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Shell Microstmcture of the Patellid Gastropod CoUisella scabra (Gould):

Ecological and Phylogenetic Implications

SARAH E. GILMAN*
Section of Evolution and Ecology, and Center for Population Biology, University of California. Davis. Davis,

CA 95616-8755

Abstract. Shell microstructure has a long history of use in both taxonomic and ecological research on molluscs. I

report here on a study of the microstructure of CoUisella scabra, also known as Macclintockia scabra and Lottia

scabra. I used a combination of SEM and light microscopy of acetate peels, whole shells, and shell fragments to

examine the shell layers and microstructure. Regular growth bands were not present in most shells examined. Several

shells showed multiple bands of myostracum, which indicate periods of extreme rates of size change, and may be

evidence of abiotic stress. This study also suggests that shell layers previously described as “modified foliated” are

“irregular complex crossed lamellar,” with both fibrous and foliated second order structures. The presence of fibrous

shell structures, in addition to other shared morphological characters noted by previous authors, suggests an affinity

with the Lottiidae rather than the Nacellidae.

INTRODUCTION

Shell microstructure has a long history of use in both

taxonomic and ecological research on molluscs. Shell

growth bands are commonly used as records of

individual growth (Frank, 1975; Hughes, 1986; Arnold

et al., 1998) and for reconstructing environmental

conditions (Rhoads & Eutz, 1980; Jones, 1981; Kirby et

al., 1998). Shell microstructure has also been used for

taxonomic identification (Kennish et al., 1998) and as

evidence of shared ancestry in systematic work (Kool,

1993; Schneider & Carter, 2001). In revising the

systematics of the patellogastropod genus CoUisella,

Lindberg (1986) used shell microstructure characters

described by MacClintock (1967) to place CoUisella

scabra in a separate family from the rest of the species

in the genus. Although Eindberg never formally

published a new taxonomy for this species (see

Lindberg, 1986), Kozloff (1987, 1996) contains Lind-

berg’s intended systematics and the name MaccUn-
tockia scabra has appeared in the published literature

(e.g.. Smith et al., 1993). More recently, Fuchigami &
Sasaki (2005) re-examined the shell microstructure of

44 patellogastropod species, and updated several of

MacClintock’s (1967) original descriptions, including

C. scabra. In this study I reexamined the microstructure

of C. scabra with two goals; 1 ) to explore the use of

shell growth patterns as a way to age individual C.

* Present Address: Friday Harbor Laboratories, University of

Washington. Friday Harbor, WA 98250, e-mail: gilmans(§)

u.washington.edu

scabra shells, and 2) to verify the earlier shell

microstructure descriptions, including phylogenetic

implications.

MATERIALS and METHODS

Collection and Preparation of Shells

I collected 10-20 snails from each of the three field

sites listed in Table 1. All three sites are rocky intertidal

benches on semi-protected outer coast (sensii Ricketts

et al.. 1985). At each site, 1 collected snails from

primarily wave sheltered areas, such as surge channels

or the w'ave protected sides of outcrops or ridges. I

specifically searched for snails with a minimum of shell

erosion and collected a range of sizes at each site. In the

lab, I dissected each snail from its shell.

Whole Shells

To examine the muscle scar and adjacent layers on

the inner surface of the shell, I soaked several shells in

5% sodium hypochlorite for one hour and then rinsed

them under running water. 1 then examined the inner

surface of these shells under a dissecting microscope.

To determine the mineral structure of the shell layers

exposed on the inner surface, I treated two shells with

Feigl Stain (Feigl, 1937; Freidman, 1959), which stains

aragonitic areas black, but leaves calcitic areas un-

changed. I also used three of these bleached shells in

scanning electron microscopy (see below).
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Table 1

Location of samples collected for analysis.

Collection Site Location Collection Date Number of snails Protocol

Fort Bragg. California (MFB) 39.282 N. 123.803°W 05/07/01 10 Acetate

06/06/01 12 Feigl Stain. SEM
Shelter Cove. California (SCV) 40.022°N. 124.074A\' 05/06/01 12 Acetate

De\-irs Gate. California (DVG) 40.407“N. 124.390 W 06/09/01 15 Acetate. SEM

Acetate Peels

Shells for acetate peels were embedded in clear epoxy
resin (EPON 828 resin and DT.A hardener. Miller -

Stephenson. Danbury CT). and sectioned through the

apex along the midsagittal plane using an Isomet low

speed saw (Buehler Ltd.. Lake Bluff, IL). I ground and

etched the sections and made peels following Carter &
Ambrose (1989). 1 used 2 mm thick acetate for the

peels, w hich reduces problems with curling and tearing

commonly reported with much thinner acetate (Carter

& Ambrose. 1989). After 12-24 hr. 1 examined peels

under a compound microscope at 25x to 250x.

Photographs of sp>ecimens were made with a 35 mm
camera body mounted onto the microscope.

Electron Microscopy

1 examined whole shells, shell fragments, and epoxy

embedded sections with scanning electron microscopy

(SEM). Whole shells and shell fragments were pre-

viously bleached as described above and air dried for

several days before use. Shell fragments were generated

by gently tapping a whole shell with a hammer. Three

embedded specimens were selected from those used for

the acetate p>eels. These were polished with aluminum
oxide and re-etched in 5% HCl for 15 sec before SEM.
.All samples were prepared for SEM following Carter &
.Ambrose (1989). Once thoroughly air-dried, they were

mounted onto specimen support stubs using silver

suspension paste (Ted Pella Inc.. Redding. CA) and
sputter-coated with gold (Pelco Model SC-7. Pelco

International. Redding CA). Samples were viewed in

a Philips XL 30 Scanning Electron Microscope (FEI

Co., Hilsboro OR) operated at 10 KV.

RESULTS

I identified four layers in the shell of C. scahra

(Figure 1). Feigl staining revealed the muscle scar

(myostracum) to be aragonite and the remaining shell

layers, calcite. Following MacClintock (1967). I iden-

tify these layers by their position relative to the

myostracum. Layers interior to the myostracum are

labeled with negative numbers, and shell layers e.xterior

to the myostracum are labeled with positive numbers
(Figure 1). Unless otherwise indicted all terms used in

describing shell structures follow the definitions in

Carter et al. (1990).

The myostracum is a narrow band of irregular

simple prismatic structure (Figure 2). Adjacent and

exterior to the myostracum is the m + 1 layer

(Figure 2). a very narrow band of branching crossed

lamellar structure. This layer is rarely visible in acetate

peels, and much more visible in the SEMs or by direct

examination of the interior surface of bleached shells

under a dissecting microscope.

The majority of the shell consists of the m -i- 2 and

m — 1 layers, which contain a similar first order

structure (Figures 2-5). best described as irregular

complex crossed lamellar (Carter et al.. 1990). SEM
revealed the second order structure to be highly

variable, consisting of long fibers (i.e., “fibrous

prismatic." Figure 5) of varying width that grade into

foliated sheets (i.e.. "regularly foliated.” Figure 4).

MacClintock (1967) indicated a possible m -(- 3 layer,

but did not describe it. In general, the shells e.xamined

A
APICAL

Figure 1. Diagram of shell layers in C. scabra. (A) Cross-

section of shell along sagittal axis, after MacClintock (1967,

Figure 1). (B) Shell layers as viewed on the ventral surface of

the shell, after MacClintock (1967, Figure 82). The shaded
area indicated by "m" is the myostracum (muscle scar).
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Figure 2. SEM of sagittal section of sample DVG 2A. The shell was embedded in epoxy and sectioned before SEM. Shell layers

are labeled as in Figure 1. The myostracum ("m") is visible as a diagonal band of simple prismatic structure. The narrow "m + 1”

layer is visible just to the left of the myostracum. ”m + 2" in the upper left and "m — 1 " in the lower right both are irregular complex

crossed lamellar. Scale bar is 10 micron.

for this study were too highly eroded to determine if an

m + 3 layer existed.

Because of the irregularity of the m + 2 and m — 1

layers, it is difficult to see consistent growth lines.

Growth discontinuities (i.e., "growth bands") are

occasionally observed in acetate peels (Figure 6).

although they were apparent only in portions of shell

cross-sections and never consistently across the entire

shell. Other shells had no bands at al (e.g.. Figure 7).

The banding appears to be caused by changes in the

orientation of the higher order structures (e.g.. m — 1

layer of Figures 2 and 9).

Irregularities w'ere also present in the myostracum.

In most shells, the myostracum consisted of a single

band that expanded with the growth of the shell;

however, in some samples there appears to be more
than one band of myostracum and/or the myostracum

appears to double back on itself (Figures 8-9).

DISCUSSION

The goals of this study were two-fold; 1 ) to explore the

use of shell growth patterns as a way to age indiv idual

Collisella scahru shells, and 2) to verify earlier

descriptions and their taxonomic implications. Shell

growth bands are common in other mollusks and are

often used in fisheries research to age individuals

(Rhoads & Lutz. 1980). Banding is occasionally evident

in C. scuhra. but generally only in larger individuals

and not throughout the entire shell. Most shells showed

no growth bands at all. The bands appear to be formed

by changes in the orientation of the 2nd order elements

of the m — 1 and m -(- 2 layers. It is unclear how such

orientation changes might relate to annual or seasonal

patterns of growth. Thus, visual shell bands are

unlikely to be useful for aging individual C. scabra.

More intriguing is the occasional observation of
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Figures 3-5. Secondary structure of the m + 2 and m — 1

layers revealed by SEM of fractured shells. (3) I-racture along

a transverse a.\is showing cross sections of fibers. The
structures vary from rod like at the upper part of the image

to lath or foliated at the lower portion. Scale bar is

10 microns. (4-5) Details of secondary structure from other

locations of the same shell. Scale bar is 5 microns. (4) Foliated

sheets. (5) blades or laths.

multiple bands of myostracum within a single shell

(Figures). MacClintock (1967, plate 7) reported

a similar pattern in the shells of Lottia gigantea, which

he refers to as evidence of “an earlier extended period.”

The multiple bands likely occur when changes in the

size of the animal (shrinkage or expansion) are rapid

relative to the rate of growth of the rest of the shell; and

suggest that individuals may be repositioning them-

selves within the shell over their lifetime, possibly as the

result of starvation.

Multiple bands were usually only observed in the

largest shells examined. These individuals occupy the

highest vertical distribution of the species in the

intertidal (Sutherland, 1970; Haven, 1973). Such areas

show extreme seasonal patterns in food supply, and

long periods of starvation are likely (Sutherland, 1970;

Cubit, 1984). Sutherland (1970) observed a seasonal

loss of body mass in these snails, which might change

the position of the body within the shell and relocate

the myostracum to a more apical position. This is very

different from the breaks reported in other mollusks,

where shell growth stops during reproduction (Rhoads

& Lutz, 1980). In general, the changes in the position of

the myostracum did not appear frequently enough to

suggest a seasonal or annual pattern of size change; and

thus are unlikely to be useful as measures of indivi-

dual age. However, they might be useful as evidence of

extreme environmental stress over longer time intervals.

Perhaps more importantly, the description of shell

structure for CollLsella scahra differs materially from

both the original description by MacClintock (1967)

and the more recent description of Fuchigami & Sasaki

(2005), and the phylogenetic position of this species

should be reconsidered. At the time of MacClintock’s

work, Collisella scahra was placed within the Acmaei-

dae, but was removed by Lindberg (1986) as part of

a larger revision of the northeastern Pacific Acmaeidae.

Although Lindberg never formally published a new
taxonomy for this species, he intended to place it in

the Family Nacellidae, genus MaccliiUockia (Kozloff,

1987, 1996; Lindberg pers. comm.). Because Lindberg's

(1986) reclassification of the northeastern Pacific

species of Acmaeidae was heavily inlluenced by

MacClintock's (1967) work, the redescription of C.

scahra's shell microstructure warrants a reexamination

of its phylogenetic position.

My observations of Collisella scahra's shell micro-

structure differ from MacClintock's (1967) earlier

description in both the number of shell layers described

and their composition. 1 identified five of the six shell

layers mentioned in MacClintock (1967); but. like

Fuchigami and Sasaki (2005). I was unable to identify

an m -i- 3 layer. The shells I examined may have been

too highly eroded to retain the m -i- 3 layer. Within the
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Figures 6-7. Acetate peels of the apex of two different samples viewed under a compound microscope. (6) Sample DVG 5A,

banding is clearly visible. (7) Sample SCV 1 1 A, no bands visible.
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Figures 8 9. SEM of an etched sagittal section, posterior slope of sample CPM 5A. (8) Two separate layers of myostracuin are

indicated by arrows. The black box indicates the area represented in B. scale bar is 100 micron. (9) Enlargement of A. scale bar is

20 micron. Two intersecting bands of myostracum are clearly visible along the diagonal.
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five layers I observed, I also identified different primary

and secondary structures. In particular, MacClintock

(1967 p. 76) considered the m + 2 and m — 1 layers to

be “modified foliated or possibly modified fibrillar.”

Fuchigami & Sasaki (2005) identified the m — 1 layer as

“irregular complex crossed foliated” and the m + 2 layer

as “irregular fibrous foliated.” I have identified both

these layers as “irregularly complex crossed lamellar.”

Also, both MacClintock (1967 p. 76) and Fuchigami &
Sasaki (2005) labeled the m + 1 layer as “concentric

crossed lamellar,” while I describe it as “branching

crossed lamellar.”

These differences are due to both terminological and

methodological differences between the two studies.

MacClintock (1967) used primarily thin sections and

examination of whole shells to diagnose shell layers;

whereas, acetate peels and SEMs provide much better

detail of structure. Additionally, descriptive terminol-

ogy of skeletal microstructure remains highly variable

among researchers (Carter et al., 1990), and many of

the terms used by MacClintock (1967) are not

commonly in use today. In the case of the m -i- 1 layer,

all three studies identified a crossed lamellar structure.

MacClintock (1967) and Fuchigami & Sasaki (2005)

described it as “concentric,” referring to the orientation

of the first order structures relative to the shell margin.

This orientation is consistent with the definition of

“branching crossed lamellar” (Carter et al., 1990).

MacClintock (1967) termed the primary structure of

both the m -I- 2 and m —
1 layers “modified foliated or

possibly modified fibrillar,” which is not a commonly
used term in shell microstructure studies. Based on
MacClintock’s (1967) description of these layers.

Carter et al. (1990 p. 649) considered that they were

likely to be either “fibrous prismatic” or “irregular

complex crossed lamellar.” Fuchigami & Sasaki (2005)

described separate microstructures for the two layers. I

have identified microstructures similar to each of

Fuchigami & Sasaki’s (2005) structures. Their “irreg-

ular fibrous foliated” is similar to Figure 4 of this

study, and their “irregular complex crossed foliated” is

similar to Figure 5. However, I observed these two
structures intergrading within the same shell layer

(Figure 3). I have described both layers as “irregular

complex crossed lamellar” based on the definition of

(Carter et al., 1990), which encompasses second order

structures ranging from fibers to planar lamellae (i.e.,

sheets). Carter et al. ( 1990) consider “irregular complex
crossed foliated” a variant of “irregular complex
crossed lamellar” specific to foliated secondary struc-

tures. Thus I have described both the m — 1 and m + 2

layers as “irregular complex crossed lamellar” with

a variable secondary structure.

MacClintock (1967) considered foliated shell struc-

tures to be characteristic of the Patellidae and absent in

the Acmaeidae. Thus he concluded that C. scahra was

“completely unrelated to all other species of the family

Acmaeidae” (MacClintock, 1967 p. 82) because of the

“modified foliated” structures found in its m -t- 2 and m
— 1 layers. This study demonstrates that, although

calcitic, the second order structure of these layers varies

from fibrous prismatic to foliated. Because they appear

distinct from any other microstructures observed in the

Lottiidae or Patellidae, they are autapomorphies of C.

scabra, and provide no phylogenetic information.

C. scabra shares many other morphological char-

acters, including gill and radular morphology, with the

Lottiidae that are not common to other patellogas-

tropod families (MacClintock, 1967; Lindberg, 1981).

Furthermore, molecular analyses (Simison, 2000; Simi-

son & Lindberg, 2003) also support a hypothesis of

shared ancestry between C. scabra and members of the

genus Lottia. Thus it is likely that C. scabra belongs,

with its former congeners, in the genus Lottia, family

Lottiidae.
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Records of the Giant North Pacific Squid Onykia robusta

(Cephalopoda: Onychoteuthidae)
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Abstract. Two specimens of the giant North Pacific squid, Onykia robusta (Cephalopoda: Onychoteuthidae),

were captured by commercial pollock fishermen in the Bering Sea. The first was trawled during the day at 210 m
depth approximately 40 km northeast of Akutan, Alaska. The squid was male, 41.73 kg and 3.72 m total length. The
second specimen was captured at night at 288 m depth approximately 20 km east of the first specimens capture

location. The squid was female, 33.57 kg and 3.2 m total length. Intact specimens of O. robusta with reliable catch

data (location, depth, time) are lacking in the literature. The two specimens reported here are the largest known
wherein reliable catch data are available. In addition, the areas of capture (Unimak Pass) make these records

significant in that they increase the known range of this species into the southeast Bering Sea.

INTRODUCTION

The giant North Pacific squid Onykia robusta Verrill

(1876) is an elusive species in its habitat and in the

literature (fewer than 10 publications). Much of our

knowledge of this species comes from specimens that

have washed ashore, in various states of decomposition

that yielded more questions than answers. Currently

Onykia robusta ranks third largest in size of squid

genera known, behind Architeuthis du.\ (Steenstrup,

1 857) and the colossal squid Mesonychoteuthis bamiltoni

(Robson, 1925). Onykia robusta is distinguished from

other squid of the North Pacific by the presence of two

rows of sharp hooks on the tentacle clubs, by the length

of the fins, the fieshy longitudinal ridges on the mantle,

and its large size (~200 cm) (Hochberg, 1987; Ander-

son, 1996). Little is known about the life history of O.

robusta other than its distribution and that it is reported

to occur from depths of 1 00-600 m ( Hochberg & Fields,

1980; Anderson, 1996). Records of O. robusta range

from southern California along the Pacific coast

(Phillips. 1961; Van Hyning & Magill, 1964; Hochberg,

1974; Anderson, 1978) to the Gulf of Alaska and Bering

Sea (Berry, 1912). Specimens of O. robusta have been

found along the coasts of Canada, Japan (including the

Ogasawara Islands), and Russia (Akimushkin, 1965). A
total of six Onykia species are known, namely O.

carriboea {Lesueur, 1821), O. //zgeux (Smith, 1881), O.

knipovitchi (Filippova, 1972), O. /uc/z/z/wgzY ( Ishikawa

& Wakiya, 1914), O. robsoni (Adam, 1972), and O.

robusta, the largest member of the genus.

For much of the last century this taxon was placed in

the genus Moroteuthis. Tsuchiya & Okutani (1991)

* Person to whom all correspondence should be addres.sed.

demonstrated that species of Onykia (Lesseur. 1821)

were actually the juvenile stages of Moroteuthis (Verrill,

1881). In addition, the authors declared Onykia

aequatoriaUs (Thiele, 1920) a nonien dubiivn, potentially

adding a seventh member to the genus.

In this paper we report on two specimens of O.

robusta captured in the southeast Bering Sea with

information in regards to known range, catch data, and

morphometries. Additionally, the complete catch re-

cord for this species is provided which illustrates the

importance of commercial fisheries as sources of

biological data.

MATERIALS and METHODS
Two specimens of O. robusta were captured by

commercial pollock fisherman towing pelagic trawls

with catch capacities of 200 metric tons. Both

specimens were captured by fishing vessels with

identical fishing gear. Pelagic trawls act as funnels

in which all organisms captured are pushed into ever

narrowing parts of the net and ultimately into the

codend (closed end of trawl net). Upon net retrieval,

the codend was emptied section by section, with the

first section emptied being the most recently fished.

Specimens were offloaded at the local processing

plant in Akutan. Alaska. Standard measurements

were taken on site (TL. sex. weight) for specimen 1,

and the carcass was later discarded by personnel after

being photographed (fig. 1). Specimen 2 was imme-

diately frozen upon offload, and standard measure-

ments were taken at The University of Mississippi in

Oxford, MS. All measurements were taken by tape

measure (cm). After examination, the specimen was

discarded.
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Figure 1. Onykia rohusta: The first specimen captured within Unimak Pass. (Photography by Brett Joines, also pictured).

RESULTS

Specimen 1; A male specimen was captured on 27 June

2002 in the southern waters of the Bering Sea

(54°28.44'W 165°39.59'N) appro.ximately 40 km north-

east of Akutan. Alaska (Fig. 1). The specimen was

captured at 1300 hr, while trawling at a depth of

approximately 210 m. The actual depth of capture

cannot be conclusively detennined but the position of

the squid in the trawl, relative to the entire catch,

provided information in this regard. As the net was

unloaded the squid was located in the first 1 to 2% of

the catch. This suggested that the specimen, rather than

being caught near the bottom, was taken in the water

column as the net was retrieved because the first

specimens unloaded were the most recently caught. In

support of this suggestion was the observation that the

species found in the net in association with the squid,

chum salmon (Oncorhynchus keta; Walbaum, 1792),

king salmon {O. ts/ianytscha; Walbaum, 1792), Pacific

herring {Clupea harengus; Linnaeus, 1 758) and a variety

of jellyfishes, are pelagic and were evidently caught as

the net was retrieved.

Although observed alive when unloaded from the

codend, the specimen expired while in the refrigerated

seawater holding tanks. The mantle was torn laterally

during offload and the internal organs were partially

exposed. The stomach had been torn open and the

contents lost. Both of the diagnostic, club-like tentacles

with 36 hooks aligned in two rows were damaged, but

clearly identifiable. The total length (TL) of the squid,

measured from the posterior tip of the mantle to the

end of the longest tentacle, was 3.72 m. The specimen

weighed 41.73 kg. Although maturity was not re-

corded, the presence of a spermatophoric sac and testis

revealed the sex to be male (Table 1 ). The specimen had

fine purple-red dots on a white background (mantle).

The mantle, acutely pointed posteriorly, had a fine

wrinkled appearance. The eyes were large, black in

color, and surrounded by tissue with a bluish hue,

consistent with Verrill’s (1876) description.

Specimen 2: A female specimen was captured on 22

June 2003 at 54“30.41'W 165°32.55'N, 20 km from the

previous squid's capture location. The specimen was

captured at 0245 hr, while trawling at a depth of

approximately 288 m. Although maturity was not

recorded, the sex was female as determined by the

clearly identifiable ovary. The squid had a TL of

3.20 m and weighed 33.57 kg. Additional morpholog-

ical measurements can be found in (Table 2).

DISCUSSION

According to personnel at the local fish-processing

plant where the specimens were offloaded, large O.

rohusta have been observed only six times in 17 years

despite the fact that a quarter of a billion kg of fishes

are processed each year. The second specimen was
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Table 1

Onykia rohustcv. Capture information in the Bering Sea and the North Pacific Ocean(N = number; ML = mantle

length; M/F/U = male/female/unidentified). Specimens 1-7 from Tsuchiya & Okutani (1991); specimens 8-18 from

Bizikov and Arkhipkin (1997).

N Date dd.mm.yr Lat. North Lon. EastAVest Depth (m) ML (cm) Body Mass (kg) Sex M/F/U

1 12.05.72 35°59' 142°31.8'E 0 1.94 — U
2 12.05.72 35°59' 142 31.8'E 0 4.28 — U
3 29.05.84 32“30' 158 30'E 0-1000 6.07 — u
4 24.04.87 35°27.8' 145°59.4'E 0-100 10.0 — u
5 29.04.87 35°43' 148°00.2'E 0-100 9.40 — u
6 29.04.87 35°43' 148°00.2'E 0-100 13.5 — u
7 29.04.87 35°43' 148°00.2'E 0-100 18.1 — u
8 21.06.93 61°35' 176°16'E 415 97.6 10 F
9 16.07.93 59 08' 166°07'E 420 93.2 9.5 F
10 06.08.93 59057 '

168°20'E 400 119.0 17 F
11 11.08.93 60°53' 174°15'E 400 122.2 18 F
12 23.08.93 61°40' 177°39'E 420 114.6 15 F
13 27.08.93 60°00' 168°58'E 390 99.5 12.5 F
14 28.08.93 59'’52' 167°47'E 410 104.6 13 F
15 28.08.93 59 52' 167°47'E 410 118.0 — F
16 16.09.93 60°02' 168°12'E 400 121.0 18 F
17 17.09.93 60°03' 168°25'E 415 141.5 27 F
18 17.09.93 60°03' 168°25'E 415 107.7 16 F
19* 27.06.02 54 28.44' 165°39.59'W 210 180.45 41.73 M
20* 22.06.03 54°30.41' 165°32.55'W 288 152.78 33.57 F

* present study.

captured with the target species. pollock, totaling squid in a catch of pollock is common, unfortunately.

85 tons. The pollock fishery is generally considered all squid whether it be 0 . robusta or Gonatopsis sp.

a
‘

‘clean fishery” in which very little bycatch is (common in the north Pacific) are considered “squid

captured. As the net is retrieved through the water unidentified” and lumped together in the catch data.

column the potential to catch non-target species is Determining if a haul contained a specimen of O.

increased, but is insignificant compared to the target robusta using the processing plants catch records was

species. Personnel added that, although very rare, five not possible with confidence. The possibility exists that

of the captures of O. robusta were during the winter. the numbers of giant squid reported by the processing

from late November to late March. The capture of two plants are underestimates and that O. robusta may be

specimens during June was considered unusual accord- taken regularly in these waters.

ing to personnel. To substantiate these claims, catch The capture of two specimens of O. robusta is

records for the last 10 years (1993 2003) were obtained significant because the species is elusive and the

for this particular processing plant. The presence of proximity of capture of the specimens (within 20 km

Table 2

Onykia robusta: Morphological measurements of the second specimen examined in this study. (BM = body mass; TL
= total length; ML ^= mantle length; MW = mantle width; TTL == tentacle length; CL = club length; All

measurements in cm).

Sex BM TL ML MW TTL CL

F 33.57 3:21.56 112.78 40.54 198.12 24.13

Arm length Dorsal* 1 2 3 4

7.72’ 150.96 57.92 56.39

Arm length Ventral* 5 6 7 8

89.92 83.82 24.26** 74.68

* Arms were counted beginning on dorsal side moving in a clockwise direction to ventral side (lateral arms 3,4, 7,& 8 ).

** Arms damaged during offload.
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of each other) may suggest biological significance

(migratory, mating, or feeding grounds). These are

the largest known specimens wherein reliable catch

data (location, depth, and time) were taken, although

larger specimens have been observed (Pattie, 1968).

Additionally, data such as tentacle length, club length,

and sex were obtained; information rarely available

from washcd-ashore specimens. This is the first report

of the capture of a male specimen of O. rohusta with

accurate catch location, depth and time. It may be

significant that the largest individual reported here was

male and could suggest sexual dimorphism in this

species (not uncommon in cephalopods). Also, sexual

segregation may exist in this species, thus the lack of

male specimens in the catch record. Potential explana-

tions for the lack of biological information in this

fishery could be fishing gear bias or the lack of

a concerted effort in the fishery to identify bycatch to

the species level. In conclusion, the locations of capture

increases the known range of this species into the

southeast Bering Sea, an area that is heavily fished but

lacks catch criteria that take into consideration large

cephalopods.
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Three New Pliocene Species of Stramonita Schumacher, 1817 (Miiricidae:

Rapaninae) from Western South America and the Evolution of Modern
Stramonita chocolata (Duclos, 1832)
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Abstract. New fossils of Stramonita (Schumacher, 1817) from southern Peru and Chile provide evidence that

modern S. chocolata (Duclos, 1832) evolved during the late Pliocene on the coast of western South America. Three

new species, S. caracolensis, sp. nov., S. huaricanganensis, sp. nov., and S. zinsmeisteri, sp. nov., are short-lived late

Pliocene taxa that morphologically link S. chocolata to older populations of S. hiseriaUs (Blainville, 1832). The
appearance of morphological novelty in South American Stramonita, the only entirely temperate lineage of the

genus, coincides with a major species-level extinction of Peruvian mollusks. One new feature, a thicker, more
refractory, outer calcitic layer, may have been an adaptive response to severe bioerosion caused by boring

demosponges and polychaetes.

