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ABSTRACT The fossil record of marine gastropods has
been used as evidence to support the operation of species
selection; namely, that species with limited dispersal differ-
entially increase in numbers because they are more likely to
speciate than widely dispersing species. This conclusion is
based on a tacit phylogenetic assumption that increases in
species with limited dispersal are solely the result of speciation
within monophyletic groups with low dispersal. To test this
assumption, we reconstructed a phylogeny from nuclear se-
quence data for 70 species of the marine gastropod genus
Conus and used it to map the evolution of developmental mode.
All eight species without planktonic life history phases re-
cently and independently evolved this characteristic from
ancestors with planktonic larval phases, showing that tran-
sitions in developmental mode are common in this group. A
simple model of species diversification shows that such shifts
can control the relative numbers of species with and without
dispersing larval stages, leading to apparent species selection.
Such results challenge the conclusion that increases in the
number of nonplanktonic species relative to species with
planktonic larvae over geologic time is necessarily a result of
higher rates of speciation of nonplanktonic lineages and show
that demonstration of species selection requires a phyloge-
netic framework.

Species selection occurs when the extinction or diversification
of a species is affected by fitness differences of heritable
species-level traits (1). In particular, geographic range and
potential for gene flow among populations are influenced by
a species’ capacity for dispersal (1–5). Marine species with
limited dispersal often have smaller geographic ranges (4–9)
and more heterogeneous population structures (10, 11) than
species with high levels of dispersal. Because local catastrophes
are more likely to eliminate a species with a limited geographic
range, extinction of species with nondispersing developmental
modes is more likely than of species with planktonic larvae. For
example, nonplanktonic gastropod lineages from the Late
Cretaceous have significantly lower geologic durations [medi-
an age 5 2 million years (my)] than lineages with planktonic
larvae (median age 5 6 my) (5). Because low levels of gene
flow and low dispersal among populations are also likely to
lead to divergence of lineages, nonplanktonic species are more
likely to diversify (i.e., have greater speciation rates) than
species with planktonic larvae. Among 16 genera of gastropods
in the Late Cretaceous (5) and six families of gastropods in the
Early Tertiary (6), the number of nonplanktonic species
increases at a greater rate than the number of species with
planktonic dispersal; these observations suggest that species
with nonplanktonic developmental modes have greater spe-
ciation rates than species with planktonic modes.

Modern textbooks in evolution cite work on gastropod fossil
patterns (6, 12, 13) as ‘‘. . . currently the best candidate for an
evolutionary trend produced by species level selection’’ (ref.

14, p. 584; see also ref. 15, p. 693). This trend is the increase
of nonplanktonic species in spite of potential enhanced sus-
ceptibility to extinction within several families in the Cenozoic
(6). Hansen (6) used the observation that the number of
nonplanktonic species increased relative to the number of
species with a planktonic larval phase as evidence for greater
speciation rates of nonplanktonic species. If species only give
rise to species with the same life history (i.e., species with
similar life histories are independent monophyletic groups), it
follows that species with nonplanktonic developmental modes
speciated at a higher rate than species with planktonic larvae.
However if nonplanktonic lineages arise from lineages with
planktonic larvae and transitions are prejudiced in this direc-
tion because of a strong ‘‘conversion bias’’ (see ref. 16, p. 102),
then increases in the number of nonplanktonic species over
time could be the result of these biased shifts in species’
developmental modes and not necessarily increased speciation
rates.

Without an understanding of phylogenetic relationships,
species selection as it relates to origination rates is impossible
to evaluate. There are two extreme interpretations of obser-
vations based on gastropods that illustrate the principles
involved (Fig. 1). At one extreme, if a character (e.g., dispersal
ability) has no effect on the diversification of lineages and
frequently changes its character state (Fig. 1 A), then evolu-
tionary shifts are responsible for the prevalence of species with
this character state, not species selection. At the other extreme,
if character states change rarely and these different states have
significant impacts on rates of speciation such that monophy-
letic groups are formed (Fig. 1B), then species selection might
be shown to have operated. Thus, species selection requires
monophyletic species groups whereas developmental transi-
tions will generate de novo shifts of larval form many times
during the evolutionary history of the group. Thus, as origi-
nally suggested by Stanley (ref. 17, p. 282), species selection is
an intrinsically phylogenetic hypothesis that must be evaluated
phylogenetically.

