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Origins of diverse feeding ecologies within Conus, a
genus of venomous marine gastropods
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Specialized predators on polychaetes, fishes, hemichordates or other molluscs, members of the predominantly
tropical gastropod genus Conus diversified rapidly during the Miocene to constitute the most species-rich modern
marine genus. We used DNA sequence data from mitochondrial and nuclear loci of 76 Conus species to generate
species-level phylogenetic hypotheses for this genus and then mapped known diets onto the phylogenies to elucidate
the origins and evolutionary histories of different feeding specializations. The results indicate that dramatically
new feeding modes arose only a few times, that the most derived feeding modes likely arose in the Miocene, and
that much of the known diversity of Conus that was generated during Miocene radiations has survived to the
present. © 2001 The Linnean Society of London
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INTRODUCTION

Conus is an unusually species-rich genus of predatory,
tropical marine gastropods with more than 500 extant
and several hundred extinct species (Réckel, Korn
& Kohn, 1995). Although rather invariant in shell
morphology, species of Conus vary widely in life history
and ecological attributes, especially feeding ecology
and microhabitat use (Kohn & Perron, 1994; Kohn,
1998). Almost all species in the genus whose diets are
known prey on members of only one of three general
prey types: fishes, other gastropod molluscs, and
worms, especially in the Indo-West Pacific region where
the genus has been best studied (see Appendix). By
far the largest number of Conus species eat polychaete
annelids, but within this taxon their diets are diverse,
with specializations on errant (Eunicidae, Nereidae,
Amphinomidae and Glyceridae) or sedentary (Tere-
bellidae, Capitellidae, Maldanidae, Cirratulidae,
Chaetopteridae) families. A few are predators on hemi-
chordates, and one is also known to prey on echiurans.
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Because the first hypothesis of phylogenetic relation-
ships among species in this genus has been proposed
only recently (Duda & Palumbi, 1999a), very little is
understood about the origins or evolutionary history
of Conus species with different feeding ecologies. Have
these diet specializations evolved many times or is diet
evolution conservative with one or few origins of each
diet type?

DIETS OF CONUS

The diets of many Conus species are known from gut
content or faecal analyses by Kohn and others (Kohn,
1959, 1960, 1966, 1968, 1978a,b, 1981, 1987, 1997,
Marsh, 1971; Kohn & Nybakken, 1975; Nybakken,
1970, 1978, 1979; Leviten, 1978; Reichelt & Kohn,
1985; Kohn & Almasi, 1993). Although diet diversity
is great at the genus level, individual species tend to
be specialized, particularly where large numbers of
congeners co-occur (e.g. Kohn, 1959, 1968; Kohn &
Nybakken, 1975), and most Conus species hunt prey
of only one of the three types listed above.

However, the diets of a few species span more than
one prey category. Conus californicus is the most not-
able exception with the broadest diet known of all
Conus species; its diet includes fishes, molluscs (in-
cluding bivalves as well as gastropods), polychaetes
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and crustaceans (Kohn, 1966). C. bullatus has been
observed to feed on both fish and molluscs (McDowall,
1974 as cited by Réckel et al., 1995). Also, several
vermivorous species, including C. arenatus, C. ebur-
neus, C. miliaris, C. lividus, and C. sponsalis, have
been reported to prey on sedentary polychaetes, errant
polychaetes and hemichordates in different geographic
locations (see Appendix), and C. eburneus and C. tes-
sulatus occasionally prey on fishes as well (Kohn &
Nybakken, 1975; Reichelt & Kohn, 1985).

Species of the family Turridae, the group that pre-
sumably gave rise to Conus (Kohn, 1990), are largely
polychaete-eaters (Bouchet & Warén, 1980; Taylor,
1985; Miller, 1989). Therefore it is likely that poly-
chaetes are the ancestral prey of Conus and lineages
with other diets arose from polychaete-eating Conus
species. However, because the evolutionary relation-
ships of Conus species are so unclear, we do not know
when or how many times the unique feeding modes
arose, or whether diets among vermivores are con-
servative traits. Two opposing hypotheses are: (1) Feed-
ing mode is an evolutionarily labile trait and changes
in diet have occurred many times among lineages
during the evolutionary history of Conus. Similar feed-
ing ecologies and the traits correlated with them (e.g.
radular type, foraging behaviour, venom composition)
could have evolved in parallel in many lineages. (2)
Feeding mode is an evolutionarily conservative trait
such that clades comprise species with similar diets,
and molluscivorous and piscivorous diets each only
evolved once and perhaps only during the early ra-
diation of the group.

RADULAR CHARACTERS: HOMOLOGY OR HOMOPLASY?

Conus subdues prey by injecting a paralytic, neurotoxic
venom through a single, detachable, tubular, barbed,
chitinous radular tooth. These teeth are quite variable
among species and appear to be related to feeding
mode among species of Conus (Kohn, 1998; Kohn, Nishi
& Pernet, 1999).

Molluscivorous Conus radular teeth are distinctive
and consist of a long, narrow, and minutely serrated
shaft, a slightly enlarged base, and a tip armed with
two small barbs or a barb and a blade (Kohn et al.,
1999: fig. 7; Nishi & Kohn, 1999). All investigated
molluscivores possess this type of tooth.

At least two types of radular teeth are common
among piscivores: (1) teeth with a long, anteriorly
serrated shaft and a slightly enlarged base, and a tip
with a small blade on one side and a barb on the other;
and (2) teeth with shaft a bit shorter than the first
type and lacking serrations, a slightly enlarged base,
and a tip with two opposing barbs and a third very
large and outwardly protruding. The first type is char-
acteristic of Conus geographus and C. tulipa, while

the second is characteristic of most other piscivorous
species, including C. achatinus, C. catus, C. cinereus, C.
magus, C. stercusmuscarum, and C. striatus (Endean &
Rudkin, 1965; Nybakken, 1990; Rolan & Raybaudi
Massilia, 1994; Kohn et al., 1999: fig. 8).

The radular teeth of vermivores are variable among
species and have been categorized into several distinct
types by several authors beginning with Troschel
(1866; Kohn et al., 1999). In general, these teeth have
much larger bases than those of piscivores and mol-
luscivores (Endean & Rudkin, 1965; Kohn et al., 1999).
Five of these types are presently considered unique
to single species: Conus californicus, C. diadema, C.
ebraeus, C. lividus, and C. tornatus; the remainder are
found in a variety of Conus species (Nybakken, 1990).
For the most part, possession of a particular radular
tooth type does not appear to be directly related to the
types of worms that are consumed by a species. Indeed,
some species with the same tooth type have different
prey specializations (Nybakken, 1990). However, an
exception is that the four species known to prey pre-
dominantly or exclusively on amphinomid polychaetes
(‘fire worms’), C. brunneus, C. imperialis, C. regius,
and C. zonatus, all possess the same distinctive tooth
type (Nybakken, 1970; Kohn & Hunter, 2001). Three
other species whose diets have not been described, C.
archon, C. bartschi, and C. genuanus, also possess this
tooth type (Nybakken, 1990).