INTRODUCTION

The living rapanine muricid, Stramonita chocolata

(Duclos, 1832), dwells on rocks and gravel in the lower

intertidal and subtidal zones along the coast of western

South America from Ecuador to Valparaiso, Chile

(Osorio, 1979; Bautista et al., 1996; Alamo &
Valdivieso, 1997). Modern specimens have been

collected by the author from Talara, Peru (4°30'S) to

Chala, Peru (16°S). Populations of S. chocolata are

large enough that the meat is harvested commercially in

both Peru (Aguilar et al., 2002) and Chile (Retamales &
Gonzalez, 1982).

The fossil record of Stramonita chocolata has been

problematic. This species was not encountered by

Herm (1969) in Chile, nor through 1983 by DeVries

(Muizon & DeVries, 1985) in southern Peru, but was

found in northern Peru in uppermost Pliocene, lower

Pleistocene, and middle Pleistocene deposits of the

Taime Formation and marine terraces (DeVries, 1986).

A lone specimen of S. chocolata from Venezuela was
figured by Weisbord ( 1962), although E. Vokes (written

communication, 1987) has questioned its identification.

This paper documents the occurrence of late Pliocene

and Pleistocene specimens of Stramonita chocolata in

southern Peru and describes three new Pliocene species

morphologically intermediate between S. chocolata and
the Miocene-to-Recent S. hiseriaUs (Blainville, 1832).

These new finds suggest Stramonita populations

evolved rapidly in the southeastern Pacific Ocean at

the beginning of the late Pliocene, the same time as the

start of an extinction event that within a million years

‘ Mailing address: Box 13061, Burton, WA 98013 USA

eliminated 80 percent of the molluscan species from the

early Pliocene precursor to the modern Peruvian

Faunal Province (DeVries, 2001).

GEOLOGY
The late Cenozoic stratigraphy of the southern

Peruvian Pisco and Sacaco forearc basins (Figure 1)

was described by Muizon & DeVries ( 1985), Dunbar et

al. (1990), and DeVries (1998). Upper Miocene and

Pliocene bioclastic conglomerates and sandstones in

southern Peru are assigned to the Pisco and La

Planchada Formations. A number of nearshore pa-

leoenvironments are represented by the coarse-grained

bioclastic sediments, including rocky intertidal cliffs

and beaches and mixed sand-and-gravel substrates

from high-energy shorefaces.

Deposits of the Pliocene Taime Formation and

Pliocene to Pleistocene marine terraces in northern

Peru were described by DeVries (1986, 1988). Most
Taime sediments are thought to have been deposited on

the inner shelf, shoreface, beach, or within a lagoon.

METHODS AND MATERIALS

Specimens described in this study were found by the

author unless otherwise noted. Locality-samples are

listed in the appendix. Lengths (L) and widths (W) are

reported in millimeters. Dimensions of broken speci-

mens are enclosed by parentheses. Types and figured

specimens are deposited at the University of Washing-

ton’s Burke Museum of Natural History and Culture in

Seattle, Washington (UWBM), Ohio State University’s

Orton Museum in Columbus, Ohio (OSU), the

Museum of Paleontology at the LJniversity of Califor-



Page 248 The Veliger, Vol. 48, No. 4

nia at Berkeley (UCMP), the Departamento de

Vertebrados, Museo de Historia Natural, Universidad

Nacional Mayor de San Marcos, in Lima, Peru

(MUSM INV), and the Museo de Historia Natural,

Santiago, Chile (SGO.PI). Two specimens of Straiuo-

nita were examined from collections of the Paleonto-

logical Research Institute (PRI) in Ithaca, New York.

SYSTEMATIC PALEONTOLOGY

Family Muricidae Rafmesque, 1815

Rapaninae Gray, 1853

Stramonitu Schumacher, 1817

Type species: Buccimim haemastoma Linnaeus, 1767.

Stramonita hiserialis (Blainville, 1832)

Figures 2-1 1,15

Purpura hiserialis Blainville, 1832, p. 238, pi. 11. fig. 1 1.

Thais hiserialis Blainville. Dali, 1909, p. 220.

Thais hiserialis (Blain.). Herm. 1969, p. 91.

Thais I Stramonita) hiserialis {Blainville, 1832). Keen,

1971, p. 549, fig. 1076.

Stramonita hiserialis (Blainville). Vermeij & Kool, 1994,

fig. 8.

Stramonita hiserialis (Blainville, 1832). Mogoll6n, 2001,

figs. 17, 18.

Stramonita hiserialis (de Blainville, 1832). Vermeij, 2001,

p. 701, figs. 1.20-1.25.

Thais (Stramonita ) haemastoma (Linne, 1767). Marincov-

ich, 1973, p. 33, fig. 72.

Thais (Stramonita / haemastoma (Linne, 1767). DeVries.

1986, p. 604, pi. 33, fig. 1; pi. 36. figs. 9. 10.

Thais (Stramonita) haemastoma (Linnaeus, 1767). Guz-
man et al., 1998, p. 49. figs. 51a, b.

Thais (Stramonita ) haemastoma var. tuberculosa. DeVries,

1986, p. 606, pi. 36. fig. 1 1; pi. 37, fig. 2.

Purpura delessertiana Orbigny, 1841, vol. 5, p. 439; 1846,

vol. 9, pi. 77, fig. 7.

Thais (Stramonita) delessertiana (Orbigny). Keen, 1971,

p. 550, fig. 1078.

Thais (Stramonita) delessertiana (Orbigny

,

1841). DeVries.

1986, p. 603, pi. 37, fig. 10.

Thais (Stramonita) delessertiana (Orbigny). Alamo &
Valdivieso, 1997, p. 53.

Stramonita delessertiana (d'Orbigny, 1841). Mogollon,

2001, p. 97, figs. 1-14.

Thais (Stramonita) berrvi Olsson. 1932. p. 178, pi. 19, fig.

5.

Discussion: Until new anatomical or DNA data are

obtained, it seems unlikely that the longstanding

uncertainty regarding the systematics of Stramonita

hiserialis, S. haemastoma, and 5. delessertiana will be

resolved (Clench, 1947; Marincovich, 1973; Mogollon,

2001; Vermeij, 2001). There is a tendency for specimens

from southern Peru assigned to S. delessertiana by

Mogollon (2001 ) to be more compact, globose, and less

nodular, but exceptions exist (Figures 7, 8). Large

northern Peruvian specimens assigned by Mogollon

(2001 ) to S. hiserialis usually have a mottled brown and

cream-colored exterior and an aperture suffused with

orange, but comparable characters also occur in

specimens from southern Peru.

The following description applies to Peruvian speci-

mens of Stramonita, herein provisionally designated S.

hiserialis. The description is not meant to be diagnostic

for populations of S. hiserialis north of Chile and Peru,

nor intended to address the possibility that populations

of S. hiserialis south of Mexico might constitute a new
species (Vermeij, 2001).

Peruvian specimens have four or five primary spiral

cords, with the posteriomiost defining the shoulder, the

second most posterior usually defining the periphery,

and the second and third most posterior the most

closely spaced. Each primary spiral cord encompasses

one to five secondary spiral cords, with at least one

secondary cord being unusually broad. The posterior

two primary cords have 9-12 evenly spaced nodes, with

those on the posteriormost cord being stronger. The
nodes are generally low but may form raised knobs

(Figures 4, 9, 10) or barely rise above a continuous

spiral keel (Figures 5. 6, 11 ). The two to three anterior

primary' cords are rarely tubercular (but see Figures 7,

8; see also Guzman et al., 1998, fig. 51a), occurring

rather as low keels (Figures 2, 3, 1 1 ). The anteriormost

fifth primary spiral cord is often obsolete. Forty to 60

secondary cords cover the remainder of the shell

between the suture and the siphonal fasciole, the count

depending on how one scores weakly bifid cords. All

the secondary spiral cords are slightly rounded and

often weakly imbricate in the interspaces.

Axial sculpture is present as w'eak undulations

extending from suture to the siphonal fasciole with
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axially aligned knobs on the posterior two primary

spiral cords. The axial swellings are broad and usually

regularly spaced.

The aperture of Stramonita hiserialis is ovate, with

a short open siphonal canal and weak or obsolete anal

sulcus. The outer lip is prosocline and planar, only

rarely exhibiting a weak sutural sinus. The inner edge

of the outer lip has 20-30 lirae, the number depending

on the scoring of intercalated secondary lirae at the

lip’s edge. Some specimens with thickened outer lips,

especially those from southern Peru, have up to eight

spirally elongate denticles set back abaperturally from

the lirae. The inner lip is straight to concave and

unexcavated or slightly excavated. A narrow well-

defined parietal rib lies close to the anal sulcus. The
columella is smooth posteriorly and in some specimens

is ornamented anteriorly with up to five arched axial

lirae.

The shell of Stramonita hiserialis consists of an inner

aragonitic layer and an outer calcitic layer, the latter

being not much thicker than the former. The outer

layer is mottled brown, cream, and reddish orange. The
aperture, especially the columella, can be tinged at the

margin or suffused throughout with orange, maroon,

purple, or brown.

Shells of Stramonita hiserialis commonly wash up on

beaches in northern, north-central, and southern Peru

(Figures 2-3, 7-10; see also Alamo & Valdivieso, 1997)

and are documented from Iquique (20°S) (Marincov-

ich, 1973), Antofagasta (23°S) (Guzman et al., 1998),

and as far south as Valparaiso (33°S) (Clench, 1947).

Fossil specimens of Stramonita hiserialis are reported

from Pleistocene deposits in northern Chile (Herm,

1969) and from lower, middle, and upper Pleistocene

deposits in northern Peru (DeVries, 1986).

Olsson (1932) described a late Miocene species from

the Tumbez Formation of northern Peru, Thais

(Stramonita) herryi (Figures 5, 6). The Tumbez speci-

men appears narrower than typical specimens of 5.

hiserialis but only because the outer lip is missing. The
height of the spire and shape of the sutural platform are

unremarkable, contrary to statements by Olsson

(1932). Vermeij (2001) compared S. herryi to the oldest

recognized Stramonita, the early Miocene S. hijicla

Vermeij, 2001, from the Cantaure Formation of

Venezuela, but the Peruvian fossil might just as well

be compared to S. liaemastoma or S. hiserialis. The
specimen of S. herryi lacks the broad spiral bands of S.

hificla, having instead the numerous secondary spiral

cords characteristic of specimens of S. hiserialis and S.

liaemastoma.

In southern Peru, a specimen of Stramonita hiserialis

was found in Pliocene deposits along the Rio Acari

(UWBM 97646). The Acari specimen has nine knobs
evenly spaced on the posteriormost cord, as few as seen

on some specimens of S. ehocolata. Typical ''hLserialis"

features are more numerous, however, including keeled

anterior primary spiral cords, rounded and imbricate

secondary cords, axial undulations, a planar outer lip

with a faint sutural sinus, a suture level with the second

most posterior primary cord on the penultimate whorl,

and the absence of a thickened outer calcitic shell layer.

.Material; MUSM INV 064, DV 467-1, Recent, L 43.6,

W 28.6; MUSM INV 065, DV 1 141-1, L 32.9, W 22.0;

MUSM INV 066, Paracas, L 44.7, W 32.0; OSU 37563,

DV 271-5, early Pleistocene, L 50.0, W 31.1; OSU
37564, DV 233-3, middle Pleistocene, L 38.2, W 25.0;

OSU 37565, DV 245-1, late Pleistocene, L 35.2, W 24.7;

OSU 37566, DV 245-1, L 42.0, W 29.0; OSU 37567,

DV 245-1, L 63.3, W 42.6; OSU 37568, DV 273, late

Pliocene, mold; OSU 37573, El Alto, early Pleistocene,

L (54.0), W 32.5; OSU 37576, DV 211-21, Recent, L

(21), W 18.1; OSU 37577, DV 211-12, late Pleistocene,

L 25.0, W 16.7; UWBM 97552, DV 21 1-12, lot of three;

UWBM 97553, A71788, Recent, L 59.6, W 39.5;

UWBM 97555, A71788, L 48.1, W 31.2; UWBM
97643, DV 1200-1, Recent, L 46.1, W 29.6; UWBM
97644, DV 1200-1, L 39.1, W 27.3; UWBM 97645,

Paracas, Recent, lot of 15; UWBM 97646, DV029, late

Pliocene, L (30.3), W 24.3; UWBM 97647, Paracas, L
33.9, W 22.4; UWBM 97648, DV 467-1, L 39.1, W
26.0; UWBM 97649, DV 1141-1, Recent, L 35.7, W
26.7; UWBM 97650, DV 1141-1, L 19.8, W 11.9; 5.

herryi, PR I 2300, holotype, upper Miocene, L 48.5, W
29.8.

Occurrence (disregarding populations north of Peru):

Upper Miocene: northern Peru. Upper Pliocene;

southern Peru. Pleistocene to Recent: northern Peru

to central Chile.

Stramonita ehocolata (Duclos, 1832)

Figures 12, 16^22

Purpura vhocolatum Duclos, 1832, v. 26, p. 108, pi. 2, fig.

7.

Purpura chocolatta [sic]. Blainville, 1832. p. 240, pi. 12,

figs. 2, 3.

Purpura chocolatum Duclos. Gabb, 1869, p. 26.

Thai.'i ehocolata Duclos. Dali, 1909, p. 169, 221, pi. 22, fig.

22 .

Thais ehocolata Duclos. Bosworth. 1922, p. 177, pi. 26, fig.

14 .

Thais (Stramonita ) ehocolata (YiucXos). Pena, 1970, p. 164.

Thais (Stramonita) ehocolata (Duclos). Keen, 1971, fig.

1077.

Thais (Stramonita t ehocolata (Duclos). Marincovich,

1973, p. 33, fig. 71.

Thais ehocolata (Duclos, 1832). DeVries. 1986, p. 601, pi.

36, figs. 1-8.

Thais (Stramonita) ehocolata (Duclos). Alamo & Valdi-

vieso, 1997, p. 52, fig. 134.

Thais (Stramonita ) ehocolata (Duclos, 1832). Guzman et

al., 1998, p. 49. fig. 50.

Not Thais {Stramonita) ehocolata (Duclos). Weisbord,

1962, p. 303, pi. 27, figs. 5, 6.
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Figures 2^, 7 II. 15. Smimonita hiserialis ( Blainvillc, 1 832). Figure 2. UWBM 97553. Apertural view. Length is 59.6 mm. Figure

3. LIWBM 97553. Abapertural view. Figure 4. OSU 37573. Abapertural view. Length is 54.0 mm. Figure 7. MLISM INV 064.

Apertural view . Length is 43.6 mm. f'igure 8. MLISM INV 064. Abapertural view. Figure 9. OSU 37565. Apertural view. Length is

35.2 mm. Figure 10. OSU 37565. Abapertural view. Figure 1 I. OSU 37563. Abapertural view. Length is 50.0 mm. Figure 15. OSU
37563. Apertural view. Figures 5. 6. "Sircwioniui hcnyi" (Olsson. 1932). Figure 5. PRl 2300. Holotype. apertural view, outer lip
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Discussion; Around 1830 Blainville gave the name
Purpura hrune" to a specimen purportedly collected

from California by the future Mesopotamian arche-

ologist, P. E. Botta (Blainville, 1832). Under circum-

stances not entirely elear, but involving a visit to the

private collections of Blainville by P. L. Duelos while

Blainville was absent, Duelos persuaded Blainville’s

colleagues to adopt the English appellation, "Purpura

clwcolata.' Piqued by that outcome, Blainville (1832,

p. 240) concluded his own aecount of Duclos’s taxon

with these words. “Nous ignorons cependant quel est

I’auteur [Blainville] qui a etabli le premier cette espece.”

Older juvenile and adult speeimens of Stramonita

chocolata are distinguished from S. hiserialis by their

larger size; flattened secondary spiral cords; a broad

and low parietal rib; a thickened chocolate-colored

outer calcitic layer; and a laek of primary spiral cords

other than the posteriormost, which may be obsolete or

marked by eight to nine large widely spaced blunt

knobs. Unlike most specimens of S. hiserialis and S.

huaricanganensis, those of 5. chocolata usually have

a sutural sinus associated with the anal sulcus and the

suture at or just anterior to the posteriormost primary

spiral cord. The number of lirae on the inner edge of

the outer lip on speeimens of S. chocolata is much
greater than the number seen on specimens of S.

hiserialis, ranging from 30 to 45, depending on the

scoring of bifid lirae and lirae arising close to the edge

of the aperture.

Juvenile speeimens occasionally retain some features

more eommonly associated with specimens of S.

hiserialis, including rounded secondary spiral cords

on the earliest spire whorls, weak primary spiral cords

anterior to the posteriormost knobbed cord, and

a suture midway between the posteriormost cord and

second most posterior cord (Figure 12).

In addition to occurrences in northern Peru noted

earlier, upper Pliocene specimens of Stramonita choco-

lata have been found in southern Peru. By the latest

Pliocene, prior to the time when eustatic sea level

ehanges and coastal uplift together began to produee

marine terraces, specimens of Stramonita with all the

features of S. chocolata had occupied the northern and
southern Peruvian coastline.

The Pliocene/Pleistocene specimen of Stramonita

from the lower Mare Formation at Cabo Blaneo,

Venezuela, was incorrectly assigned to 5. chocolata by

Weisbord (1962). The Cabo Blanco example (PRl

26209; Figures 13, 14) has a sutural platform less

steeply sloped than is typical for S. hiserialis. Hence, its

quadrate profile is more like that of S. chocolata,

although not so much as the oblique photographs of

Weisbord ( 1962) suggest. The specimen, however, lacks

the thickened outer calcitic layer of S. chocolata, and in

common with specimens of 5. hiserialis, as well as those

of the Atlantic Stramonita haemastoma (Linne, 1767),

has a sharply defined parietal rib, axial lirae on the

lower eolumella, four or five primary spiral cords

(weakly expressed), and a suture at the second most

posterior primary spiral cord.

Material: MUSM INV 067, DV 1418-1, L (66.8), W
48.6; OSU 37374, Punta Lomas, Recent, L 60.5, W
41.4; OSU 37375, Punta Lomas, 66.7, 47.3; OSU
37376, DV 273-2, late Pliocene, L 33.5, W 24.1; OSU
37377, Talara, middle Pleistocene, L 1 5.9, W 11.7; OSU
37378, DV 297-2, early Pleistocene, L 57.6, W 42.9;

OSU 37379, DV 154, Holoeene, L 34.8, W 23.2; OSU
37380, DV 273, L 56.7, W 40.2; OSU 3738 1 ,

DV 273, L
85.4, W 61.3; OSU 37382, DV 273-4, L 58.3, W 42.0;

UWBM 97652, Punta Lomas, L 52.4, W 36.5; UWBM
97653, Punta Lomas, L 45.0, W 30.4; UWBM 97654,

Paita, L 49.0, W 36.8; UWBM 97655, A71788, Recent,

L 87.6, W 64.1; UWBM 97656, DV 1332-1, Recent, L
(70.0), W 45.1; UWBM 97657, DV 1332-1, L 65.0, W
44.6; UWBM 97658, DV 381-5, middle Pleistocene, L
50.2, W 36.2; UWBM 97554, DV 1251-1, late Pliocene,

L (28.8), W (37.1).

Occurrence: Upper Plioeene to Pleistocene: northern to

southern Peru. Reeent: Ecuador to Valparaiso, Chile.

Stramonita caracolensis, sp. nov.

Figures 23-25

Diagnosis: Four primary spiral cords nearly obsolete;

secondary spiral cords flattened. Sutural sinus weak;

parietal rib narrow, well defined; suture level with

second most posterior primary spiral eord.

Description: Shell about 50 mm long; fusiform, spire

30-35 percent of shell length. Siphonal canal missing.

Protoconch unknown. Teleoconch of four whorls.

Sutures weakly impressed, level with second most

posterior primary spiral cord. Shoulder angulate on

early whorls, steeply rounded on body whorl, with

missing. Length is 48.5 mm. Figure 6. PRI 2300. Abapertural view. Figures 12, 16-22. Stramonita chocolata (Duelos, 1832). Figure

12. UWBM 97652. Oblique lateral view showing spiral sculpture on spire and weak primary spiral cord anterior to knobs on
shoulder. Length is 52.4 mm. Figure 16. UWBM 97653. Abapertural view. Length is 45.0 mm. Figure 17. UWBM 97653. Apertural

view. Figure 18. OSU 37381. Abapertural view. Length is 85.4 mm. Figure 19. UWBM 97656. Apertural view. Length is 70.0 mm.
Figure 20. MUSM INV 067. Lateral view of apertural side. Length is 66.8 mm. Figure 21. OSU 37382. Apertural view. Length is

58.3 mm. Figure 22. UWBM 97657. Apertural view. Length is 65.0 mm. Figures 13, 14. Stramonita "chocolata' of Weisbord, 1962.

PRI 26209. Length is 43.0 mm. Figure 13. Apertural view. Figure 14. Abapertural view.



Page 252 The Veliger. Vol. 48. No. 4

Posterior

Figures 23-25. Stramonita caracolemis. sp. no\ . L’\3'BM 97659. Length is 39.4 mm. Figure 23. .-\baf)ertural closeup view of spiral

sculpture. Length of strip is 32.4 mm. Four primar\ spiral cords are marked from posterior (top) to anterior (bottom). Figure 24.

.Abapertural \ie\v. Figure 25. Oblique \ie\v of aperture from anterior, showing sharp parietal rib. Figures 26-29. Stramonita

huarkanganensis. sp. nov. Figure 26. L'WBM 97660. .A.pertural view . Length is 61.9 mm. Figure 27. U3\’BM 97660. Lateral \ iew.

Figure 28. L'WBM 97663. Fragment showing spiral sculpture and sinus at suture. Width is 17.8 mm. Figure 29. L'\\'BM 97661.

Slightly oblique apertural view from anterior show ing sharp parietal rib'. Length is 23.6 mm. Figures 30-38. Stramonita zinsmeisteri.

sp. nov. Figure 30. UCMP 156006. Paratype. apertural \ iew . Note internal columella bored from inner lip. Length is 33.2 mm.
Figure 31. SGO.PI.6266. .Abapertural \iew . Length is 25.0 mm. Figure 32. L'CMP 156004. Holotype. apertural \ iew. Length is

37.9 mm. Figure 33. L'CMP 156004. .Abapx:rtural view. Figure 34. L'CMP 156004. Lateral view of fasciolar region showing

remnants of outer shell layer. Image is about 18 mm from left to right. Figure 35. SGO.PI.6266. .Aptertural view . Figure 36. L'CMP
1 56005. Paratype. apertural \ iew . Length is 42. 1 mm. Figure 37. UCMP 1 56005. Oblique \ iew show ing smooth spire and diagenetic

alteration of inner shell layer on body w horl. Figure 38. L'CMP 156005. .A.xial \iew of spire show ing smooth surface of pervasi\e

boring, probabh by demosponges.
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periphery at midpoint of aperture. Spiral sculpture of

four primary spiral cords, posteriormost at shoulder,

next at periphery, both coinciding with slight angula-

tion of whorl’s profile; remaining two primary cords on

anterior half of body whorl. Primary cords neither

keeled nor with nodes, consisting only of paired

secondary cords, each cord half again as wide as

typical secondary spiral cord. About 70 secondary

spiral cords between suture and siphonal fasciole.

Cords flattened, separated by incised grooves; weakly

imbricate within grooves. Axial sculpture absent except

relict regularly spaced ribs on inner shell layer on spire.

Aperture ovate. Anal sulcus weak; parietal rib narrow,

well defined. Posterior portion of columella smooth,

anterior portion missing. Outer lip prosocline, planar

except weak sutural sinus; inner edge lirate.

Discussion; The narrow profile, high spire, placement of

the suture well below the posteriormost primary spiral

cord, and four primary spiral cords suggest this

specimen from southern Peru should be assigned to

Stramonita hiserialis. The flattened spiral cords, how-

ever, are not observed on any specimen of S. hiserialis

from the region, but are always characteristic of S.

chocolata. The near obsolescence of the primary cords

(Figure 23; primary spiral cords marked on right side

of figure); the lack of nodes, knobs, or keels on any

cord, including the posteriormost primary cord; and

the absence of external axial sculpture are also

characters of S. chocolata. The specimen of S.

caracolensis differs notably from all those of S.

chocolata, however, in lacking a thick brown calcitic

outer layer and possessing a sharp parietal rib

(Figure 25), and differs from both S. chocolata and S.

zinsmeisteri, sp. nov., in having its suture level with the

second most anterior spiral cord, rather than the

posteriormost. Specimens of S. hiiaricanganensis differ

from that of S. caracolensis by having a thickened

brown outer calcitic layer and, occasionally, nodes on

the periphery.

The early late Pliocene age of Stramonita caracolensis

is based on its occurrence a few meters above a local

unconformity at Sacaco that separates dated strata

with an early Pliocene fauna from a younger sequence,

70 m thick, of nearshore marine sandstones. The
younger sequence is capped by the oldest and most

elevated marine terrace in the area, 200 m above sea

level (Muizon & DeVries, 1985; DeVries, 1998).

Stratigraphically significant fossils found with the

Caracoles specimen include Xanthochorus xuster (DeV-

ries, 2005a) and a muricid morphologically intermedi-

ate between the extinct early Pliocene species. Chorus

gramlis (Philippi, 1887), and the extant Quaternary

species. Chorus giganteus (Lesson, 1830) (DeVries,

1997).

This Peruvian specimen should be compared with

Stramonita homogeneus Brunet, 1997, from the upper

Miocene Entrerriense Formation of Patagonia. The
specimen of S. caracolensis has twice as many flattened

spiral cords as the Argentinian specimen and is

narrower.

Etymology: Named for a valley north of Sacaco,

Quebrada Caracoles, in the mouth of which is the type

locality for this species.

Type locality: Quebrada Caracoles, north of Sacaco

(DV 1331-1), at the foot of a knoll near the mouth of

a narrow defile (Figure 39).

Material: UWBM 97659, DV 1331-1, holotype, early

late Pliocene, L (39.4), W 33.9.

Occurrence: Lower upper Pliocene, southern Peru.

Stramonita hiiariccmganeusis, sp. nov.

Figures 26-29

Diagnosis: Shell with chocolate-colored calcitic outer

layer. Suture level with inferred position of second most

posterior or posteriormost primary cord. Parietal rib

narrow, well defined. Anal sulcus weak to absent.

Description: Shell to 65 mm long; fusiform; spire 30 to

35 percent, siphonal canal 10 percent of shell length.

Protoconch unknown. Teleoconch of 4-5 whorls.

Sutures weakly impressed to appressed, coinciding with

inferred position of second most posterior primary

spiral cord or posteriormost cord. Shoulder with w'eak

angulation on early whorls, steeply rounded on body

whorl; periphery' just posterior to midpoint of aperture.

Spiral sculpture of about 60 undifferentiated spiral

cords, varying randomly up to two-fold in size. Variable

development of posteriormost primary spiral cord as

keel, with nodes, or obsolete. Axial sculpture absent.

Aperture ovate, elongate. Sutural sinus weak to absent.

Parietal rib sharp. Columella straight, smooth. Outer lip

slightly prosocline, planar, inner edge with 26 lirations.

Discussion: Specimens of Stramonita huaricanganensis,

like those of V. chocolata, have a chocolate-colored

calcitic outer layer and lack differentiated primary

spiral cords, with the exception of the posteriormost

cord, which can be keeled or have nodes (Figures 27,

28). Unlike all specimens of S. chocolata, however,

those of S. huaricanganensis have a sharply defined

parietal rib. The suture on specimens of S. huaricanga-

nensis may intersect the penultimate whorl at the

inferred level of the second most posterior primary

spiral cord or the posteriormost cord, producing in

some cases the same stepped spire seen on specimens of

S. hLserialis. Specimens of S. huaricanganensis may have

a weak anal sulcus and sutural sinus or lack one, as is

also true for S. hiserialis.