The distinction between the rates of origination of non-
planktonic species can be tested through a phylogenetic re-
construction of species relationships and a concomitant anal-
ysis of dispersal mode. Using this phylogenetic approach, we
investigated the transitions of developmental mode within the
marine gastropod genus Conus. Based on recent phylogenetic
investigations (18), veliger larvae among caenogastropods are
homologous and possession of this life history phase is ances-
tral in this group. Lack of planktonically dispersing larvae
among caenogastropods thus reflects a derived condition.
Although there are examples of species of annelids and
echinoderms that may have evolved a planktonic life history
mode from a nonplanktonic ancestor (19–21), transitions in
developmental mode among caenogastropods and other ma-
rine invertebrate groups presumably are biased from plank-
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tonic to nonplanktonic modes (22–31). If a nonplanktonic life
history is selectively advantageous in certain circumstances
and the transition from dispersing to nondispersing life history
stages requires very few steps, then transitions of developmen-
tal mode may occur frequently. In Conus the length of the
precompetent planktonic larval stage ranges from 0 to 30 days
and has been estimated for 61 Indo-West Pacific species (ref.
8 and references therein). We specifically addressed the fol-
lowing questions: (i) How often have nonplanktonic lineages
arisen in Conus? (ii) Are nonplanktonic species monophyletic?
(iii) Is there any evidence of transition from species with
nonplanktonic to planktonic developmental modes? (iv) Can
observed shifts in development alter the proportions of non-
planktonic species over time? (v) Are nonplanktonic species
morphologically more diverse than species with planktonic
larvae? The results show that nonplanktonic developmental
modes have evolved numerous times in Conus and that these
developmental transitions occur frequently enough to resem-
ble the effects of species selection.

METHODS

Specimens. The specimens used in this study were largely
from collections made throughout the Indo-West Pacific; one
species was collected from the western Atlantic. Species des-
ignations were based on Walls (32) and Röckel et al. (33) and
confirmed by A.J. Kohn (University of Washington, Seattle) or
by comparisons to collections at the Bernice P. Bishop Mu-
seum (Honolulu). The lengths of the larval stages used in this
study are those as summarized by Kohn and Perron (8) and
Röckel et al. (33).

DNA Extraction, Amplification, and Sequencing. DNA was
isolated by using a modified cetyltrimethylammonium bromide
extraction protocol (34) followed by phenolychloroform ex-
traction and alcohol precipitation methods (35). Although
mitochondrial sequences adequately resolve relationships of
recently diverged taxa (unpublished data), we targeted a
nuclear sequence that is evolving at a slower rate than mtDNA
to increase the resolution of relationships of basal lineages.
Calmodulin primers (cal1 5 59-GCCGAGCTGCARGAYAT-
GATCAA-39, cal2 5 59-GTGTCCTTCATTTTNCKTGC-
CATCAT-39) were designed from exon sequences flanking a
conserved intron position in Aplysia californica (GenBank
accession nos. X64653 and X64654), Drosophila melanogaster
(X05949 and X05950), and Homo sapiens (X52608). These
primers span a conserved intron position flanked by 52 bp of

exon sequence. Amplifications were carried out under typical
conditions (36). Amplification products subsequently were
cloned in T-tailed plasmid vectors and sequenced by using
solid-phase sequencing (36).

Sequence Alignment and Statistics. Sequences were aligned
by eye with the XESEE program (37) and analyzed by using
distance (MEGA, ref. 38) and parsimony (PAUP* 4.0b2; ref. 39)
methods. The Kimura two-parameter algorithm was used to
estimate genetic distances; neighbor-joining and heuristic par-
simony searches were used for phylogeny reconstruction. Trees
were rooted with the most basal Conus species, C. distans, as
determined from phylogenies reconstructed from mitochon-
drial sequences (unpublished data). Levels of support for
branches were estimated with bootstrapping methods in both
MEGA and PAUP. The number of transitions from planktonic to
nonplanktonic developmental modes was determined from the
number of clades comprised of species with mixed develop-
mental modes. Phylogenies were constrained for monophyly of
all nonplanktonic species and monophyly of nonplanktonic
species in clades with low bootstrap support. These trees were
compared with the unconstrained tree, and significance of
differences between constrained and unconstrained trees was
determined with Templeton’s Wilcoxon signed-rank test (39).