Overall radular tooth type appears to be correlated
with diet among molluscivores, piscivores, and possibly
vermivores that specialize on amphinomids. Do these
relationships result from convergence of teeth ap-
propriate to particular prey types, or do the shared
traits demonstrate common ancestry among mol-
luscivores, some piscivores, and amphinomid-eating
species? Moreover, if tooth type is highly correlated
with phylogeny, does the lack of correlation with diet
among most vermivores suggest that vermivorous diets
are labile? These types of questions can only be ad-
dressed in a phylogenetic framework.

EVOLUTIONARY AND GEOLOGICAL HISTORY

Based on interpretations of the fossil record (Kohn,
1990), Conus originated from a presently unknown
lineage of turrids during the early Eocene, roughly 55
million years ago (Mya), with subsequent diversifica-
tion through the end of the Eocene (35.4 Mya; about
40 fossil species are known). Further radiation oc-
curred from the Upper Oligocene (29.3-35.4 Mya) until
the Upper Miocene (5.2-10.4 Mya; about 150 species
known) with species origination rates in excess of
0.2Myr~! (Kohn, 1990), three times the average ori-
gination rate of other gastropod groups (=0.067 Myr—;
Stanley, 1979). The Lower Pliocene (3.4-5.2 Mya) was
marked by apparent excessive extinction, with re-
ductions in species numbers by 73%. Because of this
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extinction only 11% of species present in the Miocene
are estimated to be extant (Kohn, 1990). Following the
Pliocene extinction, a second major radiation occurred
with the rapid origination (rate >0.3 Myr~!) of several
hundred species for which no fossil record prior to the
Pleistocene is known (Kohn, 1990).

The deepest paleontological records of extant fish-
eating Conus species are the piscivorous Conus ach-
atinus and C. magus from the Middle Miocene of
Indonesia (Beets, 1941). These fossils are now con-
sidered to be from the Serravalian Stage, about
11-12 Mya (Shuto, 1975; Odin, Montanari & Coccioni,
1997). The molluscivorous species C. canonicus and
C. textile are also reported from the Upper Miocene
(Martin, 1879-80; Van der Vlerk, 1931, C. verriculum
is listed in Van der Vlerk (1931), but this name is a
junior synonym of C. textile). The fossil record of Conus
thus shows that fish and mollusc-eating lineages had
appeared as early as the Miocene. Do estimates from
other sources (e.g. divergence estimates from molecular
sequence data) corroborate these dates or suggest an
earlier origin? Approximately 25 molluscivorous and
20 piscivorous species likely exist today, although diets
have been documented only for about half of these
(Kohn, unpublished). If survival from the Miocene was
solimited, are these species descendants of the Miocene
lineages with diet specializations or are they more
recently derived from worm-eating lineages?

PHYLOGENETIC SYSTEMATICS

Evolutionary relationships of Conus species have been
difficult to estimate based on morphology largely due
to the absence of resolution and possible convergence
of shell and radula characters (Rockel et al., 1995).
Several non-phylogenetic infrageneric classification
schemes, beginning with Linnaeus (1758), have been
proposed for the genus. However, these schemes, based
mainly on shell shape and sculpture, shell colour pat-
tern, and radular morphology, cut across each other,
none has received widespread acceptance, and recent
works on Conus continue to refer to this group as a
single genus (e.g. Walls, 1979; Kohn, 1990; Nybakken,
1990; Rockel et al., 1995).

In order to estimate the evolutionary relationships
among a selection of the 500 species Conus, we obtained
molecular sequence data for 76 species from a region
of the mitochondrial 16S rRNA gene and an intron
located within a nuclear calmodulin locus. We then
used these data to reconstruct the phylogeny of these
taxa. The data presented here augment those of Duda
& Palumbi (1999a). The species analysed included 13
piscivores, 11 molluscivores, 44 vermivorous species
with described diets (of errant or sedentary polychaetes
or hemichordates), 5 vermivorous species with un-
described diets, 2 with unknown diets and radular

teeth, and C. californicus, which has the most catholic
diet of any known species (see Appendix).

OBJECTIVES

The objectives of this study were to provide species-
level phylogenetic hypotheses for Conus, to investigate
the origins of piscivory and molluscivory, and to ana-
lyse species-level relationships among the vermivorous
species. We specifically address the following ques-
tions. (1) Are piscivores and molluscivores independent
monophyletic groups, suggesting that these feeding
modes each arose only once in the genus? (2) What
were the feeding modes of the ancestral lineages that
gave rise to fish- and mollusc-eating species? (3) Are
vermivorous diets strictly static traits or is the exact
nature of a vermivorous diet ever-changing? (4) When
did molluscivory and piscivory evolve in Conus and
what do molecular data tell us about the times of the
origins of these traits?

MATERIAL AND METHODS

SPECIMENS

We obtained specimens from throughout the Indian
and Pacific Oceans and a specimen of Conus regius from
the western Atlantic. For Indo-West Pacific species,
identifications are as in Rockel et al. (1995). Diet data
for the species used in our analyses are summarized
in the Appendix. Strombus luhuanus (Linné, 1758) and
Terebra subulata (Linné, 1758) were used as outgroups.
The former is presumably distantly related to Conus,
while the latter is a member of the Superfamily Con-
oidea (Taylor, Kantor & Sysoev, 1993).

DNA MANIPULATION

We isolated DNA with a modified CTAB extraction
protocol (Winnepenninckx, Backeljau & de Wachter,
1993). Tissue clips (~5 mg) from the foot were placed
in 250 ul 2X CTAB buffer (100 mM Tris-HCI, pH 8.0;
1.4 M NaCl; 20 mM EDTA; 2% CTAB) and 0.5 mg pro-
teinase K and incubated at 60°C for between 2 and
24 h. Samples were then centrifuged briefly to remove
remaining tissue. Subsequent phenol/chloroform ex-
tractions and alcohol precipitations followed methods
of Palumbi (1996a). DNA was resuspended in 50 pl
water and 2 ul of the resuspension was electrophoresed
and visualized on a 2% agarose gel.

We diluted the DNA 1:10 to 1:100 depending on the
estimated quantity and quality of the extracted DNA.
PCR conditions were 30—40 cycles at 94°C for 30s,
52-55°C for 30s, 72°C for 30s for both 16S and cal-
modulin amplifications. General 16S primers (16sar=
CGCCTGTTTATCAAAAAACAT and 16Sbr=ACGT-
GATCTGAGTTCAGACCGG, Palumbi, 1996a) were
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used to amplify a 540 bp region of the mitochondrial
16S gene. The 16Sar primer was biotinylated by the
manufacturer (Operon, Inc.) for use in solid phase
sequencing. Calmodulin primers (call =GCCAGCT-
GCARGAYATGATCAA, cal2=GTGTCCTTCATTTTN-
CKTGCCATCAT) were designed from exon sequences
flanking a conserved intron position in Aplysia cal-
ifornica (Genbank accession number X64653 and
X64654), Drosophila melanogaster (X05949 and
X05950), and Homo sapiens (X52608). These primers
span a conserved intron position flanked by 52bp of
exon sequence. Reactions were carried out in 50 and
25 ul volumes for 16S and calmodulin amplifications
respectively following methods of Palumbi (1996a).
We sequenced the 16S amplifications directly with
solid phase sequencing (Palumbi, 1996b). Calmodulin
amplifications yielded two loci, one containing a 300 bp
intron and a second containing a 700 bp intron. Be-
cause it could be consistently amplified in most species,
we targeted the smaller of the two loci. We ligated the
amplification products from the calmodulin primers
into T-tailed pBluescript II KS- (Marchuk et al., 1991)
and then transformed the ligations into competent E.
coli cells. Colonies were screened through ampli-
fications with M13 (CATTTTGCTGCCGGTCA, bio-
tinylated for use in solid phase sequencing) and T3L
(ATTAACCCTCACTAAAGGGAAC) vector primers dir-
ectly on colonies. The amplification products from col-
onies with properly sized inserts were then sequenced
directly with solid phase sequencing as above.