The age of the Huaricangana specimen is based on
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the stratigraphic and topographic position of the marine

terrace deposit containing the specimens, which lies

unconformably above orange sandstones with a late

Miocene to early Pliocene fauna (DeVries, 1998). A
molluscan fauna from the terrace includes such extinct

species as Trachycardium procerwu domeykoamim
(Philippi, 1887), Anuantis domeykoana (Philippi,

1887), and Concholepas nodosa (Moricke, 1896), which

together with abundant extant taxa such as Glycymeris

ovatu (Broderip, 1843), and OUva peruviana Lamarck,

1811, suggest a late Pliocene age.

Etymology: Named for the mountain west of Nazca,

Cerro Huaricangana, that overlooks the uplifted

Pliocene terrace that is the type locality of this species.

Type locality: Marine terrace on the northwest side of

Quebrada Huaricangana (DV 423-3). west of Nazca

(Figure 40).

Material: All upper Pliocene, DV 423-3. UWBM
97660, holotype, L (61.9), W 38.3; UWBM 97661,

paratype, L (23.6), W 19.0; UWBM 97662, paratype, L

(38.7)

, W (29.0); UWBM 97663, paratype, L (20.2), W

(17.8)

; UWBM 97651, paratype, L (33.3), W (26.9).

Occurrence: Upper Pliocene, southern Peru.

Stranumita zinsmeisteri, sp. nov.

Figures 30 38

Diagnosis: Low spire; suture level with posteriormost

spiral cord; profile lacking angulations associated with

primary spiral cords. Parietal rib thin, well-defined.

Outer shell layer thin.

Description: Shell to 45 mm long; ovate, spire 25 to 30

percent, siphonal canal 10 percent of shell length.

Protoconch unknown. Teleoconch of 4 whorls. Spire

whorls smooth or with single spiral cord; possibly

diagenetic artifacts. Sutures appressed, immediately

anterior to posteriormost primary spiral cord. Shoulder

broadly rounded, without angulations that would

indicate primary spiral cords; periphery at midpoint

of aperture. Spiral sculpture of rounded spiral cords;

most of thin outer shell layer not preserved. Axial

sculpture not evident. Aperture broadly ovate. Anal

sulcus and sutural sinus weakly to moderately de-

veloped; parietal rib sharp, w'ell defined. Columella

straight to slightly concave, smooth, broadly extended

across pseudumbilicus. Outer lip prosocline, planar,

inner edge with about 20 evenly spaced longer lirae

alternating with single shorter lirae.

Discussion: The poor state of preservation of these

specimens makes a complete description difficult. As
with specimens of Stranumita hiserialis and S. caraco-

lensis, those of S. zinsmeisteri have a sharp parietal rib

and lack the thick brown outer shell layer. Unlike

specimens of S. caracolensis, those of V zinsmeisteri

have low spires and sutures level with the posteriormost

spiral cord. The spalling of most of the outer calcitic

shell layer makes it difficult to detennine the arrange-

ment of primary spiral cords, the angularity of the

Figure 40. Type locality of Stranumita huaricanganensis.

sp. nov.
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Table 1

Distribution of key characters in Peruvian and Chilean species of Stranumita.

Species

Reduced
Primary Cords

Distinct

Anal Sulcus

Suture at

Posterior-most

Cord

Thick Brown
Outer Calcitic

Layer

Subdued
Parietal Rib Age

hLserkilis Miocene to Recent

caracolensis X X Early late Pliocene

zin.smeisteri X X X Late Pliocene

huaricanganensis X 9 x‘ X Early late Pliocene

ehocolata X X X X X Late Pliocene to Recent

' Some specimens have a suture at the inferred position of the second most posterior cord.

shoulder, and the development of nodes at the

shoulder.

Specimens of Stramonita zinsmeisteri share with

specimens of the northern Peruvian rapanine, Vasula

melones (Duclos, 1832) a similar globose form and low

spire, but lack the excavated columella and parietal

callus present on many specimens of Vasula. Specimens

of V. melones, in turn, lack the long lirae on the inside

of the outer lip that are present on specimens of

Stramonita (Vermeij & Carlson, 2000).

All specimens of Stramonita zinsmeisteri have been

found on the central Chilean coast at La Cueva (34°S).

Herm (1969) describes a transgressive conglomerate

overlying older sediments. His faunal list from the site

indicates a mixing of Pliocene and Pleistocene material,

with the presence of Anaclara cliilensis (Philippi, 1887)

and Chorus cloliaris (Philippi, 1887) suggesting an late

early Pliocene age for at least some beds (Muizon &
DeVries, 1985; DeVries, 1997).

Etymology: Named in honor of William J. Zinsmeister,

dissertation advisor of the author.

Type locality: La Cueva, Chile.

Material: All Pliocene. UCMP 156004, UCMP D-5826,

holotype, L 37.9, W 30.0; UCMP 156005, UCMP D-

5826, paratype, L 42.1, W (26.8); UCMP 156006,

UCMP D-5826, paratype, L (33.2), W 28.6; UCMP
156007, UCMP D-5826, paratype, (24.8), W 19.7;

UWBM 97642, WJZ 266, L 35.1, W (23.7);

SGO.PI.6266, WJZ 266, L 25.0, W 17.9.

Occurrence: Upper lower Pliocene, central Chile.

DISCUSSION

With the Venezulean occurrence discounted, Stramo-

nita ehocolata becomes a taxon endemic to western

South America. If new species of late Pliocene

Stramonita from southern Peru and Chile accurately

portray the evolution of S. ehocolata, subdued spiral

sculpture characteristic of the latter first appeared in

Peru during the early late Pliocene in populations of S.

caracolensis (Table 1 ). Also during the late Pliocene,

low spires and sutures appressed high on the preceding

whorl, as well as undifferentiated spiral sculpture, arose

in Chilean populations of S. zinsmeisteri. The distinc-

tive chocolate-colored outer calcitic layer first appeared

in late Pliocene populations of S. huaricanganensis.

While S. huaricanganensis is more likely to have

evolved from the sympatric S. hiserialis-Wke S. caraco-

lensis than the Chilean S. zinsmeisteri, features

separately distinctive of Chilean S. zmsmeisteri and

Peruvian S. huaricanganensis are found together in the

latest Pliocene and Quaternary specimens of S.

ehocolata.

The smooth, refractory, chocolate-brown outer shell

layer of Stramonita emerged as coastal waters were

cooling, submergent shorelines were rising, eustatic sea

level was changing rapidly and markedly, and Peruvian

shorelines becoming straighter and more exposed

(DeVries, 1985, 2001). Understanding the origin of 5.

ehocolata would benefit from an appreciation of the

ecology of Stramonita taxa in the context of these

regional and global events.

Modern populations of Stramonita ehocolata live

subtidally on rocky substrates just below the intertidal

zone to 25 m deep (Guzman et al., 1998) and probably

did so during the Pleistocene, given the frequent

discovery of Pleistocene specimens close to outcrops

of former rocky shorelines. Recent populations of S.

hiserialis live intertidally among rocks, where they feed

upon small mussels, and subtidally on gravel and

bioclastic rubble, where they feed upon a variety of

non-mytilid bivalves (Mogollon, 2001).

In northern Peru, late Pliocene/early Pleistocene

specimens of S. ehocolata were found in sandstones

deposited subtidally (DeVries, 1986). In southern Peru,

specimens of the late Pliocene S. huaricanganensis were

found in terrace gravels close to Cerro Huaricangana,

then an island of granite and gneiss rising 500 m above

sea level and ringed by intertidal rocky environments.

Infaunal and epibenthic mollusks found with S.

huaricanganensis (Table 2), however, indicate subtidal

sand and gravel substrates were also nearby and

a source of shells on the terrace beach. Faunal lists
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Table 2

Fossils associated with occurrences oflate Pliocene Stramonita species. Species marked by asterisks are extinct. An 'x'

denotes a species favoring rocky or hard substrates.

Taxa found with Stranumita caracolensis. sp. nov.. in silty sandstones of Quebrada Caracoles.

Polmices alT. P. uher

Sinum cymha
* Acanthina triangularis x

* Xantlwcliorus .xuster

Mitrella sp.

* Xassarius spp.

Cancellaria huccinoides

Pilar aff. P. inconspicua

Barnacles

Vertebrate bones (fish, birds, sea lions, sloths, dolphins, whales)

B. Taxa found with S. Iiuaricanganensis. sp. nov., in terrace gravels near Cerro Huaricangana.

* Diloloma sp. nov. x

Polinices aff. P. uher

Sinum cymha
Crepiclula dUatata .x

* Acanthina triangularis x

* Concholepas nodosa x

Oliva peruviana

Olivella sp.

Ostrea sp. x

Choromytilus chorus x

Glycymeris ovata
* Trachycardium procerum domeykoana
* Amianiis domeykoana
* Eurhomalea fuenzalida

Protothaca sp.

Petricola sp. x

Ensis sp.

Pholas chilensis x

Barnacles x

from La Cueva (Herm, 1969) point to a mixing of

subtidal infaunal and epibenthic species from rocky

intertidal and subtidal environments in terrace deposits

with S. zinsmeisteri.

The single specimen of Stramonita caracolensis w as

found in medium-grained upper Pliocene sandstone

attributed to sandy shoreface environments (Muizon &
DeVries, 1985). The associated molluscan fauna

(Table 2). which includes densely packed beds of

strongly arched Crepiditla dilatata Lamarck. 1 822. such

as are seen today on the most silty and protected

beaches of Bahia Paracas, and the proximity of

intercalated non-marine mudstones less than one km
upstream in Quebrada Caracoles, suggests a deposi-

tional environment that was quieter and perhaps more
turbid than those seen on much of the modern
Peruvian coast.

These comments regarding fossil and Recent taxa of

Stramonita suggest that adaptations leading to S.

clwcolata developed subtidally. Newly ex olved popula-

tions with smooth and refractory outer shell layers (S.

Iiuaricanganensis, S. clwcolata) remained in the shallow

subtidal zone. In contrast, some muricid genera

undergoing evolution in the same Pliocene time frame

(Acanthina Fischer von Waldheim, 1807. Chorus Gray,

1847. Concholepas Lamarck, 1801 ) were present in high

energy intertidal and very shallow subtidal settings

(DeVries, 1997. 2000. 2003).

It was observed that the outer shell layer on every

specimen of Stramonita zinsmeisteri was nearly absent

and that the inner shell layer was riddled with small

holes, about 0.5 mm wide, and larger sinuous grooves.

1-2 mm wide. The holes are inferred to represent

bioerosion produced by clionid demosponges and

spionid polychaete worms, respectively (Bower et al..

1994). Evidence of bioerosion is also visible on every

specimen of S. Iiuaricanganensis and 5. clwcolata, but

much less on specimens of V. hiseriaUs and the one
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specimen of 5. cciracolensis. In the case of live-

harvested shells of S. clwcolata, the bioerosion must

have occurred while the animals were still alive, not

when empty shells sat on the ocean bottom.

The evolution of the thick outer shell layer seen in

populations of Stranmnita huaricanganensis and 5.

clwcalata may have been a response to debilitating

effects from bioerosion suffered by subtidal popula-

tions of Stranionita. A late Pliocene fragment of outer

shell layer from Stranionita chocolata (UWBM 97554)

is thoroughly bored with demosponges. The effects on

S. zinsmeisteri were equally destructive. A thicker outer

shell layer mineralogically less subject to rapid bioero-

sion would have been beneficial for Stranionita

individuals. Further study of the specific mineralogy

of S. chocolata and the depth and latitudinal distribu-

tion of bioerosion could test this hypothesis.

The timing of the radiation of late Pliocene

Stranionita taxa and the evolution of S. chocolata

coincided with a major species-level extinction in the

Peruvian Province attributed to late Pliocene global

sea-surface cooling and a shift from subsidence to rapid

uplift of much of the Peruvian and Chilean coast

(DeVries. 2001 ). The impact of these events on muricid

diversity was significant (DeVries, 2005b), but the role

in the evolution of Stranionita remains unknown. If

adaptations seen in S. chocolata were responses to

subtidal bioerosion, the adaptations might have been

related to oceanographic changes that infiuenced

the diversity or range of boring demisponges and

spionid worms along the Chilean and Peruvian

coastline.

The lineage of Stranionita hiscrialis — S. chocolata,

which includes the three late early Pliocene and late

Pliocene species described herein, has been especially

successful in colonizing cool temperate coastal waters

of the Peruvian Faunal Province; most Stranionita

species are restricted to warm temperate or tropical

waters (Vermeij. 2001; Watters, 2006). Few other late

Neogene equatorial molluscan species have been

equally successful at occupying the shoreline from Peru

to central Chile; most notable among them is

Argopecten purpiiratus (Lamarck, 1819), which spread

from Central America, Ecuador, and northern Peru to

Chile at the end of the Pliocene (DeVries, 2001). Both

S. chocolata and A. purpuratiis experienced increased

populations and commercial fishery landings during

recent warm-water El Nino events (Aguilar et ah,

2002), perhaps refiecting residual wann-water physio-

logical adaptations in the two taxa.
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APPENDIX

Locality-Samples

A71788

DV 154

DV 21 1-12

DV 211-21

DV 233-3

DV 245-1

DV 271-5

DV 273-2

DV 273-4

DV 297-2

DV 381-5

Bayovar beach, northern Peru. Collected

by L. Wells and J. Noller. Recent.

Salinas Chao, north of the Rio Santa,

northern Peru. Holocene.

Punta Lobitos. southern point. Beach

south of town of Lobitos. northern Peru.

Lobitos Tablazo. Late Pleistocene.

Punta Lobitos, beach south of town of

Lobitos, northern Peru, intertidal drift on

south face of sand-covered rock plat-

form. Recent.

Hills east of Punta Las Penitas. three km
north of Talara, northern Peru. Talara

Tablazo. Middle Pleistocene.

Punta Organos Chico, one km south of

Los Organos, northern Peru, at bench-

mark T-69. D PZ 1944. MAC. Lobitos

Tablazo. Late Pleistocene.

Four km west of intersection between

Amotape-La Brea road and Panamerican

Highway, near village of La Brea, north-

ern Peru. Surface of Mancora Tablazo.

Latest Pliocene to early Pleistocene.

Fourteen km southeast of village of La

Brea, northwest arm of Quebrada Cardo

Grande, near point where road descends

and crosses from western to eastern side

of quebrada. 2.5-3 m in section (DeVries.

1986). 04°48'21"S, 81°01'49"W. Late Pli-

ocene.

As in DV 273-2. 2 6 m in section. Late

Pliocene.

One km south of Quebrada Media,

northern Peru, on north-northwest-fac-

ing cliff. Mollusks from 13.5 14.5 m in

section (DeVries, 1986). Early Pleisto-

cene.

Ridge at km 47.5 along Lomas-San Juan

road, coquina at top of ridge. 15 22'59"S.

75°03'11"W (San Juan LIOO.OOO quad-

rangle). Middle Pleistocene.
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DV 423-3

DV 467-1

DV 1 141-1

DV 1251-1

DV 1331-1

DV 1332-1

DV 1418-1

Double-knobbed mesa north of Queb-
rada Huaricangana, mollusk bed capping

south side of northeast knob. 14°55'33"S,

75°17'41"W (Puerto Caballas 1:50,000

quadrangle ).

Playa Leones, near San Juan de Mar-
cona, southern Peru. Recent.

Northwest shoreline of Hueco La Zorra.

14°02'46"S, 76°15'58"W (GPS) (Punta

Grande 1:100,000 quadrangle). Recent.

Quebrada Champeque, near Chala, north

side of roadcut along Panamerican High-

way. 15°48'42"S, 74°21'24"W (Chala

1:100,000 quadrangle). Late Pliocene.

One to two km north of mouth of

Quebrada Caracoles, north of Sacaco.

15°30'13"S, 74°44'32"W (GPS) (Yauca

1:100,000 quadrangle). Early late Pliocene.

Punta Lomas, refuse dump with shell

mounds. 15°32'54''S, 75°50'29"W (GPS)

(Yauca 1:100,000 quadrangle). Recent.

East side of Acari Depression.

15°34'50"S, 74°36'59"W (GPS) (Yauca

1:100,000 quadrangle). Upper Pliocene.

DV029

El Alto

Paita

Paracas

Punta

Lomas

Talara

UCMP D
5826

WJZ 266

Along the Rio Acari, between Acari and

the coast, southern Peru. Collected by V.

Alleman. Late Pliocene.

Coquina beds, Mancora Tablazo, north-

ern Peru. Early Pleistocene.

Northern Peru. Recent.

Paracas Hotel beach, southern Peru.

Recent.

Refuse dump. See DV 1332-1 for loca-

tion. Recent.

Talara Tablazo, northern Peru. Middle

Pleistocene.

La Cueva, central Chile, from sandy

outcrops of horizontal (?) beds along

bank of stream, 1.5 km south of im-

proved road at Estero El Ganso. Chilean

coordinates 247.450 E, 6210.700 N (Cen-

tro Rafael 1:50,000 quadrangle). Collect-

ed 8 August 1970 by Durham, Covace-

vich, and Sweedlen.

La Cueva, central Chile. Collected by W.
J. Zinsmeister.
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Abstcict. Collections in the Philippines during 1992, 1994, and 1995, along with specimens from Indonesia

collected during 1998, provide the basis for the description of two new species of tritoniid nudibranchs. When the

photographs of the animals were first e.xamined, it was thought they might represent color variations of the same
species, but subtle differences prompted close examination of internal anatomy. The results showed two distinct

species. Marionia elongoreticiilata and Marionia elongoviridis are shown to be different from all other described

tritoniid nudibranchs, and are described herein. Marionia elongoreticiilata is shown to feed on octocorals in the family

Ellisellidae. Both taxa exhibit a bi-lobed bursa copulatrix, which may provide a new character for future phylogenetic

analysis. Problems with the characters historically used to delineate genera within the family are brietly reviewed.

INTRODUCTION

While progress is being made in the understanding of

the tritoniid fauna of the Indo-Pacific region (Smith.

V.G. & T.M. Gosliner, 2003, 2005; Willan, R.C.. 1988),

many questions remain about the number of valid

species, and about how many species remain to be

described. The relative rarity of most of these taxa has

slowed the understanding of the range of variation

among and between these animals. In this study, two
very similar appearing species are discerned by-

differences in external and internal anatomy.

METHODS
Nudibranchs were fixed using formalin or Bouin’s

solution, and preserved in 75% ethyl alcohol. Dissec-

tions were performed on animals from each lot.

Drawings were produced with the aid of a drawing

tube attached to a stereo dissecting microscope.

Visceral masses were removed whole by making
incisions through the length of the sole of the foot

and around the genital and anal openings. Buccal

masses were partially dissolved in 10% KOH solution

to free the jaw's and radulae, which were air dried, then

mounted on aluminum stubs and sputter coated with

gold/palladium in preparation for electron microscopy.

Gut contents were dissolved in undiluted household

bleach to free octocoral sclerites, which were rinsed,

then mounted and prepared for electron microscopy as

above. Scanning electron micrographs (SEMs) were

produced on a Hitachi S-520 scanning electron

microscope. All drawings, SEMs and photographic

slides were digitized by scanning into a Macintosh"^

computer system then composed and edited for

publication using Adobe Photoshop™.

SYSTEMATICS

Suborder Dendronotacea Odhner, 1934

Eamily Tritoniidae Lamarck, 1801

Genus Marionia Vayssiere, 1877

Marionia elongoreticiilata sp. nov. (Figures 1 a,c,

2a; 3a c, 4a d. 5a-d, 6a-f, 7b)

Type material: All material examined is deposited at the

California Academy of Sciences, Department of In-

vertebrate Zoology (CASIZ), and was collected by

hand while SCLIBA diving.

Holotype: CASIZ 172383, 1 specimen, partially dissect-

ed. collected at 6. 1 m. North Najata Island, Banda Sea.

Indonesia, 2 October 1998, Pauline Fiene.

Paratypes: CASIZ 117359, 1 specimen, dissected,

collected at 6.1 m. North Najata Island, Banda Sea.

Indonesia. 2 October 1998, Pauline Fiene. CASIZ
105659, 2 specimens. 1 dissected, 1 partially dissected,

Bonito Island Resort, Culebra Island off Maricaban

Island. Batangas Province, Luzon, Philippines, 27

February 1995, M.T. Ghiselin and M. Miller.

External morphology: The size of the living animals

from Indonesia was 60 mm long. The sizes of the living

specimens from the Philippines were not recorded

(Figures 1 a, c, 2 a). The animals are elongate and

cylindrical. The sides and foot are white to pale
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Figure 1. Photographs of living animals. Mcirionui clongoreticiilatu {CAS\Z ll7359)from Indonesia;/?. ,\f. e/ongovirklis (CASIZ
84289) from the Philippines; c. M. elongoreticulata (CASIZ 105659) from the Philippines; d, .V/. elongoviridis (CASIZ 96352) from

the Philippines.

yellowish-white, as is the background color of the

notum. Portions of the notum also exhibit a reddish

tint. A series of fine, reddish-brown lines form

a reticulate network on the notum. The reticulations

are strongest in rectangular sections between the

secondary gills, and between the “gills” and rhino-

phores. A longitudinal strip runs down the center of the

notum. This strip is paler in color, with less defined

reticulations. Similar pale areas extend laterally from

the central area to the base of each “gill" branch. A
thin pale line delineates the notal margin. The branchial

plumes are whitish at their bases, becoming greenish

yellow where they begin to ramify. The divisions of the

plumes vary in color from reddish-brown to greenish.
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Figure 2. Photographs of living animals, detail of head. a. M. ekmgoreticukiui (CASIZ 1 1 7359); h. M. eknigoviridis (CASIZ 84289).

with the finest terminal divisions tipped in white. The
coloration of the rhinophore sheaths resembles that of

the branchial plumes, with greenish bases becoming

reddish with some darker red lines or spots approach-

ing the margins. The rhinophoral sheath margins have

some fine white spots. The shafts of the rhinophores

have similar coloration to the branchial plumes; the tips

of the central clavi colored white. The dorsal pattern of

lines or reticulations extends onto the proximal surface

of the oral veil, but it does not extend out to the

digitiform projections, which show a pattern of reddish

brown dots, some projections with white apices.

The preserved animals range in size from 32 mm
long, 9 mm wide and 8 mm high to 52 mm long,

15 mm wide and 12 mm high from dorsum to foot. The
body shape is limaciform, and tapered at the tail. Some
of the preserved specimens retain the cylindrical,

elongate appearance as observed in the photographs

of the living animals, while others are more trapezoidal

in cross section, with the pericardial region being

distinctly wider and higher. The color of the preserved

specimens is creamy white to pale yellow. The notum is

covered with low tubercles, of rounded, or sub-

rectangular to rectangular shape. The rectangular

tubercles are arranged in latitudinal rows suggestive

of the color pattern of the living animals. The sides,

rhinophoral sheath margins and bases of the "gills” are

tuberculate as well, with the velum and velar papillae

having a more granular appearance. The characteristic

tritoniid velum is small or contracted in preservation,

and appears slightly bi-lobed. There are four digitifonn

projections on each lobe of the velum, with the

outermost on each side being the distally grooved or

spatulate oral tentacle. The most medial projection of

each lobe is usually simple and always the shortest,

with the next two outermost each longer and apically

bi- or trifid. The oral tentacles are nearly equal in

length to the medial projections. The notal margin is

slightly to moderately produced, and the "gills” extend

from each side. The "gills” are relatively short (about

\0% of body length) both in the photographs of the

living animals as well as in the preserved specimens

examined. The trunks of the "gills” divide into four

main branches. Each main branch divides into two

smaller branches multiple times, terminating in some-

what blunt apices (Figure 3a). Figure 3b shows the

rhinophore of the smaller specimen from the Philip-

pines. The cylindrical rhinophore sheaths of this

specimen tenninate in entire, simple margins. The

margins of the other specimens have a more wavy or
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1 cm
Figure 3. Mcirionia elongorcticiilata (CASIZ 105659). a, branchial plume (“gill"); h, rhinophore; c, visceral mass, dorsal view, be =

bursa copulatrix; bm = buccal mass; ens = central nervous system; dga = anterior digestive gland; dgp = posterior digestive gland;

es = esophagus; in = intestine; mo = mouth; st = stomach.

crenellate appearance, with numerous minute tubercles.

The shafts and ends of the rhinophores are of the

typical tritoniid form, each with a bulbous clavus

surrounded by a series of bi-pinnate projections. The
foot is narrow and linear, with a rounded anterior

margin. The gonopore is on the right side, between the

second and third branchial plumes, medially between

the notum and foot. The anus is on a short tubular

papilla directly below and slightly anterior to the fourth

branchial plume on the right side. The indistinct

nephroproct is just anterior to the anal papilla.

Internal anatomy: Digestive System. The mouth opens

directly into the compact, muscular buccal mass

(Figure 3c). The buccal mass was white, with the top

edges and the arch of the jaws visible through the

musculature on the dorsal aspect. The chitinous jaws

are thin and translucent, with thickened reddish-brown

masticatory borders, bearing a single row of pro-

nounced, rounded or conical denticles giving the jaw

a serrate appearance (Figures 4a d). Each specimen

examined had 9 to 15 pronounced denticles on each

side of the jaw followed by a series of less pronounced
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Figure 4. Marionia elongorericulata. SEMs of Jaws. a. CASIZ 105659; h. C.ASIZ 1 17359; c. C.ASIZ 105659; d. C.A.SIZ 1 17359.

bumps becoming smaller teeth towards the top of the

jaw arch. The radula has a tricuspid rachidian tooth,

a differentiated first lateral, and hamate inner and

outer laterals, without denticulation (Figures 5a-c).

The distinctive rachidian arises from a rectangular

basal plate that is wider than high. The central cusp is

a long denticle that projects to a length nearly equal or

greater than the tip of the first lateral tooth. .Along the

front margin behind the tip. the central denticle exhibits

a series of thickened folds. These folds (which we
consider as accessory denticles) in some cases could be

interpreted as cusps or denticles, in which case the

rachidian could be referred to as pentacuspid. The

posterior margin of the central tooth arises as a V'-

shaped pair of ridges that project upwards and

backwards before folding sharply down forming the

two outer cusps. This distinctive arrangement resem-

bles a pair of folded wings. The outer cusps of the
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Figure 5. Markmia e/ongorcticiilata (CASIZ 117359), SEMs of armature, a, central portion of radula; h. rachidian; c. outer

laterals; d. stomach plates.

rachidian may also exhibit various degrees of folding

along their margins. The first lateral tooth on each side

differs from the remaining teeth. It is blunt and heavy

compared to the adjacent sharply tipped and curved

laterals. The radular formulae are 53(88 92.1.1.1.88-

92) for CASIZ 105659 and 69(108.1.1.1.108) for

CASIZ 117359. The esophagus enters the posterior

buccal mass just anterior to the circum-esophageal

nerve ring (Figure 3c). Though the esophagus is wide

distally. there is no crop present. In the specimen

illustrated (CASIZ 105659), the esophagus curves left

around the very large bursa copulatrix, passing

ventrally down the left side (Figure 3c). The esophagus

runs transversely across the ventral side, in the space

between the anterior portion of the large posterior

digestive glad and the reproductive organs, entering
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Figure 6. A/, eloiigoreticukita (CASIZ 105659), SEMs of sclerites in stomach contents, a-f.

into the proximal portion of the stomach. A pair of

tloccose salivary glands (not visible in the drawing)

extends back from the distal portion of the esophagus,

with the left gland being more pronounced than the

right. The muscular stomach is visible on the dorsal

side, and is not covered by the left posterior digestive

gland. The smaller globular anterior (right) digestive

gland is positioned anteriorly to the stomach. Each

portion of the digestive gland has its own duct entering

the stomach. Within the muscular portion of the

stomach is a ring of approximately 40 to 75 or more

tightly packed, thin, cuticularized plates (Figure 5d).

