobiidea,
shelled opisthobranchs) which they considered indicative of the clades
ancestral to the Stylommatophora. At the very lip of the shell, folds,
wrinkles and nodules often complement these plicae and lamellae. There
has been much debate about the function of these apertural shell struc-
tures, with roles in shell carrying, respiration, epiphragm building and
protection against predation or environmental adversities (e.g. Schileyko,
1984; Solem, 1972a, 1976; Suvorov and Schileyko, 1991; Suvorov, 1993;
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Gittenberger, 1996; Pokryszko, 1997). Independently developed in a num-
ber of stylommatophoran families, including Vertiginidae, Chondrinidae,
Streptaxidae, Polygyridae and Bulimulidae, the last part of the body
whorl may be twisted down or upwards, and lengthened, in such a way
that the body whorl leading to the shell aperture is narrowed locally.
Internal thickening often narrows the apertural lip in many families.
These apertural modifications have been assumed to have an anti-
predator function (Gittenberger, 1996). Often the periostracum of the
protoconch and teleoconch is produced into an elaborate microsculpture
of spiral striae and transverse striae and ribs on the shell external surface.
Periostracal hair-like or scale-like processes are not uncommon in a
number of stylommatophoran families. A number of hypotheses have
been advanced for the functional role of these periostracal processes,
including: (i) ‘to repel moist particles’ (Solem, 1974) and prevent wet
leaves from adhering to the shell; (ii) to defend against predators
(Webb, 1950); and (iii) to camouflage the shell by trapping soil and debris
(Pilsbry, 1940). These hypotheses are yet to be tested. Most characters of
the shell vary considerably within the higher taxon categories and so have
only little importance for the higher systematics of the Stylommatophora.
While their value at lower taxonomic levels is complicated by
convergences and divergences, there is increasing realization that shells
can yield morphological data useful for resolving evolutionary patterns
(e.g. Emberton, 1996).

The operculum is absent in Stylommatophora, even in the embryonic
stage. However, a small number of stylommatophorans have secondarily
developed structures that function in a manner similar to the operculum
in prosobranch snails. Some Charopidae (Solem et al., 1984) are charac-
terized by the presence of a discoidal, callus-like tissue on the dorsal
aspect of the posterior foot that functions to seal the shell aperture when
the animal retracts into the shell. The camaenid Thyrophorella thomensis
Greeff produces a lobe-shaped outgrowth from the parietal apertural
wall that hinges, along a non-calcified band of periostracum, to close
the aperture (Girard, 1895; Gittenberger, 1996). An autapomorphy of the
Clausiliidae is the clausilial apparatus, which comprises the clausilium, a
spoon-shaped calcareous plate, attached to the shell columella by a long,
flexible stalk. It automatically closes the lumen of the shell when the
animal has retracted, and is pushed out of the way when the animal
extends its head—foot from the shell (Nordsieck, 1982; Gittenberger and
Schilthuizen, 1996).

The slug form has evolved many times in Stylommatophora, and
many species of widely divergent origins have, by parallel evolution,
assumed a remarkable morphological similarity. They have ‘sacrificed’
the protection offered by possession of a shell for the mobility, fast
body movements and ability to occupy very small spaces afforded by the
reduction or elimination of the shell. It seems that these selective forces
were only able to operate effectively in those environments where
moisture was plentiful (Solem, 1974). The presence of a long, closed
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ureter has been considered a prerequisite for evolution of the slug form
(Solem, 1974; Tillier, 1989), but this paradigm is challenged by the
absence of a substantive secondary ureter in testacellid (de Lacaze-
Duthiers, 1887; Barker, 1999) and some athoracophorid slugs (see
Succineoidea above), and the possession of a long ureter in some aquatic
pulmonates. In the course of evolution of the slug form, in a process
termed ‘limacization’ by Solem (1974), the number of whorls described by
the shell and visceral mass is reduced, and the viscera are incorporated
into the foot (van Mol, 1970; Solem, 1974; Tillier, 1984c). In semi-slugs,
which represent the intermediate stage in the evolution towards the slug
form, the shell is reduced to the extent that the animal can no longer with-
draw its head—foot under the protective shell, and the organs associated
with the distal part of the visceral mass are incorporated into the anterior
head—foot. In these animals, the stomach and associated digestive gland
remain in the visceral hump, above the pallial border. In full slugs, the
visceral mass is still more reduced or absent, and the stomach is included
in the pedal cavity of the foot. The pallial border or mantle collar extends
over the surface of the reduced shell and may cover it totally, forming a
dorsal mantle shield or ‘clypeus’; the shell is absent in some full slugs. In
the most limacized slugs, the shield itself can hardly be distinguished
from the dorsal surface of the foot. While on a global scale their species
number is greatly exceeded by fully shelled taxa, slugs or semi-slugs are
highly diverse, and in many regions make up a significant part of the
stylommatophoran fauna.

Reduction in shell size and incorporation of the visceral hump
into the head—foot, associated with limacization, necessarily involve
alteration of the layout and size of the pallial organs described above
for fully shelled stylommatophorans. Several patterns of pallial organ
modification are evident among lineages that evolved towards the slug
form. Surface area for gaseous exchange is maintained by the venous
vessels being highly developed in the vestigial pallial cavity or invading
the mantle edge. Most semi-slugs and slugs show extensive development
of mantle lobes that partially or wholly cover the shell and/or extend
forwards along the neck, providing increased surface area for gaseous
exchange (Tillier, 1983). In the most highly evolved slugs (e.g.
Bulimulidae, van Mol, 1971; Parmacellidae, Tillier, 1982, 1983), the
vascularization convergently approaches that in Athoracophoridae, and a
large part of the respiration takes place across the integument (e.g. Duval,
1982; Prior et al., 1983). Nephridial size retention often involves its
rotation and change in shape, including the development of lateral lobes.

The integument of the head—foot in Stylommatophora typically is
thick and with a reticulated, rugose surface pattern. In some stylommato-
phorans, such as members of the Arionidae and Helicarionidae, the
tegument is produced into conical or hemispherical tubercles, recalling
the condition in Onchidiidae and Succineoidea. The dorsal aspect of the
tail in snails is generally without important features, but species in some
families (e.g. Lysinoe Adams & Adams in Helminthoglyptidae, Oxychona
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Morch in Bulimulidae) possess distinct keels. Such keels are even
more prominent in slugs of the families Milacidae, Limacidae,
Agriolimacidae, Parmacellidae, Trigonochlamydidae and the arionid
subfamily Ariopeltinae.

The sole is primarily uniform, although commonly the outer edges are
of a different colour from that of the central zone. Locomotion is by ciliary
gliding in many small species. In others, locomotion is by multiple direct
pedal waves. At the onset of locomotor activity, the first waves are
initiated in the medial region of the sole, reminiscent of that in
Ellobiidae. Often the sole is tripartite, with only the central zone involved
in the locomotive pedal waves. In some Stylommatophora, a pair of
parapodial grooves occur along the side of the animal, just above the foot
margin, so that the ciliated sole extends above the foot margin. This has
been termed the aulacopod condition. In others, the holopod condition
occurs, where the parapodial grooves may be fused and sited at the
margin of the foot, such that the ciliated sole reaches to the lateral margin
of the foot but not extending above. On the basis of these differences in
parapodial grooves, Pilsbry (1896) divided the stylommatophoran order
Sigmurethra into two suborders Aulacopoda and Holopoda. Wéchtler
(1935), however, showed that the parapodial grooves are not absent from
the Holopoda, but are merely indistinct. He showed that these grooves
are similarly present but indistinct in various Orthurethra. Webb (1961)
independently repeated Wachtler’s discovery of the universality of para-
podial grooves, and dismissed the division of Sigmurethra according to
distinctiveness of the grooves, on the grounds of ecologically induced
convergence. Webb (1961) thought the aulacopod condition better
adapted to burrowing in soil, while the holopod condition, with less
pronounced grooves, was more dry-adapted. Without reference to
Wichtler’s or Webb’s viewpoints, Solem (1978) maintained that the
suborders ‘seemed coherent assemblages’ and were thus retained in his
sigmurethran classification. Drawing on the comparative morphology
of the parapodial grooves throughout the Stylommatophora, Schileyko
(1979) maintained that aulacopody arose repeatedly from the holopod
condition.

In an analysis of pallial and foot character evolution in Stylom-
matophora, Baker (1955) concluded that the ancestors of the Sigmurethra
probably had, among other features, an aulacopod foot. Tillier (1989)
noted the general correlation between an aulacopod foot and a shell with-
out determinate growth. With the observation of aulacopody in embryos
and hatchlings of Orthurethra and holopod Sigmurethra, Tillier surmised
that both the aulacopod foot and indeterminate growth result from
paedomorphosis. Aulacopody is often associated with a caudal pit,
commonly but wrongly referred to as the caudal mucous gland, developed
on the tail just behind where parapodial grooves meet and sometimes
produced as a projection or horn above this juncture. Muratov (1999)
postulated that the caudal pit functions primarily in resorption of pedal
mucus produced during locomotor activity.
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Stylommatophora primarily possess two pairs of tentacles on the
head, the cephalic tentacles with an eye at the apex of each, and inferior
tentacles on the anterior face of the snout below the cephalic tentacles.
Unlike the condition in Succineoidea, Onchidiidae, Vaginulidae and
Rathouisiidae, the rugose integument of the cephalic body wall extends
over all but the very apex of the cephalic tentacles. Furthermore, the
retraction of the cephalic tentacles into the body by invagination seen in
Succineidae is more developed in Stylommatophora (Burch and
Patterson, 1969). The inferior tentacles are similar to those of Succineidae
in possessing a single apex, and are retractable by invagination. Paral-
leling the situation in Succineoidea, these inferior tentacles are second-
arily absent in some species of Urocoptidae, Vertiginidae and Pupillidae.

Retraction of the body into the shell in stylommatophoran snails is
by inversion of the cephalopedal mass, rather like the inversion of the
tentacles during their retraction into the anterior body. The columellar
retractor muscle effects the retraction. Like that in Ellobiidae, the
columellar has become largely free in the haemocoel, anterior of its
columellar origin, to run forward to attach on the cephalic organs and
anterior body wall. In large animals, the primary form of the columellar
muscle is retained, with a broad fan attaching to the pedal musculature
and numerous branches attaching to the organs and body wall in the body
anterior. In the majority of Stylommatophora, there has been a general
reduction in the bulk of this free muscle system, with the pedal fan greatly
reduced and the retractors to the various anterior organs separated as
slender muscle strands. The buccal retractor inserts under the buccal
mass, while the tentacular retractors divide distally into ocular and
inferior tentacle branches. In the primary state, the right tentacular
retractor passes through the penial-oviductal angle, over the base of the
penis to reach the ocular tentacle. The alternative course of the retractor,
outside the penial-oviductal angle, has arisen in many lineages. During
limacization, the columellar stem to the pedal musculature frequently is
lost, since there is no need for withdrawal of the anterior head—foot. In
many slugs, the buccal and tentacular retractors have lost their associa-
tion with the columella (or its region of origin) and instead arise from the
body wall.

