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Observed ratios of Ts to Tv between all taxa ranged from

a low of 1.73:1 (for T. xanthostigma vs. T. mariana) to a high
of 5:0 (for T. rusticus vs. T. nigerrima) for the COI region

hin the COI segment (a) and the 128 segment (b) plotted against
and from a low of 1.11

the percentage of nucleotide differences for combined COI + 128

suoiNISANS paAIasqo

Fig. 2. Observed number of transitions (Ts) and transversions (Tv)
datasets (corrected for multiple substitutions using Kimura’s [1980]

two-parameter method).
ously been placed in its own subgenus (Promartynia) within

the genus Tegula, but these results suggest it is not closely
related to the other Tegulinae and it was excluded from further

analyses.
versions against overall sequence divergence (Fig. 2) indi-

cated a relatively linear relationship within both gene regions.

T. argyrostoma) for the 128 region. Plots of observed trans-
The slope of observed COI transitions versus overall diver-

a high of 25:0 (for T. pfeifferi vs. both T, xanthostigma and
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FiG. 3. The most-parsimonious (MP) phylogenetic tree for relationships of 23 species of Tegula based upon cytochrome ¢ oxidase I
(639 bp) and 128 (480 aligned positions) using a weighting scheme of 12:1 transversions to transitions. Two inferred exchanges between
the eastern Pacific and Caribbean indicated with arrowheads. Bootstrap values for this MP tree are listed above the branches, followed
by interior branch test values for a neighbor joining (NJ) tree using Kimura’s two-parameter distances. In contrast to the tree shown
above, the NJ tree supports T. aureotincta as the sister to all other Tegula shown (76%) and supports the monophyly of the California
(less T. aureotincta) + East Asia clade (94%). All branches with MP bootstrap support greater than 50% are also supported by maximum-

likelihood analysis (P < 0.01).

gence decreases markedly between 5% and 7.5% overall di-
vergence, but still has not fully saturated even between the
most distantly related taxa. The average Ts:T'v ratios between
““close taxa” (Kimura two-parameter distances for combined
COI/128 data < 0.05) were similar for the two gene regions
(11.8:1 for COI, 7.6:1 for 1285), so the average Ts:Tv value
for the combined datasets (0 = 11.97) was taken as the best
estimate of the true Ts:Tv mutation bias. Two close species
pairs (T. rusticus and T. nigerrima, T. argyrostoma and T.
xanthostigma) were excluded because no transversions were
observed between them for either gene region (observed Ts:
Tv = 11:0 and 7:0, respectively).

Phylogenetic analysis of the combined COI and 125 data
using a 12:1 Tv:Ts weighting scheme yields a single MP tree
(Fig. 3). Bootstrap analysis of this tree shows strong support
($ 93%) for the monophyly of three temperate three-species
radiations: an East Asian radiation (7. pfeifferi, T. rusticus,
and T. nigerrima), a subtidal Californian radiation (7. regina,
T. montereyi, and T. brunnea) and a California/Baja California
intertidal radiation (7. funebralis, T. gallina, and T. rugosa).
Bootstrap values also indicate strong support (= 88%) for
the sister group status of five coexisting species pairs: T.
brunnea and T. montereyi, T. rusticus, and T. nigerrima, T.
argyrostoma, and T. xanthostigma, T. tridentata, and T. quad-

ricostata, and T. mariana and T. felipensis. The monophyly
of all East Asian species receives strong support, as does the
monophyly of a clade consisting of the Chilean species and
the tropical Tegula (Agathistoma plus T. (s. s.) pelisserpentis).
Relationships among four major lineages (7. aureotincta, the
five East Asian species, the three subtidal Californian species,
and the California/Baja + Chilean + tropical clade) are poor-
ly resolved, as are relationships among the Neotropical Teg-
ula (Agathistoma).

Trees based solely on the COI data or solely on the 128
data differ primarily in the relationships between major
clades; both support the monophyly of crown groups. With
transversions weighted 12 times more heavily than transitions
(as in Fig. 3), two equally parsimonious COI trees (Fig. 4¢)
group T. aureotincta with the subtidal Californian radiation
and indicate the California/Baja intertidal species are the sis-
ter to the Chilean/tropical clade. In contrast, the Tv:Ts 12:1
128 tree (Fig. 4b) places T. aureotincta as the sister to all
other Tegula and the California/Baja intertidal clade as the
sister to the five East Asian species. Both gene regions sup-
ported the monophyly of the East Asian, subtidal Californian,
and intertidal California/Baja Californian radiations, as well
as the sister species status of the four coexisting pairs men-
tioned above. The Tv:Ts 12:1 COI tree supports one more
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FiG. 4. Maximum-parsimony trees for 23 species of Tegula (plus the outgroup N. norrisi) based upon 639 bp of cytochrome ¢ oxidase
I subunit (left) and 480 aligned nucleotide positions of the 12S rRNA subunit (right). Transversions (Tv) were weighted either equally
(above) or 12 times more heavily (below) than transitions (Ts). For the 128 data, gaps were weighted equal to transitions in the tree B,

but given zero weight in tree D.