The plates tend to stick together, making an exact

count difficult. These plates vary in shape, with some
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ceg

1 mm

Figure 7. M. elongoreticulata (CASIZ 105659), anatomy, a. reproductive system; h, central nervous system, al = albumen gland;

am = ampulla; be = bursa copulatrix; bg = buccal ganglion; ceg = cerebral ganglion; hd = hermaphroditic duct, mu + me =

mucous and membrane glands; od = opening to oviduct; peg = pedal ganglion; pig = pleural ganglion; pn = penis; va = opening to

vaginal atrium; vd = vas deferens.

being triangular, and others being subquadrilateral

with eccentric triangular apices. Some of the plates

exhibit thickened edges, and smaller plates are in-

terspersed with the larger in an irregular fashion, with

no clearly discernable pattern. The intestine exits the

stomach on the left side, curving around to the right

between the bursa copulatrix and the smaller anterior

right digestive gland to terminate at the anus.

The stomach of one specimen from the Philippines

(CASIZ 105659) contained some partially digested

matter, in which were found octocoral sclerites. The

micrographs (Figures 6a-f) show sclerites consistent

with soft corals in the family Ellisellidae. This is the

second record connecting this family of gorgonian coral

to predation by nudibranchs (Smith & Gosliner, 2003).

Reproductive System (Figure 7a). The ovotestis

forms a thin layer on the surface of the digestive gland.

The thin hermaphroditic duct carries the products to

the proximal portion of the muscular “C” shaped

ampulla. The distal portion of the ampulla lies within
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the female gland mass, where its deferent duct divides

into an oviduct and a proximal vas deferens. The vas

deferens emerges from the female glad mass, and makes

several cuiwes, becoming thicker before entering into the

base of the conical, unarmed p>enis. There is no distinct

prostate gland, but the distal portion of the vas deferens

appears glandular in nature, and may serve the function

of the prostate (not confirmed by histology). The bulk of

the female gland mass consists of the mucous and

membrane glands, with a smaller, indistinct albumen

gland. The distal oviduct e.xits from the female gland

mass proximal to the common genital opening. The
bursa copulatrix is thick-walled and muscular. A
constriction near the proximal end gives it a distinct

bilobed appearance. A thin tubular duct with a length

approximately equal to the length of the bursa expands

slightly at its distal portion, forming the vaginal atrium.

Central Nervous System (Figures 3c, 7b). The ganglia

of the central ner\ ous system (CNS) lie on top of the

esophagus, just behind its insertion into the buccal mass.

A circum-esophageal nerve ring connects the left and

right ganglia. The cerebral and pleural ganglia are well

fused, and form a larger, elongated portion of the CNS,
with the smaller, more spherical pedal ganglia closely

connected on either side. The giant neurons typical of the

family are present and most visible on the posterior

portions of the ganglia. The paired buccal ganglia lie

touching each other on the ventral side of the esophagus,

joined with the main ganglia by long connectives.

Smaller ner\’es lead from the buccal ganglia, connecting

with the buccal mass near the salivary glands. The sub-

dermal eyes lie some distance from the central nervous

system, near the bases of the rhinophores. and are

connected to the CNS by long nerves.

Distribution: Marionia elongoreticulata is known from
its type locality of North Najata Island in the Banda
Sea, Indonesia, and from the vicinity of Maricaban
Island in the Philippines.

Etymology: The specific epithet is descriptive of

characteristics of the species. Elongo refers to the

elongated form of the living animal, and reticulata

refers to the reticulated pattern on the notum.

SYSTEMATICS

Suborder Dendronotacea Odhner, 1934

Family Tritoniidae Lamarck. 1801

Genus Marionia Vayssiere, 1877

Marionia elongoviridis sp. nov.

(Figures lb, d, 2b, 8a-c, 9a d, 10 a-d, lla-c)

Type material: All material examined is deposited at

the California Academy of Sciences, Department of

Invertebrate Zoology (CASIZ), and was collected by

hand while SCUBA diving.

Holotype: CASIZ 170344, 1 specimen, partially dissect-

ed, collected at 12.8 m, Bonito Island Resort, Culebra

Island off Maricaban Island. Batangas Province,

Luzon, Philippines, 19 March 1994, T.M. Gosliner.

Paratypes: CASIZ 96352, 1 specimen, dissected,

collected at 12.8 m, Bonito Island Resort, Culebra

Island. Batangas Province, Luzon, Philippines, 19

March 1994, T.M. Gosliner.

CASIZ 84289, 1 specimen, dissected, collected at

22.9 m, Bonito Island, Batangas Province, Luzon,

Philippines, 22 February 1992, T.M. Gosliner.

External morphology: The sizes of the living animals

were not recorded (Figures lb, d, 2b). The animals are

cylindrical and elongate in shape. The color of the sides

and notum is pale yellow to greenish yellow. The
notum is overlaid with a pattern of reddish-brown

lines. Most of the lines run perpendicular to the

longitudinal axis, but a few of the lines are connected

to form reticulations. A narrow strip runs down the

center of the notum. This strip is lighter in color than

the surrounding notum. The lines within this strip are

absent or reduced in intensity. A series of whitish

tubercles is also visible within the strip. Similar strips

run from the central area to the bases of the “gills.”

These areas also have reduced lines and tubercles. The
notum slightly overhangs the sides of the animals, and

from the margins are produced the “gills” and the

rhinophore sheaths. There are approximately ten “gill”

plumes per side. The plumes are relatively short, about

ten percent of the total length of the animals. Each

plume arises from a trunk-like base, and divides into

four main branches each of which divides two or more
times (Figure 8a). The trunks are pale, with the

branches a darker green distally. The finest divisions

are tipped with white. The cylindrical rhinophore

sheaths terminate in unornamented margins that are

ample and highly crenulated (Figure 8b). The sheaths

are colored much like the plumes, but have a few

reddish-brown markings and a white margin. The
rhinophore shafts are of the typical tritoniid form, w'ith

a series of about six stepped bi-pinnate projections

below the white tipped terminal clavus. The shaft and

projections may be reddish or greenish. The bi-lobed

oral veil extends outward from the head. It bears four

pairs of digitiform projections. The innermost are

shortest and are simple. The next pair is a little larger

and mostly simple. The third pairs are the longest, and

are mostly apically bifid, while the outermost pairs are

the somewhat smaller, grooved oral tentacles. The veil

is pale green in color, with some red lines. The margins

of the veil and of the papillae are yellow, with the tips

of many of the papillae white. The lengths of the
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5 mm
Figure 8. Marionia elongoviridis (CASIZ 96352). a, branchial plume (“gUl”); h, rhinophore sheath; c, visceral mass in dorsal view,

be = bursa copulatrix; bm = buccal mass; ens = central nervous system; dga = anterior digestive gland; dgp = posterior digestive

gland; es = esophagus; in = intestine; mo = mouth; st = stomach.

preserved specimens range from 30-46 mm. The body
shape is limaciform, and tapered at the tail. Some of the

preserved specimens retain the cylindrical, elongate

appearance as observed in the photographs of the

living animals, while others are more trapezoidal in

cross section, with the pericardial region being distinct-

ly wider and higher. The color of the preserved

specimens is creamy white with none of the original

pigment remaining. The notum is covered with low

tubercles, of rounded or sub-rectangular to rectangular

shape. The rectangular tubercles are arranged in

latitudinal rows suggestive of the color pattern of the

living animals. The sides, rhinophoral sheaths and

bases of the branchial plumes are tuberculate as well,

with the velum and velar papillae having a more

granular appearance. The anterior margin of the foot is

rounded. The gonopore is on the right side of the

animal, about midway between the foot and notum,

below and between the 2nd and 3rd branchial plumes.

The anus is just below and in front of the 4th bran-

chial plume, with the nephroproct just anterior to the

anus.

Internal anatomy: Digestive System ( Figure 8c). The

buccal mass is armed with a pair of jaws and a radula.

The chitinous jaws are thin and translucent, with
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Figure 9. .V/. e/oiigoviruiis. SEMs of jaws. a. CASIZ 96352; h. CASIZ 84289; r. CASIZ 96352; </. CA.SIZ 84289.

thickened masticatory borders reddish-brown in color,

bearing a single row of pronounced rounded or conical

denticles giving a serrate appearance (Figures 9a~d).

Each specimen examined had approximately 10 pro-

nounced denticles on each side of the jaw, followed by

a series of less pronounced bumps becoming fine teeth

towards the top of the jaw arch. There are approxi-

mately 30 40 teeth on each side of the jaw. The radula

(F'igures lOa-c) is of the typical tritoniid form, with

a tricuspid central row. differentiated first laterals, and

hammate outer lateral teeth. The radular formulae are

53(75-80.1.1.1.75-80) for CASIZ 96352 and 52(74-

79.1.1.1.74-79) for CASIZ 84289. The rachidian teeth

arise from narrow bases, about twice as high as wide.

The central rachidian cusp is the longest, extending to

about the length of the first lateral teeth. Behind the

apex of the central cusp is a series of 4-6 folds that

form accessory denticles, which fiare outward at their
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Figure 10. M. elongovin'clis (CASIZ 96352), armature, t/, central portion ofradula; h, close-up ofcentral portion of radula; c\ outer

lateral teeth of radula; d, stomach plates.

tips. The proximal portion of the central tooth gives

rise to a “V” shaped process which folds down to

produce the outer cusps and the lateral margins of the

base, giving the impression of a pair of folded wings.

The outer cusps are blunt, shorter than the central

cusp, and are pointed slightly inward. There may be

some folding present on the outer cusps, though not as

pronounced as the central cusps. The bases of the first

lateral teeth are thicker and more massive than the

outer lateral teeth, and have a single bluntly rounded

projection. The outer lateral teeth are sickle-shaped,

with sharp tips. The outer lateral teeth become more

delicate towards the outer margins of the radula. A pair

of floccose salivary glands lies on either side of the

posterior buccal mass (Figure 8c). The left gland is

larger and more visible than the right gland. Each
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b

c

Figure 1 1. \I. elongoviridis, anatomy, a, reproductive system of CASIZ 170344; h, central nervous system of CASIZ 84289. al =
albumen gland; am = ampulla; be = bursa copulatrix; bg = buccal ganglion; ceg = cerebral ganglion; hd = hermaphroditic duct,

mu + me = mucous and membrane glands; od = opening to oviduct; peg = pedal ganglion; pig = pleural ganglion; pn = penis; va

= opening to vaginal atrium; vd = vas deferens. Scalebars: a —

gland has a duct that enters the buccal mass just behind

the insertion of the esophagus. The esophagus becomes

wider behind the insertion point, forming a folded

region resembling a crop-like structure, but without

any armature. The esophagus continues in a posterior

direction, passing in a straight line along the dorsal

surface to the left of the bursa copulatrix, becoming

thinner as it passes the curved portion of the intestine.

3 mm; h, c = \ mm.

becoming even narrower as it passing down the left side

of the body to the ventral surface. The esophagus

transverses the ventral portion by passing through the

space between the posterior digestive gland and female

gland mass. The proximal esophagus enters the

stomach on the ventral side. The muscular portion of

the stomach contained a band of 40 60 chitinous

plates, oriented so that they face the lumen of the
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stomach (Figure lOd). The plates are sub-rectangular,

some with eccentric apices, with some thinner plates

interspersed in no particular order. The distal stomach

narrows to become the intestine. The intestine passes

along the left side of the small anterior digestive gland,

curving around to the right and terminating at the

anus. The large posterior digestive gland and the

smaller anterior digestive gland each have ducts

entering into the stomach. A portion of the anterior

digestive gland extends up the left dorsal side of the

animal, partially covering the proximal esophagus.

Reproductive System (Figure I la). The ovotestis

forms a thin layer on the surfaces of the digestive

glands. The hermaphroditic duct is thin-walled and

narrow, expanding to form the “C” shaped ampulla.

Compared to Marionia elongoreticulata, the ampulla is

smaller and more delicate in form. A duct leaves the

distal ampulla, and divides into the proximal oviduct

and vas deferens. The proximal oviduct enters the

female gland mass. The proximal vas deferens con-

tinues as a narrow tube for about half its length, and

then becomes thicker, possibly serving the function of

a prostate. This was not confirmed by histology. This

distal portion makes several curves before terminating

in the unarmed conical penial papilla, which in the

specimen illustrated has a curved end. The bursa

copulatrix is slightly larger than the female gland mass.

A constriction at the proximal end forms a distinct

second lobe, as in M. elongoreticulata. While the bursa

is smaller compared to that of M. elongoreticulata, the

second lobe is proportionally larger. The vaginal duct

exits the distal bursa, curving twice before expanding

somewhat at its distal end to form the vaginal atrium,

adjacent to the common gonopore. It is nearly as long

as the length of the bursa. The female gland mass is

comparatively small, not quite as large as the bursa

copulatrix. The mucous and membrane glands make up

most of the mass, with the albumen gland indistinctly

visible. The oviduct exits the female gland mass

proximal to the common gonopore.

Nervous System. The main ganglia of the central

nervous system (CNS) lie on the dorsal surface of the

distal esophagus, just posterior to where it exits the

buccal mass (Figure 8c). The central nervous system is

held in place by the circum-esophageal nerve ring. The
CNS is of typical tritoniid form (Figure 11b). The
paired cerebral and pleural ganglia are well fused. Each

side of the pair is joined to its distinct pedal ganglion by

a short, thick connective. The pedal ganglia are

connected by a paired commisure that forms the bulk

of the circum-esophageal nerve ring. The paired buccal

ganglia (Figure 11c) were detached during dissection,

but are normally found appressed to the ventral

esophagus. The buccal ganglia are nearly touching

each other. They are connected by a short nerve with

a small accessory ganglion. Giant neurons are present

on all ganglia, mostly concentrated on the posterior

portions. The eyes are buried in the flesh just posterior

to the rhinophores, and are connected to the cerebral

ganglia by long nerves.

Distribution: Marionia elongoviridis is known from its

type locality of Culebra Island in the Batangas

Province of the Philippines, where it is sympatric with

Marionia elongoreticulata.

Etymology: The name of this species is derived from the

working name, “elongate green,” which we used during

the course of preparing the description.

DISCUSSION

Marionia elongoreticulata and M. elongoviridis share

many similarities and are probably very closely related,

although no phylogenetic analysis has been conducted.

Externally, these two species are distinguished by

differences in pattern and color, as well as morpholog-

ical differences of the rhinophore sheaths and velar

papillae. In M. elongoreticulata, the reticulate pattern

of lines forms polygons covering the notum. In

Marionia elongoviridis the lines are transverse across

most of the notum with partial or complete reticula-

tions forming only on the anterior portions of the

notum. The coloration of M. elongoreticulata is more
orange-yellow, while M. elongoviridis has a greenish

cast. The rhinophore sheaths of M. elongoreticulata

have small tubercles around their margins, and appear

to be held tighter to the shafts of the rhinophores,

compared to M. elongoviridis, in which the sheath

margins are more ample and flared, without tubercles.

The specimens of M. elongoreticulata on average have

velar papillae that where more ramified than those of

M. elongoviridis.

Internally, the two species are differentiated by the

radula, stomach plates, organ placement and repro-

ductive systems. In M. elongoreticulata, the rachidian

teeth of the radula have bases that are nearly as wide as

they are high, and the teeth show extensive folding. The
rachidian of M. elongoviridis is much higher than wide,

and the teeth show less extensive folding. Marionia

elongoreticulata has 75-100 or more stomach plates,

while M. elongoviridis has 40-60. In M. elongoreticu-

lata, the stomach is not covered by the posterior

digestive gland, and is visible in dorsal view, while in

M. elongoviridis the posterior digestive gland extends

forward on the left side of the animal, covering the

stomach. The bursa copulatrix of M. elongoreticulata is

relatively large, about equal in size to the buccal mass,

while in M. elongoviridis it is relatively smaller, less

than the size of the buccal mass. There are also

differences in the penial morphology, with M. elongor-

eticulata having a conical or paddle-shaped penis,

compared to the curved penis of M. elongoviridis.
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Table 1

Comparison of Indo-Pacific tritoniids with stomach plates

Species

Branchial

plumes Velar papillae Jaws
1/2 Row

outer teeth

Stomach
plates

.\I. alhotiihcrctilata 9 pairs 5 pairs, some compound 1 row' of teeth, trace of second 95 present

.M. hahai 7 pairs 6 pairs, compound >100. number of rows not stated 25 present

.\I. hathycarolinen.sis 22 pairs 12 pairs, compound 25-100 rows of rodlets 142 50

M. blainvUlea 10-12 pairs 7 pairs 2—4 rows of teeth 15-21 ca 40

M. chloanthes 9+ pairs 4 pairs, some compound 5-6 rows of teeth 22 70

M. cucuUata 12-16 pairs 7-1
1
pairs 6 rows of teeth 58 30-40

.\1. cyanohrancitiara 9-13 pairs 4-7 pairs, simple 1 row of teeth, trace of second 1 5-50 100-120

M. dakini 13 pairs 6-7 pairs, compound 1 row' of 45 teeth 135 present

M. echinomuriceae 10-14 pairs 6-8 pairs 1 row of teeth indistinct 65 28

,\I. fulvicola 7-9 pairs 3—4 pairs, most simple 4-5 rows, >100 teeth 38-42 22-32

.\I. granularis 13-14 pairs 6 pairs unknown 50 present

.\I. levis 9-10 pairs 3-5 pairs, compound 1-3 rows, 1-4—30 teeth 80-130 ca 150

M. pamhansis 12 pairs 6 pairs unknown 43 present

M. pellucida 13 pairs 6 pairs unknown 22 70

.M. platyctena 100 pairs 5-7 pairs, simple 10 rows 71-103 30-35

M. pustido.sa 15 pairs 6 pairs unknown 1 12 25

M. Ruhra 10-12 pairs 6 pairs, compound 1 row, 100-120 teeth 50-55 present

M. tessellata 13 pairs 7 pairs 3 rows unknown present

M. viridescens 10 pairs 7 pairs, some compound single row of teeth 90 25

M. elongoreticulata 8-1
1
pairs 4 pairs, some compound 1 row, 9-15 pronounced 74-108 75-100+

M. elongoviridis 10 pairs 4 pairs, a few compound 1 row, 10 pronounced 74-80 40-60

M. olivacea 9-15 pairs 7 pairs, some compound 3-7 rows of teeth 90 50-60

Paratritonia lutea 6-7 pairs 3—4 pairs 3-10 row s of teeth 110 25

Two new species in the present study are distin-

guished from all other tritoniids possessing stomach

plates by a suite of internal and external characters.

Table 1 (adapted from Smith & Gosliner, 2005) shows

a comparison of some characteristics of the named
species of Tritoniidae with stomach plates, and the two
new species described in the present study. Of the 24

species shown, eight species are known with multiple

rows of teeth on the jaw, leaving 16 species for

comparison with our new species. Marionia huhai has

a radular 1/2 row of 25 teeth, far fewer than either of

the new species described here. Marionia cyanohran-

chiata differs from either new species by having 4—7

pairs of simple velar papillae, and a radular 1/2 row of

1 5 50 teeth. Marionia dakini has 6-7 pairs of com-
pound velar papillae, and a large radula with 135 teeth

per 1/2 row. Marionia echinonntracea differs from our

present species in body shape, number of velar papillae,

and number of teeth per radular 1/2 row. Marionia

granularis has an unknown number of rows of jaw

teeth, but differs from the presently described species

by having 6 pairs of velar papillae, and a radular 1/2

row of 50 teeth. Marionia levis has a completely smooth
notum, and up to 3 rows of teeth on the jaw. Marionia

pellucida and A/, pajnhanensis do not have the number
of rows of jaw teeth stated, but each has a smaller

number of teeth in the radular 1/2 row, and 6 pairs of

velar papillae. Marionia pustulosa is also recorded with

an unknown number of rows of teeth on the jaw, and is

shown with a only 25 stomach plates compared with

the larger number recorded for the new species.

Marionia ruhra is recorded with 6 pairs of velar

papillae, 100-120 teeth in a single jaw row, and a radula

with 50-55 teeth in a half-row.

The taxonomy of the family Tritoniidae was last

reviewed by Odhner nearly 40 years ago (Odhner,

1963). His system of classification at the generic level

primarily stressed the importance of the morphology

of the digestive gland. Also considered important were

the radular and penial morphology, but the condition

of the jaws and the presence or absence of chitinous

stomach plates was downplayed as a means of

deciding generic placement. Modern authors have

found his classification confusing, especially in light of

new species that do not fit well into any of his

established categories (Smith & Gosliner, 2005;

Willan, 1988). Authors describing new species of

tritoniids with stomach plates have at times been

forced to assign their new taxa to genera that don't

quite fit all the criteria, in order to avoid creating new
(and perhaps unnecessary) genera. Until enough

information is gathered to pose a phylogenetic hy-

pothesis of the relationships within the family, the

authors will tentatively assign new members of the

Tritoniidae with chitinous stomach plates to the genus

Marionia.
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Uric Acid Accumulation Within Intracellular Crystalloid Corpuscles of the

Midgut Gland in Pomacea ccmalicukita (Caenogastropoda, Ampullariidae)

ISRAEL A. VEGA, MAXIMILIANO GIRAUD-BILLOUD, EDUARDO KOCH,
C.^RLOS GAMARRA-LUQUES and ALFREDO CASTRO-VAZQUEZ

Laboratory of Physiology ( IHEM-CONICET), Department of Morphology and Physiology. National University of

Cuyo, Mendoza, Argentina

Abstract. Pomacea camiliculata shows sleeves of a specialized tissue surrounding arteries of the midgut gland.

This tissue is formed mainly by “radiated cells” (large vacuolated cells, bearing small nuclei without nucleoli) which

are arranged around the vascular muscular layer. Smaller “satellite cells,” with a scarce cytoplasm and clear

nucleolated nuclei, are found together with some nerve endings and muscle fibers on the external surface of these

sleeves. Radiated cells are full of crystalloid spheres (about 5 pm diameter) showing a complex inner fibrillar

structure. Crystalloid corpuscles, and pigmented C and K corpuscles present in midgut gland alveoli, were isolated

from gland homogenates. Uric acid. urea, ammonia, protein and calcium were determined in both gland

homogenates and corpuscular fractions. Uric acid was the major non-protein nitrogen compound of the midgut

gland and was concentrated in crystalloid corpuscles (accounting for 53% of corpuscular dry mass), but was not

detected in pigmented corpuscles. Calcium accounted for only 0.6% of crystalloid dry mass. Protein was another

significant component of crystalloid bodies (32% of dry mass). Ammonia, followed by urea, was the main nitrogen

excretory product in the soluble fraction of excreta, while protein predominated in the particulate excretory fraction.

The possible role of uric acid released from the storage sites as a free radical scavenger and/or antioxidant compound
is discussed.

Key Words: nitrogen metabolism, pigmented corpuscles, estivation, seasonal dormancy, oxygen free radicals.

INTRODUCTION
Schmidt-Nielsen (1997) has stressed the adaptive signif-

icance for animals of utilizing either uric acid, urea or

ammonia as the final product of nitrogen metabolism,

which depends both on the characteristics of a given

species habitat, and on the balance between the energy

costs of producing each metabolite (uric acid, followed

by urea, are the most costly) and of the amount of water

needed for excreting a particular metabolite (in this

respect ammonia is the most costly, followed by urea).

These general views are apparently supported by

what is known of the gastropod superfamily Ampullar-

ioidea (i.e., the families Viviparidae and Ampullarii-

dae). In fact, the strictly freshwater living Viviparidae

are predominantly ammoniotelic (Chaturvedi & Agar-

wal, 1981; Taylor & Andrews. 1991). while the

varyingly amphibious Ampullariidae may be either

ammoniotelic, ureotelic or uricotelic (Little, 1968,

1981). Ampullariids would also be interesting in for

two reasons; ( 1 ) the relative amount of the nitrogen
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products formed would change during periods of

drought (estivation) as compared with periods of

unrestricted water availability; and (2) that uric acid

may be accumulated in tissue during estivation, to be

excreted very slowly or not at all afterwards.

Uric acid deposits in ampullariid snails have been

mentioned to occur as “concretions” in the connective

tissue around vessels of the midgut gland, the lung, and

the anterior kidney (Little, 1968). Meenakshi (1955)

also reported uric acid in rather crude preparations of

pigmented “spherioles” isolated from the midgut gland

of Pila virens (Lamarck, 1819).

In general, the idea has prevailed that those

pigmented corpuscles, which are expelled into the gut

in the so called “liver string,” have in fact an excretory

significance (e.g., Taylor & Andrews, 1991). However,

their exact nature is now controversial since it has been

suggested that they may be morphs of a prokaryotic

symbiont (Castro-Vazquez et al., 2002; Koch et al.,

2005; Vega et al., 2005). In the present work we show

that two types of pigmented corpuscles (namely, C and

K types) are indeed devoid of uric acid, and that this

purine is concentrated in non-pigmented crystalloid

bodies which are intracellularly located in a specialized

perivascular tissue.
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MATERIAL and METHODS

Animals

Mature males and females from a cultured strain of

Pomacea canaliculata (Lamarck, 1822) were used. The
original stock was collected at the Rosedal Lake
(Palermo, Buenos Aires, Argentina) and voucher,

alcohol preserved specimens of the original population

and of the cultured strain have been deposited in the

collection of Museo Argentino de Ciencias Naturales

(Buenos Aires, Argentina; lots MACN-In 35707 and
MACN-In 36046, respectively). Temperature was kept at

23-25°C and artificial lighting was provided 14 h per

day. Animals were fed on lettuce from Monday through

Wednesday and on Fridays. On Thursdays they were

given a rodent food pellet per aquarium, as a protein

supplement. Toilet paper was also supplied on Fridays,

so as to provide an excess hydrocarbon source for the

weekend. Aquarium water was changed thrice weekly

(i.e., on Mondays, Wednesdays and Fridays).

Light Microscopy

1-2 mm thick slices of P. canaliculata midgut gland

were cut with a razor blade from the gland’s surface,

close to the posterior kidney boundary. The samples

were fixed in diluted Bouin’s fluid for one week at 4°C,

then stored in 70% alcohol, and subsequently dehy-

drated and embedded in paraffin. Separate sections

(7 pm) were either stained with Harris hematoxylin-

eosin or they were observed unstained after removal of

paraffin and clearing in xylene.

Digital micrographs (24-bit color format, 640 X 480

pixels) were obtained with a color video camera (Sony,

model DXC-151A, Japan) on a Zeiss Axioskop2
microscope. Morphometric analyses were made using

Image Pro-Plus 4.5 ® (Media Cybernetics, Silver

Spring, MA, LfSA). Measurements of the percent

volume occupied by perivascular tissue were made on
midgut glands samples obtained from 1 1 adult animals

of both sexes (from 4—5 microscopic fields per animal,

each field measuring 2.21 mm^).

Electron Microscopy

Similar samples of midgut gland tissue were exam-
ined by transmission electron microscopy. They were

fixed in a 4% paraformaldehyde-2.5% glutaraldehyde

mixture in 0.1 M sodium phosphate buffer, pH 7.4

(SPB) for five hours and washed three times (10 min
each) with the same buffer. The samples were then post

fixed overnight with 1% osmium tetroxide in SPB,
stained with 2% uranyl acetate for 45 min, dehydrated

via graded ethanol and acetone, and finally embedded
in Spurr's resin. Ultra thin sections were obtained with

a diamond knife. For topographic orientation, 1 pm
sections were stained with 1% toluidine blue.

Isolation of Glandular Corpuscles

The three corpuscular types (i.e., crystalloid corpuscles

and pigmented C and K corpuscles) were obtained

through sequential sedimentations of the osmotic re-

sistant corpuscles after osmotic lysis ofglandular cells and

organelles. Details of the isolation ofC and K corpuscles

have been described elsewhere (Vega et al., 2005).