SEQUENCE ALIGNMENT AND PHYLOGENETIC
RECONSTRUCTION

Sequences were aligned by eye with the XESEE pro-
gram (Cabot & Beckenbach, 1989). We reconstructed
phylogenies from each data set and combined data sets
with distance [MEGA (Kumar, Tamura & Nei, 1993)
and PHYLIP (Felsenstein, 1993)] and/or maximum
parsimony methods [PAUP* (Swofford, 2000)]. Strom-
bus luhuanus and Terebra subulata were used as out-
groups in the 16S phylogenetic reconstruction. Conus
distans, the most basal species from the 16S phylogeny,
was used as the outgroup for phylogenetic re-
construction from the calmodulin intron sequences and
combined data. Gaps or missing data were only ignored
among pairwise comparisons. Several algorithms were
employed to estimate genetic distances including Ki-
mura 2-parameter and Jukes—Cantor models. Levels
of support for clades were estimated with bootstrap
methods. Clades with bootstrap values greater than
50% were accepted as well supported; clades with
bootstrap values less than 50% were collapsed.

We mapped feeding modes of species onto the phylo-
genies and interpreted the patterns of diet evolution
among Conus species. Diets of species were classified

according to the major component of their diet — fish,
molluscs, amphinomid polychaetes, other errant poly-
chaetes, or sedentary polychaetes — based on feeding
ecology studies by Kohn and others (see Appendix).

TIME SCALE DERIVATIONS

In order to estimate the times of origination of clades
with distinct feeding modes, we applied time scales
estimated from fossil and biogeographic data to trees
constructed with an enforced molecular clock. We es-
timated maximum likelihood scores of the neighbor-
joining trees constructed from 16S and calmodulin
with the Treescores function in PAUP* (Swofford, 2000)
and compared the likelihood scores estimated with and
without an enforced molecular clock to determine if
rates of divergence are not significantly ‘unclocklike’
among the data sets. The parameters used in the
calculation of these scores were derived with Modeltest
3.0 (Posada & Crandall, 1998).

Several of the taxa in our data set have fossil records
extending into the Miocene (Appendix). Another spe-
cies, Conus regius, occurs in the western Atlantic and
may be related to species in the Pacific. We used the
ages of the oldest pairs of closely related species, based
on deepest fossil records occurring in the Miocene, and
species divergences across the Isthmus of Panama, to
design time scales for the trees constructed with a
molecular clock if the data used to construct the trees
were not significantly unclocklike. We assume that if
two lineages coexisted at a particular time, then the
divergence of these lineages had to have taken place
prior to that time. Because the time scales derived
from fossil and isthmian divergence data are based on
the times at which two lineages existed independently
and not the actual date of divergence (which could be
much earlier), they reflect the minimum time estimates
of species originations and divergences. The branch-
lengths from the maximum likelihood trees built with
enforced molecular clocks were estimated with PAUP*
(Swofford, 2000) and converted into time with cal-
ibrations from the fossil and transisthmian divergence
data.

RESULTS

16S DATA

Approximately 450 bp of the 16S gene were obtained
for 72 Conus species and the two outgroup species
(Genbank accession numbers AF174140 through
AF174213). In some cases, sequences were collected
from more than one individual of a species; however,
intraspecific sequence diversity was very low, even
across huge geographic ranges (e.g. no sequence vari-
ation detected among individuals of C. ebraeus from
Papua New Guinea to Hawai’i).
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The average pairwise Kimura 2-parameter distance
among species within the Conus ingroup, excluding C.
californicus, was 12.4% and the range was 1.0-21.4%.
The 16S sequence of C. californicus was very distant
from that of all other Conus species, with individual
pairwise distances ranging from 17.0 to 24.0% and an
average genetic distance of 20.3% from all other Conus
species — this latter value is just less than the average
distance of the rest of the Conus ingroup to the out-
groups (28.1% to Strombus luhuanus and 25.1% to
Terebra subulata).

CALMODULIN DATA

Calmodulin intron sequences ranging in length from
261 to 300 bp were obtained from 73 species—68 Conus
species which overlap with the 16S data set and one
outgroup, Terebra subulata (Genbank accession num-
bers AF113252 through AF113321). Sequences from
more than one specimen per species were only obtained
for a few species. As was the case for 16S sequences,
very little intraspecific sequence diversity was found
among calmodulin intron sequences.

We were unable to align calmodulin intron sequences
from Conus californicus and the outgroup species,
Terebra subulata, with the sequences obtained from
the rest of the Conus species. Based on the estimated
dissimilarity of these species to the main Conus in-
group from the 16S data, inability to align the cal-
modulin intron sequences is probably due to the degree
of genetic divergence between these species and lack
of conservation within intron sequences compared to
within 16S sequences. The unalignable sequences were
excluded from further analyses.

Pairwise Kimura 2-parameter distances ranged from
a minimum of 0.4% to a maximum of 17.5% for the
calmodulin intron sequences and the average distance
among species was 9.7%. On average, the distances
estimated from calmodulin intron sequences were 78%
less than the distances estimated from 16S sequences.

PHYLOGENETIC RECONSTRUCTION

Neighbor-joining was used to construct 16S, cal-
modulin intron, and combined data trees from Kimura
2-parameter distances among sequences; branches
with bootstrap support less than 50% were collapsed
(Figs 1-3). Other distance methods and tree building
algorithms gave similar results (trees not shown). The
phylogenetic reconstruction from combined data in-
cluded only taxa in which sequences from both loci
were obtained.

Many distinct clades were identified in each of the
50% majority rule bootstrap trees (Figs 1-3, see also
Table 1): 15 in the 16S phylogeny, 14 in the calmodulin
phylogeny, and 13 in the combined data phylogeny.
Within these phylogenies, all clades supported by

bootstrap values greater than 50% were labelled on
the branch leading to the deepest node of the clade
according to the known feeding mode of its members
(Figs 1-3); A=amphinomid-eaters, E=errant worm-
eaters, F=fish-eaters, H=hemichordate-eaters, M=
mollusc-eaters, and S=sedentary polychaete-eaters
(diets of individual species are listed in the Appendix).
Roman numerals are used to identify particular clades
and these labels are conserved among all phylogenies
to identify the same group of species; numbers with
decimals denote the occurrence of a clade that contains
less or different species in other phylogenetic re-
constructions (e.g. clade F1.1 in Fig. 1 does not contain
all species that occur in clade F1 in Figs 2 and 3).
Four clades (E1-E3, E5, and E6) contain the same
sets of species in all phylogenies. The other clades are
strongly supported in one data set, but only weakly
supported in the other (Al, E4, F1, F2, F3, H1, M1,
and S1). Two are unique to a single phylogeny (S2 and
S3): clade S2 in the 16S phylogeny comprises Conus
arenatus and C. pulicarius; calmodulin sequences were
not obtained from C. arenatus. Clade S3 in the cal-
modulin phylogeny comprises C. furvus and C. lit-
teratus and 16S sequences were not obtained from C.
furvus. In all cases except clades Al, F3, and S1,
the partially identified clades were found in the 16S

phylogeny.

