Available online at www.sciencedirect.com

SCIENCE(dDIRECT(@

Molecular Phylogenetics and Evolution 30 (2004) 563-581

MOLECULAR
PHYLOGENETICS
AND

EVOLUTION

www.elsevier.com/locate/ympev

Phylogenetic evidence for an ancient rapid radiation of
Caribbean sponge-dwelling snapping shrimps (Synalpheus)

Cheryl L. Morrison,” Rubén Rios, and J. Emmett Duffy

The College of William and Mary, School of Marine Science, Gloucester Point, VA 23062-1346, USA
Received 3 December 2002; revised 16 June 2003

Abstract

A common challenge in reconstructing phylogenies involves a high frequency of short internal branches, which makes basal
relationships difficult to resolve. Often it is not clear whether this pattern results from insufficient or inappropriate data, versus from
a rapid evolutionary radiation. The snapping shrimp genus Synalpheus, which contains in excess of 100 species and is a prominent
component of coral-reef faunas worldwide, provides an example. Its taxonomy has long been problematic due to the subtlety of
diagnostic characters and apparently widespread variability within species. Here we use partial mt COI and 16S rRNA sequences
and morphological characters to reconstruct relationships among 31 species in the morphologically well-defined gambarelloides
species group, a putative clade of obligate sponge associates that is mostly endemic to the Caribbean and contains the only known
eusocial marine animals. Analysis of the combined data produced a single tree with good support for many terminal clades and for
relationships with outgroups, but poor support for branches near the base of the gambarelloides group. Most basal branches are
extremely short and terminal branches are long, suggesting a relatively ancient, but rapid radiation of the gambarelloides group.
This hypothesis is supported by significant departure from a null model of temporally random cladogenesis. Calibration of di-
vergence times among gambarelloides-group species using data from three geminate pairs of Synalpheus species separated by the
isthmus of Panamd suggests a major radiation between ~5 and 7 Mya, a few My before final closure of the Panamanian seaway
during a period of spreading carbonate environments in the Caribbean; a second, smaller radiation occurred ~4 Mya. This mo-
lecular evidence for a rapid radiation among Caribbean marine organisms in the late Miocene/early Pliocene is strikingly similar to
patterns documented from fossil data for several other Caribbean reef-associated invertebrate taxa. The similar patterns and timing
of cladogenesis evidenced by molecular and fossil data for different Caribbean and East Pacific taxa suggests that the radiation
involved a wide range of organisms, and strengthens the case that poor basal resolution in the gambarelloides group of Synalpheus
reflects a real evolutionary phenomenon. The rapid radiation also helps explain the historical difficulty of diagnosing species in
Synalpheus.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The tempo of evolution is known to vary consider-
ably through time within lineages. In particular, evolu-
tionary opportunity provided by changes in the
environment, a paucity of competitors, or acquisition of
a key innovation appear to have stimulated rapid bursts
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of speciation and phenotypic evolution in a wide range
of organisms (Givnish and Sytsma, 1997; Schluter,
2000). An expected phylogenetic signal of such rapid
radiation is a tree in which internal branches are short,
and basal lineages are poorly resolved. In recent years,
as the quantity and quality of molecular data have
grown, cases of poorly resolved trees have remained
common, even when substantial character data from
several sources are available (e.g., Fishbein et al., 2001).
Often such trees are characterized by very short internal
branches, which several authors have interpreted as
evidence of rapid radiation. Examples come from
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saxifragalean plants (Fishbein et al., 2001), microgas-
trine wasps (Mardulyn and Whitfield, 1999), aphids
(Von Dohlen and Moran, 2000), bark beetles (Jordal
etal., 2000), and lacertid lizards (Fu, 2000), among others.
This interpretation is usually by process of elimination,
however, as supporting fossil data are often unavailable.

A potential candidate for such a rapid radiation is
the snapping shrimp genus Synalpheus (Decapoda:
Alpheidae), which comprises one of the most species-
rich and abundant genera of crustaceans. Its more than
100 described species (Bruce, 1976; Chace, 1989) and
undoubtedly many undescribed species (Duffy, 1996b;
Rios and Duffy, in preparation) are prominent mem-
bers of coral-reef communities throughout the world
tropics, where they often dominate the cryptic fauna of
reef rubble (Reed et al., 1982; Snelgrove and Lewis,
1989) and form symbiotic associations with various
sessile reef invertebrates. In the tropical West Atlantic,
the genus is represented primarily by the morphologi-
cally distinctive ‘“‘gambarelloides group” (Couticre,
1909; Dardeau, 1984), a clade of ~36 species of obligate
internal associates of living sponges, which is mostly
endemic to this region. The gambarelloides-group spe-
cies of Synalpheus span a range in host specificity, body
size, and mode of larval development, making the
group a promising taxon for comparative approaches
to understanding several general problems at the in-
terface of ecology and evolution (Duffy, 1996a,b). Of
particular interest, is the group’s diversity in social or-
ganization, which is unusual for a single genus even
among the insects. The gambarelloides-group species
span the gamut from asociality, in which heterosexual
pairs form but are intolerant of other adult individuals
in a host, through communal species in which several to
hundreds of pairs cohabit in a host with multiple fe-
males breeding, to the only known eusocial marine
animals, represented by colonies of a few hundred in-
dividuals with only a single female breeding (Dulffy,
1996a,b,c, 1998; Duffy and Macdonald, 1999; Dulffy
et al., 2000, 2002).

Exploiting the comparative potential of the sponge-
dwelling shrimps depends on a well-supported phyloge-
netic tree on which hypotheses of character evolutionary
history can be traced. Reconstructing the history of the
Synalpheus radiation entails several challenges, however.
First, Synalpheus is a large genus, comprising >100 de-
scribed (Chace, 1989) and many undescribed species, and
the genus has long vexed taxonomists owing both to the
subtlety of characters distinguishing species, and the
common morphological variability within putative spe-
cies (Banner and Banner, 1975; Chace, 1972; Christof-
ferson, 1979; Couticre, 1909; Dardeau, 1984). In an
attempt to impose some order on the genus, Coutiere
(1909) erected six informal subgeneric groups, of which
the gambarelloides (formerly laevimanus) group is one
of three that have been accepted by later workers as

“taxonomically useful” (Banner and Banner, 1975;
Dardeau, 1984). All but six of the >30 putative species in
the gambarelloides group are restricted to the tropical
West Atlantic (Dardeau, 1984; Wicksten, 1994). A pre-
vious phylogenetic analysis of a subset (13) of its species
supported monophyly (Duffy et al., 2000). Thus, the
gambarelloides group appears to represent a monophy-
letic, geographically circumscribed taxon, and an ap-
propriate subunit of the genus for phylogenetic and
comparative study. Yet, recent additions of numerous
new species to the group, including several key transi-
tional phenotypes in the group’s social evolution (Duffy,
1996¢.,d, 1998; Rios and Duffy, 1999, in preparation),
require a revised and more complete phylogenetic hy-
pothesis before it can be subjected to rigorous compar-
ative analyses. Here, we employ molecular and
morphological characters in a phylogenetic analysis of
most of the known species within the gambarelloides
group. Our analysis reveals a distinctive pattern of short,
poorly resolved internal branches, so we employ the
formal, null-model approach of Wollenberg et al. (1996)
to test the hypothesis of rapid radiation. This test iden-
tifies positive or negative departures from temporally
random cladogenesis, reflecting rapid radiations in an-
cient and recent times, respectively. Finally, we use a
molecular clock calibrated by three sibling pairs of
Synalpheus species separated by the isthmus of Panama
to date the radiation of the group, and we explore the
circumstances of its radiation in the context of contem-
porancous environmental change in the Caribbean
region.

