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New dates and new rates for divergence
across the Isthmus of Panama
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Sister species separated by the Isthmus of Panama have been widely used to estimate rates of molecular
evolution. These estimates are based on the assumption that geographic isolation occurred nearly simulta-
neously for most taxa, when connections between the Caribbean and eastern Pacific closed
approximately three million years ago. Here we show that this assumption is invalid for the only genus
for which many taxa and multiple genetic markers have been analysed. Patterns of divergence exhibited
by allozymes and the mitochondrial COI gene are highly concordant for 15 pairs of snapping shrimp in
the genus Alpheus, indicating that they provide a reasonable basis for estimating time since cessation of
gene flow. The extent of genetic divergence between pairs of sister species varied over fourfold. Sister
species from mangrove environments showed the least divergence, as would be expected if these were
among the last habitats to be divided. Using this pair yields a rate of sequence divergence of 1.4% per
one million years, with implied times of separation for the 15 pairs of 3—18 million years ago. Many past
studies may have overestimated rates of molecular evolution because they sampled pairs that were sepa-

rated well before final closure of the Isthmus.
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1. INTRODUCTION

The Isthmus of Panama represents a complete, relatively
recent, and well-dated barrier across what was once a
large neotropical marine environment (Farrell ef al. 1995;
Coates & Obando 1996). Sister species separated by the
Isthmus have thus provided an important tool for
estimating rates and patterns of molecular evolution
for many marine groups (Lessios 1979, 1998; Vawter et al.
1980; Martin e al. 1992 Knowlton ef al. 1993;
Bermingham & Lessios 1993; Collins 1996; Bermingham
ef al. 1997, Sturmbauer ef al. 1996; Hart et al. 1997,
Schubart et al. 1998).

Studies to test the constancy and estimate the rate of
molecular evolution are based on the assumption that
most transisthmian sister-species pairs were separated at
roughly the same time by final closure of the connection
between the Caribbean and the eastern Pacific (Collins
1996), approximately three million years ago (Ma)
(Coates & Obando 1996). Recent molecular and fossil
studies suggest that this assumption may be invalid
(Knowlton ef al. 1993; Jackson et al. 1993), but the signifi-
cance of these concerns remains unclear (Cunningham &
Collins 1994). The continuing use of the Isthmus as a
basis for estimating rates of molecular evolution (see, for
example, Burton & Lee 1994; Sturmbauer e al. 1996;
Hart et al. 1997, Chenoweth et al. 1998; Metz et al. 1998;

"Author for correspondence (knowlon@naos.si.edu).
Present address: CMMID, Virginia Tech, 1410 Prices Fork Road,
Blacksbury, VA 24061-0312, USA.

Proc. R. Soc. Lond. B (1998) 265, 2257-2263
Received 29 June 1998 Accepted 28 August 1998

2257

Schubart et al. 1998) makes resolution of the timing of
transisthmian divergences an important task.

Here we report allozyme and mtDNA divergences for
15 transisthmian sister-species pairs in the snapping
shrimp genus Alpheus. All are shallow-water forms, but
two pairs are restricted to mangroves, which were likely
to be the last marine habitats separated by the rising
Isthmus. This transisthmian molecular data set is unique,
in that no other genus analysed to date contains more
than two sister-species pairs (Bermingham et al. 1997;
Schubart et al. 1998), and with few exceptions (Knowlton
et al. 1993; Bermingham & Lessios 1993; Metz e al. 1998),
independent measures of genetic divergence (such as
those based on mitochondrial and nuclear genes or gene
products) are not available. Multiple taxa and indepen-
dent measures of genetic divergence are essential, because
a single gene might misrepresent the species tree, and a
single species might misrepresent the general biogeo-
graphic history of a region.

2. MATERIALS AND METHODS

(a) Taxa

The taxonomic literature suggests approximately 20 possible
transisthmian sister-species pairs in the genus Aiphens (Kim &
Abele 1988). In some cases these are currently recognized as
distinct at the species level, and in other cases not, This inconsis-
tency is a taxonomic artefact; all should be recognized as
distinct species because of fixed genetic differences and repro-
ductive incompatibilities (Knowlton et al. 1993; this paper).