MAPPING OF DIETS

All of the mollusc-eating species cluster together in
the calmodulin and combined data phylogenies (clade
M1, Figs 2 and 3), although their relationships are
much less resolved in the 16S phylogeny (clades M1.1—
M1.3, Fig. 1). The fish-eating species cluster in three
clades in the calmodulin and combined data phylo-
genies (F1-F3, Figs 2 and 3), but these clades are less
resolved in the 16S phylogeny (F1.1, Fig. 1).

Half of the clades in our phylogenies comprised
errant polychaete-eating species (clades A1 and E1-E6;
Figs 1-3). Their broad distribution throughout the
calmodulin phylogeny, especially those whose members
specialize on Eunicidae, suggests that errant poly-
chaetes are the ancestral diet of Conus. The species
that prey on amphinomid polychaetes, a group of errant
polychaetes known as fireworms, Conus brunneus, C.
imperialis, and C. regius cluster together in the 16S
and combined data phylogenies (clade E7; Figs 1, 3),
although this clade is only partially resolved in the
calmodulin phylogeny (clade E7.1, Fig. 2).

In all but a few cases, the clades of errant and
sedentary polychaete-eating Conus species comprise
species that tend to specialize on the same prey family
(Table 1, Fig. 3). To compare diet composition more
quantitatively, we calculated pairwise proportional
similarity (PS;: Kohn & Riggs, 1982; also known as
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Figure 1. Phylogenetic hypothesis for 72 Conus species reconstructed from Kimura 2-parameter distances among
mitochondrial 16S rDNA sequences. Strombus luhuanus and Terebra subulata were used as outgroups. Bootstrap
values greater than 50% are indicated on branches. Clades with bootstrap values less than 50% were collapsed. Clades
are labelled according to the known feeding mode of its members: E=errant polychaete-eaters; F =fish-eaters,
dashed branches; H=hemichordate-eaters; M =mollusc-eaters, fine branches; S=sedentary polychaete-eaters. Diets
of individual species are listed in the Appendix. Numbers identify particular clades; numbers with decimals denote
the occurrence of a clade that contains more or different species in other phylogenetic reconstructions. Species with
undescribed diets are in italics.
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Figure 2. Phylogenetic hypothesis for 70 Conus species reconstructed from Kimura 2-parameter distances among
calmodulin intron sequences. C. distans, the most basal species in the 16S phylogeny, was used as the outgroup.
Bootstrap values greater than 50% are indicated on branches. Clades with bootstrap values less than 50% were
collapsed. Clades are identified as in Figure 1.

percentage similarity: Krebs, 1999) at the prey family and mean of 124 prey items). We then determined
level for all vermivorous species with adequate diet whether members of the vermivorous clades identified
data (V=31 species; diet samples with range of 11-847 in Table 1 had more similar diets than expected from
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Figure 3. Phylogenetic hypothesis for 66 Conus species reconstructed from Kimura 2-parameter distances among
combined mitochondrial 16S and calmodulin intron sequences. C. distans, the most basal species in the 16S phylogeny,
was used as the outgroup. Bootstrap values greater than 50% are indicated on branches. Clades with bootstrap values
less than 50% were collapsed. Clades are identified as in Figure 1.

the overall distribution of PS; values in the entire
sample (Fig. 4). Of the 465 pairwise comparisons, those
between non-clade members are much lower (mean
PS;=0.29; median PS;=0.17, N=428), than those be-
tween clade members (mean PS;=0.66; median PS,;=
0.72, N=37). The mean values for each clade are

indicated in Figure 4. The diets of clade members are
far more similar to each other than those of non-
clade species pairs (Mann-Whitney U test: U=3547;
P<0.0001).

The six species in clade E1 all prey primarily on
errant polychaetes, predominantly (51-93%, mean =
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Table 1. Bootstrap support for clades identified in phylo-
genetic reconstructions from 16S rRNA and calmodulin
sequences and combined data and the diets of the species
in these clades (see Figs 1-3 and Appendix)

Clade  Support, % Diet
16S Calmodulin Both

E1l 9 76 99 Errant polychaetes,
mainly Eunicidae

E2 99 80 100 Errant polychaetes,
mainly Nereidae

E3 100 80 100 Errant polychaetes

E4 100! 69 56 Errant polychaetes,
mainly Eunicidae

E5 95! 98 100 Errant polychaetes,
mainly Eunicidae

E6 100 97 100 Errant polychaetes,
mainly Eunicidae

Al 67 78! 70  Errant polychaetes,
only Amphinomidae

S1 96 58! 100 Sedentary polychaetes,
mainly Terebellidae

S2 95 - - Sedentary polychaetes,
mainly Capitellidae

S3 - 97 - Sedentary polychaetes,
mainly Maldanidae

H1 100t 972 992  Hemichordates
(Ptychodera)

F1 80! 98 100 Fishes

F2 88! 85 91 Fishes

F3 <50 100! 56  Fishes

M1 <50 68 88 Gastropods

Not all species included.
2Sequences not available for all species in clade.

73%) of the family Eunicidae and secondarily (5—42%,
mean =21%) the Nereidae. Prey family similarity (PS;)
between species in this clade averaged 0.74 (range
0.57-0.92; N=15 pairwise comparisons) (Fig. 4).

The three species in clade E2 specialize more on
nereids (49-76% of diet, mean=62%) and eunicids
(23-49%, mean = 32%); like members of E1, they very
rarely consume sedentary polychaetes. At one locality
the errant polychaete Lepidonotus sp. (Family Poly-
noidae) comprised 35% of the diet of C. sponsalis (Kohn
& Almasi, 1993). Prey family PS; between pairs of
species in this clade averaged 0.77 (range 0.73-0.85;
N=3) (Fig. 4).

The diets of the two species comprising clade E3 are
known only from very small samples but appear quite
diverse. Conus eburneus is known to prey on members
of at least three errant (Eunicidae, Phyllodocidae,
Glyceridae) and sedentary (Capitellidae, Orbiniidae,

Chaetopteridae) polychaete families. The only poly-
chaetes recorded from C. tessulatus food samples were
one nereid, one eunicid and one sigalionid, and both
species are known to eat fishes occasionally as well
(Kohn, 1968; Kohn & Nybakken, 1975; Reichelt &
Kohn, 1985).