2. Materials and methods
2.1. Taxon sampling

For phylogenetic analysis, we sampled 31 putative
species within the gambarelloides species group, in-
cluding most of the described species from the West
Atlantic, several undescribed species, and the namesake
of the informal gambarelloides species group (Coutiere,
1909), S. gambarelloides from the Mediterranean (Ap-
pendix A). This sample more than doubles the number
of species included in a previous phylogenetic analysis
(Duffy et al., 2000), allowing a nearly complete phylo-
genetic hypothesis of the known taxa in the gamba-
relloides group. Moreover, for several species, we
sequenced multiple individuals from geographically
distant populations to assess the monophyly of putative
species. The sample includes all four taxa previously
described as eusocial, i.e., S. regalis, S. filidigitus, S.
chacei, and S. “paraneptunus small” (Duffy, 1996a,d,
1998; Duffy and Macdonald, 1999; Duffy et al., 2000), as
well as species that we suspected, based on morphology,
to be their closest relatives. The latter include, in
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particular, two recently discovered taxa S. “chacei A”
and S. “bousfieldi blade.”

Finally, we included eight Synalpheus species out-
side the gambarelloides group, comprising four pu-
tative geminate species pairs found on opposite coasts
of the isthmus of Panamd, with the intention of
calibrating a molecular clock for Synalpheus. Taxa
for which we had data from only one of the two
gene regions (mt COI and 16S) were deleted before
combining data for simultaneous analysis (Appendix
A). No higher level phylogenetic hypothesis exists to
suggest a sister taxon to the genus Synalpheus, so we
used Alpheus cylindricus as an outgroup from outside
the genus (Appendix A).

Shrimps were collected between 1988 and 2001 from
sponges in the San Blas Islands (Caribbean, 9° 34’ N,
78° 58" W) and the Perlas Islands (Pacific, 8 ° 39’ N, 79°
03’ W) of Panama4, from Carrie Bow Cay in Belize (16°
48' N, 88° 05 W), and from the Florida Keys, USA
(24° 48 N, 80° 46’ W). Live shrimps were obtained
from their host sponges and coral rubble, preserved
soon after collection in cold 95% ethanol, and stored at
-20°C.

2.2. Morphology

We identified and scored 54 nonautapomorphic
morphological characters (Appendix B) for phylogenetic
analysis, by direct examination of specimens from 31
gambarelloides-group species and nine other Synalpheus
and outgroup taxa. Shrimp specimens were stained with
methylene blue and examined under dissecting and
compound microscopes. Several specimens of each tax-
on were examined to assess the degree of variation
within species. All specimens were scored by the same
researcher (R.R.).

2.3. Molecular methods

Genomic DNA was extracted either from eggs or
body tissues (major chela or abdomen) of single etha-
nolpreserved specimens, using the QIAmp tissue kit
(Qiagen, Valencia, CA) or G-NOME extraction kit (Bio
101; Vista, CA). For both kits, tissue was first homog-
enized and incubated overnight at 55°C in the presence
of proteinase K, followed by binding of DNA to a
column, washing the DNA, then eluting in sterile water.
Genomic DNA was stored at —20 °C.

We obtained partial DNA sequences from the mito-
chondrial cytochrome oxidase I gene (COI) and the
mitochondrial large-subunit ribosomal gene (16S) (see
Duffy et al., 2000). To facilitate sequencing, polymerase
chain reaction (PCR) primers for both genes were or-
dered with M13 forward [CACGACGTTGTAAAACG
AC] and M13 reverse [GGATAACAATTTCACACA
GG] primer tails. A ~510-bp fragment of the 16S gene

was amplified using primers 16SAR and 16SBR (Pa-
lumbi et al., 1991). A ~620-bp segment of the COI gene
was amplified using Synalpheus-specific primers COI-
GAM4 [CACCCAGAAGTYTATATTCTAAT] and
COI-1G [TGTTGGGGGAAGAATGTAAT]. PCR
conditions (50 pl reactions) for sequences that are new to
this study were as follows: 50 mM Tris—HCI (pH 9.0);
20mM ammonium sulfate; 0.005% BSA; 2.5mM
MgCl,; 0.2mM each dNTP; 0.5uM each primer; and
1.25 U Amplitaq (Perkin-Elmer, Foster City, CA) DNA
polymerase. Thermal cycling was carried out on an MJ-
Research (Watertown, MA) PTC-200 thermocycler
using the following cycle parameters: 94°C for 60s;
followed by 40 cycles of: 94°C (30s), 4552°C (905),
72 °C (1505); ending with 5min at 72 °C. PCR products
were purified using either the QIAquick (Qiagen) or
Wizard (Promega) PCR purification kits. Attachment of
M13 tails to PCR primers allowed for direct sequencing
of PCR products using fluorescently labeled (IRD-700
and -800, LiCor, Lincoln, NB) MI13 primers in se-
quencing reactions using the SequiTherm EXCEL 11
DNA sequencing kit (Epicentre, Madison, WI). Se-
quencing reactions were visualized on a LiCor global
IR2 system (LiCor). Both heavy and light strands were
sequenced for confirmation.

2.4. Sequence alignment

Forward and reverse sequences for an individual were
edited using Sequencher 4.1 (Gene Codes, Ann Arbor,
MI). Sequences were deposited in GenBank (Accession
Nos. AY344681-AY 344768, Appendix A) and the 16S
alignment is available from the authors upon request. A
multiple alignment of COI sequences was performed
using the pairwise alignment program Clustal X ver.
1.4b (Thompson et al., 1994) with default parameters
and was straightforward, as no indels were encountered.
The 16S sequences were first aligned using Clustal X
with several gap-opening and -extension penalties, and
visual inspection followed by parsimony analyses were
run for each resulting alignment to assess relative
quality. The parameters that produced the fewest MP
trees were: a gap-opening penalty of 20 and gap-exten-
sion penalty of 10. There were several ambiguous re-
gions in this Clustal alignment, however, so we utilized
the versatile parameter settings available in MALIGN
(Wheeler and Gladstein, 1992, 1994) to make different
penalties for leading, internal, and trailing sections of
sequence. The Clustal alignment was divided into three
segments (A, B, and C) in regions where the alignment
was unambiguous. The setting for internal gaps was five
for each alignment segment, but the leading and trailing
penalties varied, respectively, for each alignment section:
section A: 2, 10; section B: 10, 10; and section C: 10, 2.
The resulting three alignments were combined and
checked by eye.
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2.5. Phylogenetic analysis

We determined the most appropriate model of DNA
substitution for each gene independently (separating the
COI dataset into two partitions for combined first and
second codon positions and third positions) and for
both genes simultaneously via hierarchical likelihood
ratio tests (Posada and Crandall, 2001) using Modeltest
3.06 (Posada and Crandall, 1998). The best-fit models
from Modeltest were used in ML analyses, Bayesian
analyses, and also as a basis for six-parameter parsi-
mony weighting (6P; Williams and Fitch, 1990; outlined
by Stanger-Hall and Cunningham, 1998), in which sep-
arate weights are given to each of the six possible sub-
stitution classes based on the natural log of the
proportion of their inferred frequency. For each of the
two molecular datasets, we performed unweighted and
6P weighted maximum parsimony (MP) and maximum
likelihood (ML, Felsenstein, 1981) analyses using
PAUP* 4.0b8a and/or 4.0b10 (Swofford, 2002). For
parsimony analyses, heuristic searches were run with the
following settings: starting trees for branch swapping
obtained via stepwise addition, 100 random additions of
sequences per run, and tree bisection-reconnection
(TBR) branch swapping on best trees only. In analyses
of the 16S data, results were compared when gaps were
treated as missing data and when coded as a fifth base.
Maximum likelihood analyses were run in PAUP* with
heuristic searches with settings as in parsimony except
for as-is addition of sequences, and model parameters as
estimated with Modeltest.