Shrimp were initially identified by using the keys published
by Chace (1972) and Kim & Abele (1988). In the course of our
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callections we discovered several additional, undescribed
species that resembled taxa with close transisthmian relatives;
these sibling species were also included (see Knowlion & Mills
1992, Knowlton et al. 1993). All shrimp were collected from the
Caribbean and Pacific coasts of Panama, typically from the
intertidal zone and in no case from depths of more than 20m,
In total we collected over 2000 individuals from a variety of
habitats.
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Correct identification of transisthmian sister species is
essential for estimating rates of molecular evolution, and can be
2 problem in highly diverse groups like Afpheus (Lessios 1998).
Many transisthmian sister-species pairs closely resemble each
other in morphology and colour pattern, and do not resemble
other Alpheus from the eastern Pacific or western Atlantic. This
allows one to assign sister-species pairs reliably without resorting
to molecular data. In several cases two sibling species occur in
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Figure 2. Relation between corrected per cent sequence divergence and allozyme differentiation (Nei’s D) for 15 independent
pairs of transisthmian sister species (figure 1). Maximum likelihood divergence estimates were corrected for amang-site rate
variation by means of a four-category gamma distribution. Just below the top axis are approximate dates of divergence based
on COI data, with the assumption that the most similar pair diverged at approximately 3 Ma. Various biological (Collins 1989;
Cunningham & Collins 1994) and geological (table 5 of Farrell et af. (1995)) events related to the rise of the Isthmus, whose
timing has been independently estimated based on the geological record, are positioned above the top axis to show their
relationship to the timing of shrimp divergences based on molecular rate calibrations. The two most distant pairs appear to

be the survivors of lineages that diverged about the time the Tethyan connection between Atantic and Pacific was severed.

one or both oceans, but in these cases sister species are also
readily identified by means of behavioural tests or subtle
differences in morphology and colour (Knowlton et al. 1993).
However, we excluded potential transisthmian pairs involving
the Caribbean 4. amillatus and A. hetemchaelis complexes
because we were not confident that sister species could be
assigned or collected owing to the large number of sibling
species in these groups.

(b) Analyses

After identification, living shrimp were frozen in liquid Ny,
or placed directly in a —80°C ultracold freezer for storage
before processing. For all pairs of taxa, we characterized at least
11 and typically 15-16 allozyme loci by using conventional
starch gel electrophoresis, and sequenced 564 base pairs (bp) of
the mtDNA cytochrome oxidase 1 (COI) gene (GenBank
accession numbers U02002-U02018, AF097858-AF097873)
(see Knowlton et al. (1993) for details). We used the same
methods as in our earlier analyses, except that cycle-sequencing
reactions were performed with a dRhodamine kit (PE-ABI) or
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a Thermosequenase kit (Amersham) at 10 pl volume (modified
to include halfTERM (Genpak)), following manufacturers’
instructions, and run on an ABI377 automated DNA sequencer.
Sequences were trimmed and aligned by means of Sequencher
(v3.0, Genecodes), and analysed with the Puzzle 40 (Strimmer
et al. 1997) maximum likelihood approximation.

3. RESULTS

As before (Knowlton et al. 1993), transisthmian sister
species identified by traditional morphological criteria
(Chace 1972, Kim & Abele 1988; Knowlton & Mills
1992) were confirmed by phylogenies based an the mito-
chondrial COI gene (figure 1). Doubling the sample size
from seven to 15 pairs strengthened our carlier conclusion
that both measures of genetic divergence (allozymes and
mtDNA) varied widely across the pairs of taxa in a
concordant fashion (figure 2).

The most parsimonious interpretation of these results is
that time of isolation varied widely among these pairs of
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taxa. The magnitude of variability in mtDNA divergence
between pairs is inconsistent with simultaneous isolation
and clock-like divergence based on an analysis of the
nucleotide changes shown in figure 1: the statistic R(n—1)
(where R is the mean:variance of number of nucleotide
changes, number of changes equals branch lengths multi-
plied by number of base pairs, and 2 is the number of
lineages) (Goldman 1994) is significantly non-random for
all sites and third positions only, both for all taxa and
when the two most dissimilar pairs (figure 2} are
excluded (p<0.001). Concordance between the two inde-
pendent measures of divergence (figure 2) also points
strongly to non-simultaneous isolation as the most parsi-
monious explanation for this pattern (Knowlton et al.
1993; Bermingham & Lessios 1993; Collins 1996).