coexisting pair of sister species (the Chilean T. tridentata and
T. quadricostata) that the similarly weighted 12S MP tree
does not.

Support for the three temperate three-species radiations and
four of the five coexisting sister taxa is robust with respect
to the Tv:Ts:gap weighting scheme employed. MP analysis
yielded a single tree (total length [TL] = 917, retention index
[RI] = 0.478) when transitions and transversions were equal-
ly weighted for COI (Fig. 4a). Equally weighting Ts, Tv, and

gaps for the 128 region also produced a single MP tree (Fig.
4b; TL = 672, RI = 0.650). Again, the trees differ primarily
in the relationships of the major clades. Both equally weight-
ed MP trees support the three temperate three-species radi-
ations and four of the five coexisting sister taxa previously
mentioned. In addition, the equally weighted 12S tree sup-
ports sister group status for two additional pairs of species
(T. funebralis and T. gallina, and T. tridentata and T. quad-
ricostata) not supported as sister taxa in the equally weighted
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COI tree. The three temperate three-species radiations and
the four of the five coexisting sister taxa are supported by
all MP trees based on the COI region alone, the 12S region
alone, and the COI and 12S regions combined for Tv:Ts
weightings of 12:1. 8:1, and 4:1, with gaps treated as missing
data. Most of these trees supported the sister species status
of T. tridentata and T. quadricostata as well. When only
transitions were used, the T. rusticus/T. nigerrima sister group
was not resolved for either COI or the combined datasets
(there are no transversions between them) and the 128 dataset
supported only the sister group status of T. brunnea and T.
montereyi and the three-species Californian/Baja intertidal
clade.

MP trees based solely on 67 aligned positions in the in-
sertion bounded by 12S helix 38 produced branching topol-
ogies that differed from trees based on the entire dataset
primarily in relationships among, not within, the major
clades. Excluding this region did not alter the results of the
total dataset significantly; the single MP tree for the combined
COI/12S dataset excluding the helix 38 insertion differs from
the MP tree in Figure 3 only in relationships of the tropical
Agathistoma (results not shown).

DISCUSSION

The marine gastropod genus Tegula arose about 15
M.Y.B.P. and presently numbers over 40 species. Species of
Tegula occur along the cool temperate shores of the north-
western Pacific (off of East Asia), northeastern Pacific (from
British Columbia down to Baja California), and southeastern
Pacific (off of Chile and southern Peru), as well as tropical
waters of the Eastern Pacific and Caribbean. Strong geo-
graphical barriers separate all of these regions: vast expanses
of uninhabitable Pacific Ocean and frigid Arctic shores isolate
Asian and California species, warm tropical waters separate
antitropical taxa in California and Chile, and the Isthmus of
Panama has divided Eastern Pacific and Caribbean water
since the late Pliocene. Further geographical barriers sub-
divide these five regions; for example, Point Conception
marks a major biogeographical breakpoint in southern Cal-
ifornia. If the evolution of reproductive isolation in Tegula
requires such major geographical barriers, then sister taxa
should occur on different sides of barriers. Phylogenetic re-
lationships between Tegula species based on mitochondrial
DNA sequences presented here suggest otherwise. Five of
six sister taxa supported by the MP tree overlap broadly in
their geographical distributions (Fig. 3). Three well-sup-
ported, monophyletic clades in the northern Pacific are re-
stricted to single coastlines. These results suggest that, al-
though strong geographical barriers may play a vital role in
initiating adaptive radiations, speciation in Tegula generally
occurs along single coastlines.