Eunicidae constitute the predominant (80—100%;
mean =90%) prey of four of the five species in clade
E4 whose diets are known. The fifth, the southern
Australian species Conus anemone, consumes similar
numbers of eunicids and nereids. Pairwise prey family
PS; values among the three species in this clade for
which data were adequate (i.e. samples of at least 11
identified food items) averaged 0.94 (range 0.91-0.97;
N=3) (Fig. 4).

Species in clades E5 and E6 also prey primarily or
exclusively on eunicids. Diet data for only two members
of E5, Conus biliosus and C. vitulinus, were adequate
to include in the quantitative analysis; their family-
level diet PS;=0.80. Clade E6 resembles E1 and E4
in that its members specialize on Eunicidae (64—100%,
mean =80%). Pairwise prey family PS; among the three
species in this clade for which data were adequate
averaged 0.85 (range 0.77-1.00; N=3) (Fig. 4).

Finally among the specialists on errant polychaetes,
clade E7 comprises three species, each from a different
geographic region, that probably prey exclusively on
Amphinomidae, a family whose members are very
rarely consumed by any other Conus. However, we had
too few data for C. brunneus (Eastern Pacific) and C.
regius (Caribbean) to include them in the matrix of
PS; values with C. imperialis (Indo-Pacific). C. brun-
neus and C. imperialis cluster together in the 16S and
combined data phylogenies with C. regius, but only
C. brunneus and C. regius cluster together in the
calmodulin phylogeny.

Most of the specialists on sedentary polychaetes
cluster together in a well supported clade in all phylo-
genies (S1, S1.1; Figs 1-3); all five of its members prey
mainly on terebellids, as does Conus frigidus, in clade
H1.1. In the smaller clades, the species whose diets
are known prey mainly on Capitellidae (C. pulicarius,
clade S2) and Maldanidae (C. litteratus, clade S3).
Capitellids are also the main prey (33%) of C. san-
guinolentus, a member of clade H1. Clade S2 in the
16S phylogeny (Fig. 1), contains a species, C. arenatus,
that preys on both errant (Nereidae and Eunicidae) and
sedentary (Maldanidae and Capitellidae) polychaetes.
The latter two families each comprise about a third of
its diet.

Three of the five species that include hemichordates
in their diets cluster together in all phylogenies (clade
H1 and H1.1, Figs 1-3). Of the other two, Conus
leopardus, the only complete specialist on hemi-
chordates, does not show close affinities to any other
species in our data set. Ptychodera predominates in
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species within clades are much more similar to each other than diets of species in different clades (U test: P<0.0001).

the diet of C. quercinus, is about one-third in C. lividus,
and 7% in C. sanguinolentus. C. flavidus, whose diet
includes 3% hemichordates, is firmly in clade S1, con-
sistent with its preference for hemichordates. C. fri-
gidus, not in the calmodulin data set, is a member of
clade H1 as mentioned above, but it preys only on
sedentary polychaetes, mainly capitellids (60%) and
terebellids (30%). PS; values within this clade are thus
lower (mean=0.26, range 0—0.87) than in the other
vermivorous clades. Albeit with low bootstrap support
(<50%) all sedentary polychaete and hemichordate-
eating species cluster together in the uncollapsed cal-
modulin phylogeny (tree not shown) although this
clade is not present in the uncollapsed 16S phylogeny
and it includes clade E2 in the uncollapsed combined
data phylogeny. Dietary data for predators of sedentary
polychaetes were adequate to determine similarity
values for only one species pair in each clade. In S1,
whose members prey mainly on the family Tere-
bellidae, PS;=0.50 for Conus emaciatus and C. flav-
idus. In S2, whose members prey mainly on
Capitellidae, PS;=0.52 for C. pulicarius and C. arena-
tus (Fig. 4).

In the large single clade of Conus species that prey
on other gastropods (M1), quantitative dietary data
were adequate to calculate similarity values for only
four of the nine species. C. canonicus feeds mainly on
Nassariidae and Muricidae, C. textile on Vermetidae,
C. episcopatus on Cypraeidae, and C. pennaceus on
cephalaspidean opisthobranchs. Mean PS; was 0.10
and range 0-0.29, with the first two species listed
overlapping the most. Unfortunately, information on
the identity of the fishes eaten by piscivorous Conus

species in clades F1-F3 is too sparse for quantitative
comparisons of any of their diets.

TIME SCALES

The likelihood scores of the trees constructed with and
without an enforced molecular clock from the 16S data
set were significantly different (-In L=7698.32 and
7113.61 for the trees constructed with and without
an enforced molecular clock respectively, df=72,
P<0.0001). The likelihood scores of the trees con-
structed with and without an enforced molecular clock
from the calmodulin data were also significantly dif-
ferent (-In L=3518.53 and 3471.74 respectively; df=
68, P=0.03), but the probability was much greater
than that from the 16S data. In order to determine
whether this significant result was due to the inclusion
of a single taxon whose rate of evolution is different
than those of the other taxa analysed, we individually
excluded single taxa from our data set and estimated
the likelihood scores of trees constructed with and
without an enforced molecular clock. Likelihood scores
from these trees were not significantly different only
with the exclusion of Conus varius (-In L=3489.36
and 3449.58 for the trees constructed with and without
an enforced molecular clock respectively, df =67, P=
0.14), apparently due to a slower rate of evolution in
this species (see Fig. 2). In the other cases of taxon
exclusion, the likelihood scores from the trees con-
structed with and without an enforced molecular clock
remained significantly different, with P-values less
than 0.05. We therefore applied time scales to the
calmodulin maximum likelihood tree constructed with
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an enforced molecular clock and which excluded C.
varius (Fig. 5).

Nine of the species used in these analyses have fossil
records dating back to the Miocene: Conus californicus,
C. canonicus, C. eburneus, C. litteratus, C. lividus, C.
magus, C. quercinus, and C. virgo. The remaining
species are confined to the Pliocene or Pleistocene or
have no fossil record (see Appendix). Two of the Recent
species with Miocene records are closely related, C.
lividus and C. quercinus (Figs 2, 3); the Kimura 2-
parameter distance between these taxa is 6.1%. The
oldest known specimens of C. quercinus are from the
Tjilanang Beds of Java (Van der Vlerk, 1931), assigned
to foraminiferal zone N15 at the juncture of the Middle
and Upper Miocene (Shuto, 1975), about 11 Mya (Odin
et al., 1997). On the other hand, the oldest record of C.
lividus is from the Vigo Shale, Philippines (Dickerson,
1921), also probably Middle or Upper Miocene (Shuto,
1975), spanning an age of 5.2 to 12 Mya (Odin et al.,
1997). Thus the lineages that gave rise to these species
coexisted at latest 11 Mya. Therefore, 6.1% is the mini-
mum distance reflecting divergence either previous to
or during the Middle Miocene at approximately 11 Mya
and the rate of divergence over this period is less than
or equal to 0.6%/Myr.