In the CNS each cerebral ganglion has a prominent globineuron-
containing procerebral lobe, as in Succineoidea. However, the cerebral
gland is reduced further than that in Succineoidea, being largely
incorporated into the procerebrum and lacking all but vestiges of the
tube that opened to the body exterior in the ancestral pulmonates.
The Stylommatophora often retain the subcerebral commissure. In their
possession of commissural nerves arising from the cerebral commissure
these animals differ from lower pulmonates, including Succineoidea
(Nolte, 1965; Cook, 1966). Van Mol (1967) recognized variation of the
microscopic structure of the cerebral ganglion among stylommato-
phorans, but the small sample size effectively prevents generalization of
these observations to diagnoses for higher taxonomic categories.
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The stylommatophoran CNS is primarily hypoathroid. The least
concentrated of the CNSs found amongst Stylommatophora closely
approximate that found in Ellobiidae with respect to the lengths of
the commissures and connectives. In these stylommatophorans, as in
onchidiids, ellobiids, succineids and athoracophorids, the suboeso-
phageal ganglion apparently has fused with the visceral ganglion, and
the supraoesophageal ganglion with the right parietal ganglion, to form
a visceral chain that is structurally pentaganglionate but on external
morphology has a triganglionate appearance. Beyond these oesophageal
ganglion fusions, the degree of shortening of the commissures and
connectives can vary substantially within families. Only where the
commissures and connectives are highly shortened does the stylom-
matophoran CNS approach that in Rathouisioidea and Succineoidea. In
some cases, the shortening of the connectives associated with ganglionic
concentration has led to convergence on the epiathroid configuration,
with the pleural ganglia sited closer to the cerebral than to the pedal
ganglia. The proximity of the right parietal and visceral ganglia (often
fused) seems to be a synapomorphy of all Stylommatophora (Tillier,
1989), indicating that shortening of the visceral chain in these animals
initially involves shortening of the visceral-right parietal connective.
Within this constraint, a moderately long visceral chain, with more or
less separate ganglia, remains evident in some members of the families
Valloniidae, Acavidae, Corillidae, Zonitidae and Charopidae. The pattern
in shortening of the left pleural-left parietal, left parietal-visceral and
right parietal-right pleural connectives, and fusion of contiguous ganglia,
varies among stylommatophorans, as documented by Bargmann (1930),
Tillier (1989) and others. In all Stylommatophora, the pedal ganglia are
interconnected by way of two commissures.

It has been assumed generally that compaction in the CNS is largely
irreversible. However, the shortening of the connectives and fusion of
ganglia are ontogenetic processes, and therefore secondarily unfused or
separated ganglia can arise by neoteny (Henchman, 1890). Indeed, cases
of reversal towards a less concentrated CNS have been noted during the
ontogeny of invertebrates, including gastropods (e.g. Kriegstein, 1977).
This suggests that reversals may occur during evolution. The extreme
length of the lateral and visceral connectives in some carnivorous species,
as an apparent functional necessity for extending around the voluminous
buccal mass, is clearly an example of such secondary elongation. None
the less, as Tillier (1989, p. 46) points out, ‘It seems that some connectives
might lengthen in the course of evolution insofar as they are not very
short, but the secondary development of a connective between two
appressed ganglia is unlikely’.

Stylommatophora are hermaphrodites. The gonad, typically embed-
ded in the upper lobe of the digestive gland, produces both oocytes and
spermatozoa. While male and female gametes may be produced simulta-
neously, there is often a degree of protandry. The single renal gonoduct
conveys both gamete types to the more distal parts of the reproductive
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system. In Stylommatophora, its medial part is generally dilated, and
occasionally structurally elaborated with several lateral pouches, as
a storage site for autospermatozoa. The external form of the seminal recep-
tacle varies greatly among stylommatophorans, from a simple U-shaped
bend in the terminal section of the renal gonoduct, to either a single or a
cluster of minute diverticular sacs whose stem arises from the juncture of
the renal gonoduct with the fecundation pouch. It lies embedded in the
columellar side of the albumen gland. The fecundation pouch generally is
sacculate, but varies greatly in size and thus prominence among taxa.

The pallial gonoducts of Stylommatophorans, as in Succineoidea, are
located entirely within the body cavity. There has been considerable
debate in the literature as to the plesiomorphic state of the pallial
gonoducts in the Stylommatophora. For the reasons elaborated above in
the discussion on Succineoidea, diauly of the pallial gonoducts is to be
regarded as the primary condition in the Stylommatophora. Diauly is
retained in Endodontidae and some members of Euconulidae, Acha-
tinellidae and Camaenidae. In a great many Stylommatophora, including
representatives of Achatinellidae, Vertiginidae, Partulidae, Pupillidae,
Sagdidae, Bulimulidae, Valloniidae, Streptaxidae, Camaenidae and
Charopidae, the male pallial gonoduct, and associated prostatic tissues, is
fused to and opens on to a very short, proximal section of the female
gonoduct. This often has been described as a semi-diaulic condition, but
functionally it is monaulic in that the prostatic secretions are delivered
directly into the lumen of the oviductal gland, albeit in a ventral channel
or groove. Beyond this section of male and female union, the male duct
is continued distally as a closed, tubular duct, the vas deferens. In
the remaining Stylommatophora, the section of male and female pallial
gonoduct fusion is more extensive, but none the less the spermiduct and
its associated prostatic tissues open to a groove in the oviductal gland,
before again separating as the vas deferens. Often longitudinal folds pro-
vide for division of the spermoviduct lumen into grooves that respectively
function for transport of autospermatozoa, allospermatozoa, and eggs. In
some stylommatophorans, such as Agriolimacidae, the fusion of male and
female pallial gonoducts is so complete that only physiological division is
evident.

The walls of the oviductal gland are typically thick, comprising
for the most part large secretory cells that shed into the capacious
lumen. Often the oviductal gland is differentiated into several regions of
contrasting histochemical properties and clearly responsible for produc-
ing different mucopolysaccharide layers and calcium crystals in the egg
capsule. The seminal channel within the spermoviduct has a ciliated
epithelium. The spermiduct typically is lined with ciliated epithelium
and large flask-shaped secretory cells. The prostatic gland comprises
few to many multicellular tubules that open separately into the sperm
duct or groove. Irrespective of the fusion of male and female gonoducts,
oviparous species commonly possess an elongate oviductal gland, and the
spermiduct and ribbon of prostatic follicles are similarly elongated. In
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some oviparous groups, there has been some secondary shortening of
the oviductal gland and of that section of the spermiduct from which
prostatic follicles issue. Both long and short forms of the oviductal gland
are represented in taxa that have acquired ovoviviparity or viviparity. The
phenomenon of agglomeration of the oviductal glands in the proximal
part of the gonoduct, developed to varying degrees in Ellobiidae,
Onchidiidae, Rathouisioidea and Succineoidea, is entirely absent from
Stylommatophora.

Several groups of Stylommatophora exhibit a trend toward separation
of the allospermiduct from the female gonoduct, as a closed tube, to
form a secondary diaulic condition. In some cases, the allospermiduct is
produced as a diverticulate sac on the female gonoduct, but it remains
uncertain whether this represents an early phase of change towards the
secondary diaulic condition or an advanced phase that follows secondary
diauly. Whatever the sequence of change, the diverticulate sac on the
pallial gonoduct may be homologous to the similar structure on the pallial
gonoduct of some Ellobiidae, Onchidiidae and Athoracophoridae. Some
authors have regarded the separation of the allospermiduct as lending to
the evolutionary development of a diverticulum on the bursa copulatrix
duct (e.g. Visser, 1973, 1981), but there is no convincing evidence for this.

In Stylommatophora, the predominant form of the bursa copulatrix is
a sacculate reservoir lying adjacent to the pericardium and bound by
connective tissue and muscle to the diaphragm that constitutes the floor
of the pallial cavity, and a distinct duct running to the anterior part of the
female reproductive tract. The opening of the bursa duct to the female
tract typically occurs in the distal section of the female gonoduct to as far
forward as the common genital orifice. In some taxa, it has even migrated
to the male genitalia, facilitated by syntrematry. The length of the bursa
duct in these stylommatophorans is thus a function of the degree of for-
ward displacement of the union of bursa duct to the female (or even male)
tract, the amount of relative forward extension of the female tract associ-
ated with placement of the common genital orifice, and the relative size of
the cephalic part of the body as a whole. In some Achatinellidae, such as
Tornatellides Pilsbry, the duct of the bursa arises from the proximal
female pallial gonoduct, recalling the condition seen in some Ellobiidae.

The diverticulum on the bursa copulatrix duct is widespread in the
Stylommatophora and apparently is plesiomorphic. The diverticulum
is specifically constructed and positioned, relative to the bursa duct
opening, to function during mating as the site of spermatophore receipt
from the animal’s copulatory partner. In many taxa, the diverticulum
is reduced or absent and the bursa copulatrix duct itself assumes the
role of spermatophore receiver. Furthermore, in many Stylommatophora,
spermatophores, or seminal mass where spermatophores are not
produced, are not received directly into the bursa copulatrix duct or its
diverticulum, but are reposited in the oviduct. As is typical in Pulmonata,
the bursa reservoir has gametolytic and resorption functions rather than
a storage function (Tompa, 1984). The receptaculum is the site for storage
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of allospermatozoa and it is only the excess allospermatozoa that are
conveyed into the bursa copulatrix for breakdown and resorption.