Genetic Support for Sympatric Sister Taxa

Both the COI and 12S rRNA gene regions sequenced here
supported the monophyly of the three coastal North Pacific
radiations. Support for the three North Pacific clades was
strong and consistent for both gene regions and for a variety
of weighting schemes (Fig. 4), as well as for instances where
a large, difficult-to-align insertion within the 128 region was

HELLBERG

deleted from the dataset. The monophyly of these North Pa-
cific coastal clades was strongly supported both by bootstrap
values and by interior branch confidence probabilities. Par-
simony bootstrap values greater than 70% generally corre-
spond to 95% confidence that clade is real (Hillis and Bull
1993), provided that internodal change is < 20% (as is true
here) and that rates of nucleotide change do not vary greatly
among clades. Here, bootstrap values for the three coastal
North Pacific clades exceeded 92%, and the monophyly of
all five East Asian species was equally well supported (92%).
The interior branch-confidence probability for all three North
Pacific clades was equal to 99% (Fig. 3).

Furthermore, support for coastal radiations was strongest
where inference should be strongest, namely, in those parts
of the tree where all species have been sampled (Lecointre
et al. 1993). I was able to obtain samples of all temperate
Tegula from the North Pacific, and support for coastal ra-
diations was strongest among these taxa. Among tropical
taxa, where I obtained samples from only about one-third of
extant species, clear examples of coastal radiations were not
evident.

Observed Ts:Tv ratios also supported the recent ancestry
of coastal radiations in the North Pacific. Observed Ts:Tv
should approach unity as the time since lineages split in-
creases, due to the combined effects of transversion accu-
mulations and back mutations of transitions. Among the
North Pacific radiations, observed Ts:Tv for the combined
COI and 12S data was high (0 = 12.4), especially for the
East Asian radiation (0 = 14.3), which apparently arose quite
recently. In contrast, the average observed Ts:Tv for pairwise
comparisons of species found on different coasts was gen-
erally much lower (0 = 2.8).

The MP tree in Figure 3 included two instances of indicated
sister taxa with allopatric geographic distributions. However,
closer inspection of these two suggests neither lends strong
support to speciation mediated by strong geographic barriers.
Tegula fasciata and T. corteziana are unlikely to be true sister
taxa because (1) support for the two as sisters is highly in-
consistent (varies with weighting and gene region); (2) boot-
strap support is weak (< 50%); and (3) at least some of the
many unsampled Agathistoma are probably closer to one spe-
cies or the other than either is to the other. The sister pair of
T. gallina, which inhabits the coast between southern Cali-
fornia and the outer coast of southern Baja California, and
T. rugosa, which is endemic to the Sea of Cortez, was well
supported by bootstrap values in the combined 12:1 weighted
dataset (Fig. 3), although not by the equally weighted 125
tree (Fig. 4b). These are the only sister species that do not
presently share a region of geographical overlap, although
they likely coexisted as recently as 1 M.Y.B.P,, when a seaway
divided the Baja Peninsula (Upton and Murphy 1997). No-
tably, they were also the most genetically distant of all the
sister pairs in the tree (Table 2). This is precisely the opposite
of the pattern expected if some strong geographical barriers
(in this case, the warm waters around the tip of the Baja
California peninsula) initiates speciation. Under the allopatric
speciation scenario outlined by Mayr (1954), coexisting ma-
rine sister taxa should be more genetically distinct than al-
lopatric ones. For Tegula, in the single instance allowing such
a comparison, the observed pattern was exactly opposite that
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expected for allopatric speciation mediated by strong geo-
graphic barriers.

By the same logic, the sister taxa that are genetically clos-
est should offer the greatest insight into the geographical
circumstances of speciation. Tegula rusticus and T. nigerrima
presently share a region of sympatry that includes the opening
to the Japan Sea in southwestern Japan. Past changes in sea
level could have closed the Tsushima Strait, transiently iso-
lating one of these two in the Sea of Japan. However, an
isolated Sea of Japan would likely have been far colder and
more anoxic than the open Sea of Japan of today, due to a
cutoff of warm currents arriving from the south and the ac-
cumulation of freshwater from in-flowing rivers, respectively.
Such conditions probably excluded many of the marine in-
vertebrates that live there now (Oba 1991). Current patterns
could provide an alternative means of isolating populations
along a single coastline without imposing a land barrier. The
divergent pathways of two northbound warm water currents
that split off southern Kyusyu coincide with a major genetic
division with Turbo cornutus, a marine snail with larval dis-
persal abilities similar to those of Tegula (Kojima et al. 1997).