Conus brunneus (eastern Pacific) and C. regius (west-
ern Atlantic) are sister species (see Figs 1-3) that
likely diverged with the emergence of the Isthmus of
Panama (completed about 3 Mya) or somewhat earlier
due to oceanographic changes associated with isthmus
(Coates et al., 1996; Knowlton et al., 1993; Collins et
al., 1996). For example, divergence of alpheid shrimp
across the Isthmus is thought to have spanned the
time range of 3 to 7Myr (Knowlton et al., 1993).
The genetic distance between these species is 4.7%.
Assuming a time of divergence for these taxa of
3—7 Myr, the rate of calmodulin sequence divergence
is 0.67-1.6%/Myr. Although more precise dates are
needed to estimate time scales, we take the estimate
of 0.6%/Myr as consistent with both calibration points.

ORIGINATION AND DIVERGENCE ESTIMATES OF
CLADES

All of the mollusc-eating species cluster together in
one well-defined clade in the calmodulin and combined
data phylogenies (clade M1, Figs 2, 3, 5), indicating
that mollusc-eating arose once in Conus. The time
scale in Figure 5 indicates that this clade originated
about 16 Mya (see also Table 2), in the Middle Miocene.

The fish-eating species cluster in three distinct
clades in the calmodulin and combined data phylo-
genies (clades F1, F2, F3; Figs 2, 3, 5), but these clades
are also only partially resolved in the 16S phylogeny
(Fig. 1). Due to lack of resolution at deep nodes in
the calmodulin and combined data phylogenies, it is

unclear how many times fish-eating arose; this should
be examined with data from other molecular loci. If
the species in clades F1 and F2 originated from a
common ancestor, the time scale suggests that these
lineages arose during the Lower Miocene, 21 Mya (Fig.
5, Table 2).

If piscivory arose three times during the evolutionary
history of Conus, giving rise to three distinct clades of
fish-eating species, then the time scale suggests that
piscivory may have arisen as early as 5.7, 13, and
19 Mya (Upper to Lower Miocene) in clades F1, F2,
and F3, respectively (Fig. 5, Table 2).

The worm-eating species cluster together by diet in
all but a few cases as described above. The dates
of originations of errant polychaete-eating clades are
11-24 Mya (Fig. 5, Table 2).

Assuming a common origin of species with diets of
sedentary polychaetes and hemichordates, our time
scale suggest that the sedentary worm-eating feeding
mode may have arisen 22 Mya (Lower Miocene) (Fig.
5, Table 2). Within this group, the hemichordate-eating
clade arose 11 Mya (Middle Miocene).

DISCUSSION

PHYLOGENY OF CONUS

The phylogenies reconstructed from the 16S, cal-
modulin, and combined data are generally congruent
(Figs 1-3, Table 1). The main difference in the phylo-
genies is that the 16S phylogeny is much less resolved
than the calmodulin phylogeny, and some branching
patterns among closely related species differ. Because
the calmodulin sequences diverge less among species
than the 16S sequences, it is not surprising that the
former is more robust. Many more sites among the
16S sequences are likely saturated for substitutions
than in the calmodulin sequences, possibly as a result
of slower rates of evolution within nuclear versus
mitochondrial DNA. Because the combined data set
and calmodulin phylogenies (Figs 2, 3) are nearly
identical, lack of resolution in the 16S data does not
conflict with the calmodulin data. Further phylogenetic
resolution may be obtained from other loci, possibly
longer introns (e.g. the 700bp intron at the other
calmodulin locus in Conus—see Material and
Methods).

EVOLUTION OF DIET

The phylogenetic hypotheses presented here include
numerous well supported clades of species with similar
diets (Table 1), and our results thus indicate that the
type of prey consumed is a rather conservative trait
among Conus species. Because it is the most wide-
spread diet phylogenetically, the data suggest that
feeding on errant polychaetes is the ancestral feeding
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Table 2. Age estimates of clades of Conus species with
distinct feeding modes identified in the calmodulin phylo-
geny (Fig. 5). Geological age =earliest date at which two
members of the clade coexisted, from fossil data (Ap-
pendix) or biogeographic data (dates from Harland et al.,
1990). Origination estimates given for ages for the time
scale calculated from maximum likelihood branchlengths
(see Results and Fig. 5). Mya =millions of years ago

Clade Geological age, Origination
Mya estimate

E1l 0.0-1.64 10.7

E2 0.0-1.64 11.9

E3 0.0-1.64 12.6

E4 1.64-5.2 23.9

E5 0.0-1.64 12.1

E6 0.0-1.64 13.7
Al.l 3.0 13.8

F1 1.64-3.40 5.74

F2 0.0-1.64 12.7

F3 0.0-1.64 18.7
H1* 11 11.0

M1 1.64-5.2 15.5
S1.1 0.0-1.64 19.6

S3 Recent 4.62

(F1 and F2) 1.64-3.40 20.5

(S) [H1.2, S1 and 11 22.4

S3]

* Values used in derivation of the time scale.

mode of Conus. Feeding specialists on other gastropods
(clade M1) and on several polychaete families, Tere-
bellidae (S1), Nereidae (E2), and Amphinomidae (A1),
probably arose only once, while fish-eating may have
arisen two or three times. Specialization on the errant
polychaete family Eunicidae may be plesiomorphic or
may have arisen several times. The sequence di-
vergence estimates suggest that specialization on gast-
ropods, fishes, and some polychaete families arose
within the Miocene and that all of this diversity in
feeding ecology survived to the present.

If we consider sedentary polychaetes and hemi-
chordates to be members of a functional group of
sedentary worms, then all known sedentary worm-
eating species cluster together in a single, though not
well supported, clade in the uncollapsed calmodulin
phylogeny and together with clade E2 in the un-
collapsed combined data phylogeny (uncollapsed trees
not shown). Bootstrap support for this clade is low in
both trees, but its presence in the calmodulin phylo-
geny suggests that sedentary polychaete-eating only
arose once. This hypothesis could be tested with data
from other loci. The relationships among these clades

also suggest that hemichordate-eating species arose
from sedentary polychaete-eating lineages.

Two of the clades of fish-eating species, the clade of
mollusc-eating species, several clades of errant poly-
chaete-eating species, and Conus figulinus cluster to-
gether in the calmodulin phylogeny (Figs 3, 5). The
absence of this group in both the 16S and combined
data phylogenies might be due to the lack of resolution
provided by the 16S data, though data from other loci
could confirm the validity of this cluster. This pattern
of relationships suggests that both molluscivores and
two of the three clades of piscivores shared a common
ancestor that was likely a predator on errant poly-
chaetes. The third clade of piscivores, clade F3, may
have arisen from a sedentary worm-eating lineage (see
Fig. 5), but the resolution of our data at this level is
quite low. Again, data from other molecular loci could
help determine the number of origins of piscivory
within the genus.

Some species in our data set feed on both errant and
sedentary polychaetes, although only in C. arenatus
does the minority functional group comprise a sub-
stantial proportion of the diet (33%). In the others, C.
eburneus, C. lividus, C. miliaris, and C. sponsalis, it
accounts for less than 5% of the diet. These species
fall out in several clades of vermivores (Figs 1-3),
suggesting that the broader vermivorous diets of these
species arose from errant polychaete-eating lineages.