Estimation of Transition Rate. The proportion of transitions
in developmental mode (T) was estimated from the number of
branches in the tree (both internal and external) in which a
transition in developmental mode has occurred (Nc) divided by
the total number of branches in which the developmental mode
of the lineage is known (Nt):

T 5 NcyNt.

Calibration of Rate of Sequence Evolution. The ages of the
oldest sister species, based on deepest fossil records, were used
to estimate the rate of calmodulin intron sequence evolution.
We can assume that if two lineages coexisted at a particular
time, then the splitting of these lineages had to have taken
place before that time. Because this estimate uses the time at
which both lineages existed and not the actual date of diver-
gence (which could be much earlier), it reflects the maximum
rate of sequence evolution. For an independent estimate of the
sequence evolution rate, we also used distances from the
western Atlantic species to possible sister taxa in the eastern
Pacific.

Diversity of Nonplanktonic Species. Many Conus species
have numerous ecotypes, morphotypes, or synonyms attrib-
uted to them. In some cases malacologists have grouped these
into one species or split them into many (32, 33). Certainly it
is unclear whether these types represent distinct species or
different forms of the same species. As a proxy for morpho-
logical diversity, we counted the number of synonyms or names
attributed to morphotypes and ecotypes of the species in our
sample from information provided in Röckel et al. (33) and
compared the average number for species of each develop-
mental mode.

Sampling Bias. The species used in this study are a fraction
of the diversity of Conus (roughly 15% of the species in the
genus), and represent about one-fifth of Conus’ diversity in the
Pacific. Also, the taxa used may not reflect a purely random
sample of species with each developmental mode because of
potential differences in the distribution and geographic ranges
of species with these modes. However, the selection of non-
planktonic species was over a broad geographic range (col-
lected from Australia, Guam, Hawaii, Papua Niugini, and the
Philippines).

RESULTS

Molecular Data. Sequences were obtained from 70 species
of Conus. The recovered sequences ranged in length from 261

FIG. 1. Models of the evolutionary history of a group of species
with interspecific variation in a character that may affect speciation
and extinction rates of lineages. (A) No higher order effect. Transitions
in the character state of this character occur commonly. Species with
these traits (bold lines) do not form monophyletic groups. Species
selection does not produce any observed pattern of trait variation
among fossil assemblages. (B) Very few (one) transitions in character
state. Different character states affect species’ origination rates.
Species with similar traits form monophyletic groups. Species selection
in this case could change the frequency of this trait among species over
time.

Evolution: Duda and Palumbi Proc. Natl. Acad. Sci. USA 96 (1999) 10273



to 300 nt. Because these sequences are from introns, they are
largely free to vary and have a dense phylogenetic signal: 203
positions were variable and 127 were parsimoniously informa-
tive. The average pairwise distance (Kimura two-parameter
corrected) was 9.72% and ranged from 0.36% to 17.50%. The
average ratio of transitionytransversion substitutions was 1.58
and ranged from 0 to 8.25. Variation within the exon was
limited largely to silent sites, and distance estimates from exon
sequences were on average one-third as large as distances from
intron sequences.

Trees. Among 70 Conus species, phylogenetic analyses of
calmodulin sequences revealed numerous well-supported
clades (Fig. 2). Clades with high bootstrap support were
similarly identified in a phylogeny reconstructed from mito-
chondrial sequence data (unpublished data). Although the
support for these clades is robust, the relationships among
clades are poorly resolved, probably because of saturation of
the phylogenetic signal. Nevertheless, the resolution of many
nodes provides a powerful framework for interpreting the
evolution of nonplanktonic developmental modes as well as for
current studies of the evolution of feeding modes and cono-
toxins in this genus.