Non-simultaneous divergence is also supported by the
fact that species pairs restricted to oflshore islands or
deeper habitats are typically more divergent than those
found along the mainland (Knowlton et al. 1993; this
paper). Moreover, the smallest divergence values were
scen for shrimp pairs from mangroves (figure 2), as
expected if these were the last habitats separated by the
rising Isthmus.

If the 15 transisthmian sister species did not diverge
simultaneously, then the lowest mtDNA divergence value,
rather than the average divergence of all shrimp pairs,
provides a better estimate of the rate of molecular evalu-
tion. This rate can then be used to reconstruct the timing
of isolation of more divergent pairs (figure 2). The use of
a geological estimate of final closure of the connection
between the Caribbean and eastern Pacific approximately
3Ma (Coates & Obandoe 1996), together with a gamma
correction for COI divergences, yielded estimated dates of
divergence ranging from 3 Ma (most similar mangrove
pair) to ca. 18 Ma (two most divergent pairs) (figure 2).

Divergences between most transisthmian pairs fell
within a 3-9-million-year range. This interval is
bracketed at one end by the first crossing of mammals
between North and South America, and at the other by
the onset of glaciation and massive marmmal interchange
(figure 2), lending credence to the reliability of the rate
calibrations. Similarly, a pulse of divergences about
4.5 Ma coincides with several oceanographic measures of
basin isolation (events summarized by Farrell et al.
(1995)). The two most highly divergent pairs fall outside
this interval, however, and presumably represent a pre-
Isthmian event (see below).

4. DISCUSSION

(a) Caveats

Comparison of true sister species is fundamental to our
conclusion that most transisthmian sister taxa are consid-
erably older than three million years, because aberrantly
high divergence values could be caused by misassigning
sister-species pairs or failing to collect them. The concor-
dance of morphaological, behavioural and molecular data
sets (Knowlton et al. 1993; this paper) suggests that closest
relatives among the taxa we collected have been identified
correctly. Kim & Abele’s (1988) compilation indicates no
potential transisthmian sister species involving eastern
Pacific shrimp with ranges that do not include Panama,
and based on our collections their monograph is very
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complete. Although monographs for the Caribbean are
less comprehensive for Alpheus, our own Caribbean collec-
tions outside Panama (albeit limited) revealed diver-
gences between presumed conspecifics of less than 1.5%
(Cunningham & Collins 1994; Knowlton & Weigt 1997
N. Knowlton and L. A. Weigt, unpublished data). Thus
failure to compare closest transisthmian relatives does not
secem a likely explanation for the overall pattern we
observed.

A second potential source of error is our assumption
that connections between the Caribbean and eastern
Pacific ended about 3 Ma. A few authors have suggested
leakage or a final breach of the Isthmus as recently as
2Ma (Cronin & Dowsett 1996). If we assign a date of
2Ma to the divergence of the most similar mangrove
species, then divergence times for the remaining pairs by
extrapolation would still range from 2-14 Ma, with over
half of all pairs having divergences of more than four
million years. However, empirical support for a bio-
logically important breach of the Isthmus this recently is
thin. Indeed, Cronin & Dowsett (1996} suggest that the
barrier began to have substantial effects on surface water
flow by 3.5 Ma, but with a reopening of previously closed
connections between 3.1 and 2.8Ma due to especially
high global sea level. This scenario would also match the
temporal pattern of divergences suggested by the mal-
ecular data without having to invoke a 2 Ma breach of
the Isthmus.

Finally, our analyses could be confounded by rate
inconstancy, particularly if all genetically similar shrimp
pairs belonged to clades that were on average slowly evol-
ving, and all genetically divergent shrimp pairs belonged
to rapidly evolving clades. This does not seem to be true,
however. We could detect no significant deviations in rates
based on pairwise comparisons (Wu & Li 1985) once
Bonferroni corrections for the number of simultaneous
comparisons were applied (smallest p<0.001; that
required for significance with multiple tests is < 0.0002).
Morrison (1997) also found that Alpheus (but not Synal-
pheus) exhibited rate constancy in a study of transisthmian
taxa. Thus, although we cannot rule out minor differ-
ences in rates of molecular evolution within the genus, all
available data suggest that rate variation is not a major
contributor to the general pattern observed in Alpheus.