Bayesian estimation of phylogeny (Larget and Simon,
1999; Rannala and Yang, 1996) was carried out using
MrBayes v2.01 (Huelsenbeck and Ronquist, 2000). The
GTR model of substitution was invoked, starting with
random trees, and estimating base frequencies, gamma
shape parameter, and proportion of invariable sites
from the data. Bayesian posterior probabilities were
estimated as the proportion of trees that contained each
of the observed bipartitions (Larget and Simon, 1999)
sampled after a conservative point of convergence of
likelihood values had been reached (burn-in=20,000
generations). Five separate runs were performed using
MrBayes, with four chains per run and chain lengths
ranging from 300,000 to 1,000,000 generations, sam-
pling trees every 100 or 500 generations. In order to be
confident that the Markov chain Monte Carlo (MCMC)
simulations had run long enough that parameter values
had been sampled in proportion to their posterior
probabilities, tree topologies, ML parameters, branch
lengths, and clade credibility values were examined from
output trees and statistics for appearance of conver-
gence (see Huelsenbeck et al., 2002).

Although it has been suggested (e.g., Wheeler et al.,
1993) that phylogenetic relationships generally are most
accurately assessed by combining all available data, the

decision whether to combine distinct datasets into a
single analysis remains controversial (Huelsenbeck et al.,
1996). Supporters of conditional combination argue that
testing for topological incongruence between data par-
titions is an important step in data exploration because
incongruence can signify that one or more of the data
partitions supports the wrong phylogenetic hypothesis
(Bull et al., 1993; De Queiroz, 1993; Huelsenbeck et al.,
1996; Larson, 1994). The incongruence length difference
test (ILD, Farris et al., 1994b) has been shown to be
superior to other methods of statistically assessing the
degree of such incongruence between data partitions
(Cunningham, 1997). However, the behavior of ILD
tests in mixed model phylogenetic analysis has recently
been questioned (Yoder et al.,, 2001) and it has been
shown to increase perceived congruence when more than
one model is incorporated in a phylogenetic analysis,
such as in our analyses using 6P parsimony (Dowton
and Austin, 2002). Recognizing these reservations, we
performed ILD tests between the two molecular data-
sets, and among the molecular and morphological da-
tasets, as an exploratory step. The same weighting
schemes were applied in these analyses as in the original
parsimony analyses, and invariant characters were
excluded.

Support for nodes on parsimony trees was estimated
using bootstrap resampling (Felsenstein, 1985) with
1000 replicates, each with 100 random additions of se-
quences and the full heuristic search algorithm. The
decay index, or Bremer support index (Bremer, 1988,
1994; Donoghue et al., 1992) was also calculated using
TreeRot (Sorenson, 1999) for nodes occurring in strict
consensus trees from unweighted parsimony. ML
bootstrap analyses were run with the ‘““fast” stepwise
addition algorithm and 100 replicates.

Because initial analyses suggested a pattern of rapid
radiation in part of the tree (see Section 3), we tested
whether the observed tree from the combined molecular
data departed from a stochastic temporal pattern of
cladogenesis using the method of Wollenberg et al.
(1996). This required estimation of the relative temporal
placements of the nodes (or speciation events) among
Synalpheus gambarelloides-group taxa, which requires a
“contemporaneous-tips”’ tree in which all extant taxa
coexist at the same time (present) on the temporal scale
of the tree, i.e., are right-justified. To obtain this tree, we
calculated branch lengths for the gambarelloides species
via Fitch-Margoliash least-squares estimation, using the
program KITSCH in Phylip 3.572¢ (Felsenstein, 1993),
which assumes a molecular clock and produces a “least-
squares-with-contemporaneous-tips,” or KITSCH, tree.
We performed two separate analyses, one using A. c¢y-
lindricus, and one using S. brevicarpus (a Synalpheus
species shown in our analyses to fall outside of the
gambarelloides group) as the outgroup. In order to as-
sess relative temporal placement of all internal nodes on
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the tree, the KITSCH tree branch lengths were stan-
dardized to a temporal scale ranging from zero (the
earliest node in the tree) to one (the present). A fre-
quency histogram of the scaled branching times for all
nodes in the tree (n = 31 nodes) was plotted and then
converted to a cumulative frequency distribution (CFD;
Sokal and Rohlf, 1995). We compared this cumulative
frequency histogram to that expected with the same
number of taxa under a Markovian model of temporally
random cladogenesis using the approach of Wollenberg
et al. (1996). Since we had 32 taxa, we interpolated the
cumulative frequency distributions for this number of
taxa from those given for 30 and 35 taxa in Wollenberg
et al. (1996). The probability that the temporal spacing
of cladogenetic events in the empirical data differed from
that of a phylogeny generated by a Markovian
branching and extinction process was tested using the
Kolmogorov-Smirnov goodness of fit test (K-S D-sta-
tistic, see Wollenberg et al., 1996).

3. Results
3.1. Data matrix description

The COI multiple alignment for 60 individuals con-
tained 541 bp, of which 288 were constant and 224 were
parsimony-informative (Table 1). Translation of the COI
sequences to amino acids revealed no stop codons, and
variance at third positions was considerably greater
(99.44%) than at first and second positions (30 and 16%,
respectively), suggesting that pseudogenes (Williams and
Knowlton, 2001) were not a problem in our dataset. In
both mtDNA genes, base frequencies were skewed to-
wards A and T, as has been seen in other invertbrate
mtDNA genes (Simon et al., 1994). The best-fit model
chosen by Modeltest for the COI dataset was the Tamura
and Nei model (TrN; 1993), with correction for among-
site rate variation estimation (I') and proportion of in-
variable sites (/). Parameters were: bases = (A4 =0.3694,
C=0.2319, G=0.0773, T=0.3214); R matrix = (1.0,

Table 1
Statistics for phylogeny estimation using parsimony

13.2082, 1.0, 1.0, 17.3252); I = 0.5968; I = 0.4701. The
16S multiple alignment included 526 bp of sequence for
50 individuals, with 52 gapped sites, 219 constant sites,
and 246 parsimony-informative sites. Gaps were not in-
cluded as a fifth character in parsimony analyses of the
16S dataset since inclusion of gaps greatly increased the
number of MP trees (Table 1). Based on results from
Modeltest, the most appropriate model for the 16S data
partition was the general time-reversible model (GTR;
Lanave et al., 1984; Rodriguez et al., 1990), with I and 1
corrections. Parameters were: bases =(A4 =0.2908, C=
0.0868, G=0.2326, T=0.3898); R matrix=(0.2231,
8.2905, 1.6339, 0.7830, 6.2332); I' = 0.686; I = 0.2728.
The GTR model was also chosen by Modeltest for the
combined molecular data: bases=(4=0.3382, C=
1595, G=0.1495, T=0.3528); R matrix=(0.4814,
5.4673, 1.0112, 0.3548, 7.0993); I = 0.8112; I = 0.4007.
Numbers of transitions and transversions were plot-
ted against uncorrected proportional distances (p-dis-
tances) for all pairwise comparisons of Synalpheus
gambarelloides taxa in order to assess the potential
impact of saturation in certain classes of sites. For COI
data, transitions and transversions were plotted by co-
don position, or at combined first and second codon
positions, and at third positions. Generally, numbers of
transitions outnumbered transversions in all compari-
sons by approximately 2:1, and numbers of substitutions
did not appear to reach a plateau at p-distances between
gambarelloides taxa (<22%; data not shown). There-
fore, it did not appear as if saturation was interfering in
our ability to assess relationships among Synalpheus
gambarelloides taxa. Transition biases exist in both
datasets, yet for opposite types of transitions. Among
COI sequences, C«— T transitions outnumber A < G
transitions 3.7:1, and the opposite trend is seen in thel6S
data where A < G transitions outnumber C «— T tran-
sitions 2.43:1. Our use of ML and 6P parsimony in
phylogenetic analyses took these biases into account.
Corrected pairwise sequence divergence estimates
(K2P, Kimura, 1980) were generally lower for 16S than
for COI. Between conspecific individuals from the same