The plesiomorphic reproductive system of Stylommatophora has no
simple structure in the terminal genitalia, but rather has a complex set
of copulatory organs with structures for producing and receiving sperma-
tophores, and an auxiliary stimulatory organ. As in Succineoidea, the vas
deferens does not enter the body wall but runs free in the haemocoel,
generally running forward to the penial-vaginal juncture before
producing a limb that ascends to insert in the penis. The packaging of
spermatozoa for insemination in the form of a spermatophore is of wide
occurrence in the Gastropoda, including opisthobranch and various basal
pulmonates. Transfer of spermatozoa by spermatophores is neither an
adaptation to terrestrial life (Nordsieck, 1985) nor a trait developed
independently in several stylommatophoran groups (Solem, 1978;
Muratov, 1999), but a plesiomorphic trait in Stylommatophora inherited
from their marine ancestors. In Stylommatophora, the spermatophore
is produced in the distal part of the vas deferens, which has a special
structure and is termed the epiphallus. In the plesiomorphic state, the vas
deferens does not insert terminally, and therefore the epiphallus has an
appendage termed the flagellum; this flagellum has a role in spermato-
phore formation. The shape of the epiphallus and its internal folds mould
the spermatophores into species-specific structures. In many stylommato-
phoran groups, there is an evident trend towards insemination without
the need for spermatophores. In its early stages, this evolutionary trend is
manifest by simplified epiphallic structures, without a flagellum. Further
epiphallus simplification has resulted in spermatophores with greatly
simplified shape and ornamentation and with reduced thickness of the
matrix encasing the spermatozoa. In many Stylommatophora, a structure
recognizable as an epiphallus is absent, and insemination is achieved
by spermatozoa suspended in a viscous fluid. In the plesiomorphic state
of the Stylommatophoran genitalia, the epiphallus opens through the
perforated papilla into the tubular phallus. Only rarely in the Stylom-
matophora is the papilla covered in a hardened cuticle and never does
it function as a stylet as seen in some Basommatophora and Opistho-
branchia. In many Stylommatophora, the penial papilla is reduced in size
or entirely absent. This is a secondary phenomenon.

The eversible and thus protrusible penis of Stylommatophora is of
the same general form as that in Succineoidea. The scale- or hook-like
cuticular papillae lining the penial lumen, and functioning as hold-fast
structures during copulation, are retained in many Stylommatophora and
indeed can be lengthened secondarily (e.g. Streptaxidae and Zonitidae)
and elaborated (e.g. Trigonochlamydidae). In addition, the penial wall
often is produced into pilasters that, on eversion of the penis, function as
stimulatory surfaces during courtship. The plesiomorphic condition of
the penial retractor muscle is considered a branch of the right tentacular
retractor division of the columellar muscle. With the trend to division of
the columellar muscle into specialist retractor bands, the phallus retractor
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apparently became isolated from the remaining muscle bands at all but
their origin at the columella. Further reductions firstly involved a shifting
forward of the penial retractor root to the pallial cavity floor, and then to
the body wall outside the pallial region. In cases of extremes of reduction,
the penial retractor is represented by rather weak muscle strands to the
pallial gonoduct, or is entirely absent.

The penial nerve originates from the pedal ganglion (de Nabias, 1894).
In many stylommatophorans, the penial nerve runs, however, through the
cerebral ganglion en route to the male genitalia. Changes in the route
of the penial nerve have occurred repeatedly during the evolution of
the Stylommatophora and this is not very useful as a character in phylo-
genetic analyses.

The reproductive system is syntrematic, with the common genital
orifice opening on the right side. As in some Succineidae, the male and
female openings in some Stylommatophora are merely closely apposed
(e.g. Tryonigens Pilsbry in Helminthoglyptidae). In the great majority
of Stylommatophora, the male and female orifices open to a common
chamber, termed the atrium, rather than directly to the body exterior.
Earlier, I (Barker, 1999) suggested that the plesiomorphic state within the
Stylommatophora was the common genital opening located in the main
body of the visceral stalk, not too distant from the pneumostome. How-
ever, given that the penis is almost invariably cephalic in Heterobranchia,
and indeed usually placed close to the right cephalic tentacle, it seems
probable that this represents the plesiomorphic phallic condition in
Stylommatophora, and that syntrematry was achieved by forward exten-
sion of the female tract to open with the male orifice (not by development
of a new female structure as suggested by Sirgel (1990), because the free
oviduct was already present in ditrematous ancestors as exemplified by
Ellobiidae). In many lineages, there apparently has been a subsequent
shift posteriad of the common male—female orifice, often as far back as the
visceral stalk to lie below the pneumostome and therefore to be sited close
to the probable plesiomorphic location for the female orifice in pulmo-
nates. An alternative hypothesis is that both forward migration of the
female opening and posteriad migration of the male opening occurred,
resulting in the varied location of the common orifice seen in extant
Stylommatophora. The latter is most strongly supported in parsimony
analysis.

Stimulatory organs can be found in the terminal genitalia of many
Stylommatophora. There are different opinions concerning the evolution
of these organs; some authors such as Thiele (1929-35), Solem (1978),
Tompa (1984) and Muratov (1999) thought that the various types of
stimulatory organs had evolved independently, while others, such as
von Thering (1892) and Schileyko (1979), suggested all or only part of
them to be homologous. The stimulatory organ of stylommatophorans
traditionally classified as Orthurethra (sensu Pilsbry) opens to the atrium
adjacent to the penis or is developed as a penial appendage, and consists
of a perforated papilla in a sheath, an adjoining gland, and a retractor
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muscle that is a branch of the penial retractor. In many cases, the bifid
retractor is retained despite the stimulatory organ being somewhat
reduced. In other taxa, the retractor to the stimulatory organ is retained
but has become separated from the penial retractor. Some support for the
primitiveness of joined retractors is given in the ontogeny of Achatinella
Swainson, where the retractors originate as a single muscle and become
progressively more separated as the animal matures (Pilsbry et al., 1928).

In at least one group of non-orthurethran Stylommatophora, the
Gastrodontidae, a stimulatory organ of very similar structure to that in
Orthurethra, and supplied with a retractor muscle, is present as an appen-
dix to the penis. It contains, however, a well-developed cartilaginous dart.
In Sagdidae too, the stimulatory organ on the phallus is remarkably like
that seen in so-called Orthurethra, except for the absence of a retractor
muscle and the presence of a vestigial dart. In a number of stylommato-
phoran families, not traditionally included in Orthurethra, this dart-
bearing stimulatory organ has been retained on the atrium or displaced to
the vagina, and the retractor muscle is still evident (e.g. Ariophantidae,
Urocyclidae and Vitrinidae). There is little doubt as to the homology of
the unarmed stimulatory organ characteristic of the Orthurethra and the
dart-equipped organs of these latter Stylommatophora. The difficulty lies
in deciding which is the more plesiomorphic. The occurrence of a dart in
the stimulatory organ across many superfamilies of non-orthurethran
Stylommatophora (the occurrence in Orthurethra has yet to be confirmed,
see Tompa, 1984), including the vestigial dart of Sagdidae in the
stimulatory organ built like the orthurethran stimulator, suggests that
the dart-bearing structure is the primitive feature of Stylommatophora.
Nordsieck (1985, 1992) and Hausdorf (1998) reached the same conclu-
sion. This interpretation of plesiomorphy is supported further by the
occurrence of auxiliary copulatory organs associated with the penis
in many other pulmonates, including Siphonariidae, Amphibolidae,
Ancylidae, Onchidiidae, Vaginulidae, Rathouisiidae and Athoraco-
phoridae. Indeed, the stimulatory organ of Onchidiidae and Rathouisiidae
is remarkably similar in morphology to that in Orthurethra and Sagdidae
and would serve as a model for the plesiomorphic condition in Stylom-
matophora. Further, the presence of a cartilaginous stylet in a stimulatory
organ of some Onchidiidae suggests that the dart arose early in the
evolution of Pulmonata and certainly was present in the ancestors of
the Stylommatophora.

Loss of the stimulatory organ is widespread in the Stylommatophora.
During evolutionary degeneration of the stimulatory organ, dart loss is a
stage that precedes full organ loss; this pathway is evident, for example,
in helicoid snails. In many taxa, dart loss is accompanied by modification
of the previously dart-bearing papilla into a fleshy or cuticle-coated sarco-
belum. The branch of the penial retractor muscle inserting on a small
lateral penial caecum in Clausiliidae, Zonitidae, Euconulidae and
Ferussaciidae, as examples, is testament to the former wide occurrence of
a more fully developed stimulatory organ.
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Simultaneous, reciprocal exchange of sperm generally has been
considered the norm in Stylommatophora. However, Asami et al. (1998)
have demonstrated that the shell-shape bimodality evident in stylom-
matophoran snails, where snails either carry a high-spired (height:
diameter > 1 mm) or low-spired (height: diameter <1 mm) shell (Cain,
1977), is associated with discrete mating behaviours. In general, flat-
shelled species mate reciprocally, face-to-face, while tall-shelled species
mate non-reciprocally: the ‘male’ copulates by mounting the ‘female’s’
shell. External sperm exchange, by which spermatozoa are deposited on
the mate’s everted penis without intromission, has evolved among some
polygyrid clades (Webb, 1948, 1961, 1974, 1983; Emberton, 1994), paral-
leling the dichotomous situation in Succineidae. The Agriolimacidae,
Limacidae and discine Helicodiscidae (Webb, 1968; Barker, 1999) have
abandoned intromission entirely and mate by external exchange of
spermatozoa in a manner similar to that in some Polygyridae.

Self-fertilization is a common but not a universal phenomenon in
Stylommatophora, with the frequency of self-fertilization varying greatly
among species. Heller (1993, Chapter 12, this volume) provides reviews of
self-fertilization in these animals. While the hermaphroditic reproductive
system of stylommatophorans typically possesses both male and female
genitalia (euphally), aphallic individuals that lack the male copulatory
organs are known from Pyramidulidae, Vertiginidae, Pupillidae,
Valloniidae, Chondrinidae, Arionidae, Gastrodontidae, Agriolimacidae
and Helminthoglyptidae (Watson, 1923; Riedel, 1953; Els, 1978; Barker,
1985; Pokryszko, 1987, 1990; Baur and Chen, 1993; Baur et al., 1993;
Heller, 1993). The frequency of expression of genital dimorphism among
populations can be high in some species and has been shown to have
genetic and environmental components (Baur et al., 1993). Aphallic
individuals can self-fertilize, or can outcross as female but not as male.