To obtain crystalloid corpuscles, the midgut gland

was dissected out, weighed and homogenized in a glass

homogenizer in 4 ml of TE-Az buffer (Tris 10 mM,
EDTA 1 mM, 0.1% sodium azide; pH = 7.4) per gram
of tissue. Homogenization, as well as all the following

steps, were carried out at 4°C. The homogenate was
centrifuged at 750 g for 10 min, and the supernatant

was discarded. The precipitate was dispersed again in

5 ml TE-Az and left to sediment for 30 min. The pellet

showed a whitish bottom, corresponding to crystalloid

corpuscles, which was recovered and cleaned out of

pigmented corpuscles by four sequential sedimenta-

tions (5, 7, 12 and 30 min, respectively) in 1 ml of TE-
Az buffer per gram of tissue. For microscopic control,

5 pi of each sample were observed unstained under

brightfield optics (400 X magnifications). Both crystal-

loid and pigmented corpuscles were counted in a total

of 100 microscopic fields (50 on each diagonal line of

a 22 mm square cover slip), and the percent of each

type of corpuscle in the obtained fractions was

calculated. Pigmented corpuscular fractions were de-

void of crystalloid corpuscles, but the crystalloid

fraction contained 9 ± 0.9% (N = 5) pigmented bodies.

Samples of midgut gland tissue and of pigmented

corpuscles were then homogenized in 1 ml of 0.5%

lithium carbonate in an Ultraturrax® homogenizer

(10 min at 4°C) and then centrifuged at 5000 rpm for

5 min. Isolated crystalloid corpuscles were mixed in 0.5%

lithium carbonate solution, where they rapidly dissolved,

and they were then centrifuged to remove pigmented

corpuscles. All supernatants were kept frozen until the

day when duplicate determinations of uric acid, urea,

ammonia, calcium and protein were made (see below).

Dry masses were estimated by desiccation at 45°C until

constant weight was obtained. Results were expressed as

mg of each compound per gram of dry mass, and as

milimoles per gram of protein.

Excreta

Adult snails were starved for 17 hs, and then fed ad

libitum with lettuce for two hours; they were then

drained, weighed and each one placed in a vessel

containing 45 ml of tap water, with or without the

addition of antibiotics (penicillin-G, 0.6 g/L and
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streptomycin sulfate, 0.6 g/L) and with no food.

Antibiotics were used to prevent a possible bacterial

action on the excreted compounds. The antibiotic

mixture, however, was associated to high blanks in

protein detemiinations, so that protein measurements

were unreliable in antibiotic containing samples (see

Results). Twenty four hours later, the animals were

removed and water with the excreta was thoroughly

mixed and centrifuged at 5000 rpm for 20 min; the

obtained supernatants (soluble excreta) were collected

and frozen while the precipitates (particulate excreta)

were homogenized in 1 .5 ml of 0.5% lithium carbonate

( Ultraturra.x® homogenizer, 10 min at 4°C), centri-

fuged and the obtained supernatants were aliquoted

and frozen until the day of determinations of uric acid,

urea, ammonia and protein. Results were expressed as

pmol (or pg, for protein) per gram of drained body
mass per day (either pmol/g/day or pg/g/day).

Uric Acid, Urea, Ammonia, Calcium and
Protein Determinations

Supernatants were thawed, and duplicate 100 pi

aliquots were used for detemiinations of uric acid,

urea, ammonia and calcium, while duplicate 25 pi

aliquots were used for protein.

Uric acid samples were treated with uricase and the

amount of oxygen peroxide formed w'as quantified by

peroxidase catalyzed reaction with 4-aminophenazone
and chlorophenol, which produces a colored quinonei-

mine product (Trinder, 1969); sensitivity of the method
was 0.25 pg ( 1.5 nmol) per tube. Urea was measured by

treating the samples with urease and quantifying the

ammonia formed through the production of indophe-

nol blue after reacting with phenol and sodium
hypochlorite in alkaline medium (Berthelot’s reaction,

Fawcett & Scott, 1960); sensitivity of the method was
0.5 pg (8.2 nmol) per tube. Ammonia was directly

measured by the Berthelot’s reaction; sensitivity was

0.5 pg (29.4 nmol) per tube. Calcium was measured

spectrophotometrically after reacting with o-cresol-

phthalein complexone in alkaline solution (Schwarzen-

bach, 1955). Sensitivity of the method was 0.2 pg
(5 nmol) per tube. Protein content was measured by the

method of Lowry et al. (1951) using bovine serum

albumin as standard. Sensitivity of the method was

10 pg per tube.

Standard curves for all methods were run with

and without adding 0.5% lithium carbonate, to control

for presumptive biases of determinations, but no such

biases were found.

Statistical Analysis

The distribution of variables was evaluated by

Kolmogorov-Smirnov’s normality test. Differences

between two groups were analyzed with Student’s t

test. Multigroup comparisons were made using AN-
OVA I, and the Newman-Keuls test as a post-hoc

analysis. Equal variance Bartlett’s test was used to

evaluate homogeneity of variances for each experimen-

tal group, and the data were transformed if variances

differed significantly. In all cases, significance level was
fixed at p < 0.05.

RESULTS

Perivascular Tissue of the Midgut Gland

All arteries in the midgut gland, as well as some small

vessels with no muscular w'all (i.e.. probably veins)

appear surrounded by a tissue composed of large

elongated cells with a clear cytoplasm and with small

nuclei, which are devoid of nucleoli. These cells are

radially arranged around the central vessel, and will be

identified as “radiated cells.” Also, small “satellite

cells” with rather large nuclei and distinct nucleoli are

located at the periphery of the sleeves of radiated cells

(Figure \ci, h). Electron microscopy also shows muscle

cells and some nerve endings in the periphery of these

sleeves. Morphometric analysis showed that this

perivascular tissue occupies 4.9 ± 0.6% of midgut

gland tissue samples.

Crystalloid bodies are heavily packed within radiated

cells, but are seen only in unstained light micro-

scopy preparations (Figure Ic, 4), since the staining

procedure dissolves most if not all crystalloid bodies

(Figure fi/. h). Under the electron microscope,

radiated cells contain vacuoles and their crystalloids

appear in different stages of grow'th and degradation

(Figure 2, left panel). Typical crystalloid corpuscles

are organized around a fibrilar spherical body, from

which several fibrilar extensions arise, the whole

looking like a wagon’s wheel in sections; small electron

dense granules are scattered among the spokes of the

wheel (Figure 2, right panel). One or more organiza-

tional centers may be seen within a single vacuole.

Also, spaces containing the electron dense granules

that were mentioned above, but which are practically

devoid of the fibrilar matter, appear to result from

the fusion of adjoining vacuoles within a cell (Figure 2,

left panel). Also, some radiated cells are observed

in which all vacuoles appear empty (not shown in

figures).

Concentration of LJric Acid, Urea, Ammonia,
Calcium and Protein in Midgut Gland Tissue and
Corpuscular Fractions

Table 1 shows that uric acid is the major nitrogen

compound in the midgut gland of P. caualiculata (uric

acid > ammonia > urea; ANOVA 1; Newman-Keuls



I. A. Vega et al„ 2005 Page 279

Figure 1. Perivascular tissue surrounding small arteries of' the midgut gland of Pumacea camiliculata is shown in the upper and

middle panels (scale bars are 25 pm). Panels a. h (haematoxylin and eosin) and c and d (unstained) clearly show the radiated

arrangement of radiated cells, surrounded by hemolymphatie spaces (asterisks) and alveoli (the latter bearing pigmented C and K
corpuscles). Panel a also shows the small nuclei (without nucleoli) which arc typical of clear cells; larger peripheral nuclei correspond

to satellite cells (arrows). Panel h shows a reduced number of crystalloid corpuscles, which have withstood dissolution during the

staining procedure. Panel c show the heavy packing of crystalloid bodies in a thick, unstained section, while in panel d. a thinner

unstained section permits visualization of the inner arrangement of crystalloids; groups of crystalloid bodies in this panel probably

correspond to radiated cells that have been transversely sectioned. The lower panels (scale bars are 15 pm) show unstained

suspensions of isolated crystalloid corpuscles (panel e) and of pigmented C and K corpuscles (panels/and f;. respectively) that were

isolated from a gland homogenate.
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Figure 2. Electron micrographs (scale bars = 2 pm) of radiated cells and their intracellular crystalloid bodies. In the left panel, the

cytoplasm of a radiated cell is occupied by crystalloid-containing vacuoles. Either one or two crystalloid organizational centers may
be seen in each vacuole. Also, a larger space (asterisks) is seen to contain electron-dense granular material that also occurs within

typical crystalloids; these spaces may be indicative of crystalloid resorption. In the right panel, a typical “wagon-wheel” crystalloid

structure can be seen. The spokes of the wheel are made of fibrils, and small electron dense granules are seen among the

fibrilar extensions.

test). Uric acid concentration was significantly higher in

isolated crystalloid bodies (two-tailed Student’s t test).

No uric acid was detected in pigmented corpuscles.

In addition, both ammonia and urea are present in

midgut gland tissue, although at much lower concen-

trations, and they are not detected in either crystalloid

or pigmented corpuscles. Notably, protein is a major

component of crystalloid bodies, accounting for 32% of

their dry mass.

Calcium occurs at a low concentration in gland

tissue, and is concentrated in crystalloid bodies (two-

tailed Student’s t test). However, it does not surpass

0.6% of the crystalloids dry mass. Neither could it be

detected in pigmented corpuscles.

Table I

Uric acid, urea, ammonia, calcium and protein in midgut gland tissue and in crystalloid corpuscles isolated from

glands of Pontacea ccmaliculata. Results are expressed as mean ± standard error of mean (SEM); the number of cases

was 10 animals per group. ND = not detected.

Midgut gland tissue Crystalloid corpuscles

mg/g dry' mass mmol/g protein mg/g dry mass mmol/g protein

Uric acid

Urea

Ammonia
Calcium

Protein

41.1 ± 9.7-'’

0.2 ± 0 .02-

0.6 + 0.04-

0.6 ± 0 . 1

'’

111.1 ± 10.5

2092.0 ± 362.9-

36.4 ±9.1-

371.3 ± 57.1-

140.7 ± 1 1.5'’

528.4 ± 169.0'’

ND
ND

5.9 ± 1.0'’

322.1 ±91.2

9637.0 ± 2932.0'’

ND
ND

763.4 ± 167.6'’

- Significantly different concentrations between nitrogen metabolites (ANOVA I; Newman-Keuls test).

'’ Significantly different concentrations of both uric acid and calcium between gland tissue and isolated crystalloids (two-tailed

Student’s i test).
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Table 2

Daily excretion of uric acid, urea, ammonia and protein in Pomaceu canaliculata. Non-protein nitrogen compounds
are expressed as pniol/g/day (mean ± SEM), while protein is expressed as pg/g/day (mean ± SEM); the number of

cases was 10 animals per group, except in *, where 3 out of 10 animals gave undetectable urea values and were not

included in the mean.

Soluble excreta Particulate excreta

Without antibiotics With antibiotics Without antibiotics With antibiotics

Uric acid ND ND ND ND
Urea 397.6 ± 58.9 * 268.1 ± 98.4 ND ND
Ammonia 3105.8 ± 187.4 2811.6 ± 282.5 48.2 ± 3.9 48.4 ± 3.2

Protein ND 29.6 ± 3.6 —

ND = not detected.

Daily Excretion of Nitrogen Compounds

Table 2 shows that the measurements of non-protein

nitrogen products in 24 h excreta were not modified by

the addition of antibiotics; however, protein determi-

nations were unreliable in antibiotic containing samples

because of the high blanks observed (see Methods).

Ammonia, and to a lesser extent urea, were the major

nitrogen-containing compounds in the soluble excreta

of P. canaliculata, while neither uric acid nor protein

were detected. If we consider the size of the midgut

gland of an adult snail, and both the sensitivity of the

method used and the amount of water in which the

excreta were diluted, we calculated that any uric acid

excreted was less than 0.7 mmol/day, i.e., less than

1.4% of the estimated amount present in the midgut

gland alone. Uric acid was also undetectable in the

particulate excreta, where a small amount of ammonia
but no urea was found. Elowever, a significant amount
of protein was detected in particulate excreta, which

could be due to the fecal elimination of pigmented C
and K corpuscles (Castro-Vazquez et al., 2002).

DISCUSSION

Eretter and Graham (1962) suggested that in freshwa-

ter prosobranchs, where the kidney seems specialized

for the resorption of ions, the midgut gland may take

over a larger proportion of excretory processes. Indeed,

several authors working in ampullariid snails (Lai &
Saxena, 1952; Chaturvedi & Agarwal, 1981) have

provided evidence for the participation of this gland

in the production of uric acid, which has been

interpreted in the context of Eretter & Graham’s
proposal, i.e., for waste nitrogen disposal. In general,

the prevailing idea was that uric acid was excreted in

the “liver string” (Andrews, \965a), a continuous

mucous string full of pigmented corpuscles that

originated in the alveoli of the midgut gland, and was

expelled with fecal pellets (e.g., Taylor and Andrews,

1991). These pigmented corpuscles were thought to

have a high concentration of uric acid (Meenakshi,

1955).

In the present study (Table 1 ) uric acid accumulated

in the midgut gland, appearing as a major end product

of nitrogen metabolism in Po?nacea canaliculata, but

was not detected in the excreta where ammonia was the

predominant metabolite (Table 2), as would be ex-

pected for a water living organism (Schmidt-Nielsen,

1997). Accumulation of uric acid, however, occurs in

the midgut gland in the form of crystalloid corpuscles

located in large and clear cells of a specialized

perivascular tissue (radiated cells) and not as precipi-

tates in connective tissue as was thought earlier. Uric

acid accounts for about half of the dry weight of these

crystalloid bodies, while protein is the second most

abundant component, accounting for about one third

of their dry weight. Little ( 1968) has also referred to the

lung and the anterior kidney as sites of accumulation of

uric acid in Pomacea lineata and P. depressa. He also

refers to the presence of uric acid in the urine of P.

lineata, which he collected with capillaries inserted in

the anterior kidney chamber, although he also men-

tioned that his samples could be contaminated with

uric acid “concretions” surrounding the major vessels

of the anterior kidney. Therefore, it may be concluded

that these ampullariid snails are uricotelic, as was

proposed by Lai & Saxena (1952) for Pila virens, but

only in the sense that uric acid is a major end product

of nitrogen metabolism and is stored within the

organism rather than predominating in nitrogen

excretion.

Crystalloid-bearing tissue seems to follow a specific

pattern of distribution (Giraud-Billoud et al., 2004). It

is mainly found in the midgut gland, the testis, and the

coiled part of the gut and its mesenteries, the anterior

kidney and the spaces between the gizzard, the midgut

gland and the mantle epithelium. Notably, the poste-

rior kidney seems devoid of this tissue. Furthermore

the respiratory organs, which are irrigated by the same

efferent visceral vein (Andrews, 19656), do show
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a marked ditTerence between them, inasmuch as a well

developed perivascular tissue occurs in the lung but not

in the ctenidium.

In several land living arthropods, such as cock-

roaches (Cochran, 1985), termites (Potrikus & Breznak,

1980) and terrestrial decapod and isopod Crustacea

(Greenaway, 1991) uric acid is stored, sometimes in

specialized "urate cells" (e.g., Linton & Greenaway,

1997). In these cases, the somewhat peculiar concept

of "storage excretion" has been developed (i.e., the

accumulation of a waste product in a space excluded

from the circulation, to be excreted either later or

never), and has recently been applied to an ampullariid

snail (Athawale & Reddy, 2002). In insects, evidence

has been presented that these stores serve as a nitrogen

reserve, which can be degraded and the released

nitrogen recycled into tissue protein (Cochran, 1985;

Mullins et al., 1992), but to our knowledge this has not

yet been explored in mollusks.

However, the persistence of uric deposits in snails

living in unrestricted water, and the apparently higher

deposition during estivation (Little, 1981; Ramesh et

al., 1990; Athawale & Reddy, 2002) at a time when its

metabolism seems mostly, if not only, anaerobic

(Aldridge, 1983; Cowie, 2002) suggest that these

deposits should have a significant function. A possibil-

ity that has not previously been considered for

mollusks is that uric acid may serve as a free radical

scavenger and antioxidant compound, as was first

proposed for mammals by Ames et al. (1981) and
Becker & Gerlach (1987) and has been supported by
extensive physicochemical and biological evidence

(Becker, 1993). Indeed, uric acid is able to scavenge

several potentially harmful free radicals (such as

lipoperoxyle, hypochlorite and hydroxyl radicals),

forming an uric acid radical which is in turn scavenged

by ascorbic acid and is non-enzymatically degraded to

allantoin and other harmless products (Maples &
Mason, 1988; Becker, 1993). As it was shown here

for P. camiliculutci, ultrastructural features of the

perivascular tissue and its crystalloid bodies suggest

that the latter undergo some degree of resorption after

being formed, an observation which might be correlat-

ed with either uric acid release from them or uric acid

degradation within them. Another related analogy that

should be explored in ampullariid snails is that recovery

from estivation, with its ensuing tissue re-oxygenation

(Coles, 1968), may parallel the case of ischemia and
reperfusion injury in human tissues (Hermes-Lima, et

al., 1998), where the production of free oxygen radicals

has been implicated in much of the cell damage
observed; in the case of the dormant ampullariid snail,

the significant stores of uric acid occurring at the end of

estivation (Little, 1981) may function as a significant

source of antioxidant activity at the time the snail

awakes from dormancy.

In the present paper, neither uric acid, urea nor
ammonia have been detected in pigmented C and K
corpuscles from P. ccmaUcukita, and it seems likely that

the observation of uric acid in rather crude prepara-

tions of pigmented corpuscles from Pila virens (Mee-
nakshi, 1955) may have been the result of contaminat-

ing uric crystalloids similar to those described here for

P. canaliciilata. In agreement with this interpretation,

the particulate excreta, containing both C and K
corpuscles, did not contain either uric acid or urea and
registered only a limited amount of ammonia, w hile the

significant amount of protein found w'as likely due to

the fecal elimination of pigmented corpuscles (Castro-

Vazquez et al., 2002). The morphological features of

the latter, as well as the presence of the 16S rRNA gene

in corpuscular DNA, support the hypothesis that they

are morphs of a prokaryotic symbiont (Castro-Vazquez

et al., 2002; Koch et al., 2005; Vega et al., 2005) and
that they should not be considered as excretory bodies.
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Abstract. The systematics and phylogeny of the genus Thordisa from the tropical Indo-Pacific and eastern Pacific

are revised. Morphological and anatomical data from Thordisa species were used to construct a preliminary

phylogeny. The phylogenetic analysis demonstrates the monophyly of Thordisa and its relationship to the outgroups

.Asteronotus. Halgerda, and Hoplodoris. Five new species are described anatomically. Two of the species. Thordisa

luteola sp. nov., known only from tropical South Africa and Thordisa nieseni sp. nov., from Costa Rica and Panama,

are highly derived in several aspects of their morphology. Of the remaining three species, Thordisa alhomacidata sp.

nov. and Thordisa tahala. both widespread in the Indo-Pacific, appear to be sister species to Thordisa setosa Pease,

1860. known only from the Hawaiian Islands. Thordisa oliva sp. nov., from the tropical Indian Ocean of South Africa

and Japan, appears to be sister to Thordisa diiida Marcus 1955, from Brazil. These two species share a unique

apomorphy of having a pair of circular pits on the sides of the mouth.

INTRODUCTION
The dorid nudibranch genus Thordisa Bergh, 1877,

consists of 36 described species, of which 25 are

currently recognized as valid (Table 1). The genus has

never been monographed. All are relatively uncommon
and excepting T. hmiacidata Lance, 1966, T. acideata

Ortea & Valdes, 1995, T. ruhescens Behrens &
Henderson, 1981, T. fi/i.x Pruvot-Fol. 1951. and T.

aznianii Cervera & Garcia-Gomez, 1989, their morphol-

og\' is poorly described. Five new species are described

here (Table 2). All specimens were found in intertidal

or subtidal waters. Four were found in the Indo-Pacific

and one from the Eastern Pacific. A preliminary-

analysis of the phylogeny of the genus Thordisa is

presented here for the first time, using three outgroup

taxa: Asteronotus cespitosns, van Hasselt, 1824, Hal-

gerda dalanghita. Fahey & Gosliner, 1999, and

Hoplodoris estreyaldo, Gosliner & Behrens. 1998.

MATERIALS AND METHODS
Type material and additional non-type material were

obtained through several institutions: Department of

Invertebrate Zoology and Geology, California Acade-

my of Sciences, San Francisco (CASIZ), South African

Museum. Cape Town (SAM), Instituto Nacional de

Biodiversidad, Costa Rica (INBio), and Zoological

Museum University of Copenhagen (ZMUC). The
specimens were dissected by ventral or dorsal incision.

Their internal features were examined and drawn under

a dissecting microscope with a camera lucida. System-

atically important soft parts were critical point dried

for Scanning Electron Microscopy (SEM). Special

attention was paid to the morphology of the re-

productive system, digestive system and central nervous

system. The penial hooks, vaginal hooks, and accessory

spines of several species were prepared for examination

by SEM. Radula were extracted and examined using

SEM or compound microscopy. Features of living

animals were recorded from photographs or notes of

collectors. The radula formula is written as A X
X.Y.Z.O.Z.Y.X, where A is the number of rows of

radular teeth, X is the number of outer fimbriate teeth,

Y is the number of hamate teeth and Z is the number of

smaller inner hamate teeth.

SYSTEMATICS

Family: Discodorididae Bergh, 1891

Genus Thordisa Bergh. 1877

Type species: Thordisa nuicitligera Bergh, 1877. by

monotypy. Thordisa maculigera is a synonym of T.

vil/osa (Alder & Hancock, 1864) (Bergh, 1902).

Diagnosis: Discodorid nudibranchs with digitform oral

tentacles and a bilabiate foot that is anteriorly notched.

Dorsum ornamented with simple papillae, some of

which are usually elongate and villous. Gill with

bipinnate or tripinnate branches. Labial cuticle

smooth, without jaw rodlets. Radular teeth with

hamate inner and middle lateral teeth, which may be
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Table 1

List of described species of Thordisa Bergh, 1877.

Thordisa Bergh. 1877b:540

T. aculeata Ortea & Valdes, 1995

T. amakusana Baba, 1937

T. annulata Eliot, 1910

T. cnireci Pruvot-Fol. 1951

T. aznuinii Cervera & Garcia-Gomez, 1989

T. hinuiculciia Lance, 1966

T. burnupi Eliot. 1910

T. carinata Bergh. 1890

T. clandestimi Bergh, 1884

T. diuda Marcus, 1955

T. f'llix Pruvot-Fol, 1951

T. hUaris Bergh, 1905

T. muculifer Risbec, 1956

T. nuiciiligera Bergh, 1877 [=T. vdlosal

T. maculosa Bergh, 1884, 1905

T. pallida Bergh, 1 884

T. ruhescens Behrens & Henderson, 1981

T. sahidosa Burn. 1957

T. sanguinea Baba, 1955

T. setosa (Pease, 1860)

T. souriei Pruvot-Fol, 1953

T. sudlaia Eliot, 1903

T. tristis Bergh, 1905

T. verrucosa (Angas, 1864)

T. villosa Alder & Hancock, 1 864

smooth or denticulate. Outer lateral teeth fimbriate.

Reproductive system usually with one or two vestibular

glands, which may have accessory spines. Vagina

armed or unarmed. Penis anned or unarmed.

Thordisa oliva sp. nov.

Thordisa sp. 1 Gosliner, 1987; 66, Figure 80

Material examined: Holotype: SAM A35375 one pre-

served specimen, Jesser Point, Sodwana Bay National

Park, South Africa, 2 m depth, 6 May 1982, T. M.
Gosliner, length 8 mm (dissected). Paratype: SAM
A55914 three preserved specimens, two dissected,

Jesser Point, Sodwana Bay National Park, South

Africa, 2 m depth, 6 May 1982, T. M. Gosliner,

lengths 10, 10, and 6 mm (dissected). CASIZ 144079.

One preserved specimen, Ryukyu Islands, Kerama
Islands, Zamami Island, Japan, 7 m depth, 14 June

2000, Atsushi Ono, length 5.5 mm (dissected).

Distribution: This species is only known from South

Africa and Japan (this study).

Etymology: The name oliva is the Latin word for

“olive” or “olive tree,” it is used to describe the olive-

green color of the mantle.

External morphology: The body of the living animal is

oval with a low profile and ranges in length from 6 to

10 mm (Figure lA). The length is approximately one

and a half times the width. The rhinophoral sheath is

even except for two curved tubercles protruding from

the edge at opposing ends of the rhinophores. The

rhinophores are perfoliate with 10 lamellae each. The

notum bears straight, conical, papillae and rounded

tubercles. The longest papillae are concentrated in the

middle of the dorsum. The gill is completely retractile

and surrounded by a low, even sheath. The six gill

leaves are tripinnate and do not extend beyond the edge

of the notum. The anterior margin of the foot is

bilabiate and notched. The oral tentacles are digitiform

and do not extend beyond the margin of the foot. There

is a pair of pits on the lateral sides of the mouth
(Figure 3). The notum of the living specimens is a dark

green mantle color with tan colored papillae and

tubercles. The rhinophores and gill are opaque white.

The color of the foot of the live specimens is not

known, but the preserved specimens have an even color

throughout their body.

Anatomy: The labial cuticle is smooth and devoid of

rodlets. The radula formula of one paratype from

South Africa (SAM A35375) is 23- 29 X 5.9.6.0.6.9.5

while the radular formula of CASIZ 144079 is 37 X
5. 9. 7. 0.7. 9. 5 at the tenth row from the front of the

radula (Figure 4A). There is a vestigial rachidian fold

along the rachis (Figure 4D). The six innermost lateral

teeth are smaller, fingerlike, and bear bifurcate or

trifurcate denticles on the exterior side (Figure 4B, C,

D), although they appear simply hamate in the

specimen from Japan (CASIZ 144079). The middle

lateral teeth are hamate, slightly increasing in size

toward the margin (Figure 4E). The five outer teeth are

thinner, lamellate with tine pectination at the extrem-

ities (Figure 4F).

The anatomy of the central nervous system does not

vary from that described for Thordisa luteola (Fig-

ure 5). The anatomy of the digestive system does not

vary from that described for Thordisa alhomacida

(Figure 8). The ampulla is straight and appears to

end in the female gland mass (Figure 2A). The

bifurcation of the ampulla to the female gland mass

and the vas deferens is not visible externally and occurs

inside the female gland mass. Where the ampulla duct

visibly ends, the short duct of the prostate gland begins.

The prostate is long and straight, flattened and divided

into two distinct portions. The first white portion is

longer and thinner than the yellow portion of the

prostate. The muscular portion of the vas deferens is

short and curved. The penis is unarmed. A flat

vestibular gland connects to a large vestibule. The

gland is composed of two parts, one being a large ball

on a short duct and the other being a small nodule at

the base of the duct. There is a spine in the nodule at

the base of the gland. The spine projects into the
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Figure 1. Photographs of living animals A. Thordisa olivci sp. nov. (SAM A35375) South Africa B. Tliordisu hileala sp. nov. (SAM
A35376) South Africa C. Thordisa alhoniacida sp. nov. (CASIZ 88385) Midway D. Thordisa alhoniacida sp. nov. (CASIZ 71206)

Papua New Guinea E. Thordisa lahala sp. nov. (CASIZ 73252) Madagascar F. Thordisa /;/e.ve«;sp. no\ . (CASIZ 88132) Panama G.

Thordisa azmanii Cervera & Garcia-Gomez 1989 (CASIZ 72587) Azores. All photographs by T. M. Gosliner.
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Figure 2. Reproductive systems A. Thurdisa aliva sp. nov. (SAM A35375) B. Thordisa luteoki sp. nov. (SAM A35376) C. Thordisa

cdhomacida sp. nov. (CASIZ 75224) D. Thordisa taliala sp. nov. (CASIZ 73252) E. Thordisa nieseni sp. nov. (CASIZ 88132) F.