Mapping of Developmental Modes. Mapping of develop-
mental modes indicates that the nonplanktonic mode arose
several times in this genus (Fig. 2). The eight species with
nonplanktonic development fall out into eight different parts
of the reconstructed phylogeny. The most similar species are

C. araneosus and C. pennaceus and even this pair differs by 5%
sequence divergence. That these eight species represent inde-
pendent origins of nonplanktonic development is supported by
several lines of evidence. First, a phylogeny that constrains all
nonplanktonic species to be monophyletic is 50 steps longer
and significantly different than the unconstrained tree (P ,
0.0001). This result strongly suggests multiple origins of species
with nonplanktonic development.

Second, four of the eight nonplanktonic species cluster with
planktonic species with very strong bootstrap support (.95%).
Because the remaining four nonplanktonic species cluster with
planktonic species or species with unknown developmental
mode with low or little bootstrap support (,75%), we forced
these species to be monophyletic with the next closest non-
planktonic species and compared the lengths of the resulting
trees. In three cases, the constrained trees were significantly
longer than the unconstrained tree (P , 0.05). The tree that
constrained the monophyly of C. anemone and C. boeticus was
four steps longer than the unconstrained tree (P , 0.15). Thus,
there were at least seven independent origins of nonplanktonic
Conus species, though a parsimonious interpretation of our
phylogenetic data suggests that all eight nonplanktonic species
arose independently.

Shifts in Developmental Mode. There are 117 branches
present on the phylogeny (Fig. 2) for which the developmental
mode of the lineage is either known or can be reconstructed
based on parsimony criteria. Of these, 109 branches represent
lineages in which no transitions in development have occurred,
whereas the eight remaining branches represent lineages in
which developmental transitions have occurred. The proba-
bility of a change in development mode is 0.068 (8y117). In no
case does it appear that a nonplanktonic lineage gave rise to
a lineage with planktonic larvae.

Sequence Evolution Rate Calibration. Of the species se-
quenced, C. lividus and C. quercinus are the two most closely
related species that have records dating back to the Miocene.
Specimens of C. lividus were found in the Vigo Formation of
the Philippines (40) which has faunal assemblages reflecting
Lower, Middle, and Upper Miocene deposition spanning an
age of 5–22.5 my (41). Specimens of C. quercinus were found
in the Tjilanang Beds of Indonesia (42), which have been
assigned to the junction of the Middle and Upper Miocene
(43), approximately 10.4 million years ago (mya) (44). These
species therefore diverged at least 10.4 mya. Genetic distance
between C. lividus and C. quercinus is 6.1% (based on the
Kimura two-parameter model) and so the maximum rate of
calmodulin intron sequence divergence is '0.6%ymy for this
pair.

C. brunneus and C. regius are eastern Pacific and western
Atlantic species, respectively and are sister species that likely
diverged with the emergence of the Isthmus of Panama (3–3.5
mya) or somewhat earlier because of oceanographic changes
associated with isthmus formation (45). The genetic distance
between these species is 4.7%. Assuming a minimum time of
divergence for these taxa (3 my), the rate of calmodulin
sequence divergence is '1.6%ymy.

If our phylogenetic model and temporal calibrations are
reasonable, we can use these rate calibrations to estimate the
recency of the origins of nonplanktonic species from known
lineages with planktonic larvae within Conus. Nonplanktonic
species are between 0.4 and 7.1% distant from their nearest
relative with a dispersing life history mode and on average
3.8% distant. Using the rate calibrations, we estimated that
some nonplanktonic lineages diverged from their common
ancestor as recently as between 0.25 and 0.67 mya while the
earliest diverged between 4.4 and 11.8 mya (Table 1).

Diversity of Nonplanktonic Species. On average, nonplank-
tonic species have more names attributed to them as synonyms
or named ecotypes or morphotypes (7.5) than species with
planktonic larvae (2.2). For example, the nonplanktonic spe-

FIG. 2. Neighbor-joining tree reconstructed from calmodulin in-
tron sequence data of Conus. Bootstrap values indicated on branches.
Bootstrap values less than 50% were omitted. Names in italics are
species whose developmental mode is unknown. Names shaded in gray
are nonplanktonic species. All names in normal typeface are species
with a planktonic larval phase.
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cies Conus anemone from Australia has eight other names that
refer to a variety of morphologically distinct forms distributed
throughout the nominal species’ range (33).