The majority of Stylommatophora produce cleidoic eggs. Often the
eggs are produced with a calcareous shell (Standen, 1917; Tompa,
1976, 1980), although the shell is often itself surrounded by a jelly-like,
mucopolysaccharide layer of the egg capsule (Bayne, 1968; Tompa, 1984).
Tompa (1984) considered the provision of the embryo with calcium, by
ionic mobilization of body shell and/or digestive gland calcium stores and
deposition as a calcite egg shell by a specialized gonoduct epithelium, to
be a synapomorphy of Stylommatophora. A hard, calcite egg shell was
thus considered by Tompa (1980, 1984) to be plesiomorphic in Stylom-
matophora, and the production of eggs with diminished calcium
provision as apomorphic. However, the fact that the mechanism for cal-
cium provision of the eggs differs among Neritopsina, Architaenioglossa,
Sorbeoconcha and Pulmonata (Tompa, 1980) indicates independent
acquisition of calcareous egg capsules amongst gastropod groups and calls
into question the calcareous nature of the plesiomorphic egg capsule in
Stylommatophora. The absence of a calcareous egg shell in basal
pulmonates, including terrestrial taxa such as Ellobiidae, Onchidiidae
and Vaginulidae, suggests that eggs with a calcareous shell developed
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in Stylommatophora, possibly repeatedly. Ground-dwelling species
generally deposited their eggs amongst litter and other debris on the soil
surface, or in the soil. Arboreal species generally deposit their eggs in
humus suspended in epiphytes or the axils of branches, although many
return to the ground to oviposit among the leaf litter. Several arboreal
species are known to lay their eggs in the trees, in brood chambers made
from leaves (Peake, 1968). As a modification of simple oviparity, some
stylommatophorans have adopted embryo brooding, whereby the eggs are
retained in the oviduct until environmental conditions become favour-
able for oviposition, or are retained for longer periods and deposited
when embryo development is at an advanced stage. In other cases, that of
ovoviviparity, the eggs are retained in the oviduct until hatching (Tompa,
1979a,b, 1984; Baur, 1994; Heller, Chapter 12, this volume). In some
species, reproduction can be oviparous, egg-retaining or ovoviviparous.

The Stylommatophora exhibit intracapsular, direct development. The
occurrence of larval organs and the formation of transitory structures in
the midgut show that there is none the less a complex metamorphosis
(Weiss, 1968). A particular advance over other pulmonates, including
Succineoidea, was the development of the podocyst, a thin-walled,
pulsatile sack attached to the foot of the embryo (Cather and Tompa,
1972) that has been ascribed circulatory (Kuchenmeister et al., 1996)
and albumenotrophic (Cather and Tompa, 1972) functions. The stylom-
matophoran snails produce an embryonic shell, the protoconch, which is
generally of 1-2 whorls consistent with the generally short embryonic
development. In some taxa, such as members of the Acavidae, the embry-
onic growth is more prolonged, and 3—4 shell whorls are produced before
hatching. In the most advanced stylommatophoran slugs, the embryonic
shell is reduced to a few calcareous granules embedded within the mantle
(e.g. Carrick, 1938), which may give rise to a shell plate or granules within
the mantle in the adult animal.

The haploid chromosomes in Stylommatophora range only from 20 to
34, indicating a general cytological conservatism despite the substantive
radiation.

The greater majority of stylommatophorans are detritivores, feeding
on decaying plant material. Some also feed on living plant tissues.
Facultative or obligate carnivory has developed in a number of stylom-
matophoran clades (Barker and Efford, 2001).

There is a large range in radular tooth form in Stylommatophora.
Because of the apparent frequency of diet-related convergence in
tooth form (e.g. Solem, 1973; Breure and Gittenberger, 1982), the radula
generally has been regarded as useful in systematics only at generic and
species level (Solem, 1978). None the less, a character-state tree can be
constructed which is indicative of several courses of change in radular
tooth form. This is illustrated by Barker and Efford (2001) in relation to
carnivory. In herbivores and detritivores, the buccal mass is relatively
small and spheroidal. Carnivory, however, is usually accompanied by
elongation and increased muscularization of the buccal apparatus,
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associated with the mechanics of operating an odontophore that supports
a radular with enlarged teeth, and to allow ingestion of large live prey. In
its fullest development, the buccal apparatus of carnivores occupies a
substantial part of the body cavity, and other organ systems are modified
to accommodate this. The jaw commonly is reduced or lost in these
carnivores.

The oesophagus opens dorsally from the anterior buccal mass and, in
snails, runs backward along the parietal side of the visceral cavity, and
most generally expands into a gastric crop a short distance above the top
of the pallial complex. The oesophagus might be partly differentiated into
an inflated oesophageal crop but, as pointed out by Tillier (1989), contrary
to the statement of most treatises of zoology, many stylommatophoran
species do not have an oesophageal crop. Two salivary glands lie adjacent
to the oesophagus. The gastric crop is prolonged by the gastric pouch or
stomach, from which the intestine opens forward and ventrally. The
intestine runs along the columellar side of the visceral mass, turns to the
left under the anterior gastric crop or the posterior oesophagus, and turns
upward to cross over the aorta clockwise in dorsal view (periaortic bend)
before turning forward again (prerectal bend). The rectum runs along
the suture from the summit of the pallial complex to the roof of the
pneumostome. The anterior duct of the digestive gland opens into the
concavity of the stomach, between the openings of the oesophagus and
proximal intestine. The posterior duct of the digestive gland generally
opens through the parietal wall of the stomach, not greatly distant from
the opening of the anterior lobe. When present, the ventral groove of the
stomach leads to the opening of the anterior duct, from which one usually
short typhlosole emerges into the proximal intestine. A second, longer
typhlosole, issuing from the opening of the posterior duct, runs parallel to
the first into the proximal intestine and reaches at most the beginning of
the periaortic intestinal loop.

Tillier (1989) considered the simple stomach, with contiguity of the
openings of the ducts of the digestive gland, as being plesiomorphic in
Stylommatophora (in which he included Succineidae and Athoraco-
phoridae). However, in some Stylommatophora, such as Megalobulimus
Miller in Acavidae, the arrangement of the digestive gland openings is
similar to that in many lower gastropods and basal pulmonates, with the
anterior lobe opening to the posterior section of the oesophageal crop
and the posterior lobe opening in the curvature of the stomach near the
intestinal origin. That this Megalobulimus arrangement is plesiomorphic
is indicated by the very muscular, gizzard-like nature of the stomach
(Leme, 1973; Simone and Leme, 1998). In the majority of Stylommato-
phora, the stomach is poorly invested with muscles.

The intestine of stylommatophoran snails primarily has a single
forward-directed loop, turning posterior after crossing over the aorta.
From the aorta, the intestine has one loop backwards before going forward
to the anus. As illustrated by Tillier (1984c), this represents hypertorsion
of the condition seen in the post-torsional embryo. In a case study with
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Helicarionidae sensu lato, Tillier (1984c) demonstrated that this hyper-
torsion generally is retained during the initial phases of limacization.
However, whether this hypertorsion is retained, lost or exaggerated in the
later phases of limacization was shown to depend on how the visceral
mass was reduced and incorporated into the foot cavity in the slug. Where
the hypertorsion is lost, the intestine in stylommatophoran slugs closely
approaches the configuration seen in Succineidae, while that where
hypertorsion is most exaggerated approaches the Athoracophoridae and
some Vaginulidae. Megalobulimus has well-developed epithelial folds in
the intestine and rectum, which are oblique to the long axis in the distal
intestine (Simone and Leme, 1998), similar to those in Onchidiidae. This
contrasts with the majority of Stylommatophora where the intestinal and
rectal epithelial folds, where present, are longitudinal (e.g. Leal-Zanchet,
1998). The Agriolimacidae and Limacidae are characterized by a caecum
on the distal section of the intestine, which has been lost secondarily in
some species.
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Appendix 1.1.  Morphological Characters (and their States) Used in Analysis of Phylogenetic
Relationships in the Gastropoda

Alimentary characters

1.
2.

3.

10.
11.

12.
13.

Radular membrane structure. 0 — stereoglossate; 1 — flexoglossate; 2 — radular membrane absent.
Odontophoral cartilages. 0 — two pairs; 1 — three or more pairs, or two pairs plus accessory
cartilages; 2 — one pair; 3 — four single cartilages; 4 — cartilages vestigial or absent.

Radular diverticulum. 0 — present; 1 — absent.

Radular dentition. 0 — docoglossate; 1 — rhipidoglossate; 2 — taeniglossate; 3 — rachiglossate;

4 — ptenoglossate; 5 — toxoglossate; 6 — teeth absent.

Snout. 0 — snout well developed, separated from foot by deep cleft, without proboscis; 1 — snout
weakly developed, separated from foot by shallow but none the less distinct cleft, without
proboscis; 2 — snout greatly reduced, separated from sole by indistinct cleft, without proboscis;

3 — snout well developed, separated from foot by deep cleft, with pleurembolic proboscis
intraembolic; 4 — snout well developed, separated from foot by deep cleft, with acrembolic
proboscis; 5 — snout well developed, separated from foot by deep cleft, with pseudoacrembolic
proboscis; 6 — snout well developed, separated from foot by deep cleft, with intraembolic proboscis.
Jaw. 0 — paired dorsal, paired lateral plates, fused; 1 — paired lateral plates and single dorsal plate;
2 — paired lateral plates; 3 — single plate derived from fused lateral plates; 4 — single plate derived
from fused lateral plates, with accessory dorsal plate; 5 — modified into stylet; 6 — absent.
Oesophageal folds. 0 — dorsal and ventral folds; 1 — dorsal folds only; 2 — dorsal folds only, partially
or completely separated as part of the gland of Leiblein or poison gland; 3 — absent.

Oesophageal glands. 0 — present, non-papillate; 1 — present, papillate; 2 — present, separated

as the gland of Leiblein or poison gland; 3 — present, as two distinct lobes of differing histology;

4 — absent.

Salivary glands. 0 — present, without ducts; 1 — present, with ducts; 2 — absent.

Gastric caecum. 0 — present; 1 — absent.

Stomach. 0 — gastric region with gastric shield and sac containing protostyle; 1 — gastric region
with gastric shield and sac containing crystalline style; 2 — gastric region with gastric shield or
vestiges of same, style absent; 3 — gastric region with gastric shield elaborated into gizzard with
plates (gizzard may be displaced anteriad); 4 — gastric region simple, without gizzard or plates.
Anterior intestinal loop. 0 — present; 1 — absent.

Rectum. 0 — passes through or openly widely into heart ventricle within pericardium; 1 — passes
through pericardium; 2 — not passing through pericardium.

Circulatory and renal characters

14.

15.
16.

17.

18.

19.

Excretory organs. 0 — left and right ones present, both extra-pallial; 1 — left and right ones present,
left one pallial, right one extra-pallial; 2 — left one only, extra-pallial; 3 — left one only, pallial.
Number of auricles. 0 — one pair; 1 — one auricle.

Circulation patterns. 0 — nephridium(a) — ctenidium(a) - auricle(s), with or without blood passing
through a nephridial gland (ctenidia may be absent); 1 — mantle - nephridium(a) - heart
(secondary gill may be present).

Ctenidium. 0 — bipectinate, without skeletal rods and bursicles; 1 — bipectinate, with skeletal

rods but without bursicles; 2 — bipectinate, with skeletal rods and bursicles; 3 — monopectinate,
without skeletal rods and bursicles; 4 — monopectinate, with skeletal rods but without bursicles;

5 — monopectinate, with skeletal rods and bursicles; 6 — greatly modified or secondary, without
skeletal rods and bursicles, or absent.