Analysis Figure # Characters/ # Taxa  # Trees # Steps CI RI Support for
PI characters gambarelloides clade
COlI, unweighted 541/224 60 1 1959 0.2149 0.5883 —
COI, weighted (6P) 1A 541/212 60 3 2654 0.1952 0.6529 —
16S, unweighted 526/240 50 20 1368 0.3165 0.5430 —
16S, weighted (6P) IB 526/246 50 6 1967 0.2822 0.5585 —
16S, unweighted w/gaps 526/251 50 41 1501 0.3185 0.5415 —
Morphology 1C 54/54 40 163 344 0.2849 0.5692 71
16S/COI unweighted 1067/463 50 8 3335 0.2549 0.5100 —
16S/COI weighted (6P) 2A 1067/456 50 3 4655 0.2281 0.5580 —
Combined data, unweighted 1134/508 40 1 3555 0.2616 0.4228 73
Combined data, weighted (6P) 3 1134/502 40 1 4837 0.2349 0.4720 65
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location, K2P distances averaged 0.34 and 1.60% for
16S and COI, respectively. Between conspecific indi-
viduals from different locations (e.g., Belize and Pa-
namad), these values averaged 1.66 and 4.15% for 16S
and COI, respectively. Between members of morpho-
logically defined species complexes, K2P distances ran-
ged from 7.86 to 16.05%, or 10.43% on average for 16S,
and 4.96 to 22.41%, or 14.93% on average for COI. 16S
and COI K2P divergence estimates, respectively, for
transisthmian sister taxa were: 7.89 and 8.66% for S.
brevicarpus; 6.21 and 9.65% for S. minus/digueti; 8.23
and 12.34% for S. fritzmuelleri; and 14.93 and 22.52%
for S. banneroruml/dominicensis. K2P distances between
gambarelloides and nongambarelloides Synalpheus taxa
ranged between 14 and 29% (mean =19.74%) for 168,
and between 17 and 29% (mean = 22.02%) for COI. K2P
distances between A. cylindricus (the outgroup) and
gambarelloides species averaged 39.5% for COI and
25.26% for 16S. K2P distances between A. cylindricus
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and nongambarelloides species averaged 37% for COI
and 23.2% 16S.

3.2. Phylogenetic analyses

3.2.1. Cytochrome oxidase 1

Weighted parsimony analysis of 60 individuals, with
Alpheus cylindricus designated as the outgroup, resulted
in three equally parsimonious trees (Fig. 1A). All geo-
graphic populations putatively considered conspecific
are strongly supported as such, with the possible ex-
ception of S. “pandionis giant,” which may be para-
phyletyic. This suggests that using single exemplar
populations to represent species in the overall analysis is
justified. Monophyly of the gambarelloides species
group was not supported by the COI dataset, as S.
bannerorum, S. dominicensis, and S. fritzmuelleri are
nested within the clade containing the gambarelloides
taxa. Most deep nodes in the phylogeny were poorly
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Fig. 1. Phylogenetic hypotheses for West Atlantic Synalpheus species in the gambarelloides group based on: (A) weighted-parsimony analysis of
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supported, whereas bootstrap resampling and decay
indices showed good support for many terminal clades
(Fig. 1A). The morphologically defined ‘“brooksi,”
“longicarpus,” and “‘rathbunae” species complexes were
recovered by both weighted (Fig. 1A) and unweighted
(data not shown) parsimony analyses of the COI data,
although only the ‘“‘rathbunae” group was strongly
supported. The rathbunae species-group contains four
taxa designated as eusocial on the basis of having usu-
ally monogynous colonies numbering in the 10s—100s.
Although the brooksi species-group was only marginally
supported, the COI data strongly support a relationship
between its component eusocial species S. chacei and
two undescribed taxa, S. “chacei A” and S. “bousfieldi
blade.” The final eusocial taxon, S. “paraneptunus
small,” falls within the strongly supported taxon S.
paraneptunus and is nested among geographically sepa-
rated samples thereof, suggesting that these populations
are all conspecific. Thus, the COI data are consistent
with our earlier finding (Duffy et al., 2000) of three in-
dependent origins of eusociality within the gambarello-
ides group. The four putative transisthmian taxon-pairs
are each recovered as sister taxon-pairs by COI.

3.2.2. 165§ rRNA

Weighted parsimony analysis of 16S data for 50
Synalpheus taxa resulted in nine equally parsimonious
trees (Fig. 1B, Table 1). Analysis of the same data with
unweighted parsimony resulted in five equally parsimo-
nious trees, with a consensus tree that had similar to-
pology to the weighted analysis, so Bremer support
values calculated for the unweighted analysis are shown
on the weighted tree (Fig. 1B). Although the gamba-
relloides group was monophyletic in the 16S analyses,
and in a ML analysis (data not shown), this node was not
supported by bootstrap analysis. The 16S data provided
weak support for the transisthmian pair S. dominicensis
and S. bannerorum as the sister taxon of the gamba-
relloides group (see combined analyses below). The three
morphologically defined species complexes found in the
COI analysis were also recovered by 16S, and were more
strongly supported. The 16S data also supported three
origins of eusociality. All four transithsmian pairs were
strongly supported by bootstrap analysis.

3.2.3. Morphology

Unweighted parsimony analysis of 40 taxa, with A.
cylindricus  designated as outgroup, produced 188
equally parsimonious trees with generally poor resolu-
tion and bootstrap support (Fig. 1C). The most notable
feature of the morphological analysis was its support for
monophyly of the gambarelloides group at 72%. Ac-
cording to Coutiere (1909), the eight remaining Synal-
pheus taxa fall into two species-groups: S. fritzzmuelleri
and S. banneroruml/dominicensis are part of the neomeris
group, and S. brevicarpus and S. diguetilminus fall

within the brevicarpus group. Only one of these groups,
the neomeris group, received bootstrap support (85%,
Fig. 1C). Among the four geminate pairs of species, only
the S. banneroruml/dominicensis pair was supported
(79%, Fig. 1C).

3.2.4. Congruence between datasets

ILD tests for congruence between the two molecular
data partitions, and between the molecular and mor-
phological datasets, were not significant (Pyp=0.12
and Py p=0.26, respectively). We were somewhat
skeptical of the utility of these ILD tests, however, given
that different models of sequence evolution were optimal
for the two genes, and the necessity of using different
evolutionary models for our molecular and morpho-
logical data (Dowton and Austin, 2002). Nevertheless, it
appeared that the phylogenetic signals in the three da-
tasets are not strongly conflicting. Moreover, our
strongest phylogenetic hypothesis resulted from the
combined analysis of molecular and morphological data
(Fig. 3), strengthening the justification for combining
the data in this instance.

