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Paleontology and Chrbnol,ogy of Two
Evolutionary Transitions by Hybridization in
the Bahamian Land Snail Cerion

Glenn A. Goodfriend and Stephen Jay Gould

The late Quaternary fossil record of the Bahamian land snail Cerion on Great Inagua
documents two transitions apparently resulting from hybridization. In the first, a localized
modern population represents the hybrid descendants of a 13,000-year-old fossil form
from the same area, introgressed with the modern form now characteristic of the adjacent
regions. In the second case, a chronocline spanning 15,000 to 20,000 years and ex-
pressing the transition of an extinct fossil form to the modern form found on the south
coast was documented by morphometry of fossils dated by amino acid racemization and
radiocarbon. Hybrid intermediates persisted for many thousands of years.

Most evolutionary transitions between spe-
cies are trapped in a no man’s land of invisi-
bility. Such events generally require too much
time for direct observation but occupy too
short an interval for preservation in the fossil
record. However, favorable circumstances can
provide visibility in fortunate instances. We
report two cases of radiometrically dated evo-
lution during the past 20,000 years in the land
snail Cerion, an exceptionally labile genus
that produced several stable and novel popu-
lations by the rapid mechanism of hybridiza-
tion (1).

Our perspective on the evolution of hybrid
zones has generally been based on either (i)
very short periods of human observation, typ-
ically related to species introductions or hab-
itat disturbance by humans (2) or (ii) scenar-
ios inferred from knowledge of climatic

"G. A. Goodfriend, Geophysical Laboratory, Camegie In-

stitution of Washington, 5251 Broad Branch Road, NW,
Washington, DC 20015, USA.

S. J. Gould, Museum of Comparative Zoology, Harvard
University, Cambridge, MA 02138, USA.

VOL. 274 + 13 DECEMBER 1996

changes and their probable role in bringing
different populations into contact [for exam-
ple, probable postglacial origins of hybrid
zones in fire-bellied toads (3) or grasshoppers
(4)]. In the present study, by contrast, we
provide direct fossil evidence for the history of
older and more persistent hybrid zones.
Great Inagua (Fig. 1), the largest island
of the southeastern Bahamas, is now inhab-

(Flat-topped hybrids)
GREAT INAGUA

Matthew Town 7
(C. excelsior hybrids)

Fig. 1. Map of Great Inagua, showing location of
sampling sites.



Fig. 2. Photograph of modern and fossil Cerion from the north coast of Inagua. The left two are modern
C. columna (locality 853); the middle two are modern flat-topped forms of intermediary morphology
[locality 892 (5)); and the right two are fossil flat-topped forms (locality 893). Scale bar is 1 cm.

ited by three species of Cerion (5): (i) the
smooth, white, and triangular C. columna of
the northern coastline, (ii) the ribby,
brown-mottled, and red-topped C. rubicun-
dum of the southern coast and island inte-
rior, and (iii) the ubiquitous dwarf C. reh-
deri, living sympatrically with both of the
other species. Pleistocene and Holocene de-
posits of Great Inagua yield at least two
other species: the large, smooth, tall, and
parallel-sided C. excelsior (the largest of all
Cerion species), extensively distributed over
southern Inagua, and a large, flat-topped
form, probably an immigrant from the near-
by eastern Cuban C. dimidiatum complex,
known on Inagua only from late Pleistocene
rocks in one locality on the northern shore
(5) (Fig. 1). Both of these fossil species
show direct temporal evidence of hybridiza-
tion with the living Cerion species now
resident in their former areas of habitation.

Case one: The flat-topped “area effect” in
modern C. columna. Although somewhat vari-
able in size, thickness, and ribbing, C. columna
(Fig. 2) shows no departure throughout its
geographic range from the definitive form of a
high and narrow apex and generally triangular
cross section. However, in one restricted re-
gion of the north coast, extending for 3 to 5
km of the total 80-km coastal range of C.
columna, shells possess a strongly flattened
apex otherwise unknown in the species. To
both the east and west, shells undergo a rapid

transition to ordinary forms. This flat-topped
“area effect” (6) occurs in the same region
that has yielded the even flatter topped fossils
of the C. dimidiatum complex. The modemn
flat-topped C. columna from the area effect are
smoothly intermediate between the fossil C.
dimidiatum and ordinary high-spired popula-
tions of C. columna, both in general form (Fig.
2) and in distinctive patterns of covariation,
as revealed by multivariate analysis of the
shells. In addition, three alleles otherwise un-
known in C. columna have been found at low
frequency in the flat-topped area effect popu-
lation. For these reasons of geography, mor-
phometrics, and genetics, we infer that the
area effect population owes its uniquely flat-
topped form to retained influence by intro-
gression from the C. dimidiatum propagule,
now extinct; the area effect represents a hy-
brid population (5). The fossil propagule has
been radiocarbon dated to 13,070 years before
present (Table 1). Persistence of hybrid effects
over several generations for small propagules
swamped by native forms has been demon-
strated in Cerion before (1), but only for ex-
periments done in this century. These fossils
show that the morphometric effects of hybrid-
ity from a parental source can persist for many
thousands of years after the extinction of a
source population.