Pallial cavity. 0 — widely open; 1 — opening narrowed to pneumostome; 2 — opening narrowed to
contractile pneumostome; 3 — reduced, without opening to exterior.

Pallial ciliary tracts. 0 — absent; 1 — present; 2 — secondarily lost.

Cytological characters

20.

21.

Haploid chromosome number. 0 — <11; 1 — 11 to 15; 2 — 16 to 20; 3 — 21 to 25; 4- 26 to 30;
5—-31t0 35; 6 — 36 to 40; 7 — 41 to 45; 8 — 46 to 50; 9 — >50; ? — no data.
Sex chromosomes. 0 — absent; 1 — present.

Development and larval characters

22.

Larval development. 0 — trochophore and lecithotrophic veliger larva free-living; 1 — trochophore
development in the egg, lecithotrophic veliger larva free; 2 — trochophore in the egg, planktotrophic
veliger larva free; 3 — no trochophore, veliger stages completed in egg; 4 — no trochophore or
veliger stages, direct development in the egg.
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23. Nurse egg cells. 0 — absent; 1 — present.
24. Echinospira larvae. 0 — absent; 1 — present.
25. Larval operculum. 0 — present; 1 — absent.

Muscle and pedal characters

26. Adult shell muscles. 0 — left and right muscles present, divided into several bundles; 1 — left and
right muscles present; 2 — left muscle only; 3 — left muscle only, at most vestigial strands to
tentacles.

27. Suprapedial gland. 0 — present; 1 — absent.

28. Metapodial mucous gland. 0 — absent; 1 — present.

Nervous system and sensory characters

29. Inferior tentacles. 0 — absent; 1 — present.

30. Eye type (when present). 0 — open vesicle or pit; 1 — vesicle or pit, filled with vitreous mass;

2 — closed vesicle with lens.

31. Eye position. 0 — embedded centrally or adjacent to base of cephalic tentacle, often closely
associated with cerebral ganglion; 1 — on or in bulbous swelling on outer base of cephalic tentacle;
2 —on short accessory pedicle, adjacent to cephalic tentacle when latter are present; 3 — at tip of
more or less elongate, retractile but non-invaginable cephalic tentacle; 4 — at tip of more or less
elongate, retractile and invaginable cephalic tentacle; 5 — at tip of solid tentacle that can be
retracted (but not invaginated).

32. Cephalic tentacles. 0 — present; 1 — absent.

33. Tentacular nerve. 0 — simple; 1 — bifurcated.

34. Visceral loop of central nervous system. 0 — strephoneurous; 1 — euthyneurous, but rather long;
2 — euthyneurous, highly concentrated.

35. Cerebral gland. 0 — absent; 1 — present.

36. Cerebral-pleural ganglion association of central nervous system. 0 — hypathroid, with pleural
ganglia close to pedal ganglia; 1 — dystenoid with pleural ganglia equally distant from cerebral
and pedal ganglia; 2 — epiathroid, with pleural ganglia close to cerebral ganglia.

37. Pedal element of central nervous system. 0 — not concentrated, in form of cords with numerous
commissures; 1 — concentrated into ganglia, with 1-2 connectives; 2 — concentrated into ganglia,
with 1-2 connectives and lateral nerves.

38. Parietal ganglia of central nervous system visceral loop. 0 — absent; 1 — present.

39. Procerebrum of cerebral ganglia. 0 — absent (anlage comprising tentacular ganglion); 1 — present,
containing large cells; 2 — present, containing numerous small (globineurons) and some large cells;
3 — present, containing only small cells; 4 — modified to form a rhinophoral ganglion.

40. Statocyst position. 0 — lateral to pedal nerve cords or ganglia; 1 — dorsal or just posterior to pedal
ganglia; 2 — anterior to pedal ganglia.

41. Statocysts. 0 — with several statoliths; 1 — with one statolith; 2 — absent.

42. Cephalic lappets. 0 — absent; 1 — present.

43. Tentacle neck lobes. 0 — absent; 1 — present.

44. Epipodial skirt. 0 — absent; 1 — present.

45. Epipodial tentacles. 0 — absent in adults; 1 — multiple pairs in adults; 2 — one pair in adults.

46. Epipodial sense organs. 0 — absent; 1 — present.

Reproductive characters

47. Hermaphroditism of gonad. 0 — sexes separate (dioecious); 1 — protandic hermaphrodite; 2 — simul-
taneous hermaphrodite.

48. Fertilization. O — external; 1- internal.

49. Gonopericardial duct. 0 — present; 1 — absent.

50. Pallial gonoduct. 0 — absent, gametes released into posterior of mantle cavity; 1 — present, an open
groove in mantle cavity; 2 — present, a closed tube in mantle cavity; 3 — present, a closed tube in
body cavity.

51. Seminal duct and bursa copulatrix. 0 — absent; 1 — bursa copulatrix a sac separate from genital
duct, orifice open to posterior of mantle cavity, seminal tract confined to renal gonoduct; 2 — bursa
copulatrix a diverticular sac associated with renal gonoduct, orifice at posterior of mantle cavity,
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52.

53.

54.
55.
56.
57.
58.

59.
60.
61.

62.

63.

64.

65.

66.

67.

68.

seminal tract confined to renal gonoduct; 3 — bursa copulatrix a sac separate from genital duct,
orifice open to posterior of mantle cavity, seminal tract fused with pallial gonoduct; 4 — bursa
copulatrix a sac associated with renal gonoduct, widely open to posterior of mantle cavity, seminal
tract fused with pallial gonoduct; 5 — bursa copulatrix a diverticular sac associated with renal
gonoduct, seminal duct separate from pallial gonoduct and having its orifice at anterior of mantle
cavity (orifice may be contiguous with female orifice); 6 — bursa copulatrix a diverticular sac
associated with renal gonoduct, seminal tract fused with pallial gonoduct; 7 — bursa copulatrix a
diverticular sac associated with anterior of pallial gonoduct, seminal duct separate from pallial
gonoduct and having its orifice at anterior of mantle cavity contiguous with female orifice; 8 — bursa
copulatrix a diverticular sac associated with anterior of pallial gonoduct, seminal tract fused with
pallial gonoduct; 9 — bursa copulatrix, as a diverticular sac, secondarily absent, its function assumed
by pallial gonoduct lumen.

Albumen gland. 0 — absent, ovum supplied with albumen from ovaries; 1 — present, traversed by
fertilized zygote; 2 — present, separated from gonoduct, not traversed by fertilized zygote.

Genital orifice. 0 — male groove or duct terminus in cephalic region, female orifice associated with
pallial cavity or pallial opening; 1 — male terminal genitalia absent, common orifice associated with
pallial cavity or pallial opening; 2 — male groove or duct terminus in cephalic region, female orifice
extra-pallial but separate from male orifice and opening in lateral body wall; 3 — male groove or duct
terminus in cephalic region, female orifice extra-pallial, through body wall but separate from male
orifice and displaced to posterior with detorsion of viscera; 4 — male and female orifices fused or
nearly so in cephalic region.

Chalazae. 0 — absent; 1 — present.

Penis. 0 — when present, external; 1 — when present, internal.

Extrapallial sperm duct. 0 — open groove or absent; 1 — closed duct.

Spermatophores. 0 — absent; 1 — present.

Eusperm nucleus. 0 — without basal invagination, or with basal invagination but not penetrated

by axonome/centriolar; 1 — with basal invagination housing axonome/centriolar; 2 — tubular, not
penetrated at all by axonome; 3 — tubular, penetrated in basal part by axonome; 4 — tubular,
penetrated fully by axonome; 5 — tubular, penetrated fully by axonome and partially by mitochondia;
6 — coiled round mitochondria; 7 — partially enclosed by mitochondria.

Eusperm nucleus coiling. 0 — absent; 1 — present.

Eusperm mid-piece coarse fibres. 0 — absent; 1 — present.

Euperm mid-piece glycogen helices. 0 — absent; 1 — one present; 2 — two present; 3 — three
present; 4 — four present.

Eusperm mid-piece mitochondrial form. 0 — spherical, clustered around centrioles; 1 — spherical,
clustered around centrioles and axonome; 2 — elongate strands around axonome, unmodified
cristae; 3 — elongate strands around axonome, cristae in form of parallel plates; 4 — cylindrical
around centriolar derivative, cristae unmodified; 5 — cylindrical around centriolar derivative, cristae
as lamellae; 6 — cylindrical around centriolar derivative, cristae as parallel plates; 7 — cylindrical
around axonome, cristae unmodified; 8 — cylindrical around axonome, cristae as lamellae;

9 — cylindrical around axonome, cristae as parallel plates.

Eusperm mid-piece coiling. 0 — absent; 1 — present.

Eusperm mid-piece paracrystalline material. 0 — absent; 1 — present, between mitochondrial
strands; 2 — present, between mitochondrial strands and around perimeter of mid-piece;

3 — present, around perimeter of mid-piece; 4 — present, around axonome and around perimeter

of mid-piece.

Eusperm glycogen piece. 0 — absent; 1 — present as tracts of glycogen granules around axonome;
2 — present as tracts of glycogen but no axonome.

Eusperm end-piece. 0 — axonome surrounded by plasma membrane; 1 — plasma membrane only;
2 — absent.

Eusperm acrosome. 0 — thick walled, with axial rod; 1 — thin walled, with axial rod; 2 — thin walled,
with axial rod and apical bleb; 3 — thin walled, with axial rod and apical vesicle; 4 — thin walled, with
rudimentary pedestal but no apical vesicle; 5 — thin walled, with rudimentary pedestal and apical
vesicle; 6 — thin walled, with well-developed pedestal and apical vesicle; 7 — absent.

Parasperm. 0 — absent; 1 — present, bipolar tailed neritopsine type; 2 — present, with head and tail
tuft; 3 — present, with attached euspermatozoa; 4 — present, vermiform; 5 — present, as ‘nurse cells’.
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Shell characters

69. Shell structure. 0 — shell present, with nacreous layer; 1 — shell present, nacreous layer absent;
2 — shell greatly reduced or absent.

70. Intersected, cross-platy shell structure. 0 — absent; 1 — present.

71. Cross-cone lamellar shell structure. 0 — absent; 1 — present.

72. Adult operculum. 0 — flexiclaudent, multispiral; 1 — rigiclaudent, multispiral; 2 — rigiclaudent,
paucispiral; 3 — rigiclaudent, concentric; 4 — absent.