3.2.5. Simultaneous analysis of molecular data
Simultaneous analysis of the COI and 16S data using
6P parsimony produced three equally parsimonious trees
(Fig. 2A, Table 1). Although the deeper internal nodes
were generally unresolved in this analysis, most clades
recovered by analyses of COI or 16S separately were
more strongly supported in the combined analysis. This
included, for example, the longicarpus complex (boot-
strap = 80%) and the brooksi complex (88%, Fig. 2A).
The gambarelloides group, however, was not mono-
phyletic in the combined molecular analysis, as S. dom-
inicensis and S. bannerorum were nested within this clade.
In contrast, ML analysis of the combined COI and 16S
data recovered a monophyletic gambarelloides species
group, but lacked bootstrap support (Fig. 2B). The re-
sulting ML phylogram reveals a potential reason for the
poor resolution of basal relationships, namely that many
terminal branches were long whereas internal branches
were generally quite short, resulting in few synapomor-
phies along the internal branches. The consensus of trees
generated in Bayesian analyses of I-million MCMC
generations (consensus of 9801 sampled trees, disre-
garding 200 burn-in trees; Fig. 2C) recovered the same
species complexes and was similar in topology to both
the 6P parsimony consensus tree (Fig. 2A) and the ML
tree (Fig. 2B). The topology of the three analyses (Fig. 2)
varied slightly regarding the relationships among species-
complexes, and in the placement of several taxa, namely
S. androsi, S. macclendoni, S. gambarelloides, and S.
brevifrons (note low clade credibility values for place-
ment of these species-complexes and taxa; Fig. 2C).
Bayesian clade credibility values were generally higher
than bootstrap support in 6P parsimony and ML
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analyses (Fig. 2). This is especially true at interior nodes
of the tree (e.g., nodes relating gambarelloides and
nongambarelloides taxa), which received little, if any,
support in analyses other than Bayesian. In particular,
Bayesian analysis showed good support for the mono-
phyly of the gambarelloides group (clade credibility of
87%; Fig. 2C), with S. bannerorumldominicensis falling
outside of this group. Comparisons of nonparametric
bootstrap values and Bayesian clade credibilities suggest
that clade probabilities over 80% indicate strong branch
support (Whittingham et al., 2002). Branch lengths were
very similar between ML (Fig. 2B) and Bayesian analyses
(Fig. 2C; note same scale).

3.2.6. Simultaneous analysis of molecular and morpho-
logical data

Analysis of the three combined data partitions using
weighted parsimony produced a single tree, with fair
support (65%) for the gambarelloides group and gener-

ally stronger bootstrap support for most clades than
found in the analyses of any single dataset (Fig. 3). The
combined data gave moderately strong support to the S.
bannerorumldominicensis geminate pair as the sister
taxon to the gambarelloides group, a topology also
found, but with little support, in the analysis of 16S data
alone and in the ML analysis of the combined molecular
data. Interestingly, when S. bannerorum and S. domi-
nicensis were removed, the gambarelloides clade was
well supported in most analyses (bootstrap support of
81, 94, and 97% in 6P parsimony analyses using 16S,
16S/COI, and combined molecular and morphological
datasets, respectively).

3.3. Statistical tests of temporal distributions of phyloge-
netic nodes

The contemporaneous-tips KITSCH tree for gam-
barelloides taxa based on combined 16S and COI data
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and using S. brevicarpus as the outgroup (Appendix D)
was similar in topology to that recovered in other
analyses of combined molecular data (e.g., Figs. 2 A, B,
and 3). However, most of the internal branches of the
KITSCH tree were extremely short (Appendix D).
Accordingly, the CFD of normalized branching times
from this analysis differed strongly from that expected
under a null Markovian model (Appendix D). The
empirical CFD from the gambarelloides tree is shifted
well to the left of the average distribution for 32-taxon
trees under the null model, indicating an ancient clus-
tering of branching events. The Kolmogorov—Smirnov
test supports this conclusion (D = 0.70354, P < 0.0001),
indicating a very small probability that cladogenesis
within the gambarelloides group was temporally
random.

4. Discussion

Our phylogenetic analysis of the Caribbean sponge-
dwelling Synalpheus species more than doubles the
number of taxa considered in a previous study (Duffy
et al.,, 2000) and includes most of the described and
undescribed taxa currently known from the region. This
new analysis, based on combined data from two mito-
chondrial genes and 54 morphological characters, re-
veals several main results. First, all of the 15 putative
species from which we obtained multiple, geographically
separated sequences were strongly supported as con-
specific (Figs. 1A and B), with the possible exception of
one case that could not exclude paraphyly, justifying our
practical species concept and our use of single exemplar
populations to represent most species in the overall
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analysis. Second, most of the informal species complexes
we had recognized on morphological grounds (brooksi,
longicarpus, and rathbunae complexes) were also sup-
ported by the combined molecular data (Fig. 2), sug-
gesting again that traditional morphological characters
accurately diagnosed natural groups of taxa. At the
same time, however, our analysis corroborates the dif-
ficulties faced historically by taxonomists using mor-
phological characters to understand relationships within
Synalpheus—the analysis of morphological characters
alone yielded an almost completely unresolved tree, the
principal feature being support for the gambarelloides
clade (Fig. 1C). Importantly, despite the apparently low
information content of the morphological data, they
appeared to complement the molecular data, as the
combined analysis of all three datasets yielded a single,
completely resolved tree in which nearly all clades
showed stronger bootstrap support than in any single
dataset (Fig. 3). In particular, the combined-data anal-
ysis supported the monophyly of the gambarelloides
clade with 65% bootstrap support (Fig. 3), which was
also recovered from the molecular data alone by
Bayesian analysis (Fig. 2C), but not by other methods of
phylogeny estimation (Figs. 2A and B). Higher support
values from Bayesian analyses, compared with non-
parametric bootstrap values, have been observed by
other researchers as well (e.g., Whittingham et al., 2002;
Wilcox et al., 2002). Although nonparametric bootstrap
values are not directly comparable with Bayesian clade
credibility values, simulations have suggested that
Bayesian support values are better estimates of phylo-
genetic accuracy than nonparametric bootstraps (Wil-
cox et al., 2002).

A conspicuous feature of all of our analyses was the
poor support for most internal nodes in the tree.
Whereas relationships among many of the terminal taxa
were moderately to well-supported, as were the basal
branches outside the gambarelloides group, basal rela-
tionships within the gambarelloides group were uni-
formly poorly supported (Fig. 3). This situation could
presumably be improved by adding additional charac-
ters, particularly appropriate nuclear gene sequences.
However, the conspicuously short internal and long
terminal branches within the gambarelloides group
(Figs. 2B and C) suggest that the poor resolution may
reflect a rapid but ancient radiation. Comparison of
estimated branching times within the gambarelloides
group with those in a null model, following the method
of Wollenberg et al. (1996), strongly supported this
interpretation.

The null-model approach also has been used to
identify rapid ancient radiations, or “ancient species
flocks,” in the cranes (Wollenberg et al., 1996), Sebastes
rockfishes and Antarctic icefishes (Johns and Avise,
1998), and North American Dendroica warblers (Lo-
vette and Bermingham, 1999). The same approach has

identified rapid recent radiations in columbine flowers
(Wollenberg et al., 1996) and African cichlid fishes
(Johns and Avise, 1998). In all these cases, resolution
and/or support for the nodes in question were poor,
suggesting a real phenomenon resulting from rapid ra-
diation, rather than a simple paucity of appropriate
data.