DISCUSSION

In the genus Conus, parallel developmental shifts are common.
When the developmental mode of the sister species is known,
all of the nonplanktonic species we analyzed can be shown to
be independently derived from species with a planktonic larval
phase. There are no clades composed entirely of nonplank-
tonic species, and most clades composed of species with both
developmental modes are supported by high bootstrap values
(Fig. 2). In this case, a robust phylogenetic framework allows
us to identify convergent developmental modes and show that
one of the requirements of species selection—the proliferation
of monophyletic, nonplanktotrophic lineages—is not met in
the genus.

Transitions of developmental modes appear to be common
in other marine invertebrates as well. Molecular phylogenetic
studies of echinoderms, bivalves, and gastropods have docu-
mented the occurrence of rampant shifts in developmental
modes and life histories. Closely related sea urchin species
have completely different developmental mechanisms giving
rise to either nonplanktonic or planktonic developmental
modes (25, 27). Lineages with nondispersing life history phases
have been estimated to have arisen multiple times in asterinid
starfish (29) and at least 14 times in sea urchins (46). O’Foighil
and Smith (30) reported that lineages with nonplanktonic
larvae arose twice during the evolutionary history of lasaeid
clams. Nonplanktonic species also arose numerous times in
both littorinid (47, 48) and turritellid gastropods (49).

There is no evidence of a transition from nondispersing to
dispersing life history phases in Conus. Strathmann (22, 23, 50,
51) states that although this direction of transition is probably
rare, it is nevertheless possible. However, the most parsimo-
nious explanation for the distribution of nonplanktonic species
throughout the phylogeny (Fig. 2) is that possessing a plank-
tonic larval phase unanimously represents the ancestral con-
dition and lacking a dispersing larval phase is derived.

Based on calibrations of sequence evolution and the fossil
record (Table 1), all of the nonplanktonic Conus species in our
sample appear to have arisen from lineages with planktonic
larvae between 0.25 and 11.8 mya. These estimates represent
minimum times of divergence from a sister species with a
planktonic larval phase; this source of error perhaps is bal-
anced by the assumption that the transition of developmental
mode probably occurred sometime after the divergence of the

two lineages. The rate calibrations are moreover best estimates
from an incomplete understanding of the times of divergence
of Conus lineages and are not likely to reflect actual times of
origination of nonplanktonic species because of the unequal
branch lengths between nonplanktonic species and their sister
species. However, nonplanktonic species also tend to occur on
branches near the tips of the tree (Fig. 2). This phylogenetic
pattern is the expected one for traits that arise frequently but
do not lead to proliferation of monophyletic species groups
(Fig. 1). By contrast, lineages with a planktonic larval phase
are more deeply rooted within the evolutionary history of this
group and possession of planktonic larvae has likely been the
common developmental mode for this genus for tens of
millions of years (52).

Our results show that shifts in developmental mode have
occurred at least eight times in Conus and that the nonplank-
tonic species we sampled have arisen only from lineages with
planktonic larvae. These implications challenge the idea that
greater increases in the number of nonplanktonic species
relative to species with dispersing larvae are caused solely by
greater speciation rates of the former. Hansen’s (6) data show
that the number of nonplanktonic gastropod species rapidly
increased from the Early Paleocene through the Middle Eo-
cene relative to increases in the number of lineages with
planktonic larvae. If nonplanktonic species only give rise to
nonplanktonic species and species with planktonic larvae only
give rise to species with planktonic larvae, then from Hansen’s
(6) data, nonplanktonic species must have had higher rates of
species diversification than species with planktonic larvae to
account for their greater rates of appearance. However, if as
we have shown for Conus, nonplanktonic species commonly
originate from species with dispersing larvae, developmental
transitions may contribute to increases in the number of
nonplanktonic lineages over time.