Agreement with the Fossil Record

The known fossil record of Tegula generally agrees with
the branching order of the mitochondrial phylogeny presented
here. The earliest (mid-Miocene) recognized Tegula all ap-
pear most similar in shell morphology to the extant T. au-
reotincta (Upper Olcese Sands of Addicott 1970). Phyloge-
netic analyses presented here placed T. aureotincta as either
the sister to all other Tegula or as sister to the subtidal Cal-
ifornian radiation, both consistent with its early appearance.
Tegula appears in the fossil record of Japan soon after the
first California examples (Hickman and McLean 1990),
which is again consistent with the MP tree presented here.
The early Pliocene was a time of rapid radiation within Teg-
ula. Both T. funebralis and T. gallina of the Californian/Baja
intertidal radiation first appear in the Pliocene. The Pliocene
also marks the first appearance of Tegula in the Southern
Hemisphere (Herm 1969), with larger species (T. atra and
the as-yet-unsampled T. luctuosa) appearing first, followed
shortly by smaller ones (such as T. tridentata). My phylo-
genetic analyses suggest these smaller, southeastern Pacific
species may be the sister group to the tropical Agathistoma.

The oldest species clearly belonging to the tropical sub-
genus Agathistoma appear in the Pliocene Yorktown For-
mation of Virginia, and arose no more than 4 M.Y.B.P.
(Campbell 1993). The absence of Agathistoma from earlier
deposits that are rich with other trochid fossils (e.g., Brunet
1995) and the restricted geographical range of this subgenus
attest to its relatively recent origin, a view consistent with
its crown position within the mitochondrial phylogeny pre-
sented here. The early radiation of this subgenus was ap-
parently quite explosive: No less than three species pairs of
Agathistoma were split by the rise of the Isthmus of Panama
(Vermeij 1978), which occurred about 3 M.Y.B.P, but began
to divide some marine taxa well before that time (Knowlton
et al. 1993). The MP tree in Figure 3 suggested at least two
lineage splits between the Eastern Pacific and the Caribbean
within Agathistoma, one of which likely predated the closing
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of the Isthmus. More species of Agathistoma, including gem-
inate species pairs, will have to be sampled to ascertain the
extent to which the more than 20 species of this subgenus
have evolved along single coastlines.

Among the major radiations within Tegula, age rank (order
of first appearance in the fossil record) correlates well with
clade rank (branching order from the base of the tree; Norell
and Novacek 1992). The notable exception to this pattern is
the outgroup species, Norrisia norrisi. The earliest fossil N.
norrisi date from the Pleistocene, however, plesiomorphic
opercular features support this species’ basal position within
the Tegulinae (Hickman and McLean 1990).

The fossil record also provides information on how the
geographical ranges of Tegula species have varied over time.
Recurring climatic changes, which began in the Miocene,
have shifted the ranges of temperate coastal species toward
the equator during glacial episodes and of tropical coastal
species poleward during interglacial periods (Rockwell et al.
1989; Ortleib and Diaz 1991; Roy et al. 1996). In Tegula,
such latitudinal range shifts apparently do not disassociate
sympatric sister taxa: T. brunnea and T. montereyi appear
together in 80-K.Y.B.P. deposits in northern Baja California,
a few hundred kilometers beyond their present southern end-
point (Rockwell et al. 1989).

Interglacial periods could conceivably result in longitu-
dinal range shifts in Tegula, as distributions moved northward
and Beringia provided stepping stones to trans-Pacific ex-
change. Subsequent cooling would push distributions south-
ward, thereby sundering such amphi-Pacific species and cre-
ating disjunct sister species on Asian and American shores
(Vermeij 1989). Although Tegula species have been held up
as possible exemplars of such vicariance (Grant and Gale
1931; Vermeij 1989), the monophyly of the three North Pa-
cific radiations supported by my phylogenetic analysis sug-
gests all recent speciation within the genus has occurred along
single coastlines. However, a trans-Pacific vicariant event
near the Miocene/Pliocene boundary probably set the stage
for the independent Asian and American radiations.

In general, present-day geographical distributions may not
reveal whether species were sympatric or allopatric when
reproductive isolation evolved, although they should be able
to falsify sympatric speciation (Lynch 1989). The results of
the phylogenetic analysis of Tegula presented here thus do
not provide strong support for sympatric speciation, but they
do strongly suggest that major geographical barriers (such as
broad expanses of ocean or land bridges) are not required for
speciation and that speciation often proceeds along single
coastlines.

Sympatric Sister Taxa in Marine Radiations

Marine species with limited larval dispersal capabilities
should exhibit patterns of speciation similar to those of ter-
restrial species: New species should arise in geographical
proximity to their forebears (Palumbi 1992). Phylogenetic
relationships among species with nonplanktonic larvae sup-
port this prediction (Kwast et al. 1990; Foltz et al. 1996;
Marko 1998), although some sister species are divided by
major barriers (Reid 1990; Collins et al. 1996). However, the
planktonic larvae of many benthic marine animals provide