The finding of a rapid, ancient radiation among
Synalpheus shrimps begs the question of what factors
may have stimulated such a burst of speciation. To ex-
plore this issue, we obtained a molecular clock estimate
for Synalpheus using the transisthmian geminate pairs in
our analysis. Knowlton and Weigt (1998) found that
genetic distances differed considerably among 15 trans-
isthmian geminate pairs in the related shrimp genus
Alpheus but were consistent between COI and allozyme
estimates, with some evidence that habitat preferences
influenced the timing of their divergence. Accordingly,
they chose the geminate pair with the smallest sequence
divergence to estimate the molecular clock, reasoning
that this divergence should be closest to the final closure
of the Panamanian isthmus, at ~3Mya (Coates and
Obando, 1996). Three of the four geminate pairs of
Synalpheus we examined had quite similar divergence
estimates (K2P distances), ranging from 8.5 to 10.4% for
the combined 16S/COI data. Calibrating a clock using
the smallest of these values, for the S. brevicarpus pair,
yields an estimate of 1.4% divergence My~' for the
combined COI and 16S data, which is similar to diver-
gence estimates from geminate Alpheus species for
mtDNA COI, 1.5% divergence My~! (data reanalyzed
from Knowlton and Weigt, 1998; Knowlton et al.,
1993), and fishes, which generally have slightly lower
divergence rate estimates (Collins, 1996b), at about 1.2—
1.3%/MY (Bermingham et al., 1997). The distribution of
all pairwise sequence divergences among gambarello-
ides-group taxa, calibrated with our Synalpheus clock
estimate of 1.4%/MY, shows a clearly bimodal (perhaps
even trimodal) distribution, with most values clustering
fairly tightly around a node at ~6 Mya, and a smaller
peak at ~4Mya (Fig. 4). The concentration of most
values around a single node further supports the con-
clusion of a rapid radiation giving rise to most extant
taxa. Interestingly, nearly all of our pairwise divergences
fall within the range of 3-9 Mya, corresponding quite
closely with Knowlton and Weigt’s (1998) range of es-
timated divergence times for 15 pairs of transisthmian
geminates in the related genus Alpheus.

Although the Panamanian seaway’s final closure
produced an obvious and widely appreciated vicariant
event, the associated oceanographic and environmental
changes, which included birth of the warm Gulf-Stream
current, and increased surface salinities and spread of
carbonate shoals and reefs in the Caribbean, had even
more pervasive impacts on evolution and faunal com-
position in the Caribbean region (Collins, 1996a; Cronin
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and Dowsett, 1996). These effects began several Mya
before final closure, as the proto-isthmus rose and first
disrupted circulation between the oceans, and coincided
with radiations of several Caribbean marine taxa, some
with striking similarities to the pattern we found in
Synalpheus (Cheetham and Jackson, 1996; Collins,
1996a). For example, fossil data show that Caribbean
foraminifera radiated ““a few million years before com-
plete seaway closure around 3.5 Mya, after which time
there apparently was little speciation or extinction”
(Collins, 1996a). Similarly, after a long period of relative
stasis, the bryozoan genera Stylopoma and Metrarab-
dotos produced 10 and 11 new species, respectively, be-
tween 8 and 6 Mya (Cheetham and Jackson, 1996). The
scale of environmental change, and evolutionary re-
sponses, in the region during this time is further sup-
ported by the rapid radiation of East Pacific crabs in the
genus Petrolisthes, which occurred ““after the Cretaceous
but prior to the Miocene’ (Stillman and Reeb, 2001),
and by radiations of Caribbean terrestrial Anolis lizards,
Eleutherodactylus frogs, and terrestrial crabs in the late
Miocene and Pliocene (Hedges, 1989; Jackman et al.,
1997; Schubart et al., 1998). Paleontological data sug-
gest that a decline in nutrient concentrations in the West
Atlantic was a major factor, together with increasing
temperatures, fostering faunal turnover, and radiation
of reef-dwelling organisms during this period (Allmon,
2001).

In addition to the main cluster of divergences at
~6 Mya in gambarelloides Synalpheus, there is a second,
smaller mode at 3-4 Mya (Fig. 4). Similarly, the two
bryozoan genera studied by Cheetham and Jackson

(1996) each showed a second, minor wave of origina-
tions beginning between 5 and 3 Mya. This is around the
time at which stable isotope, sea level, and fossil data
indicate severe restriction of the Panamanian seaway
(reviewed in Collins, 1996a) and the beginning of a
major faunal turnover among Caribbean corals that
culminated at the end of the Pliocene, ~2Mya (Budd
et al., 1996). Most of the values in this minor mode for
Synalpheus correspond to divergences among species
within the morphologically recognized brooksi complex
and, especially, the longicarpus complex. The latter
complex in particular consists of morphologically
cryptic species that have yet to be described and that
were poorly resolved in the phylogenetic analyses. The
contemporaneous-tips KITSCH tree (Appendix D) also
shows evidence of a rapid radiation of the longicarpus
complex, in the form of a series of very short internal
branches. This evidence of rapid radiation(s) in the
sponge-dwelling Synalpheus help to explain both
the poor resolution in our phylogenetic analysis, and
the taxonomic difficulty for which the group is famous
(Banner and Banner, 1975; Chace, 1972; Coutiere, 1909;
Dardeau, 1984).

Molecular clocks have wide confidence intervals
(Hillis et al., 1996) and are potentially quite variable
among taxa, even closely related ones (Collins, 1996b;
see Li et al., 1987; Martin and Palumbi, 1993 for re-
views). Our calibration was more rigorous than many,
however, in using divergence values from two (admit-
tedly linked) gene segments in three geminate pairs from
the same genus as the ingroup. The similarity in diver-
gence values among the three geminate pairs of Synal-
pheus increases confidence in the reliability of these dates
and, even if they are somewhat skewed, sets a younger
limit on the age of the radiation, insofar as it occurred
before the geminates diverged approximately 3 Mya
(Fig. 4).

Although we were unable to reconstruct detailed re-
lationships among sponge-dwelling Synalpheus due to
their rapid radiation, the tree resulting from analysis of
the combined data has several important features. First,
the gambarelloides clade is monophyletic in this analy-
sis, albeit with low bootstrap support (65%). Interest-
ingly, Bremer support for the gambarelloides clade (6
steps) is equal to or higher than several other clades in
the tree that have considerably higher bootstrap sup-
port. According to the combined-data analysis, the sister
taxon of the gambarelloides clade is the pair of trans-
isthmian putative geminates S. bannerorum and S.
dominicensis, which join with the gambarelloides group
with a bootstrap value of 88%. Morphologically, these
two taxa are quite distinct from the relatively uniform
gambarelloides group, and we hypothesize that their
relatively long branches (Fig. 2B) may help explain why
they fall within the gambarelloides group in some
analyses (Figs. 1A and 2A). In fact, removal of these
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taxa from phylogenetic analyses greatly increases sup-
port for a monophyletic gambarelloides species-group.
A second result of these analyses is confirmation of our
previous finding (Duffy et al., 2000), which was based on
only about a third of these taxa, that there are three
independent origins of eusociality in the gambarelloides
group. These are in S. chacei, S. “paraneptunus small,”
and the ancestor of S. filidigitus through S. rathbunae
(Fig. 3).