We can estimate the potential impact of developmental
shifts on apparent species selection with a simple model of
species diversification that assumes as an initial condition that
speciation and extinction rates are identical for species with
each life history. Transitions of developmental mode occur
from planktonic to nonplanktonic modes, and we use the
model to estimate the probability of increases in nonplanktonic
species relative to species with planktonic larvae in the com-
plete absence of species selection. This model omits the
potential increased extinction rates of nonplanktonic species
(5) to gauge the impact of developmental shifts on species life
history patterns without assuming the action of species selec-
tion. Instead, the model tests the effect transitions can have on
the numbers of species with and without dispersing larvae over
time.

When the phylogenetic relationships of lineages are unclear,
transitions from planktonic to nonplanktonic developmental
modes will appear to simultaneously decrease the speciation
rate of lineages with planktonic larvae and increase the
speciation rate of nonplanktonic lineages. Under this model,
the number of lineages with planktonic larvae is determined by
the probabilities of speciation, extinction, and developmental
transitions. The number of nonplanktonic lineages will change
as a function of speciation and extinction plus the probability
of transitions from a planktonic developmental mode to a
nonplanktonic one:

P 5 P0 1 P0 * (S 2 E 2 T),

and

N 5 N0 1 N0 * (S 2 E) 1 P0 * T,

where P and N are the number of lineages with planktonic and
nonplanktonic development after an opportunity for specia-
tion, extinction, and transition, P0 and N0 are the number of

Table 1. Genetic distances and estimated times since divergence
from rate calibrations from fossil data (0.6%ymy) and Panamanian
divergence (1.6%ymy) between nonplanktonic species and their
closest relative with a planktonic larval phase (see Fig. 2)

Nonplanktonic
species

Closest sister
taxon

Genetic
distance,

%

Minimum estimate
of time since

divergence, mya

Fossil
rate

Panamanian
rate

C. magus C. consors 0.4 0.67 0.25
C. furvus C. litteratus 1.5 2.50 0.94
C. cinereus C. circumactus* 3.0 5.00 1.88
C. pennaceus C. omaria 3.4 5.67 2.13
C. araneosus C. bandanus 3.5 5.83 2.19
C. anemone C. balteatus 6.2 10.33 3.88
C. proximus C. pulicarius 6.2 10.33 3.88
C. cinereus C. leopardus 7.1 11.83 4.44
C. boeticus C. parvulus* 7.3 12.17 4.56

*Mode of development is unknown.
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lineages before that period, S is the probability of speciation,
E is the probability of extinction, and T is the probability of
transition.

The model shows that the probability of developmental
transition does not have to be large for nonplanktonic lineages
to increase in numbers relative to species with planktonic
larvae. We simulated the trajectories of the number of lineages
with each life history over time by using the above formulae.
This model assumes that probabilities for extinction and
speciation of a lineage are equal and identical for each
developmental mode; these probabilities were allowed to vary
randomly between 0.225 and 0.275. This model also assumes a
low probability of transition from planktonic to nonplanktonic
developmental modes, which was set to vary randomly between
0.045 and 0.055. Initial numbers of lineages with each life
history were set to 50 and 1, respectively. In 1,000 simulations
in which each emulated 100 opportunities for lineages to either
speciate, go extinct, change developmental mode, or remain
intact, nonplanktonic species outnumber species with plank-
tonic larvae in the end 853 times. Ten random examples of the
trajectories from the simulations are presented in Fig. 3.
Additional simulations were performed with the extinction
rate of nonplanktonic species three times larger than the
extinction rate of species with a planktonic larval phase. Even
under these rigors nonplanktonic species can increase at a
greater rate than species with planktonic development (when
speciation rates are the same for each developmental type and
transitions occur at a frequency of 0.05), although the param-
eter range in which this is true is more limited.

These results show that biased transitions in developmental
mode can account for greater increases in the number of
nonplantkonic species relative to dispersing forms. Under this
model, the proportions of lineages that undergo a transition of
developmental mode (T) required to completely account for
the greater increases in the number of nonplanktonic species
relative to species with planktonic larvae range between 0.10
and 0.50 for the six gastropod groups studied by Hansen (6)
(Table 2). Although these values are greater than the propor-
tion we estimated from Conus, they suggest that developmen-
tal shifts could have a role in apparent species selection (Table
2). Probably both transitions and higher species accumulations
of nonplanktonic taxa occur in most groups, but a focus on
species selection has in the past only considered the latter
explanation.