Appendix 1.2.

Relationships in Gastropoda

Character States for the Taxa Included in the Parsimony Analysis of Phylogenetic

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Patellogastropoda 0 01 0 O O O O O 1 1 4 O0 *0201 1 0 06
Cocculiniforma 1 02 0 *0,201*601 0 02012401*02*%"3 1 0 *36
Neritopsina 101 0 1 02 6 O 3 1201 2 0 02 1 01 O 06
Vetigastropda 12 01 0 16 0 26 O 01010102 O O *3 0 0 *26
Neomphaloidea 102 0 1 01 2 O O O O 2 002 3 1 o0 1
Sequenzioidea i1 0 0 1 012 2 001 O O 2 O 2 1 1 0 5
Ampullarioidea 12 1 2 0231 0 1 1 1201 2 2 1 0 3
Cyclophoroidea 1 2 1 2 0 26 0 0 1 01 0 01 2 23 1 0 6
Stromboidea 12 1 2 o0 2 1 0 1 0 1 1 2 2 1 0 4
Calyptraeoidea i1 2 1 2 3 26 1 0 1 0112 1 2 2 1 o0 4
Vetutionoidea 1 2 1 23 4 23 1 o0 1 1 2 1 2 2 1 0 4
Cypraeoidea 12 1 2 o0 5 1 o0 120112 1 2 2 1 0 4
Tonnoidea i1 2 1 2 3 261 0 1 1 24 1 2 2 1 0 4
Cerithioidea i 2 1 2 4 2 1 0 1 01*201 2 23 1 0 4
Janthinoidea 1 3 1 6 4 231 0 1 0 2 1 2 2 1 0 46
Eulimoidea 12 2 1 *36 4 26 1 0 1 1 4 1 2 2 1 0 46
Triphoroidea 1 2 1 *224 4 23 1 0 1 0 4 1 2 2 1 0 4
Littorinoidea 1 2 1 2 0 26 1 0 1 011201 2 23 1 0 46
Rissooidea 1 2 1 2 0 26 1 0 1 011201 2 23 1 0 46
Muricoidea 12 2 1 36 3 6 2 2 1 01*24 1 2 2 1 0 4
Conoidea 1 24 1 *256 6 2 2 1 1 4 1 2 2 1 0 4
Rissoelloidea 1 4 1 23 0 2 3 4 1 1 2 1 2 23 1 1 6
Omalogyroidea 1 4 1 3 0 6 3 4 1 1 14 1 2 3 1 1 6
Valvatoidea 1 4 1 *13 0 *16 1 4 1 01*2 1 2 3 1 1 6
Architectonicoidea 1,2 4 1 *16 4 2 3 4 1 1 4 1 2 3 1 1 6
Pyramidelloidea 2 4 1 6 4 35 3 4 1 1 4 1 2 3 1 1 6
Anaspidea 1 4 1 13 2 2 3 4 1 013401 2 3 1 1 6
Tylodinoidea 1 4 1 1 2 23 3 4 1 1 34 1 2 3 1 1 6
Pleurobranchoidea 1 4 1 1 2 2 3 4 1 1 4 1 2 3 1 1 6
Doridina 12 4 1 *16 2 26 3 4 1 0134 1 2 3 1 1 6
Aeolidina 1 4 1 3 2 2 3 4 1 1 34 1 2 3 1 1 6
Arminina 1 4 1 13 2 2 3 4 1 1 4 1 2 3 1 1 6
Dendronotina 12 4 1 *16 2 26 3 4 1 1 34 1 2 3 1 1 6
Sacoglossa 12 4 1 36*02 6 3 4 1 1 4 1 2 3 1 1 6
Cephalaspidea 12 4 1 *1612 26 3 4 1 0134 1 2 3 1 1 6
Smeagolidae 1 4 1 1 1 6 3 4 1 1 24 0 2 3 1 1 6
Siphonariidae 1 4 1 1 1 36 3 4 1 0 04 0O 2 3 1 1 6
Trimusculidae 1 4 1 1 2 6 3 4 1 0 3 0 2 3 1 1 6
Amphibolidae 1 4 1 1 0 6 3 4 1 034 0 2 3 1 1 6
Ellobiidae 1 4 1 1 1 23 3 4 1 01*3 0 2 3 1 1 6
Chilinidae 1 4 1 1 2 3 3 4 1 034 0 2 3 1 1 6
Otinidae 1 4 1 1 o0 3 3 4 1 1 0 0 2 2 1 1 6
Onchidiidae 1 4 1 1 2 3 3 4 1 0 3 0 2 3 1 1 6
Rathouisiidae 1 4 1 1 2 6 3 4 1 1 4 1 2 3 1 1 6
Vaginulidae 1 4 1 1 2 3 3 4 1 0134 0 2 3 1 1 6
Latiidae 1 4 1 1 2 3 3 4 1 0 3 0 2 3 1 1 6
Acroloxidae 1 4 1 1 2 3 3 4 1 011401 2 3 1 1 6
Physidae 1 4 1 1 2 3 3 4 1 1 34 0 2 3 1 1 6
Planorbidae 1 4 1 1 2 13 3 4 1 0 1301 2 3 1 1 6
Lymnaeidae 1 4 1 1 2 13 3 4 1 0 23 0 2 3 1 1 6
Glacidorboidea i1 4 1 3 1 1 3 4 1 1 4 1 2 3 1 1 6
Succineidae 1 4 1 1 2 4 3 4 1 0 4 0 2 3 1 1 6
Athoracophoridae 1 4 1 1 2 4 3 4 1 0 4 0 2 3 1 1 6
Stylommatophora 1 4 1 16 2 36 3 4 1 01 4 01 2 3 1 1 6
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18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Patellogastropoda 0 0 O O0 *03 0 0 O O 1 O O O 02 0 01 01
Cocculiniforma o o ? o0 13 0 0 01*0201 O O 1202 O 0 O
Neritopsina o o0 *0201*2301 0 0 *2 0 0 0 2 *0201 0 01
Vetigastropda o o0 *3 o0 *03 0 O O *20101011202 0 0 O
Neomphaloidea o o ? o0 1 o O OO02 0 0 O ? =2 0 0 O
Sequenzioidea o o ? 013 0 0O O 2 O O O ? O O o0 2
Ampullarioidea o 00120123 0O O O 2 O O O 2 12 0 01 o0
Cyclophoroidea o o 1 o 3 o O O 2 O O O 2 12 0 0 O
Stromboidea o o ? 012 o O O 2 012 O O 2 12 0 1 o
Calyptraeoidea o o 5 0 *®®30102 0 2 O 1 0 2 1 0 1 02
Vetutionoidea o o0 ? 0 2 01 012 o 1 0 2 1 O 1 1
Cypraeoidea o o ? 023 06010120 1 0 2 1 0 1 o
Tonnoidea o o ? O0™*®301 0 0 2 O 1 0 2 12 0 O O
Cerithioidea o o0 *901*301 0 O 2 O0 0101 2 02 0 0 01
Janthinoidea o o ? 02301 0 0 2 O O O 2 01 0 1 o
Eulimoidea o o ? 012 0 0O O 2 O 1 O 2 O0 01 1 1
Triphoroidea o o ? 0*®3 0 O O 2 O 1 O 2 01 0 1 1
Littorinoidea o o0 12 0 *301 0 0O 2 O0 01 0 2 01 0 0102
Rissooidea o 01*301230101 0 2 O0 0101 2 020101 01
Muricoidea 0O O *x®6 0 2301 0 O 2 0 01 O 2 *0201 0 O
Conoidea o o ? 0 *=301 0 0O 2 O 01 0 2 *xM301 0 O
Rissoelloidea o 1 2 013 0 O O0 12 0 1 01 2 01 0 O O
Omalogyroidea o 1 ? 0*®®3 0 O O 2 O 1 0 2 0 O 0 O
Valvatoidea 0 12 0 0 *®3 0O O O 23 0 0101 2 01 O 1 *0,2
Architectonicoidea 0 1 ? 0 *24 0 O O 23 0 1 O 2 01 0 1 O
Pyramidelloidea o 1 2 0 *x®®3 0 O 0 23 0 01 0O 2 01 O 01 *0,2
Anaspidea i3 2 2 0 2 O O O 3 O O0O0O1 2 O 01 O *02
Tylodinoidea 3 2 1 o0 2 0O O 1 3 0 O 1 2 0 O o0 2
Pleurobranchoidea 3 2 1 ©0 12 0 0 1 3 0 01 0O 2 O O O 2
Doridina 3 2 1 0 *®®40 O0O01 3 0 1 02 2 0 O O 2
Aeolidina 3 1 1 o0*3o0 O0O01 3 0 OO0O1L 2 0 O 0 2
Arminina 3 21 o0 2 0O O O 3 00101 2 O O O0 2
Dendronotina 3 212 0 12 o 0O O 3 O O O 2 0 O o0 2
Sacoglossa 03 2 02 0 x4 O O 01 3 O O O1 2 01 0 O *0,2
Cephalaspidea *3 1 12 0 *214 0O O 01 23 0 0101 2 0 010101
Smeagolidae 2 2 2?2 0 3 0 0O ? 2 0O O O 2 O0 1 o0 2
Siphonariidae 12 1. 2 0 23 0 0O 01 2 O O O 2 O 1 0112
Trimusculidae 2 2 ? 0O 3 O O O 2 0 O o0 2 O 0o o0 12
Amphibolidae i1 1 2 o0 2 O 001 2 1 0 O 2 O O0 1 1
Ellobiidae 2 2 2 023 0 0 O 2 0 OO01 2 01 0 01 02
Chilinidae 11 2 o0 3 0 O O 2 1 O O 2 01 0 1 01
Otinidae 2 2 ? 0 3 0O O O 2 O O 0 2 0 O0 0 1
Onchidiidae 2 2 2 023 0 0O01 3 O O0O01 2 34 0 0 2
Rathouisiidae 2 2 ? o0 3 o O 1 3 o O 1 2 3 0 0 2
Vaginulidae 2 2 2 o0 3 0o 0O 1 3 0 0 O 2 3 0 o0 2
Latiidae i1 1 2 o0 3 0 O 1 2 1 0 O 2 1 0 1 1
Acroloxidae 11 2 o0 3 0O o0 1 2 1 O O 2 O O o0 2
Physidae i1 2 2 o0 3 o0 0 1 2 1 0 O 2 O O 0 2
Planorbidae 1 12*19 0 3 0 0 1 2 1 O O 2 O 0 0 12
Lymnaeidae 1 212 o 3 0 0 1 2 1 O O 2 O O 1 2
Glacidorboidea o 2 ? 0*®®4 0 O O 2 O O O 2 0 O0 1 2
Succineidae 2 2 *3 0 4 0 O 1 2 O O0O01L 2 4 0 0 2
Athoracophoridae 2 2 7 0 4 0 O0 1 3 0 O O 2 5 0 o0 2
Stylommatophora 2 2 *®?5 0 4 0 O 1 23 0 001 2 4 0 0 2
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Appendix 1.2.  Continued