Case two: The gradual loss of C. excelsior
influence over 20,000 years in a southern
Inaguan population of C. rubicundum. Where-

 REPORTS

as our first case rests on firm inference but not
on direct documentation of the morphologi-
cal transition, our second case provides fossil
evidence of such a transition. The fossil spe-
cies C. excelsior, the distinctive and strikingly
large, parallel-sided species of adjacent islands
in the southern Bahamas (Inagua, May-
aguana, and East Plana Cay) (7), occurs both
in Holocene sediments and in a broad ex-
panse of long-dead shells on sandy silt flats
behind the beaches of southern Inagua. In one
location (Fig. 1), now inhabited by abundant
C. rubicundum, thousands of highly variable
shells (both in form and preservation) lie
exposed on such an extensive flat. These
shells span a full range of form, from pure C.
excelsior, through intermediates of all degrees,
to shells indistinguishable from living C. ru-
bicundum. Moreover, on visual inspection, the
pure C. excelsior shells appear most weathered
and eroded and generally have heavy second-
ary carbonate encrustations, whereas pure C.
rubicundum shells look fresh and unaltered;
shells of intermediate forms seem to be weath-
ered to an intermediate degree.

These impressions suggest that the C. ex-
celsior population may have initially hybrid-
ized with invading C. rubicundum (a species
unknown in the fossil record of Inagua despite
its remarkable current spread and abundance).
Eventually all morphological influence from
the now extinct C. excelsior was lost, as C.
rubicundum colonized southern Inagua so suc-
cessfully and extensively. We cannot confirm
this conjecture without independent evidence
of age, for all specimens lie exposed and in no
stratigraphic order. We therefore assessed the
smooth morphocline from C. excelsior to C.
rubicundum by multivariate biometry (7) and
then established the chronocline by radiomet-
ric and amino acid dating methods.

For dating, we selected 19 fossil shells
spanning a full range of morphology from the
complete sample of 70 specimens (60 fossil
and 10 modern) used for the morphometric
study. The chronology of the Cerion shell
samples was determined by a combination of

Table 2. Radiocarbon analyses of prebomb Ba-
hamian Cerion from the U.S. National Museum of
Natural History collection, collected live in 1930
(year uncertain for the Inagua sample). The '“C
was corrected for isotopic fractionation according

to equation 8 in (75). The anomaly was calculated
relative to a value of 150 years B.P., the radiocar-
bon age of atmospheric carbon in 1930 (76). Con-
ventional analysis by ethane gas proportional

Table 1. Radiocarbon ages of fossil Cerion samples from sites SJG833 and SJG893 on Inagua.
Analysis by accelerator mass spectrometry. The 'C ages [in years before present (B.P.)] were adjusted
for isotopic fractionation according to equation 8 in (75). These ages were corrected for an age anomaly
estimated at 1020 + 430 years (from Table 2). The calibrated ages are calendric ages determined with

CALIB 3.0 (712). counting was performed at the Weizmann Insti-
tute of Science radiocarbon laboratory.
. 4C age Corrected “C Calibrated age
Sample Site (years B.P.) age (years B.P.) (cal years B.P.) Localit 4C age Anomaly
Y (years B.P.) (years)
CAMS-14234 SJG833 3,930 (x60) 2,910 (*+430) 3,040 (+520)
CAMS-14236 SJG833 5,490 (+60) 4,470 (=430) 5,000 (x520) Inagua 1770 (x45) 1520
CAMS-14235 SJG833 14,890 (+70) 13,870 (*+440) 16,640 (+560)  North side, Margach Cay 890 (=55) 740
AA-7658 SJG893 12,180 (+115) 11,160 (+445) 13,070 (x570)  West shore, Anguilla Cay 960 (x45) 810
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radiocarbon and amino acid racemization (D-
alloisoleucine/L-isoleucine, or A/I) analyses
(8). We used racemization analysis to obtain a
relative chronology of the individual shells
because A/l values increase with age. This
relative chronology could then be tied to an
absolute chronology through radiocarbon dat-
ing of three individuals selected to span the
full range of morphology and preservation: a
pure C. excelsior, an intermediate, and the
fossil shell closest to modern C. rubicundum
(Table 1). This approach has been used to
resolve the chronology of shells from mixed-
age deposits in a variety of contexts (9).