(b) Implications and generality

There are several processes that could result in non-
simultaneous divergence times between transisthmian
sister taxa (Lessios 1998). The most obvious of these is
variation in the timing of severance of gene flow across
the Isthmian region. Although such variation could be
entirely stochastic, ecological differences between the
least and most divergent pairs suggest that at least some
of the variation is ecologically based. Various aspects of
larval behaviour and physiology might contribute to such
a pattern. Grosberg (1982), for example, documented that
larval depth stratification mirrored that of adult popula-
tions on a very fine scale in barnacles. A comparable
situation in snapping shrimp could lead to differences in
the timing of the cessation of gene flow across the Isthmus
if shallow-water larvae were less likely to be blocked by
reduced water flow than deeper-dwelling larvae. Larvae
from adults restricted to offshore reef environments might
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also be more likely to avoid bodies of turbid, lower-salinity
water over the rising Isthmus. Fature experiments with
larvae of extant transisthmian species having different
divergence values could be informative in this regard.

Extinction can also have major effects on biogeographic
patterns (Vermeij 199]; Cunningham & Collins 1998),
including those associated with the Isthmus of Panama
(Cunningham & Collins 1994; Lessios 1998). Consider,
for example, the extant quartet of sibling species
belonging to the A. paracrinitus—A. rostratus  complex
(figure 1). This quartet consists of two clades, each with a
transisthinian pair, but they are so similar morphologi-
cally that they were only recently distinguished (Kim &
Abele 1988). If the Caribbean member of one clade and
the Pacific member of the other clade had gone extinct, it
would lead to an apparent pair of much more divergent
transisthmian sister species. Such differential extinction
patterns are not unexpected, considering the oceano-
graphic differences between the Caribbean and the
castern Pacific. Interestingly, the amount of divergence
between these two clades (data in Knowlton ef al. (1993))
is very similar to that observed for the two most divergent
extant pairs in this study. The cause of three independent
divergences at about 18 Ma (figure 2} is unclear, but may
be related to oceanographic changes associated with the
closure of the Tethyan scaway at about that time.

No evidence for very recent speciation (less than 2 Ma)
within either ocean is provided by these data; there are
no sympatric sibling-species pairs with divergences less
than those exhibited by the mangrove transisthmian taxa.
This is similar to the pattern observed for Caribbean
benthic foraminifera, which show comparatively few
originations after 3.5Ma (L. S. Collins et al. 1996).
However, radiations in the past two million years have
been suggested for several other groups, especially in the
Pacific, based on molecular (see, for example, McMillan
& Palumbi 1995; Palumbi 1996) and fossil (Jackson et al.
1996) data.

Our principal finding, that presurmned transisthmian
pairs are often older than three million years, is likely to
be true for many marine groups. Evidence for this comes
from both other molecular analyses and the fossil record.
Transisthmian divergence times for three genera of snails
range from 35.3-8.5 Ma, based on an independent {non-
Isthmian) calibration by means of the fossil record of a
fourth genus (Collins 1989; T. M. Collins et al. 1996);
these dates are entirely consistent with the pattern for
Alpheus (figure 2). Four genera of echinoderms yield COI
divergences of 4.7%, 9.8%, 12% and 17.6% (Hart et al.
1997; Metz et al. 1998; Lessios 1998); this span of diver-
gences is remarkably similar to that observed for Alpheus
(4-19% with a two-parameter Kimura correction),
although the taxonomic range, gene regions, and correc-
tions for these studies are not identical. Data for fish show
even greater variability, with COI transisthmian diver-
gences ranging over 60-fold (from 0.18-12.4%) across 17
genera (Bermingham ef al. 1997). If we turn to the fossil
record, most neotropical lineages of strombinid gastropod
were restricted to either the Caribbean or castern Pacific
basins by 5Ma (Jacksen ef al. 1993). L. S. Collins et al.
(1996) argue that palacoceanographic circulation models,
isotopic evidence and foraminiferan originations all point
to divergence of the basins beginning as early as 7-8 Ma.
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These results have important implications for using the
Isthmus to ‘calibrate’ molecular ‘clocks”. Worries about the
noisiness of molecular data have encouraged authors to
focus on average values, particularly when they are
consistent with past estimates. For example, two fish
genera (dbudefduf and Anisotremus) each have two trans-
isthmian pairs: in both genera, one pair has a divergence
of 1.5% and the other 4.5% (Bermingham et al. 1997). In
the context of the wide variation exhibited across all fish
taxa and rate estimates from other studies, the 4.5%
divergences were chasen as the best overall value for cali-
brations (Bermingham et al. 1997). It seems more likely,
however, that (as with shrimp) the smaller divergences
give better estimates based on the date of final closure,
particularly when they have phylogenetic support (as is
the case for Abudefduf, where only the pair with 1.5%
divergence are sister species). This would imply a rate of
change for this portion of the COI gene almost three
times faster for shrimp than for fish (1.4% and 0.5% per
million years, respectively).