56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72
Patellogastropoda O O0 O O O O 0 ? 0 O O0 13 0 1 o0 1 4
Cocculiniforma o1 0 2?2 2 2 2?2 2?2 2 2 2?2 2?2 2?2 0 1 0 1 14
Neritopsina 0 01 3.0 0 0 201 0 O O 1 01 1 0 1 *24
Vetigastropda o 01*201 0 O *5 0 O O O 010201 1 01*04
Neomphaloidea o1 0 0 0o 0o 0 o 0o 0 0O O O O o o o 4
Sequenzioidea o0 0 ? 2 2?2 2 ? °? 2?2 2?2 2?2 2?2 0 0 1 0 2
Ampullarioidea o o 1 1 o0 o 3 1 0o 1 O 1 02 1 O 0 283
Cyclophoroidea o101 1 2 2?2 2 3 0 2 1 0 1 2 1 0 0 1
Stromboidea o o ? 0 O O 2 1 0o 1 0O 2 1 1 O 0 34
Calyptraeoidea o o ? 0 O O 2 1 0 1 0O 2 O 1 O 0 34
Vetutionoidea o1 0 2?2 2 2 2?2 2?2 2 2 2?2 2?2 2?2 0 1 0 0 4
Cypraeoidea o 0 2 0o 0o 0 2 1 1 1 O 2 4 1 0 0 4
Tonnoidea o1 0 4 0 0 012 1 0 1 O 2 4 1 0 0 *24
Cerithioidea 0101*xx50 0 0 23 0 O 1 012 2 1 0 O *03
Janthinoidea o1 2 ? 0 O O 2 1 001 0 2 1 1 0 0 *24
Eulimoidea o o ?» o 0O O 2 1 0 1 O 2 01 1 0 0 24
Triphoroidea o101 ? 2 2?2 2?2 2 2?2 2 2?2 2?2 2 1 0 0 12
Littorinoidea o1 0 4 0 0 0 2 1 0O 1 02 2 05 1 0 0 12
Rissooidea 01 0 1401 0 0 26 1 01 1 O 12 0 1 0 O *3
Muricoidea o1 0 14 0O 0 0 2 1 0O 1 0 2 4 1 0 0 34
Conoidea o1 0 4 0 0 0 2 1 0 1 0 2 4 1 0 0 34
Rissoelloidea i1 o0 4 0 1 012 2 1 4 2 2 2 0 1 0 0 23
Omalogyroidea 10 1 1 1 0 9 1 0 2?2 2?2 4 0 1 0 0 12
Valvatoidea o1 0 4 01 0 0 8 0031 2?2 7 0O 1 0 0 14
Architectonicoidea 1 1 *0,701 O O0 *%9 1 0 1 0 5 0 1 0 0 12
Pyramidelloidea 01011401 1 1 2 1 4 01 ? 6 0 1 0 0 24
Anaspidea o o 6 1 01 1 2 1 4 1 ? 67 0 1 0 0 4
Tylodinoidea o1 0 6 2 1 1 2 1 4 1 ? 6 0 1 0 0 4
Pleurobranchoidea 1 0 16 1 1 1 2 1 4 1 0 6 0 1 0 0 4
Doridina 1 010101 1 1 27 1 4 *2 2 6 0 2 0 0 4
Aeolidina i1 o 1 1 1 1 27 1 4 2 ? 6 0 12 0 0 4
Arminina i1 0 1 1 1 1 27 1 4 1 2 ? 0 2 0 0 4
Dendronotina i1 0 1 1 1 1 27 1 4 1 2?2 ? 0 2 0 0 4
Sacoglossa i1 0o 4 1 1 1 2 1 4 1 2?2 ? 0 12 0 o0 4
Cephalaspidea 0101 1 1 01*x2427 1 4 1 0 6 0 12 0 0 *24
Smeagolidae i 0 2?2 1 2?2 2?2 2?2 2 2 2 2 2 0 2 0 0 4
Siphonariidae 11 1 1 1 1 27 1 4 1 O 6 0O 1 O 0 4
Trimusculidae i 0 2 2?2 2?2 2?2 2 2 2?2 2?2 2 2 0 1 0 0 4
Amphibolidae 1 0 1 1 1 1 27 1 4 2 2 6 0 1 0 0 2
Ellobiidae 00 0 2 1 1 3 27 1 4 0 2 6 0 1 0 0 4
Chilinidae o1 1 2?2 2 2?2 2?2 2 2?2 2 2 2?2 2?2 0 1 0 0 2
Otinidae i 0 2?2 2?2 2?2 2?2 2?2 2 2 2 2 2 0 1 0 0 4
Onchidiidae 00 0 12 1 1 1 27 1 4 1 2 6 0 2 0 0 4
Rathouisiidae i 0 2 2?2 2?2 2?2 2 2 2?2 2?2 2 2 0 2 0 0 4
Vaginulidae i 0 2?2 2?2 2?2 2?2 2?2 2 2 2 2 2 0 2 0 0 4
Latiidae i 0 2?2 2?2 2?2 2?2 2 2 2 2 2 2 0 1 0 0 4
Acroloxidae i 0 2 1 ? 1 2 2 ? 1 2 6 0 1 0 0 4
Physidae 1 o0 1 1 1 34 2 1 4 1 0 6 0 1 0 0 4
Planorbidae 1 0 1 1 1 2427 1 4 1 0 6 0 1 0 0 4
Lymnaeidae 1 0o 1 1 1 2327 1 4 1 2 6 0 1 0 0 4
Glacidorboidea i1 0 ? o0 2 1 2?2 =2 2?2 1 2?2 6 0 1 0 0 2
Succineidae i1 0 1 1 1 1 27 1 4 0 2 6 0 1 0 0 4
Athoracophoridae i1 0 1 1 1 1 27 1 4 0O 2 6 0 12 0 0 4
Stylommatophora 101 1 02 1 1 27 1 4 0 02 6 0 12 0 0 4

See Appendix 1.1 for description of the characters. Characters with more than one state indicate polymorphism within
the taxon. *signifies that three or more character states were present in the original data but are reduced to two
(extremes in arithmetic series) in this tabulation due to space constraints.



Appendix 1.3.  The List of the Apomorphies for the Principal Nodes in the Phylogram of
Relationships in Gastropoda, shown in Fig. 1.6, based on parsimony analysis as detailed in the
legend of Fig. 1.3

Character Change Character Change Character Change
root - node 1 12 0-->1 64 0==>2
11 0==>2 36 0-->2 72 2==>1
15 0-->1 46 1==>0 node 6 - node 10
17 0--->5 51 1==>6 3 0==>1
22 0-->1 52 0==>1 5 0==>4
44 0==>1 node 5 - node 6 7 0==>1
67 0==>1 17 5--->4 13 0==>2
72 0==>4 31 0-->1 14 1==>2
node 1 - Patellogastropoda  node 6 — node 7 22 1--->2
9 0==>1 4 2--->1 28 0==>1
10 0==>1 12 1-->0 33 0==>1
11 2==>4 17 4--->3 69 0==>1
27 0==>1 36 2--->0 node 10 - node 11
69 0==>1 58 4--->3 44 1==>0
71 0==>1 63 1--->0 45 1==>0
node 1 - node 2 node 7 — Neritopsina 51 6--->8
1 0==>1 6 2==>6 node 10 - Triphoroidea
4 0==>1 8 0==>3 2 0==>2
6 0==>2 50 1==>2 11 2==>4
20 0-->1 69 0==>1 26 1==>2
26 0-->1 71 0==>1 34 0==>1
30 0==>1 node 7 — node 8 37 0==>1
40 0==>1 14 1==>2 49 0==>1
45 0==>1 58 3==>1 55 0==>1
46 0==>1 node 8 — Neomphaloidea 68 0==>3
51 0==>1 9 1==>0 node 11 - node 12
58 0-->2 14 2==>3 2 0==>2
62 0--->2 17 3==>1 24 0==>1
node 2 - Vetigastropoda 50 1==>2 65 0==>1
15 1--->0 51 6==>1 node 11 - node 13
70 0==>1 58 1==>0 4 2==>6
node 2 - node 3 62 2==>0 26 1==>2
14 0==>1 67 1==>0 31 1--->0
48 0==>1 72 2==>4 37 0==>1
58 2--->4 node 8 — node 9 67 1==>2
63 0-->1 2 0==>2 68 0-->1
node 3 - Cocculiniforma 3 0==>1 node 12 - node 14
44 1==>0 4 1--->2 41 0==>1
46 1==>0 11 2-->1 67 1==>2
69 0==>1 13 0==>2 72 2==>4
71 0==>1 22 1==>3 node 12 - node 15
node 3 - node 4 26 1==>2 26 1==>2
30 1--->2 44 1==>0 33 1-->0
50 0==>1 45 1==>0 node 13 - Janthinoidea
72 4==>2 59 0--->1 2 0==>3
node 4 - Sequenzioidea 62 2==>3 28 1==>0
13 0==>2 65 0==>1 51 8==>9
26 1==>2 68 0--->2 52 1==>2
34 0==>2 69 0==>1 57 0==>1
43 0==>1 node 9 — Ampullarioidea node 13 - Eulimoidea
44 1==>0 7 0==>1 2 0==>2
50 1==>2 10 0==>1 10 0==>1
70 0==>1 63 0-->1 11 2==>4
node 4 - node 5 node 9 — Cyclophoroidea 34 0==>1
4 1--->2 11 1==>0 65 0==>1

9 0==>1 17 3==>6
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Appendix 1.3.  Continued