The radiocarbon ages of land snail shells in
limestone areas are anomalously old as a result
of the ingestion of ancient carbonate (deficient
in 1*C) by the snails and its subsequent incor-
poration into the shell during growth (10). To
evaluate the extent of this radiocarbon age
anomaly in Cerion shells, we carried out radio-
carbon analyses on several sets of shells collect-
ed alive before thermonuclear bomb tests in the
1950s altered atmospheric *C levels (11). Re-
sults (Table 2) indicate a mean age anomaly of
1020 years, with a standard deviation of 430
years. Consequently, we subtracted this mean
value from measured '*C ages of fossil samples
and then summed the variance with the report-
ed analytical variance of the *C age to obtain
the overall uncertainty of the !*C age. We then
converted these corrected radiocarbon ages to
calendric ages (12).

We performed a factor analysis on the 70
fossil and modern shells, using 18 variables of
our standard protocol (13) to express the ma-
jor features, allometries, and covariances in
the growth of Cerion (protoconch dimensions,
whorl numbers and sizes, apertural size and
orientation, and adult shell size and shape; we
omitted measures of ribbing, which could not
be reliably determined on many of the eroded

fossils). Three varimax axes of a Q-mode anal-
ysis on variables equally weighted by a per-
cent-range  transformation  encompassed
94.6% of the information.

The first axis expressed the common
growth allometry of all Cerion (as shown by
factor scores for the 18 variables) and made
no temporal distinction among shells (as
indicated by a lack of correlation between
factor loadings for specimens and the mea-
sured A/l ratios). This first axis expresses the
negative interaction of measures for whorl
numbers and standardized whorl sizes—a
constraint that we have called the “jigsaw
covariance” (14) to express the geometric
necessity that shells can reach a common
adult size with either fewer large whorls or
more smaller whorls—thus producing the
negative interaction of whorl sizes and num-
bers. Because all Cerion grow under this con-
straint, the two end member species of this
analysis are not distinguished on this axis.

The second axis (36.5%) expresses all of
the essential measured differences between C.
excelsior and C. rubicundum. Six variables
score above 0.2 on this axis. These, and only
these, mark the basic conchological differenc-
es between the two species. Shells of C. excel-
sior are larger by addition of more whorls,
which (under Cerion’s standard allometry)
add height with little augmentation of width
(shell height scores 0.548 on the second axis,
and width only 0.279). As the second major
distinction (Fig. 3), the aperture of C. excelsior
is more strongly inclined and tilted away from
the axis of coiling, whereas the aperture of C.
rubicundum grows in greater continuity with
preceding whorls (three measures of apertural
shape and orientation score from 0.320 to
0.410 on the second axis). Finally, the greater
twist of C. excelsior’s aperture necessarily pro-
duces a larger umbilicus (umbilical width
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Fig. 3. Shell morphology of fossil and modern Cerion shells from site SUG833 (as expressed by loadings
on factor axis 2) in relation to age (as indicated by A/l values). Radiocarbon ages (from Table 2) for three
of the shells are indicated. Scale refers to shell photographs.
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scores 0.306). By contrast, the nine measures
of protoconch and whorl sizes do not distin-
guish the two species and therefore score near
zero on the second axis (range of —0.092 to
+0.122 with a mean of +0.020).

As expected, pure C. excelsior specimens
load with the highest values on axis 2, and
modern C. rubicundum shells load with the
lowest values. The intermediate fossils load
with values between those of these end-
members (Fig. 3). When plotted in relation
to a relative time axis, as represented by A/l
values, a clear temporal trend in morphol-
ogy emerges. Simple linear regression of the
factor axis 2 loading against A/l values for
all specimens (fossil and modern) confirms
this trend (two-tailed test for slope = 0:t =
7.9, P < 0.0001); fossils alone also yield a
highly significant trend (¢ = 6.1, P <
0.0001). The R? values (0.69 and 0.68,
respectively) indicate that about two-thirds
of the axis 2 variation in the samples can be
ascribed to temporal change.