Thordisa azmaiiii Cervera & Garcia-Gomez 1989 (CASIZ 72587), G. Thordisa villosa (Alder & Hancock, 1864) (ZMUC). Scale bar

= 0.5 mm; abbreviations: am, ampulla; be, bursa copulatrix; ej, ejaculatory duct; pr, prostate; rs, receptaculum seminis; v, vagina;

vg, vestibular gland, vgs, vestibular gland spine.
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Imm

Figure 3. Thordisa oliva sp. nov. (SAM A35375) ventral

surface, showing detail of the pits on mouth.

vestibule. The unarmed vaginal duct is straight and

longer than the vas deferens. It leads to the bursa

copulatrix, which is approximately twice as large as the

receptaculum seminis. The ejaculatory duct is half the

length of the vaginal duct. The duct of the receptacu-

lum seminis is short and straight.

Discussion: Thordisa oliva shares many characteristics

in common with Thordisa diiida Marcus, 1955. Some
of the most striking similarities are an olive mantle

color, two large papillae flanking the rhinophore

opening and two distinctive pits on the mouth. These

two species are unique in sharing these characteristics.

Marcus (1955) described these “pits” as the oral

tentacles in his specimen: “In the preserved animal

they show as round buttons each on a disc beside the

mouth.” The new species has distinctive pits (labial

dimples) that are adjacent to the oral tentacles. There

is observed variation in the shape of the vestibular

gland between Thordisa diiida and T. oliva. Thordisa

diuda has a single pouch-shaped vestibular gland with

no armature. Thordisa oliva has two nodules that

comprise the vestibular gland with a single spine in

the basal nodule, which projects into the atrium. The

radular morphology of T. diuda consists of simply

hamate inner laterals, compared to the bifurcated

teeth of T. oliva. Thordisa diuda has finely pectinate

outer teeth and in T. oliva, the sixth and seventh tooth

has a hamate tip with pectination on the exterior side

of the tooth. We were unable to examine the type

specimen of Thordisa diuda because the holotype

appears to be lost. Thordisa diuda is known from

Brazil, and T. oliva is known from the tropical Indian

Ocean of South Africa and Japan.

Thordisa luteola sp. nov.

Thordisa sp. 2 Gosliner, 1987: 66, Figure 81

Material examined: Holotype: SAM A35376, Jesser

Point, Sodwana Bay National Park, South Africa,

intertidal zone, 7 May 1982, T. M. Gosliner, length

30 mm (dissected).

Distribution: This species is only known from South

Africa (present study).

Etymology: The name luteola is from the Latin word

luteolus for yellow and is given to describe the bright

yellow mantle color of this new species.

External morphology: The body of the living specimen

is round with a low profile and a length of 30 mm
(Figure IB). The rhinophore sheath is scalloped with

many small tubercles surrounding it. The rhinophores

are lamellate and have 10 to 12 lamellae each. The
notum bears villous papillae and tubercles dispersed

evenly throughout the dorsum. The papillae have

a wide, rounded base with a long filament extending

out of the center. The filament branches two to five

times at the base or along the lateral surface. The gill is

completely retractile and is surrounded by a short, even

sheath. The sheath is covered in tubercles. The six gill

leaves are tripinnate and do not extend beyond the edge

of the notum. The anterior margin of the foot is

bilabiate and notched. The oral tentacles are digitiform

and do not extend beyond the margin of the foot.

Labial pits are absent. The notum has a lemon-yellow

mantle color with tan, transparent papillae. The color

of the foot of the live specimen is not known. The
preserved specimen has a uniform coloration through-

out. The body of the living animal was encrusted with

sand particles. There are brown spots dispersed

randomly over the notum. The rhinophores and gill

are dark brown.

Anatomy: The radula formula is 33 X 4. 1 1 . 1 5.0. 1 5. 1 1 .4

at the ninth row from the front. There is a vestigial

rachidian fold along the rachis. The 15 innermost

lateral teeth are hamate, small and thin (Figure 6A).

The middle lateral teeth are hamate, increasing in size

as they reach the margin (Figure 6B). The five

outermost teeth are pectinate; the fourth and fifth

teeth have a hamate tip with pectination on the exterior

side of the tooth (Figure 6C).

The central nervous system consists of partially fused

cerebral and pleural ganglia (Figure 5). The pedal

ganglia are situated ventrally and extend outside the

junction of the cerebropleural ganglia. The pedal

ganglia and the lower part of the cerebral ganglia

appear to have a granulated texture on the surface.

They are connected by a circum-esophageal nerve ring

that equals two times the width of the dorsal ganglia of
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Figure 4. Scanning electron micrographs ThonUsa oliva sp. nov. (SAM A35375) A. raciula B. close up of inner lateral teeth C.

inner lateral and middle lateral teeth D. inner lateral teeth E. middle lateral teeth F. outer lateral teeth.



J. M. Chan & T. M. Gosliner, 2005 Page 291

Figure 5. Thordisa luteolu sp. nov. (SAM A35376) central

nervous system. Abbreviations; cnr, circum-oesophageal nerve

ring; e, eye; Icpg, left cerebral-pleural ganglia; Ipg, left pleural

ganglia; Irn, left rhinophoral nerve.

the central nervous system. The anatomy of the

digestive system does not vary from that described

for Thordisa alhomacula (Figure 8).

The specimen has a straight ampulla that appears to

end at the female gland mass (Figure 2B). The
bifurcation of the ampulla to the female gland mass
and the vas deferens is not visible. The prostate is large

and straight, separated into a wider white portion

followed by a longer yellow portion. The base of the

yellow portion that meets the vas deferens is very

muscular. The vas deferens is straight and thin with

a single bend near its midsection. The penis is unarmed.

Two ducts lead to two pouch-shaped vestibular glands.

They are connected internally with the vestibule. Each

gland contains a single spine surrounded by several

circles of smaller spines (Figure 7B). The vestibular

spine was broken before careful observation could be

made, but appears to be straight. The vaginal duct is

straight and lined with conical small spines (Figure 7A)
and shorter than the vas deferens. The bursa copulatrix

is three times larger than the receptaculum seminis. The
ejaculatory duct is two-thirds the length of the vaginal

duct. The duct of the receptaculum seminis is short and
straight.

Discussion: Thordisa luteola shares characteristics in

common with T. amakusana Baba, 1937. Some of the

most striking similarities are a yellow-mantle color and
the fourth and fifth teeth have a hamate tip with

pectination on the exterior side of the tooth. Thordisa

amakusana differs from T. luteola by having minute

chocolate spots on the surface, possessing unipinnate

gills and a smooth rhinophoral sheath. The type

specimen could not be located and was unavailable

for examination. In the original description, no in-

formation is given about the reproductive anatomy.

Thordisa amakusana is known from the Amakusa
region of Japan. Thordisa aurea Pruvot-Fol, 1951 also

posses a lemon yellow mantle. It can be differentiated

from T. luteola by its bipinnate gills and slender

pectinate teeth as found in Thordisa filix Pruvot-Fol,

1951. The type specimen was not available for

examination. In the original description no information

is given about the reproductive anatomy. Specimens of

T. aurea were examined by Cervera & Garcia-Gomez,

1989 and reported no further reproductive information.

Thordisa aurea is known from the Mediterranean. In

our phylogeny T. luteola and T. ruhescens appear to be

sister species (Figure 21). Both share similar radular

morphology with small inner laterals and smooth teeth

Figure 6. Thordisa luteola sp. nov. (SAM A35376) radular morphology A. inner lateral teeth B. middle lateral teeth C. outer

lateral teeth.
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Figure 7. Thordisa luteola sp. nov. (SAM35376) scanning electron micrograph of spines A. vaginal spines B. vestibular gland

spines. Scale bar = 0.4 mm.

without denticulation. Both species have two pouch-

like vestibular glands. Thordisa luteola possess only

vaginal spines where T. ruhescens has both vaginal and

penial spines. Their external morphology is strikingly

different, with T. ruhescens having short papillae on

a red mantle (Behrens & Hendersen, 1981) and T.

luteola a bright yellow mantle and villous papillae. T.

ruhescens is known only from the California coast of

the Pacific and T. luteola is known only from tropical

South Africa (present study).

Thordisa alhomacnla sp. nov.

.Material examined; Holotype: CASIZ 86382 preserved,

collected in 29 m of water at Barrier Reef, 100 m north

of Rasch Passage, north coast near Madang, Papua
New Guinea, 29 m depth, 15 June 1992, T. M.
Gosliner, 8 mm long.

Paratypes: CASIZ 71206, one preserved specimen, N
coast, near Madang, Cement Mixer Reef, approx, west

north west of Rasch Pass in line with Ruo Island,

Papua New Guinea, 12 m depth, January 1988 by T.

M. Gosliner, approx. 17 mm long (dissected).

CASIZ 75224, one preserved specimen, north coast,

near Madang, Sek Passage, Papua New Guinea, 41 m
depth, 25 November 1990, T. M. Gosliner, approx.

15 mm long (dissected).

CASIZ 75856, two preserved specimens, north coast

near Madang, South side of Rasch Passage, Papua New
Guinea, 35 m depth, 12 November 1990, T. M. Gosliner

and G. Williams, 12 and 12.5 mm long (dissected).

CASIZ 73387, one preserved specimen, jetty, Chris-

tiansen Research Institute, North coast near Madang.
Papua New Guinea. 10 October 1986, T. M. Gosliner.

13.5 mm long (dissected).

CASIZ 69793, one preserved specimen, “Pig Island”

(Tab Island), north coast, near Madang, Papua New
Guinea, 27 m depth, 3 August 1989, T. M. Gosliner,

12 mm long (dissected).

CASIZ 109848. one preserved specimen, under rock,

Maliko Bay, Maui. Hawaii, 5 m depth, 23 August

1996, Pauline Fiene, 7 mm long (dissected).

CASIZ 88385, two preserved specimens, patch reef

inside lagoon, N of swimming beach. North of Sand

Island, Midway, Pacific Ocean, 9 m depth, 29 May
1993, 15 and 25 mm long (dissected).

CASIZ 83832, one preserved specimen. South of

Ligpo Island, Balayan Bay, Batangas, Luzon Island.

Philippines, 30 m depth, 25 February 1992, T. M.
Gosliner, 5 mm long (dissected).

CASIZ 86414, two preserved specimens. Cement
Mixer Reef, approx. West North West of Rasch Pass in

line with Ruo Island, North coast near Madang. Papua

New Guinea, 4 m depth, 14 June 1992 by T. M.
Gosliner, approx. 10 and 8 mm long.

CASIZ 72834, one preserved specimen. Cement

Mixer Reef, North coast near Madang. Papua New
Guinea, 6 to 15 m depth, October 1986, T. M.
Gosliner. 6 mm long.

CASIZ 109770, one preserved specimen, Rempi
Lagoon. Madang Province, Papua New Guinea, 31

October 1996, T. M. Gosliner, 11 mm long.

Distribution: This species is known from Papua New
Guinea, Hawaii, Midway and the Philippines (this

study).

Etymology: The name alhomacula is the combination of

the Latin words for “white spot.” This word was given

to describe the single white spot that occurs on the

mantle immediately anterior to the gill of all specimens

observed.
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Figure 8. Thordisa alhomacula sp. nov. (CASIZ 75856)

general anatomy, abbreviations: bv, blood vessel; c, caecum;

dg, digestive gland; e, esophagus; i, intestine; ot, oral tube;

St, stomach.

External morphology: The body is round in shape and

ranges in length from 6 to 25 mm (Figure 1C, D). The
rhinophores are lamellate and have 12 lamellae each.

The notum bears short filamentous papillae dispersed

throughout the dorsum. The gill is completely retractile

Figure 9. Thordisa alhomacula sp. nov. (CASIZ 75856)

central nervous system. Abbreviations: cnr, circum-oesopha-

geal nerve ring; e, eye; Icpg, left cerebral-pleural ganglia; Irn,

left rhinophoral nerve; rpg, right pedal ganglia.

and is surrounded by an even sheath. The six gill leaves

are tripinnate and do not extend beyond the edge of the

notum. The anterior margin of the foot is bilabiate and

notched. The oral tentacles are digitiform and do not

extend beyond the margin of the foot. Labial pits are

absent. The ground color of the notum can range from

reddish brown, dark brown to a mottled gray. Some
specimens have small white spots on the notum. The
foot color of the live animal is not known, but the

preserved specimens have an even color through out

the body. The papillae, gill, and rhinophores are

a contrasting tan to white color. There is a large white

spot in the center of notum that extends from the

anterior of the gill pouch toward the midsection.

Specimen CASIZ 883835, from Midway Atoll, has

white colored papillae surrounded by a thick white ring

that creates a spotted appearance.

Anatomy: The labial cuticle is smooth. The radula for-

mula is 26-28 X 3-4.33-38.0.33-38.3^ at the eleventh

row (Figure lOA). There is a vestigial rachidian fold

along the rachis (Figure lOB). The inner lateral teeth

are hamate with denticulation on the exterior side of

the teeth (Figure IOC, D). There are 1 to 8 denticles on

a single tooth. The number of denticles per tooth

increases toward the margins. The four outennost teeth

are pectinate and smaller in size (Figure lOE, F).

The central nervous system consists of partially fused

cerebral and pleural ganglia (Figure 9). The pedal
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Figure 10. ThonUsu alhonuicuhi sp. nov. (C.ASIZ 75856) scanning electron micrographs .4. radula B. inner lateral teeth C. middle

lateral teeth D. close up of middle laterals E. & F. outer lateral teeth.-

ganglia are situated ventrally and e.xtend outside the

junction of the cerebropleural ganglia. The pedal

ganglia and the lower part of the cerebral ganglia

appear to have a granulated texture on the surface.

They are connected by a circum-esophageal ner\e ring

that equals half the width of the dorsal ganglia of the

central nervous system.

The stomach is partly free and medial, and rests on

the digestive gland (Figure 8). The digestive gland is

approximately twice the length of the stomach. The
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Figure 11. Thordisci cilhanuiciila sp. nov. (CASIZ 75856)

penis with spines.

intestine is straight and dorsal. The bifurcation of the

ampulla to the female gland mass and the vas deferens

is visible (Figure 2C). Both the ducts are narrow and
long. The prostate is approximately twice as long as the

vas deferens. The vas deferens is shorter and curved.

The penis is round and short; its anterior portion is

covered in a crown of hook-shaped spines (Figure 1 1 ).

The spines are wide at the base and become in-

creasingly thinner at the apex. A small, round and

granular vestibular gland connects to a small vestibule.

The gland looks like a bunch of grapes. There was no

spine found in the gland. The unarmed vaginal duct is

straight and has the same length as the vas deferens.

The bursa copulatrix is approximately one and a half

time larger then the receptaculum seminis. The
ejaculatory duct is half the length of the vaginal duct.

Discussion: Almost no variation has been observed

among specimens of Thordisci cilhoniaciilci for the

general internal anatomy, the radula or the reproduc-

tive system. The mantle color can range from browm to

gray, but the single white spot is unique among all

other Thordisa species. The external color and pattern

are not similar to any known species of Thordisa.

In descriptions of Thordisa setosa (Pease, 1860) the

described “granular vestibular gland” (Kay & Young,

1969) appears to be strikingly similar to T. alhomacida.

The reproductive system of Thordisa .seto.sa differs in

having a larger female gland mass and a lobulate

prostate compared to Thordisa alhomacida. The exter-

nal differences are clear between the two species; with

T. alhomacida's single white spot and T. .scto.sa's many
dark spots over the entire mantle. The radular

morphology of Thordi.sa seto.sa differs from T. a/honia-

cida in having smaller inner lateral teeth.

Thordi.sa alhomacida and T. tahala sp. nov. appear to

be sister species in our subsequent phylogeny (Fig-

ure 21 ). Both have highly denticulate inner and middle

lateral teeth of the same size. They both have a single

lobate vestibular gland. The vestibular gland of T
alhomacida is more granular and T. tahala has

a distinctively fimbriate vestibular gland. The penis of

T. alhomacida is armed with a crown of small spines

while T. tahala was observed to have only a single large

spine on the penis. The external differences are clear

between the two species; with T. alhomaciila's single

white spot and T. tahala with a spiculose dark gray to

brown notum.

Thordisa tahala sp. nov.

Material examined: Holotype: CASIZ 71882, preserved

specimen. North West side near sea stack. Nosy
Tanikely, Madagascar, 14 April 1989, T. M. Gosliner,

4 mm long (dissected).

Paratypes: CASIZ 73252 one preserved specimen

Madagascar: Nosy Tanikely on the 11 April 1990, T.

M. Gosliner, 15 mm (dissected).

CASIZ 98688 one preserved specimen, Indonesia:

North Sulawesi, Lembeh Strait, Kungkungan Bay, 5

November 1993, Pauline Fiene, 7 mm long (dissected).

CASIZ 121088 one preserved specimen, Marshall

Islands: Kwajalein Atoll; South Buoy Pinnacle: in ledge

at night, 14 June 1991, Scott Johnson, 15 mm long

(dissected)

Distribution: This species is known from Madagascar,

Indonesia and the Marshall Islands (present study).

Etymology: The word tahala means “ridge” in Mala-

gasy, and was chosen due to the ridges that form a web-

like pattern on the dorsum.

External morphology: The specimen is oval-shaped and

ranges in length from 4 to 15 mm (Figure IE). The
rhinophores are lamellate and have 15 lamellae each.

The edge of the rhinophore sheath is scalloped. There

are no tubercles on the rhinophore sheath. The body is

not smooth, but covered with low wide ridges that form

a web-like pattern. At the highest point of the ridges

are large conical papillae. The papillae and shorter

tubercles are concentrated on the edges of the notum.

The notum is very spiculose and is covered with sand or

particulate matter. The branchial gill is completely

retractile and surrounded by an even sheath. The six

branches are tripinnate and do not extend beyond the

edge of the notum. The anterior margin of the foot is

bilabiate and notched. The oral tentacles are digitiform

and short. Labial pits are absent. The notum has a dark

gray to brown mantle color. The rhinophores, gill,

papillae, and tubercles are a tan color. The color of the

foot is not known, but the preserved specimen has an

even color throughout its body. The Indonesian

specimen (CASIZ 98688) is a deep red with tan-colored
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Figure 12. Tlwnlisa icilnihi sp. nov. (CASIZ 73252) general

anatomy. Abbreviations; dg, digestive gland; e, esophagus; i,

intestine; ot, oral tube; st, stomach.

papillae, rhinophores and branchial pinnae. White dots

on the edges of mantle occurred in some specimens.

•Anatomy: The labial cuticle is smooth. The radtila

formula is 25 X 3.25 36.0.25-35.3 at the tenth row
(Figure 14A). There is a vestigial rachidian fold along

the rachis (Figure 14B). The inner and middle lateral

teeth are hamate and bear denticulation on the exterior

Figure 13. Thordisa laluila sp. nov. (CASIZ 73252) central

nervous system abbreviations: cnr, circum-oesophageal nerve

ring; e, eye; Icpg. left cerebral-pleural ganglia; Irn, left

rhinophoral nerve; and rpg, right pedal ganglia.

side of the tooth (Figure 14C, E). There are 1-6

denticles per tooth. The number of denticles per tooth

increases toward the margins. The three marginal teeth

are pectinate (Figurel4 F). There is an abnormality on

the right side of one radula CASIZ 98688 (Fig-

ure 14D). The 15th tooth has a bifurcation, with

denticles on the exterior tip. The tooth appears to

have developed as a fusion of two individual teeth, as

the left side has one extra tooth per row.

The central nervous system consists of partially fused

cerebral and pleural ganglia (Figure 13). The pedal

ganglia are situated ventrally and extend outside the

junction of the cerebropleural ganglia. The pedal

ganglia and the lower part of the cerebral ganglia

appear to have a granulated texture on the surface. The
pedal ganglia and the lower part of the cerebral ganglia

appear to have a granulated texture on the surface.

They are connected by a circum-esophageal nerve ring

that equals two and a half times the width of the dorsal

ganglia of the central nervous system. The stomach is

medial; it rests on the digestive gland (Figure 12). The
digestive gland is approximately one and a half times

the length of the stomach. The intestine is straight and

dorsal.

The ampulla is tubular and folds once before joining

in the female gland mass (Figure 2D). The bifurcation

of the ampulla to the female gland mass and the vas

deferens is not visible. The prostate is large and has two

distinct portions. The vas deferens duct has two bends.

The penis is armed with singular straight spine

(Figure 15A, B). The vestibular gland has a hard

cuticular bulb ending in a convoluted, finger-shaped

structure. The vestibular gland is adjacent to the vaginal
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Figure 14. Thonlisa tcihala sp. nov. A, B. D & F (CASIZ 73252) C & E (CASIZ 98688) scanning electron micrographs A. radula B.

inner lateral teeth C. middle lateral teeth with abnormal teeth D. middle lateral teeth E, middle lateral teeth F. outer lateral teeth.

duct. There is a hollow, hook-shaped spine at the base

of the vestibular gland projecting into the atrium

(Figure 15C, D, E, F). The unarmed vaginal duct is

straight and thin, leading to a lobate bursa copulatrix.

The bursa is twice as large as the round receptaculum

seminis. The ejaculatory duct is half the length of the

vaginal duct. The receptaculum seminis duct is short.

Discussion: The external color and pattern are not

similar to any known species of Thordisa. Almost no
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Figure 15. Tlwnlisa laluihi sp. nov. vestibular gland and penial spines A. penial spine (CASIZ 98688) B. penial spines (CASIZ
73252) C. vestibular gland spine (CASIZ 73252) D. vestibular gland spine (CASIZ 98688) E. vestibular gland spine (CASIZ I2I088)

I', close up of tip of vestibular gland spine (CASIZ 121088).
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Figure 16. ThorcUsa nieseni sp. nov. (CASIZ 88132) central

nervous system abbreviations: e, eye; Icpg. left cerebral-pleural

ganglia: Ipg, left pedal ganglia; rrn. right rhinophoral nerve.

variation has been observed for the general internal

anatomy, the radula or the reproductive system

between specimens of this species. Only the vestibular

and penial spines show variability. The vestibular

spine from specimen CASIZ 73252 (from Madagas-

car) has a small base and long hook. The vestibular

spine of the specimen CASIZ 98688 (Indonesia) has

a larger triangular base with a wider hook. The
vestibular spine of CASIZ 121088 (Marshall Islands)

has the largest base with a smaller shorter hook. The
penial spine of CASIZ 98688 (Indonesia) has a larger

base and a short hook compared to the penial spine of

CASIZ 98688 (Indonesia). The morphology of the

penial spine, unique to all other species examined, is

a singular, hook-shaped, large and hollow spine. As
mentioned previously, ThorcUsa alhomacula and T.

taliala appear to be sister species in the subsequent

phylogeny (Figure 21 ). ThorcUsa alhomacula, T. tahaUi

and T. setosa form a single clade. All three species

possess denticulate inner lateral teeth, denticulate

middle lateral teeth, and a lobate vestibular gland.

External differences are clear between the three

species: a single white spot on T. alhomacula: many
dark spots over the entire mantle of T. setosa and

with a dark brown mantle and distinctive ridges on T.

taliala.

Thofdisa nieseni sp. nov.

Material examined: Holotype: CASIZ 88132 preserved

specimen. South East side of Isla Jicaron, Punta David.

Panama (7 17'2()"N, 81°46'25"W), station 12. T. M.
Gosliner, 17 April 1993, 6 mm long (dissected).

Paratype: INBIO 003118082 one preserved specimen.

Zapotillal Beach, Costa Rica. 11:18:26.2183 North, -

86:29:08.6522 West. 14 January 2001, T. M. Gosliner.

3 mm long (dissected).

Distribution: This species is known from Panama and

Costa Rica (this study).

Etymology: This species was named for San Francisco

State University Professor Thomas Niesen, who has

been a source of inspiration as a teacher and

a colleague.

External morphology: The specimen is oval-shaped and

ranges in length from 3 to 6 mm (Figure IF). The
rhinophores are lamellate and have 12 to 13 lamellae

each. The rhinophoral openings are flanked by two

large and elongate tubercles on each side. The notum is

evenly covered by two distinct sizes of papillae. The
larger papillae have a short wide base and extend into

long filaments. The smaller ones have an equally wide

base, but end with a short knob. The gill is completely

retractile and is surrounded by an even sheath. The six

branches are bipinnate and do not extend beyond the

edge of the notum. The anterior margin of the foot is

bilabiate and notched. The oral tentacles are digitiform

and short. Labial pits are absent. The notum has

a bright red mantle color that matches the red sponge

on which it was found. The rhinophores and gill leaves

are red with white at the tips. The color of the foot of

the living animal is not known, but the preserved

specimen has an even color throughout its body.

.Anatomy: The labial cuticle is smooth. The radula

formula is 27 X 4.23.0.23.4 in specimen CASIZ 88132.

The rachidian tooth is absent. There is a vestigial

rachidian fold along the rachis (Eigure 17A. C). The
inner lateral teeth can be bifurcated at the tips.

(Eigure 17B). The middle lateral teeth are hamate

(Figure 17D). The four marginal teeth are pectinate

(Figure 17E, F). There is observed variation in the

inner lateral teeth of the two specimens.

The central nervous system consists of partially fused

cerebral and pleural ganglia (Figure 16). The pedal

ganglia are situated ventrally and extend outside the

junction of the cerebropleural ganglia. The pedal

ganglia and the lower part of the cerebral ganglia

appear to have a granulated texture on the surface. The
pedal ganglia and the lower part of the cerebral ganglia

appear to have a granulated texture on the surface. The
anatomy of the digestive system does not vary from

that described for ThorcUsa alhomacula (Figure 8).

The ampulla is straight and ends in the female gland

mass (Figure 2E). The ampullary duct is short. The

duct connecting the prostate to the female gland mass is

equally short. The prostate is twice the size of the

ampulla. The vas deferens is straight and leads to the

vestibule. The penis is armed with numerous narrow-

tiny spines (Figure 18). The unarmed vaginal duct is

longer than the vas deferens, but thinner. The bursa

copulatrix is two and a-half times larger then the

receptaculum seminis. The duct of receptaculum
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Figure 17. Thordisa nieseni sp. nov. A. B. E. & F (INBIO 0031 18082) C & D (CASIZ 88132) scanning electron micrographs A.

inner lateral teeth B. close up of inner lateral teeth C. inner lateral teeth D. middle lateral teeth E. outer lateral teeth F. close up of

outer lateral teeth.
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Figure 18. Thordisa nieseni sp. nov. (INB100031 18082)

vestibular gland spine and section of penis with spines.

Abbreviations: p, penis; vgs, vestibular gland spine.

seminis is also thin. The female gland mass has some
lobate structures near the vestibule opening. There is

a wide duct, which leads to the vestibular gland. The
gland has a thick, cuticular base and ends in a semi-

circular shape with two lobes at each end. The top

looks very reminiscent of the profile of a mushroom's
cap. There is a spine found at the base of the gland

(Figure 18). The spine projects into the vestibule; it has

a bulbous base and narrows to a thin straight hook.

Discussion: This new species, with its unique bright

orange coloration, is not similar externally with any

other species of Thordisa. There is observed variation in

the radula and vestibular gland morphology between

specimens. The Costa Rican specimen (IN BIO
003118082) has bifurcated inner lateral teeth and

a small nodule for a vestibular gland. The size and

shape of the vestibular gland may be due to the

immaturity of this particular specimen. The Panama-
nian specimen (CASIZ 88132) has hamate inner lateral

teeth and a well-developed vestibular gland with the

distinctive lobate profile. Thordisa nieseni, T. aznumii

Cervera & Garcia-Gomez 1989 and T. villosa Alder &
Hancock, 1864 is an unresolved trichotomy in the

subsequent phylogeny (Figure 21). These are three of

the five species observed to have bipinnate gills. The
reproductive system of Thordisa azmanii differs from

the other two in having two vestibular glands, a larger

female gland mass and a granular prostate. Thordisa

nieseni is unique in having a mushroom-shaped
vestibular gland.