Character Change Character Change Character Change
node 14 - node 16 node 5 - node 22 54 0==>1
5 4==>0 2 0==>4 57 0==>1
68 0--->4 3 0==>1 node 25 - Glacidorboidea
node 14 - node 17 4 2--->3 5 0==>1
20 1-->5 7 0--->1 6 2==>1
37 0==>1 8 0==>4 19 1==>2
51 8-->6 13 0==>2 34 0==>2
node 15 - Cerithioidea 14 1==>2 38 1==>0
24 1==>0 16 0==>1 50 1==>2
63 1==>0 17 5==>6 61 0==>1
68 0==>2 19 0==>1 67 5==>6
node 15 - Rissooidea 20 1--->0 node 24 - Valvatoidea
5 4==>0 38 0==>1 37 0==>1
37 0==>1 44 1==>0 38 1==>0
node 16 - Cypraeoidea 45 1==>0 63 1-->0
6 2==>5 47 0==>1 67 5==>7
49 0==>1 51 6--->8 72 2==>14
50 1==>2 67 1==>5 node 22 - node 23
64 0==>1 69 0==>1 7 1==>3
node 16 - node 18 node 23 - Rissoelloidea 20 0-->2
24 1==>0 10 0==>1 37 0==>1
26 1==>2 28 0==>1 a7 1==>2
node 17 - Calyptraeoidea 38 1==>0 61 0-->1
5 4==>3 50 1==>2 64 0==>4
26 1==>2 51 8-->5,6 67 5-->6
node 17 - Vetutinoidea 56 0==>1 node 23 - node 27
10 0==>1 60 0==>1 5 0==>2
34 0==>1 node 22 - node 24 11 2==>3
node 18 -, Littorinoidea 14 2==>3 22 1==>2
68 4--->0,5 26 1==>2 26 1==>2
72 4==>172 33 0==>1 37 1==>2
node 18 - node 19 49 0==>1 39 0==>1
37 0==>1 62 2==>8 41 0==>1
node 19 - Stromboidea 65 0==>1 49 0==>1
11 2==>1 node 24 - node 25 59 0==>1
28 1==>0 7 1==>3 72 2==>4
49 0==>1 10 0==>1 node 27 - node 28
68 4 --->1 11 2==>4 11 3==>4
node 19 - node 20 55 0==>1 14 2==>3
5 0==>3 56 0==>1 39 1==>4
6 2==>6 58 4--->1 60 0==>1
8 0-->2 62 8-->9 node 28 - Pyramidelloidea
11 2--->4 node 25 - node 26 1 1==>2
33 1==>0 28 0==>1 4 3==>6
node 20 - Muricoidea 67 0==>1 5 2==>4
4 ==>3,4,5,6 59 0-->1 6 2==>35
7 1==>2 node 26 — Omalogyroidea 10 0==>1
node 20 - node 21 6 2==>6 38 1==>0
10 0==>1 33 1==>0 51 8==>9
50 1==>2 38 1==>0 52 1==>2
node 21 - Tonnoidea 53 0==>1 node 28 - node 29
8 2-->0 60 0==>1 26 2==>3
49 0==>1 67 5==>4 50 1==>3
node 21 - Conoidea node 26 — Architectonicoidea 65 0==1
5 3==>6 5 0==>4 node 29 -, Sacoglossa

7 1==>2 51 8==>9 6 2==>6
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Character Change Character Change Character Change
10 0==>1 node 34 - node 35 57 0==>1
19 1==>2 5 2==>0 65 0==>1
47 2==>1 6 2==>6 node 38 - node 39
52 1==>2 34 0==>1 54 1 ==> Onode 39
55 0==>1 35 0==>1 - node 40
56 0==>1 50 2==>3 18 1==>2
node 29 - node 30 53 0==>4 19 1==>2

4 3--->1 56 0==>1 36 2==>0
18 0==>3 60 0-->1 39 1==>2
20 2==>1 65 0-->2 node 40 - Trimusculidae
34 0==>2 66 0-->2 6 3==>6
node 30 - Tylodinoidea node 35 - Amphibolidae 34 0==>1.2
10 0==>1 14 2==>3 56 0==>1
19 1==>2 27 0==>1 node 40 - node 41
25 0==>1 33 0==>1 31 0-->1
29 0==>1 41 1==>0 39 2==>3
58 4==>6 72 4==>2 node 41 -, Ellobiidae
node 30 - node 31 node 35 - node 36 5 2==>1
52 1==>2 10 0==>1 61 1==>3
53 0==>2 11 3--->2 66 0==>2
55 0==>1 18 1==>2 node 41 — node 42
56 0==>1 19 1==>2 11 3--->4
58 4==>1 22 2==>3 31 1==>3
node 31 - Pleurobranchoidea 39 1==>3 34 0==>2
10 0==>1 node 34 - node 37 53 2==>3
19 1==>2 14 2==>3 node 42 -, node 43
25 0==>1 node 36 - Smeagolidae 26 2==>3
node 31 - Aeolidina 5 0==>1 36 0==>2

4 1-->3 14 2==>3 65 0--->1
10 0==>1 32 0==>1 66 0-->2
65 1==>2 34 1==>2 69 1==>2
node 31 - node 32 69 1==>2 node 43 - Onchidiidae
19 1==>2 node 36 - Otinidae 11 4--->3
66 0-->2 6 6==>3 node 43 - node 44
69 1==>2 11 2==>0 25 0==>1
node 32 - Doridina 51 8==>7 56 0==>1
28 0==>1 51 1==>0 node 44 -, Rathouisiidae
node 32 - Dendronotina node 37 - Anaspidea 6 3==>6
10 0==>1 19 1==>2 10 0==>1
node 32 - Arminina 26 2==>3 12 0==>1
10 0==>1 36 2==>0,1 29 0==>1
47 2==>1 39 1==>4 node 42 - node 45
65 1==>2 58 1==>6 (Stylommatophora)
node 27 - node 33 65 0==>1 22 3==>4

4 3-->1 node 37 - node 38 25 0==>1
50 1==>2 6 2==>3 31 3==>4
54 0==>1 22 2--->3 53 3==>4
58 4==>1 35 0==>1 56 0==>1
node 33 - Cephalaspidea 50 2==>3 node 45 - node 46
14 2==>3 53 0==>2 (Succineidae)
39 1==>4 60 0==>1 6 3==>4
65 0==>1 node 38 - Siphonariidae 66 0==>2
node 33 - node 34 5 2==>1 node 46 - Athoracophoridae
12 1==>0 32 0==>1 20 2==>7
18 0==>1 34 0==>1.2 26 2==>3
52 1==>2 53 2==>4 31 4==>5
55 0==>1 56 0==>1
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Appendix 1.3 Continued

Character Change Character Change Character Change
node 39 - node 47 56 0==>1 node 48 - Lymnaeidae
27 0==>1 node 48 - Acroloxidae 19 1==>2
65 0--->1 34 1==>2 33 0==>1
node 47 - Chilinidae node 48 -, Planorbidae 34 1==>2
33 0==>1 61 1--->3 61 1->3
41 1==>0 node 48 - Physidae 66 0==>2
57 0==>1 10 0==>1 node 48 -, Latiidae
node 47 - node 48 19 1==>2 31 0==>1
25 0==>1 34 1==>2 33 0==>1
34 0==>1 61 1--->3 61 1--->3

Key: ==> unambiguous change; ---> occurs under some reconstructions, but not others.



Appendix 1.4.  Morphological Characters (and their states) Used in Analysis of Phylogenetic
Relationships in the Terrestrial Pulmonata

Alimentary characters

1.

oakrwN

10.
11.

Buccal mass. 0 — spheroidal, small; 1 — cylindrical, enlarged.

Gastric caecum. 0 — present; 1 — absent.

Rectal caecum. 0 — absent; 1 — present.

Jaw structure. 0 — ribbed; 1 — smooth; 2 — absent.

Jaw accessory plate. 0 — absent; 1 — present.

Radular teeth. 0 — all teeth tricuspid, on quadrate or rectangular basal plates; 1 — endocones and
ectocones retained in marginal teeth but these serrated, on quadrate or rectangular basal plates;

2 — whole radular becoming modified pectinate marginals, teeth on quadrate or broadly rectangular
to elongate basal plates; 3 — endocones lost in lateral and marginal teeth; ectocones sometimes lost
in central and lateral teeth but generally retained and serrated in marginals; teeth on quadrate or
broadly rectangular basal plates; 4 — central and lateral teeth lacking endocones and ectocones but
with broad mesocone; marginals tricuspid or pectinate; teeth on quadrate or broadly rectangular
basal plates; 5 — mesocones and endocones of lateral and marginal teeth tending to elongate and
fuse; teeth on upright, narrowly rectangular basal plates; 6 — lateral and marginal teeth elongated,
with endocones lost by complete fusion with mesocones; teeth on upright, narrowly rectangular
basal plates; 7 — lateral and marginal teeth elongated, with endocones lost by complete fusion with
mesocones, and ectocones becoming serrated; teeth on upright, narrowly rectangular basal plates;
8 — lateral and marginal teeth elongated, with endocones and ectocones lost or nearly so by fusion
with the mesocones; teeth on upright, narrowly rectangular basal plates; 9 — whole radular becom-
ing modified, elongate, unicuspid teeth on upright, narrowly rectangular basal plates.

Prolonged cuspid head on radular teeth 0 — present; 1 — absent.

Digestive gland. 0 — openings of digestive gland lobes disjunct, the anterior opening oesophageal,
the posterior opening intestinal; 1 — openings of digestive gland lobes more or less adjacent,
openings intestinal.

Stomach. 0 — strongly muscular, with definitive gizzard; 1 — somewhat simplified, with strong
musculature but without definitive gizzard; 2 — greatly simplified, with very poorly developed
musculature.

Diagonal intestinal folds. 0 — present; 1 — absent (folds longitudinal when present).

Intestinal valve. 0 — proximal intestine with a sphincter or valve; 1 — pre-rectal part of intestine with a
sphincter or valve; 2 — absent.

Renal characters

12.

13.

Nephridium internal structure. 0 — homogeneous, with lamellae reaching the distal region and the
level of the nephridial pore; 1 — two distinct morphological regions, the distal one usually lacking
lamellae; 2 — two distinct morphological regions, the distal lacking lamellae and greatly extended
towards the pneumostome.

Closed retrograde ureter. 0 — absent; 1 — reaching at most to the top of the pallial cavity; 2 —
reaching a point between top of pallial cavity and pneumostome; 3 — reaching the pneumostome.

Cytology characters

14.

Chromosome number. 0 —<10; 1 — 10 to 15; 2 — 16 to 20; 3 — 21 to 25; 4 — 26 to 30; 5 — 31 to 35;
6 — 36 to 45.

Developmental and larval characters

15.
16.
17.
18.

19.

20.

Embryo brooding. 0 — absent, oviparous; 1 — present, oviviparous or viviparous.

Podocyst. 0 — absent; 1 — present.

Egg mass. 0 — eggs embedded in a jelloid/mucoid mass; 1 — eggs single, not embedded in
jelloid/mucoid mass.

Egg capsule. 0 — partially calcified, with calcite crystals embedded in jelly layers but not forming a
distinct shell; 1 — calcified, forming distinct shell.

Larval development. O — trochophore in the egg, planktotrophic veliger l