Despite the poor resolution of basal relationships
within the gambarelloides species-group, many impor-
tant sister-taxon relationships are now well supported.
This should allow for rigorous studies using compara-
tive statistical tests involving the origin and maintenance
of eusociality within a tightly defined phylogenetic
group, something which has been difficult in eusocial
insects due to both the ancient origins of eusociality and
the paucity of robust phylogenies for groups in which
eusociality has arisen.
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Appendix A. Taxa sampled for DNA and morphological analysis

Taxon Collection locality CODE Host* 16S COlI

Synalpheus
agelas FL Keys, Molasses reef agelFLO1 Ac new new
anasimus Porvenir, Panama anasPAO1 brown unid. new new
androsi Carrie Bow Cay Ridge, Belize andrBEO1 Hi new new
“bousfieldi A Aquadargana, San Blas, Panama bouaPAOL Ac AF230260 new
“bousfieldi A Carrie Bow Cay Spur, Belize bouaBEO1 Ad new new
“bousfieldi B” Curlew Ridge, Belize boubBEO1 Hc new new
brevifrons Carrie Bow Cay Ridge, Belize brefBEO1 gray unid. new new
“brooksi A Sand Bores, Belize brooBE02 Sv new new
“brooksi A” Tiantupo, San Blas, Panama brooPA07 Sv new new
“brooksi A” Tiantupo, San Blas, Panama brooPAO1 Ac AF230263 new
“brooksi D Limones, Panama brodPA02 Lc - AF230790
“brooksi D” Limones, Panama brodPAO1 Lc AF230262 —
“brooksi D” Carrie Bow Cay Ridge, Belize brodBEO1 Ha new new
“brooksi D brodBE02 new
chacei Carrie Bow Cay Ridge, Belize chacBEO1 Hi AF230261 new
chacei Carrie Bow Cay Ridge, Belize chacBE02 Ls — AF230792
“chacei A” Curlew Ridge, Belize chanBEO1 Hc new new
“pandionis giant” Limones, Panama longPA01 Sv AF230265 new
“pandionis giant” Limones, Panama InpnPA02 Lc new new
filidigitus Carrie Bow Cay Ridge, Belize filiBEO1 Xsp AF230270 —
filidigitus Carrie Bow Cay Ridge, Belize filiBE02 Osp — new
gambarelloides Croatia gambCRO1 Isp new new
goodei Sand Bores, Belize goodBE02 Pp new new
goodei Sand Bores, Belize goodBE04 Pp new new
“occidentalis” unid. Isla Perico, Panama dispPP01 gray unid. new new
“occidentalis” unid. dispPP02 new
herricki Carrie Bow Cay Ridge, Belize herrBEO1 Hi new new
“intermediate” Sand Bores, Belize kensBEO1 yellow unid. new new
longicarpus Tiantupo, San Blas, Panama longPA03 Sv new new
“longicarpus small”’ Sand Bores, Belize lonsBEO1 Pp new new
macclendoni Sail Rock, San Blas, Panama maccPAO1 Ap new new
pandionis pandBE02 new new
“pandionis small” Twin Cays, Belize InpnBEO1 Lc new new
“pandionis red”’ Aquadargana, San Blas, Panama panrPAO01 Sv AF230266 new
paraneptunus Portobelo, Panama paraPAO1 new new
paraneptunus paraPA02 — new
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Appendix A. (continued)

Taxon Collection locality CODE Host® 16S COI
paraneptunus Carrie Bow Cay Ridge, Belize paraBEO1 — new
paraneptunus Carrie Bow Cay Slope, Belize paraBE02 Osp new AF230793
paraneptunus paraBEO3 Pp AF230267 new
“paraneptunus small” White Banks, FL Keys parsFLO1 Xsp AF230268 new
pectiniger Tiantupo, San Blas, Panama pectPAO1 Sv AF230259 —
pectiniger Three Sisters, FL Keys pectFLO1 Sv — AF230796
rathbunae Guigalatupo, San Blas, Panama rathPAO1 Xsp new new
“rathbunae A” Carrie Bow Cay Ridge, Belize rataBEO7 Lsp new new
“rathbunae A” Sand Bores, Belize rataBEO8 Hc new new
“rathbunae A” Wichubhuala, San Blas, Panama rataPAO1 Hc AF230269 new
“rathbunae A Pickles reef, FL Keys rataFLO1 blue unid. — AF230797
regalis Carrie Bow Cay Ridge, Belize regaBEO1 Xsp AF230271 —
regalis Carrie Bow Cay Ridge, Belize regaBE02 Xsp — AF230794
sanctithomae Carrie Bow Cay Ridge, Belize sancBEO1 unid. new new
williamsi Carrie Bow Cay Ridge, Belize willBE02 He AF230264 AF230795
fritzmuelleri fritPA0O3 None — new
Sfritzmuelleri Korbiski, San Blas, Panama fritPA06 None AF230798 AF230788
fritzmuelleri Isla Bartolome, Panama fritPPO1 None new new
Sfritzmuelleri fritPPO1 None — new
minus Korbiski, San Blas, Panama minuPA02 None new new
minus minuPA04 None — new
digueti Isla Bartolome, Panama diguPP01 None new new
digueti diguPP03 None — new
brevicarpus brevPAO03 None — new
brevicarpus San Blas, Panama brevPA06 None new new
brevicarpus Isla Bartolome, Panama brepPP01 None new new
brevicarpus brepPP04 None — new
brevicarpus brepPP05 None — new
bannerorum Isla Bartolome, Panama bannPP0O1 None new new
dominicensis Sail Rock, San Bias, Panama domiPAO1 None new new

Alpheus
cylindricus Panama 24-2e Sv AF230272 new

* Ac, Agelas clathrodes; Ad, Agelas dispar; Ap, Acropora palmata (coral); Ha, Hymeniacidon amphiletcta; He, Hymeniacidon caerulea; Hi, Hyatella
intestinalis; 1sp, Ircinia sp; Lc, Lissodendoryx colombiensis; Ls, Lissodendoryx strongylata; Osp, Oceanapia sp.; Pp, Pachypellina podatypa;
Sv, Spheciospongia vesparium; Xsp, Xestospongia sp.; unid., unidentified.
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Appendix B

List of informative morphological characters used in phylogenetic
analysis of Synalpheus, with description of the states. Character
numbers correspond to those in Appendix C.

(1) Carapace texture: 1, glabrous; 2, sparsely setose.

(2) Pterygostomian corner: 1, acute; 2, obtuse.

(3) Posterior margin of carapace with cardiac notch: 1, distinct; 2,
diminished.

(4) Rostrum, compared to orbital teeth: 1, clearly narrower; 2,
about as wide; 3, wider.

(5) Rostrum, compared to orbital teeth: 1, noticeably shorter; 2,
about as long; 3, clearly longer.

(6) Rostrum: 1, distally upturned; 2, not upturned.

(7) Rostrum margins in dorsal view: 1, straight; 2, concave; 3,
convex.

(8) Orbitorostral process: 1, absent; 2, present.

(9) Ocular hoods, shape in dorsal view: 1, sharply acute; 2, acute; 3,
obtuse; 4, squarely rounded; 5, bluntly triangular.

(10) Adrostral sinus: 1, deep; 2, shallow.

(11) Ocular processes: 1, absent; 2, present, but not elongated; 3,
produced.

(12) Ocellary beak: 1, rodlike; 2, not rodlike.

(13) Stylocerite: 1, slender; 2, stocky.

(14) Stylocerite, mesial margin: 1, slightly concave; 2, straight; 3,
convex.

(15) Stylocerite: 1, acute; 2, blunt.

(16) Stylocerite, length compared to distal margin of first segment
of antenna 1: 1, clearly exceeding; 2, about the same; 3, distinctly
shorter.

(17) Mesio-ventral tooth on first segment of antenular peduncle:
1, present; 2, absent.

(18) Ventral basal processes on antenna 1:1, none; 2, one; 3, two.

(19) Spine on dorso-lateral corner of basicerite: 1, absent;
2, present.

(20) Ventrolateral spine of basicerite compared to tip of Stylocerite:
1, clearly overreaching; 2, not overreaching.