Conus californicus, with its broad diet of fishes,
gastropods, bivalves, crustaceans, and worms, is quite
distant from all other Conus species (Fig. 1). Although
its catholic diet and phylogenetic position might sug-
gest that the ancestral diet of Conus was broad, C.
californicus likely evolved its generalist diet separately
from the origins of piscivory and molluscivory among
other lineages, perhaps as a result of the absence of
congeners in its geographic range (Kohn, 1966).

DIETS, RADULAE AND PHYLOGENY

The possession of a particular radula type is correlated
with phylogeny in several cases, particularly among
molluscivores, within clades of piscivores, and among
amphinomid-eating species. The distinctness of the
radular tooth and the evolutionary relationships
among the fish-eating clades F1 and F2 indicate that
the lineages that gave rise to these groups have had
separate evolutionary histories and that possession of
aparticular radula type in these clades is more strongly
correlated with phylogeny than diet. Moreover, the
possession of similar radula types among species in the
mollusc and amphinomid-eating clades likely results
from the common ancestry of the species within these
clades rather than from the convergence of radula
types for preying on molluscs and amphinomids.
Endean & Rudkin (1965) distinguished two types of
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radular teeth in piscivorous species, congruent with
our clades F1 and F2. All species in clade F3 share
the same radula type with F1 (Rolan & Raybaudi
Massilia, 1994). Thus radula type among piscivores is
probably a good indicator of phylogeny, particularly
whether a species is related to species in clade F1
or F3 vs F2 in our calmodulin and combined data
phylogenies (Figs 2, 3). For example, while C. mon-
achus and C. purpurascens are either related to the
species of clade F1 or F3, C. cuvieri is likely a member
of clade F2 based on the radula types of these species
(Endean & Rudkin, 1965) and the apparent robustness
of radular characters in these clades. Moreover, we
predict that other species that possess the am-
phinomid-eating type of radular tooth, C. archon, C.
bartschi, C. genuanus, and C. zonatus (Nybakken,
1990), will prove to be most closely related to the
species of clades Al and Al.1 in our phylogenies and
also to feed on amphinomids.

In a comparative morphometric analysis of the rad-
ular teeth of eleven molluscivorous Conus species,
Nishi & Kohn (1999) differentiated three species
groups based on a suite of four discrete and six con-
tinuous characters. Seven of these species are among
the nine molluscivores in our phylogenetic trees, and in
all cases the independent molecular and morphometric
data sets are completely congruent. Of the two pairs
of sister species in the trees, C. araneosus and C.
marmoreus belong to Nishi and Kohn’s Group A, and
C. canonicus and C. textile to Group B. C. omaria, C.
pennaceus and C. episcopatus are each other’s closest
relatives in the tree and comprise Nishi and Kohn’s
morphometric group C.

Among the other Conus clades, radula type does not
appear to be closely correlated with diet or phylogeny.
For example, C. abbreviatus, C. litteratus, and C. leo-
pardus all possess the same radula type in the clas-
sification of Nybakken (1990), even though these
species respectively prey on errant polychaetes, sed-
entary polychaetes, and hemichordates, respectively,
and are all distantly related to each other (Fig. 2).
Moreover, although most species in several ver-
mivorous clades share similar radular types (e.g. S2,
E2, and E6), many of the vermivorous clades are
composed of species with different radular teeth (e.g.
E1, E4, H1, S1, and S3). These results show that
although in some cases radular tooth form is a good
indicator of phylogeny, this is not always the case.

EVOLUTIONARY HISTORY

The evolutionary history of Conus revealed by the
fossil record is highlighted by its origin in the Lower
Eocene and major radiations in the Miocene and Pleis-
tocene (Kohn, 1990). Application of the time scale
derived from the divergence of C. lividus and C. quer-
cinus shows that clades with distinct feeding modes

arose prior to the Lower Pliocene at the latest, in
contrast to what was expected from the fossil records
of the species in these clades (Table 2). In particular, all
clades of errant polychaete-eating species, the mollusc-
eating clade, two of the fish-eating clades, and most
clades of sedentary polychaete-eating species arose at
least 10—20 Mya (Table 2), during the Middle to Lower
Miocene. The average origination date of all clades in
our data set is 13.3 Mya.

For example, origination estimates imply that mol-
luscivory arose prior to 15.5Mya (Table 2), during
the Middle Miocene. The fossil record supports this
interpretation: two extant molluscivorous species, C.
canonicus and C. textile, have been reported from
Miocene deposits (Martin, 1879-1880; Van der Vlerk,
1931).

Piscivory may have originated 1-3 times in Conus
and our results show that the three clades identified
in our phylogenies appeared at latest during the Upper
Miocene, 5.7 Mya (Table 2). Two extant piscivorous
species, C. achatinus and C. magus, have been found
in Middle Miocene deposits (Beets, 1941; Shuto, 1975).
Thus our estimate of the origin of piscivory is also
reasonable.

Although we have not included all Conus species in
our phylogenetic reconstructions, our results also show
that the current diversity of Conus is a result of major
radiations in the Miocene and that the vast extinction
of Conus in the Pliocene and subsequent radiation in
the Pleistocene (Kohn, 1990) were not as dramatic as
the fossil data suggest. It is likely that the evolutionary
history of Conus as interpreted from the fossil record
is affected by sampling biases, particularly in terms
of the lack of information from Pliocene deposits in
the Indo-Pacific region.

RAPID ECOLOGICAL EVOLUTION

Feeding mode appears to be an evolutionary con-
servative trait and diets have only rarely changed
since the first major radiation of Conus in the Miocene.
This pattern is similar to patterns of trophic di-
versifications among other organisms in which spe-
cializations occur shortly after the origination of the
group or following a ‘macroevolutionary lag’ (sensu
Jablonski & Bottjer, 1991). For example, palae-
ontological and phylogenetic studies show that most of
the contemporary angiosperm (Crane, Friis & Pederse,
1995) and avian (Chiappe, 1995) ecological and mor-
phological diversity developed very early during the
evolutionary histories of these groups. Richman &
Price (1992) and Richman (1996) also found that feed-
ing habits diversified only very early during the evolu-
tionary history of warblers of the genus Phylloscopus.
These patterns suggest that early radiations of species
are coupled with rapid ecological diversification.
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The phylogenetically related patterns of feeding bio-
logy in Conus revealed by this study suggest important
aspects of the evolution of food habits in this genus.
Because feeding mode is so conserved, one or several
factors might constrain diet within lineages. These may
be related to behavioural and physiological activities
during prey searches, including chemosensory acuity
and search image related to the detection and re-
cognition of prey, and structural attributes, including
shell gape, radula, and venom related to attack, cap-
ture, and consumption of prey. Genes that encode
peptide neurotoxins that are expressed in the venoms
of Conus have been shown to evolve very rapidly (Duda
& Palumbi, 1999b); thus, it is unclear how venom
components could limit dietary shifts. Also, because
changes in feeding mode seem to have been confined
to the Miocene radiations of this group, the origins of
new diets may have been promoted by the evolution
of key behavioural, physiological, morphological, and
biochemical innovations.
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APPENDIX

Diet and paleontological records for the Conus species investigated in this study. For species determinations see
Rockel et al. (1995). Diet type: M, molluscivorous; P, piscivorous; V, vermivorous. For vermivorous species, ‘Main
diet taxa’ indicates the most common polychaete families or unsegmented worm group (e.g. enteropneusts) found
in analyses of gut contents or faecal matter. Main diet taxon categories in parentheses are suspected based on
radular tooth morphology (see Kohn et al., 1999).

frigidus Reeve, 1848
furvus Reeve, 1843
generalis Linné, 1767
geographus Linné, 1758
glans Hwass, 1792

. imperialis Linné, 1758
legatus Lamarck, 1810

. leopardus (Roding, 1798)
. litoglyphus Hwass, 1792
. litteratus Linné, 1758

. abbreviatus Reeve, 1883
. anemone Lamarck, 1810

capitellids, terebellids® 5

eunicids'®
fishes!"®
eunicids®!?
amphinomids!
(molluscs)
enteropneusts
eunicids®
capitellids
eunicids, nereids
eunicids, nereids

1,6,7,16

6,8,16
12

3,4

Lower Pleistocene®
Pleistocene®*
Upper Pliocene®

Lower Pliocene®
Pleistocene®*
Pleistocene®

Lower Miocene?>°%%!