In general, the shrimp data suggest that it is easy to
overestimate rates of molecular evolution by failing to
sample the appropriate transisthmian pairs. Taxa
restricted to offshore, reef environments are likely to
provide especially poor estimates of rates of molecular
evolution, because divergence is likely to have preceded
the closure of the Isthmus by an unknown amount of
time. The best taxa for such estimates are mangrove
associates, species routinely found in turbid, inshore
waters, or high intertidal and quasiterrestrial marine
organisms (see, for example, Sturmbauer et al. 1996;
Schubart et al. 1998). COI divergence values for the trans-
isthmian estuarine crabs analysed by Schubart et al.
(1988; 0.04, 0.06) were remarkably similar to those
obtained for two estuarine Alpheus species (figure 2).
Similarly, in the two fish genera that each have two trans-
isthmian pairs, the lower divergences within each genus
were found for pairs typically found on more inshore
reefs (Allen & Robertson 1994). Even ecologically
promising transisthmian taxa may individually vyield
unexpectedly high divergence values, however; although
the mangrove-associated snails analysed by Collins
(1989) had the lowest divergence values of the three pairs
analysed, they still had values that suggested isolation
before the close of the Isthmus based on rate calibrations
for Nucella (Cunningham & Collins 1994).

Good estimates are important because temporal infor-
mation allows one to associate cladogenesis with the
physical history of the Earth and estimate the speed with
which major evolutionary transitions take place. Our
data suggest that some evolutionary transitions are likely
to be considerably slower than several past transisthmian-
based estimates would suggest. For example, Hart et al.
(1997) used a transisthmian calibration for Oreaster
(17.6%, three million years) to suggest that two major
developmental changes in starfish may have occurred
within the past two million years. However, as Hart e al.
(1997) noted, if the calibration is incorrect (perhaps by
over threefold, based on other echinoderm data), then
these rapid evolutionary transitions are in fact consider-
ably slower. Similarly, dates estimated for reconstructions
of the biogeographic history of Central American fresh-
water fish (Bermingham ef al. 1997) are too young if the
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true rate of sequence divergence is 0.5% rather than
1.2%, the latter figure being derived from pairs that may
have diverged well before closure of the Isthmus.

Finally, studies of transisthmian taxa support the idea
that isolation in the sea can oftien accur without
impermeable physical barriers (Palumbi 1994; Miya &
Nishida 1997, Hellberg 1998). Where partial barriers do
exist, biological responses to them are likely to be
complex and drawn out in time, on land as well as sea,
leading to phylogeographic patterns termed ‘pseudocon-
gruence’ (Collins & Cunningham 1994). For example,
divergence dates for North American birds traditionally
attributed to the Late Pleistocene appear to range from
200000 to over five million years based on mtDNA
sequences (Klicka & Zink 1997). Similar findings of non-
simultaneous divergences have also been reported across
barriers in Australian and Brazilian rain forests (Joseph
et al. 1995; Patton & da Silva 1998) and for terrestrial
taxa separated by the opening of the Strait of Gibraltar
(Busack 1986). Thus lessons learned from the Isthmus
have broad applicability.
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