Thordisa azmanii Cervera & Garcia-Gomez, 1989

Material examined: CASIZ 72587 one preserved

specimen, 1 km east of Caloura, Ilha Sao Miguel,

Azores, Atlantic Ocean, 19 July 1988, T. M. Gosliner,

7 mm long (dissected). The holotype was not examined

but is well described. Photographs of the living

holotype were compared with the present material

(J.L. Cervera, personal communication 2004).

Distribution: This species has been reported in the

Azores (present study) and Spain (Cervera & Garcia-

Gomez, 1989).

External morphology: The specimen is oval shaped and
7 mm in length (Figure IG). The rhinophores are

lamellate and have 11 to 12 lamellae each. There are

papillae and tubercles evenly dispersed throughout the

dorsum. The longer and larger papillae are found on the

middle of the dorsum and decrease in size toward the

margin. The gill is completely retractile. The six branches

are bipinnate and do not extend beyond the edge of the

notum. The anterior margin of the foot is bilabiate and

notched. The oral tentacles are digitiform and do not

extend beyond the margin of the foot. Labial pits are

absent. The live specimen is a tan color. But the pre-

served specimen has an even color throughout its body.

Anatomy: The labial cuticle is smooth. The radula

formula is 29 X 4.18.0.18.4 at the 7“’ row (Figure 19A).

Rachidian teeth are absent. There is a vestigial

rachidian fold along the rachis. The middle lateral

teeth are hamate and increase in size toward the

margins (Figure 19B, C). The four outer marginal teeth

are pectinate, the fourth and fifth teeth have a hamate

tip with pectination on the exterior side of the tooth

(Figure 19E). The anatomy of the central nervous

system does not vary from that described for Thordisa

luteola (Figure 5). The anatomy of the digestive system

does not vary from that described for Thordisa

alhomacula (Figure 8).

The duct that connects the ampulla to the female

gland mass is the same length and width of the duct that

leads from the gland mass to the prostate (Figure 2F).

The prostate is four times larger and twice the width of

the ampulla. The prostate’s white-colored portion is

larger than its yellow portion. The vas deferens is

lengthy and curves as it connects to the vestibule. The
unarmed vaginal duct is equally as long. The bursa

copulatrix is seven times larger than the receptaculum

seminis. The vaginal duct ends where the ejaculatory

duct emerges from the vestibule. The ejaculatory duct is

half the length of the receptaculum seminis duct. The
penis is unarmed. The vestibular gland has a cuticular

base that branches into two sac-like structures. At the

base of the gland are two large straight spines that

project into the atrium (Figure 19F).

Discussion: Thordisa azmanii was described by Cervera

& Garcia-Gomez (1989) and is only known from the

Iberian Peninsula of Spain. Almost no variation has

been observed for the general internal anatomy, the

radula or the reproductive system between the Azores
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Figure 19. Tlwnlisci aznuuiii Cer\era & Garcia-Gomez 1989 (C.-^SIZ 72587) scanning election micrographs A. radula B. close up

of' inner lateral teeth C. inner lateral teeth D. middle lateral teeth E. outer lateral teeth F. vestibular gland spines.

specimen (CASIZ 72587) and material from Spain.

However the new specimen (CASIZ 72587) possesses

two vestibular gland spines that were not included in

the original description.

Thordisa villosa .\lder «& Hancock, 1864

Doris villosa Alder & Hancock 1864

Thordisa villosa (Alder & Hancock. 1864) Bergh

1902; 182
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Figure 20. Thordisa villosci Alder & Hancock. 1864 (ZMUC) A.

close up of outer lateral teeth.

Thordisa maculigera Bergh 1877

.Material examined: We were unable to locate the type

material of Doris viliosa or Thordisa macidigera but

were able to examine a preserved specimen from

Thailand considered to represent T. macidigera by

Bergh (1902). ZMUC Koh Mesan, Gulf of Siam,

Thailand. One preserved specimen. May 2, 1900, T. H.

Mortensen, 14 mm long (dissected).

Distribution: This species has been reported from India

(Alder & Hancock, 1864). Thailand (Bergh. 1902) and
the Phillipines (Bergh. 1877).

External morphology: The specimen is oval shaped and
14 mm in length. The rhinophores are lamellate and
have 11 to 12 lamellae each. There are papillae and

tubercles evenly dispersed throughout the dorsum. The
longer and larger papillae are found on the middle of

the dorsum and decrease in size toward the margin. The
gill is completely retractile. The six brancial leaves are

bipinnate and do not extend beyond the edge of the

notum. The anterior margin of the foot is bilabiate and

inner lateral teeth B. middle lateral teeth C. outer lateral teeth D.

notched. The oral tentacles are digitiform and do not

extend beyond the margin of the foot. Labial pits are

absent. The preserved specimen has an even tan color

through out its body with dark spots. The external

morphology is similar to the representative picture of

Thordisa viliosa Alder & Hancock, 1864 on the Sea Slug

Forum (http://w'ww. seaslugforum.net/thorvill.htm).

.Anatomy: The labial cuticle is smooth. The radula

formula is 30 X 4—5.26.0.26.4—5 at the 13th row.

Rachidian teeth are absent. The middle lateral teeth are

hamate and increase in size toward the margins

(Figure 20). The four or five outer marginal teeth are

pectinate. The anatomy of the central nervous system

does not vary from that described for Thordisa luteola

(Figure 5). The anatomy of the digestive system does

not vary from that described for Thordisa alhomacida

(Figure 8).

The bifurcation of the ampulla to the female gland

mass and the vas deferens is not visible (Figure 2G).

The prostate is approximately the same width of the

ampulla. The prostate's white-colored portion is larger

than it's yellow portion. The vas deferens is twice the
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Hoplodoris estreylado

"Eliminated # 2, 4. 16

1 - Oral dimples - present

2 - Rhinophoral sheath**

3 - Gills - tripinnate 3 - bipinnate

4 - Rachidlan**

5 - Inner laterals same 5 - inner laterals smaller

6 - Inner laterals hamate 6(1)- inner laterals denticulate 6(2) inner laterals bifurcate

7 - middle lateral teeth denticulate

8 - Pectinate outer laterals 8-simple

9 - Vestibular gland present 9- vestibular gland absent

10 - two vestibular glands 10- one vestibular gland

1 1 - Pouch shaped vestibular gland 11(1)- colled 1 1 (2) - lobate

12 - Vestibular gland spines present 12 - Vestibular gland absent

13 - two vestibular gland 13 - one vestibular gland

14 - vaginal spines present

15 - penial spines present 15 - penial spines absent

1 6 - be vs, rs**

17 - villous papillae 17 - short papillae

18 - Compound papillae present

Figure 21. Preliminary phylogeny of Thordisa. Strict consensus tree of two most parsimonious trees. Asteronotus, Halgerda. and

Hoplodoris were chosen as outgroup taxa to polarize the characters. T = Thordisa. Numbers above lines are character numbers:

underlined numbers indicate reversals and numbers in parentheses are character states (Table 3). Numbers below are Bremer

support values.
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width of the prostate and curves as it connects to the

vestibule. The unarmed vaginal duct is equally as long.

The bursa copulatrix is six times larger than the

receptaculum seminis. The vaginal duct ends where
ejaculatory duct emerges from the vestibule. The
ejaculatory duct is four times the length of the

receptaculum seminis duct. The vagina and the penis

are unarmed. The vestibular gland has a single pouch
shape. Inside the gland is a single straight spine that

projects into the artium.

Discussion: Thordisa maculigera (Bergh, 1877) is

a synonym of Thordisa villosa (Alder & Hancock.

1864) (Bergh, 1902). The live specimen is reported to

have a translucent yellow dorsum with a characteristic

pattern of dark brown patches around the mantle edge.

The underside is a bright orange yellow with small

brown spots on the underside of the mantle and the

sides of the foot. The dorsum is tuberculate and some
of the larger tubercles have a long, tapering fluid-filled

papillae. Thordisa villosa (Bergh, 1877) forms a tri-

chotomy with T. nieseni and T. azmanii Cervera &
Garcia-Gomez 1989 (Figure 21). It differs from the two
species by possessing smaller inner lateral teeth and
a single pouch-shaped vestibular gland with a distinctive

single straight spine.

Phylogenetic Analysis of Thordisa

Species of Thordisa have been recently described by
several authors (Lance, 1966; Behrens & Hendersen,

1981; Cervera & Garcia-Gomez, 1989; Ortea & Valdes,

1995). Additional data were taken from the original

publications on Thordisa (Marcus, 1955; Pease, 1860).

The following species were examined directly; T.

bimaculata Lance, 1966; T. filix Pruvot-Fol, 1951; T.

ruhescens Behrens & Henderson, 1981; T. sanguinea

Baba, 1955. Thus, previous literature and direct

observation and dissection of 14 species of Thordisa

and members of the outgroup have provided the

information on the characters for the present study.

The remaining described species were excluded from

the phylogenetic analysis due to insufficient description

of critical characters. To establish the polarity of the

morphological characters used in this study, three

outgroup taxa (Asteronotus cespitosus, Hoplodoris

estrelyado, and Halgerda dalanghita) were used based

on a review of anatomical characters as described in

Gosliner & Behrens (1998), Fahey & Gosliner (1999),

and Valdes & Gosliner (2001). We used these out-

groups based on the phylogenetic study by Valdes

(2002). These taxa were more closely related to

Thordisa than other taxa.

The following characters were considered in this

analysis: (The characters preceded by an asterisk were

deleted from the final analysis because they were

phylogenetically uninformative.) (0) = presumed plei-

siomorphic, (1,2) = apomorphic, ? = missing data or

not applicable.

1 . Oral dimples - This physical feature is only found

in T. oliva and T. diiida (1).

2. ’^Rhinophoral sheath - There is observed sheath

variation within Thordisa. Some specimens are

observed to have scalloped edges and others are

straight. The outgroups Asteronotus cespitosus,

Hoplodoris estrelyado, and Halgerda dalanghita

are all known to have straight sheaths (0).

3. Gill - All of the outgroups Asteronotus cespitosus,

Hoplodoris estrelyado, and Halgerda dalanghita

posses tripinnate gills (0). Four of the observed

species, T. nieseni, T. azmanii, T. maculigera and
T. filix possess bipinnate gills ( 1 ). T. sabulosa Bum
1957 is the only other Thordisa that has been

described with bipinnate gills.

4. '^Rachidian tooth - The rachidian tooth is found to

be absent in all specimens (0).

5. Inner lateral teeth compared to outer lateral teeth

The inner lateral teeth of most species were

considerably smaller than middle lateral teeth

(1). Four Thordisa (T. albomacula, T. azmani, T.

villosa, and T. hilaris) have inner teeth that are

equal to the size of the middle laterals (0). All the

outgroups also share this state.

6. Shape of inner lateral teeth - The shape of the

inner lateral teeth can be simply hamate, dentic-

ulate or bifurcate. Only Thordisa oliva was
observed to have consistently bifurcated inner

teeth (2). Thordisa nieseni can have bifurcated tips

or simply hamate inner teeth. Thordisa albomacula

and T. tahala have denticulate inner teeth ( 1 ) while

T. luteola has only been observed to have simply

hamate inner teeth (0).

7. Shape of middle lateral teeth - The middle lateral

teeth are observed to be either denticulate or

simply hamate. Asteronotus cespitosus, Hoplodoris

estrelyado and Hcdgerda dalanghita have smooth

middle teeth (0). Thordisa oliva, T. nieseni, T.

villosa and T. luteola have smooth hamate middle

teeth. Thordisa tahala, T. albomacula and T. setosa

have denticulate middle lateral teeth.

8. Shape of outer lateral teeth - The outer lateral

teeth of all Thordisa are pectinate (1). Asteronotus

cespitosus, Hoplodoris estrelyado and Halgerda

dalanghita have simple teeth (0).

9. Vestibular Gland - The vestibular gland is present

( 1 ) in all Thordisa except T. hilaris (Kay & Young,

1969). It can also be found in Asteronotus

cespitosus and Hoplodoris estrelyado ( 1 ). A vestib-

ular gland is absent in Hcdgerda dalanghita (0).

10. Number of vestibular glands - Thordisa has either

one (0) or two vestibular glands (1). Two
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Table 3

Characters and states considered for the phylogeny of Thordisa. ? = missing or not applicable 0 = presumed

pleisiomorphic 1 = apomorphic, 2 = apomorphic.

Character 0 = Plesiomorphic 1 = Apomorphic 2 = Apomorphic

1 Labial pits 0 = absent 1 = present

2 Rhinophoral sheath 0 = straight 1 = scalloped

3 Gill 0 = tripinnate 1 = bipinnate

4 Rachidian tooth 0 = absent 1 = present

5 Inner lateral teeth compared to middle lateral teeth 0 = same 1 = smaller

6 .Shape of inner lateral teeth 0 = hamate 1 = denticulate 2 = bifurcate

7 Shape of middle lateral teeth 0 = smooth 1 = denticulate

8 Shape of outer lateral teeth 0 = simple 1 = pectinate

9 Vestibular gland 0 = absent 1 = present

10 Number of vestibular glands 0 = one 1 = two
1

1

Vestibular gland shape 0 = pouch 1 = coil 2 = lobate

12 Vestibular gland spines 0 = absent 1 = present

13 Number of vestibular gland spines 0 = one 1 = two

14 Vaginal spines 0 = absent 1 = present

15 Penial spines 0 = absent 1 = present

16 bursa copulatrix vs. receptaculum seminis 0 = rs is smaller 1 = equal in size 2 = be is larger

17 Papillae 0 = short 1 = villous

18 Compound papillae 0 = absent 1 = present

vestibular glands occur in six of the recently 15. Penial spines - Penial spines usually occur as

described species. This character is not applicable a single large spine or a series of small spines

to Halgerda dakinghita (?). surrounding the penis. Penial spines occur in five

11 Vestibular gland shape - Observed vestibular of the Thordisa species ( 1 ). This character is

glands were categorized into four distinct shapes: unknown for T. ruhescens and T. setosa (?).

pouch, coiled and lobate. T. filix is the only

Thordisa observed to have a long and coiled

vestibular gland ( 1 ). Three species ( T. aihumacula,

T. tahala and T. setosa) have lobate vestibular

glands (2). The remaining taxa have vestibular

glands that are pouch shaped (0). This character is

not applicable to Hidgevda daUinghita (?).

12. Vestibular gland spines - The presence of vestib-

ular gland spines occurs in seven Thordisa species

and Asteronotus cespitosus and Hoplodoris estre-

lyado ( 1 ). This character is not applicable to

Halgerda dakinghita and is unknown for Thordisa

diiida and T. setosa (?).

1 3. Number of vestibular gland spines - The number of

\estibular gland spines increases with the number
of vestibular glands. There is an increase in

vestibular gland spines in the more derived species.

Thordisa aznumii, T. hiniacuhita, T. villosa, T.

oliva, and T. tahala all have one vestibular gland

spine (0). T. triesetii, T. ruhescens, and T. Inteola all

have two vestibular gland spines (1). This charac-

ter is not applicable to Halgerda dalaiighita,

Thordisa alhoDiaeula, T diuda. T. filix, T. satigui-

nea and T. setosa (?).

14. Vaginal spines - Vaginal spines are present in

Thordisa Inteola and T. riiheseens ( 1 ). This

charticter is unknown for Thordisa himacidata, T.

diuda, T. filix, and T. setosa (?).

16. *Bursa copulatrix vs. receptaculum seminis - The
receptaculum seminis is smaller than the bursa

copulatrix in all the taxa (0) examined except for

Thordisa sanguinea.

17. Papillae - Villous papillae occur in 13 of the

Thordisa species ( 1 ). Thordisa himaeulata and all

the outgroup taxa have shorter papillae through-

out their mantle (0).

18. Compound Papillae - Compound papillae are only

found in Thordisa Inteola ( 1 ).

METHODS
In character states recorded for each of these phyloge-

netic hypotheses regarding Thordisa, the above de-

scribed characters were placed into a data matrix from

MacClade version 4.0 (Maddison & Maddison. 2000)

(Table 4). All characters used have equal weight and are

unordered (Table 3). Three characters were deleted

from the analysis due to being phylogenetically un-

informative. The characters deleted are the morphology

of the rhinophore sheath (2), the rachidian tooth (4) and

the relative size of the bursa copulatrix compared to the

receptaculum seminis (16). The data were analyzed by

Phylogenetic Analysis Using Parsimony (PAUP*)
version 4.0 (Swofford, 2003). A heuristic search was

performed with the optimality criterion of maximum
parsimony. The stepwise addition option of random
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Table 4

Data Matrix. Character states in species of Thordisa and the outgroup taxa Asteronotus, Halgerda, & Hoplodoris

missing or not applicable, 0 = presumed pleisiomorphic, 1 = apomorphic.

V-

Species 1 2 3 4 5 6 7 8 9 10 1

1

12 13 14 15 16 17 18

T. iilhomacidii 0 0 0 0 0 1 1 1 1 0 2 7 0 1 0 1 0

T. azmuni 0 1 1 0 0 0 0 I 1 1 0 1 0 0 0 0 1 0

T. himacukitii 0 1 0 0 1 0 0 1 1 0 0 1 0 7 1 0 0 0

T. diuda I 1 0 0 1 0 0 1 1 0 0 7 7 9
1 0 1 0

T. filix 0 0 1 0 1 0 0 1 1 0 1 0 9 7 1 0 1 0

T. hdaris 0 1 1 0 0 0 0 1 0 2 9 7 7 7 0 0 1 0

T. luteola 0 1 0 0 1 0 0 1 1 1 0 1 1 1 0 0 1 1

T. vdlo.m 0 1 1 0 0 0 0 1 1 0 0 1 0 0 0 0 1 0

T. nieseni 0 0 1 0 1 2 0 1 1 1 0 1 1 0 0 0 1 0

T. oliva 1 0 0 0 1 2 0 1 1 0 0 1 0 0 0 0 1 0

T. ruhescens 0 0 0 0 1 0 0 1 1 1 0 1 1 1 7 9
1 0

T. .sanguinea 0 0 0 0 I 0 0 1 1 1 0 0 7 0 0 1 1 0

T. .setosa 0 0 0 0 1 1 1 1 1 1 2 7 9 7 7 2 1 0

T. tahala 0 0 0 0 0 1 1 1 1 0 2 0 0 0 1 0 1 0

Halgerda dalanghita 0 0 0 0 0 0 0 0 0 7 9 9 9 0 0 0 0 0

Asteronotus cespito.sus 0 0 0 0 0 0 0 0 1 7 7 7 7 0 0 0 0 0

Hoplodoris estreylado 0 0 0 0 0 0 0 0 1 0 0 1 7 0 1 0 0 0

trees was used, with 100 repetitions, starting from

random start trees. Bremer support values ( Bremer,

1988) were calculated to estimate branch support using

PAUP*. Character tracing was performed to under-

stand the characters that united resulting clades.

RESULTS

Two mostly parsimonious trees were produced. The
trees required 27 steps and had a consistency index of

0.643 and retention index of 0.750. The strict consensus

tree is shown in Figure 21. Bremer support was (1) for

all branches except for one clade. The Tliorclisa clade is

united by the presence of inner lateral teeth that are

smaller than the middle lateral teeth, denticulate middle

laterals, pectinate outer laterals, and penial spines.

Reversals were present in T. alhuniacula and T. taluila

(inner lateral teeth were the same size as middle lateral

teeth); T. ctihomaculci, T. taluila and T. setosa (inner

lateral teeth are denticulate); T. uliva (inner lateral teeth

are bifurcated and penial spines are absent); and the

clade T. aziuanii, T. nieseni, T. villosa, T. ruhescens, T.

luteola, and T. sanguinea (absence of penial spines). T.

hinuiciilata was found to be the most basally situated to

all ThorcUsa species studied. Thordisa diuda and T. oliva

are united by the presence of oral dimples. The clade

uniting T. alhomacida, T. tahala and T. setosa has

a Bremer support value of 2. This clade is supported by

the presence of denticulate inner lateral teeth, dentic-

ulate middle lateral teeth, and a lobate vestibular gland.

T. filix is sister to the clade containing T. azmanii, T.

nieseni, T. villosa, T. ruhescens, T. luteola, and T.

sanguinea. The characters supporting T. fiUx are the

presence of bipinnate gills, a coiled vestibular gland.

and the absence of vestibular gland spines. The
characters distinguishing the clade of T. aznuinii, T.

nieseni, T. ruhescens, T. luteola, and T. sanguinea are

the absence of penial spines and two vestibular glands.

Thordisa villo.sa possesses a reversal with only a single

vestibular gland. Thordisa ruhescens and T. luteola are

united by the presence of two vestibular gland spines

and vaginal spines. Thordisa ruhescens is characterized

by the presence of penial spines and short papillae.

Thordisa luetola is the only species examined with

compound papillae. Thordisa aznuinii, T. villosa and T.

nieseni are united by the presence of bipinnate gills.

DISCUSSION

Our analysis demonstrates the monophyly of Thordisa

and its relationship to the outgroups Asteronotus,

Halgerda and Hoplodoris. Pectinate outer lateral teeth

are a strong synapomorphy of the genus. Characters of

the reproductive system such as vestibular gland

morphology and genital armature can prove to be vital

for distinguishing species of Thordisa. The unique pits

on the mouth of Thordisa diuda and Thordisa oliva are

vital for uniting the two sister species, yet re-

examination of other type specimens should be done

to confirm absence or presence of this feature. Many
species of Thordi.ui are incompletely known and will

need re-evaluation. Further character analysis and

testing of the data are needed to strengthen the

phylogenetic hypothesis of the genus Thordisa.
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Abstract. An egg mass of the Florida banded tulip snail, Fasciolaria lilium hunteria was collected from an

intertidal oyster reef in Georgia during May 2000. The eggs hatched in July 2000 with 44 hatchlings measuring an

average 8.42 mm in shell length and 0.08 g in wet weight, emerging. Juvenile snails were provided with crushed

bivalves, however cannibalism was rampant and mortalities were high, particularly in the first month post hatching.

Growth rates were high during the warm summer months and an average length of 40, 62, and 81 mm was attained

by the end of years 1-3, respectively. All snails were dead by the beginning of the fourth year, and no spawning was
observed.

INTRODUCTION

The Florida Banded Tulip or Hunter’s Tulip, Fascio-

laria lilium hunteria (G. Perry, 1811) is found from

North Carolina to Alabama (Rehder, 1981). This is

a subspecies of the Banded Tulip, Fasciolaria lilium (G.

Fischer, 1807), a slightly larger species living in the

Gulf of Mexico and southward to Yucatan, Mexico

(Emerson & Jacobson, 1976). Having no commercial

application, information is very limited on the biology

and ecology of the species. It is a small member of the

family Fasciolariidae, reaching about 100 mm in shell

length. The shell is smooth, and the mottled buff color

is decorated with straight, well-defined, narrow brown
spiral bands. This is a carnivorous species, preying on

bivalves, gastropods, and tunicates and is a common
species in shell substrate areas (Wells, 1958) and

seagrass beds (D’Asaro, 1986). Other members of the

Fasciolariidae common in waters of the southeast

include the true tulip snail Fasciolaria tulipa (Linnaeus,

1758) and our largest snail, the horse conch Triplofusus

giganteus (K.\ex\Qr, 1840).

The female banded tulip deposits horny egg capsules

in a flattened vase-shaped form, with the larvae

emerging as crawling young (Rehder, 1981). In North-

west Florida egg masses containing 16-27 capsules,

first appear in late April when water temperatures

exceed 18°C (D’Asaro, 1986). Some egg masses are

communal, and each capsule contains approximately

700 to 1,200 embryos, of which only 5-7 survive and

hatch (D’Asaro, 1986). Wells (1958) reports rearing

young tulips from hatching to about 1 cm in length in

the laboratory, but does not indicate the size at

hatching nor how long he held them in captivity. He
also describes them as being cannibalistic post-hatch-

ing. Given the lack of knowledge of this species and its

being a conspicuous member of intertidal oyster reef

communities in Georgia, we decided to further in-

vestigate its growth rate in the laboratory from

hatching.

MATERIALS & METHODS
A large Fasciolaria lilium hunteria egg mass was found

attached to a living oyster shell on an intertidal oyster

reef on the north-east shore of Cabbage Island,

Wassaw Sound, GA. during May 2000. This was

returned to the laboratory and held in a raceway

supplied with continuous running seawater from the

nearby Skidaway River, until juveniles began to hatch.

Surface water temperature and salinity data were taken

daily from the dock of the Marine Extension Service at

0800 hr (Monday-Friday), throughout the study peri-

od (Figure 1). By early July 2000 all juveniles had

hatched and were placed into a small plastic jar

(500 ml). To provide water circulation 30 2-mm holes

were drilled in the top and bottom of the jar and 15 on

each side, and the jar was placed into a raceway

supplied with running seawater. An abundance of food,

comprising crushed clams and mussels was provided,

which was cleaned out and replaced approximately

every three days. Juvenile shell length (mm) and body

weight (g) measurements were recorded every month

using Vernier calipers and an electronic balance. Dead
juveniles were removed and the numbers surviving were

calculated on each sampling occasion. Once the

juveniles had grown to approximately 25 mm in shell

length they were transferred to a larger 4-liter plastic

jar, with approximately 20 6-mm holes drilled in the

bottom and sides. The tulips were maintained in this jar
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-•-Temperature (C) -o- Salinity (ppt)

Figure 1 . The mean monthly ( ±SE) water temperature and salinity of the Skidaway River. Georgia from .lime 2000 to June 200.J.

and fed twice weekly with crushed shellfish for the

remainder of the experimental period.

RESULTS & DISCUSSION

By early July 2000 all juveniles had hatched (N = 44)

and averaged 8.42 mm (±0.2 SE) in shell length and

0.08 g (±0.005 SE) in wet weight (Figure 2). This is

a larger size at hatching than found in the co-occurring

knobbed whelks, Busycon carica (Gmelin. 1791) that

also have direct development but are not supplied with

nurse eggs (Power et al. 2002). Similar spawning and
hatching periods have been reported for the tulip snail

and the horse conch (D’Asaro, 1970) in the southeast

of the USA and for another Fasciolarid, Pleiiroploca

trapezium (Linnaeus, 1758) in the Gulf of Mannar,
India (Raghunathan & Ayyakkannu, 1994).

Mortality rates were initially very high with only

50% of the juveniles remaining by the end of the first

month (July), and 20% by early September. From this

point on the rate of mortality was more gradual and

mainly occurred in the warm summer months (Fig-

ure 2). High mortality rates can be expected for new
hatchlings in their natural habitat due to food

shortages, and abiotic stressors in the intertidal zone.

Mortality rates in the laboratory were however,

probably exaggerated due to cannibalism; in the wild

it is expected that the newly hatched juveniles would

disperse. .Another predatory snail Hemifusus tuba

(Gmelin. 1791) from the South China Sea has also

been reported to cannaibalize siblings post hatching

when maintained in the laboratory (Morton, 1987).

Initial growth for those hatchlings was primarily in the

shell, followed by elevated feeding levels after two

months in which the shell was filled w'ith tissue. It was

suggested that initial shell growth increases survi\al by

reducing predation threats. In Japan, the predatory

snail Ncptunea artliritica (Bernard!, 1857) has been

reported to have a mortality rate of 60% between

hatching and reaching one year of age (Fujinaga &
Nakao. 1996).

A pronounced cyclical pattern in growth rates was

observed for these snails over the three-year period,

reaching a peak in the wann summers and ceasing in

the coldest winter months Figures 1, 2. Higher

temperatures during the summer months in Georgia

may have lead to increased feeding activity, which may



A. J. Power & R. L. Walker, 2005 Page 3 1

1

I I# Individuals Shell Length (mm)

Figure 2. Mean shell length (min ± SE) and mean wet weight (g ± SE) of Fasciokiria lilium himteria reared from hatching to age

3 yr in the laboratory. Shown also in bars is the number of individuals surviving on each sampling date.

have resulted in more mortality due to increased

cannabilism during these periods. While snails were

constantly provided with an abundance of crushed

bivalves. Wells (1958) reported a dietary preference for

oyster drills (Urosalpinx cinerea Say, 1822) over oysters

(Crassostrea virginica Gmelin, 1791).