The two highest loadings (pure C. excelsior
by appearance) are the oldest shells by A/l
values; the seven lowest loadings are for mod-
ern shells. We conclude that the intermediate
loadings of all fossils with intermediate ages
record the hybridization of C. rubicundum im-
migrants with an original C. excelsior stock
and the gradual waning of C. excelsior in-
fluence as this fossil species died out and C.
rubicundum spread over Inagua to its cur-
rent abundance. We do not have enough
data to discern the fine-scale pattern of
intermediacy, in particular, whether the
waning of C. excelsior influence occurred
continually or in plateaus. Because one of
the older intermediate specimens is 16,600
years old and the youngest is 3000 years old,
we conclude that the morphometric effects
of hybridity endured for at least 13,000
years, thus providing a striking example for
substantial persistence, with long-extended
intermediacy, of an evolutionary phenom-
enon often viewed as far more evanescent.
Hybrid zones may, of course, endure this
long and far longer as dynamic entities
between two persisting end members, but
the extinction of an end member must sev-
er one end of the balance and should spell
rapid elimination of hybrids unless the
mixed population evolves selected develop-
mental and genetic uniquenesses of its own,
thus permitting the production of stable
novelty by hybridization.

In favorable circumstances such as these,
the fossil record can supply direct evidence
for evolutionary change at the generational
scales of microevolutionary processes, rather
than the conventional paleontological scale
of general trends over millions of years. The
usual broad brush represents a fascinating
scale in its own macroevolutionary right, but
it cannot resolve the blips and fillips that



mark the richness of life’s history and con-
stitute the only scale of evolution directly
observable in our own historic time. The
Cerion fossil record thus supplies an empiri-
cal bridge between these two crucial scales of
evolution.
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Nanocapillarity and Chemistry in
Carbon Nanotubes

D. Ugarte,* A. Chatelain, W. A. de Heer

Open carbon nanotubes were filled with molten silver nitrate by capillary forces. Only
those tubes with inner diameters of 4 nanometers or more were filled, suggesting a
capillarity size dependence as a result of the lowering of the nanotube-salt interface
energy with increasing curvature of the nanotube walls. Nanotube cavities should also
be less chemically reactive than graphite and may serve as nanosize test tubes. This
property has been illustrated by monitoring the decomposition of silver nitrate within
nanotubes in situ in an electron microscope, which produced chains of silver nanobeads

separated by high-pressure gas pockets.

The nanoscale cavities of fullerenes (1) and
nanotubes (2) may be used for generating
encapsulated compounds or elongated nano-
structures. Early attempts to fill fullerene-re-
lated materials were based on the electric arc
method, in which graphite electrodes were
impregnated with the filling material (3-5).
These experiments led to the discovery of a
variety of filled graphitic structures (6-8);
however, the abundances of filled structures
were very low and their production was diffi-
cult to control. Alternatively, nanotube pro-
duction and filling procedures can be separat-
ed by using efficient nanotube production
methods (9) and by utilizing capillary forces
(10-13) for filling them. Dujardin et al. (11)
have shown that elements and compounds
that wet graphite (that is, with surface ten-
sions of =190 mN/m) are potential candi-
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dates for nanotube-filling materials. More re-
cently, a simple wet chemical method was
developed for the opening and filling of nano-
tubes, which facilitates the inclusion of a wide
variety of materials (14). The tubes are treat-
.ed with diluted nitric acid in which a metal
salt is dissolved; once a tube has been opened,
the liquid enters the nanotube, and the for-
mation of enclosed metal oxide particles can
be induced by a subsequent calcinating step.
A drawback of this method is that initially the
nanotube is filled mostly with the solvent.
To resolve this and other problems, we
have developed a four-step procedure involv-
ing: (i) synthesis of the tubes, (ii) opening,
(iii) high-temperature annealing, and (iv)
capillary filling with a molten pure metal salt
such as AgNO; (15). It was verified that in
the case of AgNO;, the molten salt entered
the tubes. In some cases, the tubes were filled
along their entire length (16). Metallization
of the encapsulated salt was induced by the
electron beam in an electron microscope,
which was used to monitor the chemical re-
actions inside the tube. The results presented
here illustrate several processes occurring in
the nanotube cavities, namely: (i) the filling
process (capillarity and wetting), (ii) the met-
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allization (decomposition of silver nitrate and
silver bead formation), and (iii) chemical re-
actions between evolved gases and the nano-
tube interior.

The filling efficiency (~2 to 3%) is much
lower than the efficiency to open tube tips by
oxidation (~60%), resulting in only a small
fraction of the opened tubes being filled. The
inner diameter distribution of the nanotubes
peaks at ~2 nm (Fig. 1A), but the filled tube
cavities are usually those with a large inner
diameter (=4 nm), and filling of small diam-
eter tubes (1 to 2 nm) was not observed (Fig.
1B). The low percentage of filled nanotubes
thus simply reflects the low abundance of
large inner diameter tubes, the majority of
which were filled. Similar filling diameters
were also observed by others using various
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Fig. 1. (A) Histogram of the diameter distribution
of the inner cavity of arc-generated multilayered
carbon nanotubes (74 tubes); (B) Inner diameter
distribution of filed nanotubes (26 tubes).
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