Pleistocene®?

Upper Pliocene®

Species Diet Main diet taxa Earliest fossil
type

C. arenatus Hwass, 1792 V  eunicids, nereids, capitellids®?® Pleistocene®®?

C. aulicus Linné, 1758 M  gastropods® Pleistocene®

C. aureus Hwass, 1792 M  (gastropods) Upper Pliocene®"

C. balteatus Sowerby I, 1833 \Y% eunicids, nereids*®® Lower Pleistocene®

C. bandanus Hwass, 1792 M gastropods'® -

C. betulinus Linné, 1758 \Y% capitellids® Upper Pliocene*

C. biliosus (Roding, 1798) \Y% eunicids®® -

C. boeticus Reeve, 1843 A% (polychaetes) -

C. brunneus Wood, 1828 \Y% amphinomids'® Lower Pliocene®

C. bullatus Linné, 1758 P fishes?® -

C. californicus Reeve, 1844 V.M gastropods, bivalves, polychaetes’ Upper Miocene®

C. canonicus Hwass, 1792 gastropods® Miocene®

C. catus Hwass, 1792 fishes'® Pliocene®

C. chaldaeus (Roding, 1798) eunicids, nereids!-3¢81314 Pleistocene®

C. cinereus Hwass, 1792 fishes'® Pliocene®

C. circumcisus Born, 1778 (fishes) Pleistocene®

C. coffeae Gmelin, 1791 eunicids® —

C. consors Sowerby I, 1833 fishes'¢ -

C. coronatus Gmelin, 1791 eunicids, capitellids®®81%14 Pleistocene®®

C. cylindraceus Broderip & Sowerby, 1833 - Pleistocene®

C. distans Hwass, 1792 eunicids?57 Pleistocene*’

C. dorreensis Péron, 1807 eunicids®* Pleistocene*!

C. ebraeus Linné, 1758 eunicids, nereids?¢-%1314 Pleistocene? 374142

C. eburneus Hwass, 1792 P  eunicids, capitellids®®® Middle Miocene®

C. emaciatus Reeve, 1849 terebellids®® Pleistocene*?

C. episcopatus Hwass, 1792 gastropods® Pliocene®

C. figulinus Linné, 1758 polychaetes!? Pliocene**

C. flavidus Lamarck, 1810 capitellids, terebellids!"%1? Pleistocene? 3038434647

C.

C.

C.

C.

C.

C

C.

C

C

C

C

C

C

. araneosus [Lightfoot], 1786
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gastropods®

continued
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APPENDIX - continued

Species

Diet
type

Main diet taxa

Earliest fossil

PESEONORS RO NN NONONO NSNS N NS AN NS O NO NS RO NS RS RO NS RO RS RS RO N N

. lividus Hwass, 1792

magus Linné, 1758
marmoreus Linné, 1758

miles Linné, 1758

miliaris Hwass, 1792
moreleti Crosse, 1858
muriculatus Sowerby I, 1833
musicus Hwass, 1792
mustelinus Hwass, 1792

nux Broderip, 1833

obscurus Sowerby I, 1833
omaria Hwass, 1792
pennaceus Born, 1778

. planorbis Born, 1778

. princeps Linné, 1758

. proximus Sowerby II, 1859

. pulicarius Hwass, 1792

. quercinus [Lightfoot], 1786
rattus Hwass, 1792

regius Gmelin, 1791
sanguinolentus Quoy & Gaimard, 1834
sponsalis Hwass, 1792
stercusmuscarum Linné, 1758
. striatus Linné, 1758

. striolatus Kiener, 1845
swainsoni Estival & von Cosel, 1986
. tenuistriatus Sowerby II, 1858
terebra Born, 1778

. tessulatus Born, 1778

textile Linné, 1758

tulipa Linné, 1758

. varius Linné, 1758

. vexillum Gmelin, 1791

. virgo Linné, 1758

. vitulinus Hwass, 1792

<< < <TUE<<<<C<TTUI<<<<<<CTI<<CZZUI<<<<<<<ZT<

enteropneusts, terebellids
fishes!?
gastropods
eunicids?*6-#
eunicids, nereids
terebellids'®
eunicids, nereids
nereids®?®

eunicids, nereids®®
21,22

7,8,16
2,3,6-8,13,14,20
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References to main diet taxa
'Kohn (1959); Leviten (1978); *’Kohn & Almasi (1993); “*Kohn (1997); °Kohn (1978a); *’Kohn & Nybakken (1975);
"Kohn (1968); ®Reichelt & Kohn (1985); *Réckel et al. (1995); ®Nybakken (1970); “Kohn (1966); 2Kohn (1960);
BMarsh (1971); “Kohn (1987); ®Kohn (in prep.); **Kohn (1981); "Johnson & Stablum (1971); ¥Cruz, Corpuz &
Olivera (1978); ®*Nybakken & Perron (1988); Kohn (1978b); 2'Nybakken (1978); 22Nybakken (1979); 2*Kohn (1963);
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V.0. Maes, pers. comm.

disted as C. marmoreus; "listed as C. parvulus; ‘listed as C. scabriusculus; listed as C. sugillatus; “listed as C.
ranunculus; flisted as C. clavus.

References to earliest fossil appearance

HKosuge (1969); Kohn (1980); 2 Dennant & Kitson (1902); 2Cox (1931); ®Glibert (1960); **Van der Vlerk (1931);
310o0stingh (1938); **Shuto (1975); ¥*Kohn & Arua (1999); *Tanaka, Nobuhara & Ozawa (1995); *Durham (1950);
%Stanton (1966); 3" Harris (1897); 3¥Taylor (1978) + pers. comm.; *Ladd (1982); “°Kohn (unpub. data); *'Kohn (1997);
“Nomura & Hatai (1935-1937); “*Bullen (1901); ““Cossmann (1900); “®Eames (1950); *Nomura (1935); *’Ostergaard
(1939); “®MacNeil (1960); ¥Cox (1927); Stuart (1912); 'King (1953); 52Dickerson (1921); *Beets (1941); *Abrard
(1946); *Beets (1986); *Beets (1950).
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