Growth in terms of shell length was greater than

total wet weight in the first two years, however growth

in weight was more pronounced in the third year. Snails

grew to approximately three times their hatching shell

length in the first year reaching an average of 33 mm by

the end of June 2001 (mean increment of 24.35 mm).

Subsequent annual growth increments in shell length

were similar, 24.01 mm (June 2002) with a mean shell

length of 62 mm, and 24.22 mm (June 2003) with

a mean shell length of 81 mm. Juvenile growth rates are

higher than those published for predatory whelk

species (for which growth has been examined due to

their commercial importance) although many of these

are subtidal species from boreal latitudes. The red

whelk, Neptuneci anticpia (Linnaeus, 1758) reaches

a length of 20-30 mm in one year in the Danish Sound

(Pearse & Thorson, 1967). In Japan, Suzuki et al.

(1996) reported the mean sizes of hatchling N. cirtliritica

juveniles as 6.1 mm, which grew to reach 21.9 mm at

age one, 41.5 at age two, 63 at age three years, and

85 mm at four years. Fujinaga (1987) reported slightly

smaller mean annual shell lengths for this species over

a five year period (18.3 at age one, 34.3 at age two, 55.

1

at age three, 69.8 at four years, and 82.3 mm at five

years). In the Irish Sea the common whelk Buccimim

imdatuni (Linnaeus, 1758) reaches 28.5,45.8, 59.9, 71.5,

and 81 mm at the end of years 1 5, respectively (Kides,

1996). For knobbed whelks from Virgina, Kraeuter et

al. ( 1989) reported an average growth rate of 14.4 mm/
year for the first 10 yr in the laboratory, and Castagna

& Kraeuter (1994) observed that the first year growth

was the fastest with juveniles going from 4 mm to

36.5 mm in shell length.

Based on the reported maximum size of 100 mm
(Rehder, 1981) and the growth observed in this

experiment, a maximum longevity of 4—5 yr seems

appropriate for the species in these waters. There was

substantial rainfall during March 2003, which affected

salinity levels in the river dropping them to values that

had not been experienced since before the experiment

had commenced (22 ppt). This may have contributed

to the demise of the remaining snails at age three years.
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Abstract. Sepia elongata was first recorded from the type shell collected in the nineteenth century. The whole

body of this cuttlefish was first described at the middle of the twentieth century from a fixed specimen. Our report

provides complementary morphological data. Morphological differences between our measurements and previous

ones probably resulted from inter-individual variations. For the first time, behavioral data were collected from field

and laboratory observations of living S. elongata. Amongst others, description of body patterns will provide an

important tool to accurately identify living S. elongata.

INTRODUCTION
Sepia elongata was first recorded from the type shell

described by Ferussac & d'Orbigny (1835-1848) and

Rochebrune (1884). The whole animal remained largely

unknown until brief descriptions based on a single male

specimen captured in the Gulf of Aqaba in Egypt were

published by Adam (1941, 1959) and Adam & Rees

(1966). No other specimen has been reported in the

literature. Morphology of S. elongata remains poorly

described and its basic behavioral traits and geo-

graphical distribution are still unknown. Our report

aims to provide further data on its localization,

morphology and behavioral traits as observed in the

field and laboratory.

MATERIALS AND METHODS
In situ observations were carried out in front of the

Interuniversity Institute for Marine Sciences in Eilat

(I.U.I.; Red Sea, Israel; 29°30'06N, 34°55'04E) in

December 2004 (Figure 1). Three or four divers

* Present address: Interuniversity Institute for Marine
Sciences in Eilat and ESE Department, Life Science Institute,

The Hebrew University, Jerusalem, Israel.

Correspondence: L. Dickel, Laboratoire de Physiologie du
Comportement des Cephalopodes, E.A. 3211, Universite de

Caen Basse-Normandie, Esplanade de la Paix, 14032 Caen
cedex, Erance (e-mail: ludovic.dickel@unicaen.fr).

explored the I.U.I. vicinity for an hour twice a day

(in the morning, between 10.00 and 12.00 a.m. and at

night, between 6.00 and 8.00 p.m.) the first two days

and one hour per day (at night, between 7.00 and 8.00

p.m.) during five additional days.

The morphological report is based on two sexually

35°55’E 35°57’E 35°59’E

Figure 1. Map of the Gulf of Aqaba showing the site were

cuttlefish were observed and caught (29 30'N, 34 56'E-

29 30'06"N, 34 55'04"E, InterUniversity Institute for Marine

Sciences in Eilat).
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Table 1

Measurements of the two male cuttlefish caught in

Eilat (Red Sea, Israel). Values are expressed in

percentage of dorsal mantle length and mean
(standard deviation). DML = dorsal mantle length.

VML = ventral mantle length, MW = greatest mantle

width. HE = head length, HW = head width, A-1, A-2,

A-3. A-4 = length of the dorsal, dorso-lateral, ventro-

lateral and ventral arm, TL = total tentacle length.

TCL = tentacular club length, FW = fin width.

Sex male ( 1

)

male (2) mean

Mantle DML (mm) 63.0 64 63.5 (0.7)

VML (%) 90.0 — —
MW (%) 35.5 35.9 35.7 (0.3)

Head HL (%) 21.7 — —
HW (%) 30.0 — —

.A.mi .A-1 (%) 21.7 28.1 24.9 (4.6)

A-2 (%) 18.3 — —
A-3 (%) 16.7 — —
A-4 (%) 30.0 — -

Tentacle TL (%) 111.7 126.6 119.1 (10.5)

TCL (%) 7.5 7.8 7.7 (0.2)

Fin FW (%) — 6.3 —

mature male specimens collected in Eilat in December
2004. The cuttlefish were caught with a small hand net

and brought to the surface in a plastic bag to avoid

subsequent skin injuries. Cuttlefish were anaesthetized

(10% ethanol in seawater) and fi.xed in 10% Eonnalin

in seawater. The cuttlebone of one cuttlefish was
removed.

One cuttlefish collected was observed in the labora-

tory for one day. The specimen was placed into a round

tank (3.5 m in diameter) supplied with running

seawater (80 cm depth) in daylight conditions. The
PVC bottom of the tank was covered with 3 different

substrata: coarse sand, coarse gravel and small rocks

providing shelters. These substrata were placed in

round areas of 50 cm in diameter on the bottom of the

tank, between them exposed PVC areas were available.

The substrata locations alternated two times around

the inside circumference of the tank (6 choices in total)

to avoid unspecific effects (light or water current

effects). The body patterns and the location of the

cuttlefish in the tank were recorded every 30 min
during 24 hr. This sampling method does not provide

true relative durations but produces a record that

approximates continuous recording (Martin & Bate-

son, 1993).

RESULTS

Body and cuttlebone measurements are reported in

Table 1 and Table 2 respectively. In species descrip-

tion, values are expressed as mean (± standard

Table 2

Measurements of the cuttlebone removed from the

male ( 1 ). Values are expressed in percentage of

cuttlebone length. CE = cuttlebone length. CStrE =
cuttlebone striated area length, CTh = cuttlebone

thickness, CW = cuttlebone width.

Sex male ( 1

)

Cuttlebone CL (mm) 63.0

CStrL (%) 66.7

CTh (%) 11.1

CW (%) 12.7

deviation). Four main diagnotic features have been

discussed by Adam (1941, 1959) to describe S. elongatci:

the elongate body, the hectocotyius, the tentacular club

with its five enlarged suckers and the shape of the

cuttlebone. The mantle of the specimens studied here

(Figure 2) appeared to be slightly narrower than

previously reported: the mantle width measuring

35.7% (±0.3) of the dorsal mantle length compared

to 39.5% in Adam’s description ( 1941 ). The left ventral

arm (Figure 3) was hectocotylized in the way described

for S. elongata (Adam, 1959). The middle part of the

arm was enlarged to a length of 5 mm. reaching a width

of 7 mm. The free margin was curved toward the inner

side. This part of the hectocotylized arm showed seven

transverse ridges devoid of suckers. These character-

istics are similar to Adam’s male specimen. The

tentacular clubs were short, blunt distally, and bore

oblique and transverse rows with five enlarged suckers

(Figure 4). In our report, those suckers were observed

in 2nd or 3rd series (counted from the dorsal side). The

cuttlebone observed in our study was more elongate

than in Adam’s description (Figure 5): the cuttlebone

width measuring 12.7% of the cuttlebone length (16%

in Adam’s description; 1941). The dorsal part of the

cuttlebone was fiat with a narrow furrow' in the middle.

The ventral surface of the cuttlebone was strongly

convex in its two third anterior portion and had

a narrow furrow along its whole length. The inner cone

was very narrow forming two ridges situated on the

lateral parts of the striated area. At the posterior end,

the outer cone formed a concave expansion surround-

ing the inner cone. In our specimen, the inner cone was

yellow. The general shape of the cuttlefish described

here does not differ from the male specimen described

by Adam (1941, 1959) and Adam & Rees (1966). Even

if the w idth of the body and the cuttlebone appear to be

slightly different, this variability is likely to result from

indiv idual differences. A specimen of S. elongatci was

given to the Biological Collections of the Hebrew

University of Jerusalem (specimen #HUJ 50111) as

a voucher of S. elongata (repository of the holotype -
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only the type shell: Museum National d'Histoire

Naturelle, Paris, France).

We observed S. e/ongatci thirteen times in shallow

water (5-10 m depth), always at night. All specimen

were resting, isolated, on coarse sand or gravels and

were never seen buried into the substrate (Figure 2).

Each S. elongata was relatively quiet, thus extensive

observation and handling w'ere possible. The body

pattern observed in situ was a uniform reddish pattern

or a disruptive pattern. Animals exhibited a green strip

near the lateral border of the body and a wave-shaped

stripe above each eye.

In the aquarium, the instantaneous sampling scores

(occurrence/total number of sample points; Martin &
Bateson, 1993) were: 0.7 for gravel choice, 0.3 for sand

choice, 0 for rocks choice. The cuttlefish was never seen

resting on PVC bottom of the tank. This experiment

seemed to show a gravel substrate preference of S.

elongata which correlates well with our field observa-

tions. Several body patterns were observed. First, we
observed two pairs of mantle spots (Figure 6a),

exhibited when observers approached the tank. Al-

Figure 3. Hectocotylus of A elongata (left ventral arm), scale

bar 0.1 cm.

though anterior mantle spots are relatively small,

posterior spots are large and conspicuous. Sets of spots

can be expressed independently. When the cuttlefish

was swimming above PVC areas, we observed a uni-

form light pattern rendering the animal almost trans-

lucent. Above gravel or sand patches, the cuttlefish

showed several kinds of disruptive patterns. These

consist of light chromatic components (Figure 6b):

a white head bar, a white anterior mantle bar, a white

transverse mantle streak, a median mantle bar.

DISCUSSION

Rediscovering this species will provide an opportunity

to define the precise systematic position of S. elongata,

often compared to Sepia trygonina Rochebrune, 1884

(Adam & Rees, 1966). The latter, living in the south

part of the Red Sea (Roper et al. 1984), seems to differ

in the limbs of its inner cone that are separating the

striated area in three parts (Adam & Rees, 1966).

Hanlon (1988) drew attention to the importance of

body patterning characters and behavioral traits in

Figure 4. Left tentacle club of S. elongata with its five

enlarged suckers, scale bar 0.1 cm.
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Figure 5. Cuttlebone of 5. elongaia. scale bar 0.5 cm. 5a. Dorsal view; 5b. Ventral view; 5c. Lateral view.

Figure 6. Chromatic components observed in S. ehmgcita. 6a. Anterior ( 1 ) and posterior (2) sets of paired mantle spots; 6b. White

chromatic components; a white head bar ( 1 ), a white anterior mantle bar (2), a white transverse mantle streak (3), a median mantle

bar (4).

taxonomy. Due to the lack of data regarding chromatic

components of S. ehmgaui and 5. trygonimi and the

absence of a female description of 5. eloiigatci, it is of

no use to discuss the question whether the difference

between S. elongara and S. trygonimi provides sub-

generic characters.
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Abstract. Previous ecological and paleobiological studies of naticid gastropods have shown that naticids are

energy maximizers, choosing prey with the lowest ratio of drilling time cost (determined by prey shell thickness) to

energy return benefit (determined by prey internal volume). We tested if naticids select for prey shell thickness by

offering two morphs of a common prey species and determining whether the thinner-shelled morphs were more likely

to be drilled.

Laboratory choice experiments in which naticid predators Euspira lewisii Gould. 1 847 were offered thick- and thin-

shelled morphs of the bivalve Protothaca staminea Conrad, 1837 revealed that the thinner-shelled prey were drilled

significantly more often than the thicker-shelled prey, resulting in positive selection differentials for shell thickness.

Multivariate logistic regression showed that, out of the five prey shell variables measured, only prey shell thickness

had a significant effect on survival. The mechanism for naticids to select for thickness in prey shells is not known and

future laboratory and field work e.xamining naticid prey selection may indicate how this occurs. Future work should

also include similar experimentation with a wider variety of prey and a larger range of predator size-classes.

Our investigation has important implications for evolutionary and ecological studies involving this predator taxon

and supports previous research showing that naticids follow the energy maximization principle.

INTRODUCTION

Naticids (family Naticidae) are sand-dwelling carnivo-

rous snails that use a radula to drill into the shells of

their prey. The uniquely beveled hole drilled by naticids

allows for both behavioral and morphological studies

on topics such as co-evolution (Kelley, 1992), escala-

tion (Kelley & Hansen, 1996) and prey selection (e.g.,

Franz (1977); Kelley (1988, 1991); Kitchell et al.

(1981)). Previous experimentation established that

naticids are selective predators that follow the energy

maximization principal, choosing prey with the lowest

cost-to-benefit ratio (Kitchell et al., 1981). For most

bivalve prey species, this ratio is directly proportional

to the ratio of shell thickness-to-internal shell volume

(Kelley, 1989).

Many studies have shown prey shell thickness to be

a significant factor affecting predation (see Vermeij

(1987) for a review). Kelley (1989) found that prey

shells had thickened over evolutionary time while

naticid predation rates had decreased; from this she

concluded that naticids affected the thickness of five

prey species (but see Grey et al. (2006)). This

conclusion is partially reliant on the untested assump-

tion that naticids select for prey shell thickness. If

naticids place significant selection pressure on one or

more heritable prey characters (e.g., shell thickness),

then naticids may affect the morphology of that prey

species. Selection on shell thickness has been shown in

other tactile predator species including crabs

(Boulding. 1984) and lobsters (Griffiths & Seiderer,

1980).

Boggs et al. ( 1984) mechanically thinned the shells of

Mercenaria mercenaria Linnaeus, 1758 and found that

the naticid Neverita (Polinice.s) duplicata Say, 1822 did

not preferentially choose the thinner- or thicker-shelled

prey. This experiment indicated that naticids are not

able to directly select for shell thickness when offered

a novel prey type. Their study did not use a common
prey species of naticids and the mechanical alteration

of prey shells may have produced results unlikely to be

reproduced in nature. For instance, small cracks may
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ha\e formed during alteration and weakened the shell

structure.

We examined prey selection of naticid gastropods

and aimed to determine if naticids are able to select for

shell thickness. If so, they should follow the energy

maximization principle of Kitchell et al. (1981) and

would choose thinner-shelled over thicker-shelled prey,

and thickness w'ould be a significant factor to survival

(i.e.. thicker-shelled prey are less likely to be drilled).

Measures of the intensity and direction of selection on

traits, such as selection differentials and gradients,

should be positive, indicating selection for thinner

shells. Selection differentials and gradients are used to

measure selection on quantitative traits and are

explained further in the Methods.

METHODS
With SCUBA we collected six naticids - Euspira len isii

Gould, 1 847 - with maximum shell dimensions ranging

from 66 to 75 mm, from Trevor Channel near Bamfield

Marine Science Centre in British Columbia. We
collected native littleneck clams - Protothaca staminea

Conrad. 1837 - ranging in length from 31.2 to 60.0 mm
from the same region. We chose P. staminea as the prey

species because they are a common prey item of E.

lewisii and because there are naturally occurring thick-

shelled and thin-shelled populations in the area. The
thin-shelled population occurred in a lagoon-like

setting where their smaller shell thickness-to-length

ratios have been attributed to faster growth rates

(Boulding. 1983). While shell thickness can be affected

by growth rate, it is a heritable quantitative trait in

other molluscs (Boulding & Hay, 1993) and is also

likely heritable in bivalves.

The naticid predators and bivalve prey were main-

tained at Bamfield Marine Science Centre in now-
through. unfiltered seawater (10 1 1°C; 30-32 o/oo) for

a period of two weeks prior to commencement of the

selection experiment to ensure that they became
accustomed to the laboratory habitat. Each snail was

housed in a glass aquarium (tank) containing fine sand

obtained from their natural habitat; the sand depth was
10 cm.

We measured length, height and inllation with digital

calipers on P. staminea shells prior to feeding trials. A
representative internal volume was calculated as the

product of those three variables; previous work (Grey.

2001) showed significant correlation between this

product and actual internal volume detennined by

filling the shells with fine sand. For each feeding trial,

we placed two clams from the thin-shelled population

and two from the thick-shelled population in random
positions in the tank. Prey shell lengths within trials

were similar, with standard deviations of less than

1 mm, to ensure that the snails were not selecting

for shell length as has been shown in previous studies

(e.g.. Broom, 1982; Kitchell et al.. 1981; Peitso et al.,

1994).

Each trial ended when half (two) of the supplied

clams had been drilled. We stopped the trials without

disturbing the predation behavior: after one week we
determined the position of the snail in each tank

through visual clues if possible or lightly by hand if not.

Once the snail was located, we gently searched the sand

around the snail for eaten clams; the location of the

eaten clams was usually easy to detemiine because they

were at least partly visible above the sand. If no eaten

clams were found then we checked the tank again after

a couple of days. If two eaten clams were found the

trial was stopped. If only one eaten clam and two

uneaten clams were found then we assumed the snail

was in the process of drilling the other, which was taken

from the snail and became the second selected in-

dividual. In all such cases this second clam had been

completely drilled and was being eaten. Hence, any

drilling was only disturbed once the snail had already

made its first two choices. No incomplete boreholes

were found in the trials, showing that no clams were

abandoned by the snails.

After each trial, uneaten clams were emptied and the

thickness at the umbo (the drill hole site for all eaten

clams in our trials) was measured on all clams (eaten or

not). There were three to five feeding trials for each

naticid snail. All measurements were entered into

a customized database using a data acquisition pro-

gram written in FoxPro. An Analysis of Variance was

performed to ascertain if there were significant

differences between the thicknesses of the shells that

were and were not drilled.

Standardized selection differentials and selection

gradients indicate the direction and strength of

selection: the magnitudes of these quantities corre-

spond to the strengths whereas the signs of these

quantities correspond to the directions (reviewed by

Endler (1986)). A positive selection differential shows

that bivalves with thicker shells are more likely to

survive naticid predation than those with thinner shells.

The selection differential is the difference between trait

means before and after selection. We calculated

selection differentials for each snail using

s=

where Px represents the average shell thickness of the

two surviving bivalves after selection, is the average

thickness of the four bivalves before selection and is

the standard deviation of the shell thickness before

selection (Endler. 1986).

A univariate linear selection gradient is the slope of

a least-squares regression line with relative fitness as the

dependent variable and the trait value as the in-
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Table 1

Descriptive Statistics and Analysis of Variance comparing shell thickness in the thin and thick-shelled populations of

Protothacu stuminea .

Groups n Mean Variance

Thin-shelled population 42 1.14 0.300

Thick-shelled population 42 1.27 0.316

Source of Variation SS df MS F P-value

Between groups 0.36 1 0..36 3.96 0.05

Within groups 7.49 82 0.09

Total 7.85 83

dependent variable. In our study, fitness is either zero

(eaten) or one (not eaten) so a linear regression is not

the most appropriate statistical method. Furthennore,

phenotypic correlations among traits are very common
and natural selection often acts on many characters

simultaneously (Lande & Arnold, 1983) and, hence,

a multivariate analysis is used. A multivariate logistic

regression calculates a multivariate selection gradient

(Janzen & Stern, 1998), which is useful for determining

which traits in a correlated group (in this case, thick-

ness, length, width, inflation and volume) are the focus

of selection. A multivariate logistic regression was per-

formed to estimate the multivariate selection gradient

for all trials combined; this method has been applied to

naticid gastropod predation in a previous study (Grey et

al., 2006). The model for logistic regression,

g-Xo +
W(z) = ^

1 -I- e’" + ’ ^

relates the survival probability (W) for an individual to

that individual’s trait values (z). The fitness data (wi,

W2 , ..., Wm) are the selection outcomes for each of m
individuals (Wj = 1 for survival and w, = 0 for death by

drilling). W(z) is the survival probability for a set of n

traits, z = (zi, ..., z„). o( = (oci, ^^-2 , ..., ;Hn) contains the

logistic regression coefficients for the n traits and oc« is

an intercept (Janzen & Stern, 1998). The prey trait

variables were thickness, length, width, inflation and

volume. Logistic regression coefficients were converted

into selection gradients, Pavggrad’ using the methods

described in Janzen & Stern (1998). The resulting values

indicate the strength of selection for each trait. These

calculations were performed using a logistic regression

program, LogReg, written by P. Lelievre in Matlab.

RESULTS AND DISCUSSION

An Analysis of Variance revealed significant thickness

differences (p = 0.05; Table 1) between the thin- and

thick-shelled morphs of P. starninea. Table 2 shows

a summary of the choices made by the six naticids for

each trial; the naticids displayed a preference for

thinner-shelled prey: an Analysis of Variance indicated

there were significant differences (p < 0.001; Table 3)

between the thickness of shells that were eaten by

naticids and those that were not. Boulding (1984)

found a similar result for rock crabs - Cancer prochictus

Randall, 1839 - preying on thin- and thick-shelled P.

staniinea.

With the exception of two trials, selection differen-

tials were all positive and ranged from —0.39 to 0.83,

with a mean of 0.54 for all trials (Figure 1). The
multivariate logistic regression established that

length, width, inflation and volume were not significant

factors to prey survival; thickness was the only variable

Table 2

Bivalve prey drilled by Euspira lewi.sii in experimental feeding trials. The snails were offered 2 thin- and 2 thick-

shelled morphs of Protothaca staminea and the trials ended when half of the prey had been eaten.

Naticid

Prey Choice for Each Trial

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Total

1 (66 mm) 2 thin 1 thin, 1 thick 1 thin, 1 thick 1 thin, 1 thick 1 thin, 1 thick 6 thin, 4 thick

2 (67 mm) 1 thin, 1 thick 1 thin, 1 thick 2 thin — — 4 thin, 2 thick

3 (70 mm) 2 thin 2 thin 2 thin — — 6 thin, 0 thick

4 (71 mm) 2 thin 2 thin 2 thin — — 6 thin, 0 thick

5 (72 mm) 2 thin 2 thin 2 thin 2 thin — 8 thin, 0 thick

6 (75 mm) 2 thin 2 thin 1 thin, 1 thick — — 5 thin, 1 thick

Total 1 1 thin, 1 thick 10 thin, 2 thick 10 thin, 2 thick 3 thin, 1 thick 1 thin, 1 thick 35 thin, 7 thick
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Table 3

Analysis of Variance comparing thickness of Prototliaca staminea shells that were drilled by Euspira lewisii versus

those that were not drilled.

Groups n Mean Variance

Drilled 42 1.07 0.224

Not drilled 42 1.35 0.316

Source of Variation SS df MS F P-value

Between Groups 1.67 1 1.67 22.26 9.9 X 10'^

Within Groups 6.18 82 0.08

Total 7.85 83

I
^

*

1 2 3 4 5 6

Naticid ID number

Figure 1. Selection differentials calculated for each trial (n =

21) plotted against predator identification number. The
corresponding shell lengths are as follows: 1 = 66 mm; 2 =
67 mm; 3 = 70 mm; 4 = 71 mm: 5 = 72 mm; 6 = 75 mm.

with a significant effect on prey survival (p < 0.001;

Table 4). The resulting selection gradient (Pavggrad)

for thickness was large and positive while the selection

gradients for all other traits were not significant

(Table 4). These results are consistent with the findings

of Kitchell et al. (1981) that naticids select prey on

the basis of the ratio of thickness-to-internal volume

(cost-to-benefit). Many studies following Kitchell

et al. (1981) using fossil assemblages also empirically

support this cost-to-benefit relationship (Kelley, 1988,

1.0

0.8 -

_ 0.6 -

.55

I 0.4 -

sc
^ 0.2
c
o

8 0 .0

1

-

0w
-0.2 -

-0.4 -

1989, 1991), implying that naticids select for thinner

shells.

It is not surprising that prey shell length and its

correlates (width, inflation and volume; Figure 2) were

not significant in the model (using y. = 0.05; see

Table 4) because we attempted to hold prey shell length

constant within trials. In a natural setting with many
prey choices we expect they might have a significant

effect on survival, at least for immobile epifaunal prey.

Infaunal or mobile prey may rely on behavioral

strategies for avoiding predation (e.g., escape strategies

or burying deeper in the sediment).

In this experiment the finer points of the naticids’

feeding behavior were not easily observable and it was

not possible to determine how they chose the thinner-

shelled prey items or if they were aware of all choices

before commencing drilling. The mechanism for which

naticids are able to select prey with thin shells is still

unclear. In the wild, it is possible that the increased

handling time required to drill thicker shells makes it

more probable that the naticids will abandon those

shells due to some disturbance. There may also be

a correlated trait other than those included in this study

that acts as a tactile clue for prey shell thickness. For

example, Boulding ( 1984) found that the valves of thin-

shelled morphs of P. staminea connected at a smaller

angle at the ventral margin compared to the thick-

shelled morphs. Also, different hardnesses of the thick-

Table 4

Overall multivariate logistic regression results: (3 is the logistic regression output, Pavggrad is the transformed logistic

regression coefficient and SE is the standard error; n = 84. Analyses used bivalve prey fitness (drilled versus

undrilled) as the dependent variable and thickness, length, width, inflation and volume as the independent variables.

Variable P Pavggrad SE P-value

Thickness 13.2 1.70 3.43 0.00

Length -0.80 -0.15 0.40 0.14

Width 0.55 0.04 3.89 0.69

Intlation 1.10 0.1

1

0.33 0.10

Volume -0.00 -0.00 0.6 0.56
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Figure 2. Relationships between prey shell thickness and inflation (y = 4.39x + 6.95; = 0.59; p < 0.001); width (y = 8.79x +
22.04; R2 = 0.44; p < 0.001); length (y = 10.98x + 27.8; R^ = 0.45; p < 0.001); and volume (y = 17.77x - 4.69; R^ = 0.54; p <
0.001) for P. staminea. N = 84 for all correlations.

and thin-shelled clams may provide a tactile clue to

naticid predators. Another possibility for the selection

mechanism is a variation of prey behavior between the

thick- and thin-shelled clams: for example, they may
have had different feeding strategies and such behavior

may have affected naticid prey choice.

We have shown that naticids show preference

towards thinner shells over thicker ones in a controlled

laboratory experiment with a common, unaltered prey

species. This research has important implications for

evolutionary and ecological studies involving naticids

and on prey selection in general. Future experimenta-

tion with a larger variety of size classes, inclusion of

more shell characters correlated to thickness (such as

the angle at the ventral margin and live weight), and

close observation of naticid predation behavior (a

difficult task because they are infaunal) may reveal

additional information on naticid prey selection.

Furthermore, comparison of thicknesses for shells with

incomplete boreholes versus those completely drilled

may determine whether or not our results are re-

producible in the wild.
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