A phylogenetic perspective allows us to reject the hypothesis
that species selection alone occurs in Conus. Yet it is impos-
sible to assert that species selection is purely inoperative unless
no monophyletic groups of nonplanktonic Conus occur. From
a rough estimate of the number of names attributed to
nonplanktonic species relative to the species with planktonic
larvae used in this study, nonplanktonic species have on
average 7.5 different names attributed to them while species
with planktonic larvae only have 2.2. If all of the different types
attributed to these species represent distinct or diverging
species and if they are monophyletic, then this could provide
some evidence for the operation of species selection in Conus.
The morphologically distinct ecotypes of C. anemone in Aus-
tralia (33) and diversity of nonplanktonic species in the Cape
Verde Islands (8, 53) both may represent cases of heightened
speciation rates among lineages of Conus with nondispersing
developmental modes.

Developmental shifts and species selection represent two
extremes (Fig. 1) that can be used to explain why there have
been increases in the numbers of nonplanktonic species rela-
tive to species with planktonic larvae within prosobranch
gastropods. There exists a broad continuum between these
extremes in which evolutionary transitions plus species selec-
tion impact the rates of origination of nonplanktonic species.
Conus probably represents one such intermediate case. Be-
cause all gastropod families that have been investigated phy-
logenetically also show evidence of parallel developmental
shifts to nonplanktonic life history modes (47–49), the fossil
taxa previously studied probably also fall somewhere in be-
tween. Among the gastropods studied by Hansen (6), for
example, 14–68% of the species selection signal could be the
result instead of developmental shifts if the rate of develop-
mental evolution per lineage is similar to Conus (Table 2). As
pointed out by Stanley (ref. 17, p. 282), even volutid gastro-
pods, a family in which all species with planktonic larvae have
gone extinct, could be made up of species with independent
origins of nonplanktonic development and owe their current
domination by low dispersal forms at least partially to devel-
opmental shifts rather than strict species selection.

Thus, parallel developmental shifts to nonplanktonic life
history modes should be added with species selection as
explanations of patterns of differential species accumulation in
the fossil record. Further understanding of the relative roles of
species selection and developmental shifts will depend on an
evaluation of phylogenetic relationships and evolution of life
history features both in fossil and extant species. Demonstrat-
ing species selection and verifying its operation require an
explicit phylogenetic framework so that parallel evolutionary
shifts can be identified and accounted for.

We thank the individuals and institutions that have contributed or
facilitated in the collection of specimens for this study, especially H.
Conley and G. C. Fiedler, and also P. S. Armstrong, R. Cowie, K. A.
del Carmen, A. Kay, A. J. Kohn, C. Meyer, F. Moretzohn, G. Paulay,
S. Romano, B. Smith, D. Strang, the Bernice P. Bishop Museum

FIG. 3. Developmental shifts can mimic the effects of species
selection. Simulated trajectories of the numbers of nonplanktonic
species relative to the total number of species. Each run started with
50 species with planktonic larvae and one nonplanktonic species and
consisted of 100 opportunities for speciation, extinction, or transition
of developmental mode. Speciation and extinction probabilities (0.25)
are identical for species with each developmental mode and were
allowed to independently vary randomly within 10% of the mean
probability. Transition probability was set to 0.05 and was allowed to
vary randomly within 10% of this value.

Table 2. Proportions of transition per lineage (T) necessary to
account for the greater increases in number of nonplanktonic
species relative to species with planktonic larvae as estimated from
Hansen’s (6) data

Gastropod group T CT, %

Buccinidae 0.10 68.0
Fasciolariidae 0.23 29.6
Mitridae 0.50 13.6
Nassariidae 0.30 22.7
Olividae 0.40 17.0
Volutidae 0.18 37.8

Contribution of developmental transitions (CT) to increase in
numbers of nonplanktotrophs if T 5 0.068 (see Discussion).
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