(21) Scaphocerite blade: 1, present; 2, reduced; 3, absent.

(22) Lateral margin of scaphocerite: 1, straight; 2, slightly
concave.

(23) Scaphocerite spine compared to antennular peduncle: 1, not
overreaching; 2, clearly overreaching.

(24) Mesial projection at base of scaphocerite: 1, absent; 2, present.

(25) Fingers of major first pereiopod compared to half length of
palm: 1, clearly not longer; 2, clearly longer.

(26) Pollex of major first pereiopod compared to dactyl: 1, about as
long; 2, reduced; 3, longer.

(27) Protuberance on outer face of pollex of major chela: 1, absent;
2, present.

(28) Kind of projection on superior distal margin of palm of major
chela: 1, prominent blunt tubercle; 2, prominent tubercle with acute
spine; 3, tapering acute spine.

(29) Extensor margin of merus of major first pereiopod: 1, straight
or slightly convex; 2, strongly convex.

(30) Extensor margin of merus of major first pereiopod: 1, with
distinct distal spine; 2, with flat distal angular projection; 3, ending in
acute angle; 4, ending in right angle; 5, ending in obtuse angle.

(31) Palm of minor first chela: 1, clearly less than two times longer
than high; 2, about two times longer than high; 3, more than twice as
longer as high.

(32) Number of teeth on dactyl of minor first chela: 1, one; 2,
one with subdistal accessory bump; 3, two or three, subequal in
length.

(33) Arrangement of dactyl teeth on minor first chela in relation to
dactyl axis: 1, perpendicular; 2, parallel.

(34) Transverse dorsal setal combs on dactyl of minor first chela: 1,
absent; 2, very conspicuous; 3, much reduced.

(35) Number of teeth on pollex of minor first chela: 1, one; 2, one
with subdistal accessory bump; 3, two subequal in length.

(36) Extensor margin of merus of minor first pereiopod: 1, straight;
2, convex.

(37) Extensor margin of merus of minor first pereiopod: 1, with
distinct distal spine; 2, with flat distal angular projection; 3, ending in
acute angle; 4, ending in right angle; 5, ending in obtuse angle.

(38) Segments on carpus of second pereiopod: 1, five; 2, four.

(39) Second pereiopod, carpus/merus length relation: 1, >1;2, <1.

(40) Third pereiopod: 1, slender; 2, stout.

(41) Relative size of ungues on dactyl of third pereiopod: 1, sub-
equal; 2, clearly unequal.

(42) Unguis, widest at base: 1, extensor 2, flexor.

(43) Movable spines on flexor margin of merus of third pereiopod:
1, absent; 2, present.

(44) Mesial lamella on coxa of third pereiopod: 1, absent;
2, present.

(45) First abdominal pleura of male with posterior corner: 1,
weakly produced, or rounded; 2, strongly produced posteriorly; 3,
acutely produced ventrally; 4, distinctly produced ventrally and ante-
riorly, hook-like.

(46) Second abdominal pleura of male: 1, rounded to obtuse; 2,
produced posteriorly into acute projection; 3, produced both anteriorly
and posteriorly into acute projections.

(47) Terminal setae on endopod of male first pleopod: 1, five or
less; 2, six or more.

(48) Second pleopod of male with marginal setae on exopod orig-
inating: 1, close to base; 2, near midpoint.

(49) Appendix interna on second to fifth male pleopods: 1, present;
2, absent.

(50) The space between distal spines of telson compared to one-
third of its distal margin: 1, greater; 2, equal or less.

(51) Convex lobe on distal margin of telson: 1, present; 2, absent.

(52) Posterior corners of telson: 1, obtuse; 2, rectangular; 3, acute.

(53) Postanal setal brush: 1, absent; 2, present.

(54) Number of fixed teeth on outer margin of uropodal exopod:
1, one; 2, more than one.



Appendix C. Matrix of morphological character states for Synalpheus taxa and the outgroup, Alpheus cylindricus
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Taxon

11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

10

Alpheus cylindricus

2

23) 1

1

Synalpheus agelas

C.L. Morrison et al. | Molecular Phylogenetics and Evolution 30 (2004) 563-581

—_ o e O O e e e e e e e e e O] e = O = = = N
—_ O o = O o e e e e = N = = N = AN — A —
—~
N
—
B T T T e T T L e i N R R T T T T BRI o [ I RS R

2
2
2
2
2
2
2
2
2
2
2
2
2
1
2
2
1
2
2
2
2
2
2
2
2
2
2
2
2

2
2
2
1
1
2
1
2
1
1
1
1
1
2
2
2
2
1
2
1
2
2
2
2
2
1
2
2
1

(23 2

1
1
1
1
1
2
2
1
1
1
1
1
2
2
1
2
2
1
1
1
1
2
1
1
2
1
1
1
1

2
2
1
2
2
1
1
2
3
3
3
3
1
1
2
1
1
2
2
3
2
2
2
1
1
2
1
1
3

1
1
1
1
1
1
1
1
2
2
1
1
1
1
1
1
1
1
1
1
1
1
2
1
1
1
1
1

12)
(13 2
23)

(23)

Ol O] m—= r= et et e = O] O] O] O] et el o e e e e e e p v e e e
AN AN AN~ AN~ — AN~ = AN~ — A
(o I B RN o B o Nie\Nie B o Nl e Bl _le No B ol e e Ne Ie Nslie Ne Ne Bo loNe Ne Bo Bl

N~ I AN N A~ —~ A AN AN A S
—_ e O o e et e et e e et e A O = O O et e et e e et e —
~ —~ —~ —~
o on on on
—_ o O et et et O et o et O O = N 60 e et et et et et O] vt e e

— ~
@ Q
CTamonmmacnacaaaddadmamadAdAdaA®nSSTSA o6
—_ O e et O et et e et e et O] e e e e e et ) et et et e (] =
—_ o et et et et et et e e e e e e e e et et et (] vt e

—_ et O o~ O o o o o o A O] o o~ O] o~ O] o~ (] — O —
, L E
CRERS! =) s 8
T = < . o g
32K < g V@ g
<35 <A 5 2 =3 S .2 o 8 S
Sss 8. P L E_ 838 fgiy £53
c SIISSEE_: T Se3SIT .Y¥EsS §isct
= 9 mmo.lh T~ 2SS 3SS85 .8 S5S83c8 8 S ¥
S2355533&88SsssEnE SESESS5 388
RS TS S T EHMSSSXIT LI gISEESER
2.5 = Ubvoocaumdzzm SR T = S
adnooeeeorahg‘l.t.[ S 2SS 3T RS 8 =
S ST L X A R 58S 0 =T SS YRS OISR
SIS SSS ST T RSTEEE Oy VI £ 83§

11}

“pandionis giant
S. “pandionis red”

S.

3

1

(13)

1

2

‘pandionis small”

S. pectiniger
S. rathbunae

13

S.

2

1

(13)

1

2

(12 2 2

3

S. “rathbunae A”

S. regalis

S. sanctithomae

S. williamsi

1

1

12

2

577



578

Appendix C. (continued)

Characters

28

Taxon

30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

29

Alpheus cylindricus

Synalpheus agelas

S. anasimus
S. androsi

(12)

1
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Appendix D

579

Statistical test of departure from temporally random cladogenesis in the gambarelloides species-group. (A) Con-
temporaneous-tips KITSCH tree for species in the gambarelloides group. (B) Cumulative frequency distributions of
normalized branching times inferred from combined analysis of COI and 16S data, compared to a null model of
Markovian bifurcation and extinction for 32 taxa (after Wollenberg et al., 1996).
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