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ARTICLE INFO ABSTRACT

Keywords: Molecular studies have revealed that many species once thought to be wide-ranging in the Indo-West Pacific
Biogeography contain allopatric mosaics of endemic lineages. These lineages provide compelling evidence that substantial time
Phylogenetics is needed to evolve isolating mechanisms sufficient to permit successful secondary sympatry, and that divergence
l;;i)crggﬁwe isolation is initiated in allopatry. In this context, questions arise regarding the nature, timing, and origin of isolating
Genitalia mechanisms that permit secondary sympatry. We present a phylogeny of the crab subfamily Chlorodiellinae
Selection which displays allopatric mosaics within species. These allopatric lineages typically do not have divergent male

genitalia, while older sympatric lineages do. We tested the relationship between genetic distance (proxy for
time), sympatry, and the divergence of male genitalic morphology. Our results suggest that male genitalic
divergence is not involved in the initiation of speciation in chlorodielline crabs, having likely occurred only after
isolation began in allopatry. However, morphological evolution of genitalia seemingly does play an important
role in completing the process of speciation in these crabs.

1. Introduction

Over the last several decades molecular phylogenetic studies have
challenged traditional concepts regarding the diversity and distribution
of marine species. Historically, researchers were left perplexed at how
“marine speciation on a small planet” was possible given the broad
ranges of many species, the prevalence of long-lived planktonic larvae,
and the interconnectedness of marine habitats (Palumbi, 1992). Yet in
the proceeding years, as predicted by Palumbi (1992) and others, mo-
lecular studies continued to reveal increasingly finer levels of
geographic structuring and cryptic species in many marine taxa (e.g.,
Knowlton, 1993).

Much of the work on geographic differentiation in the marine realm
has focused on fauna of the tropical Indo-West Pacific (IWP), the largest
and most diverse marine region. Spanning two thirds of the marine

tropics from East Africa to the Eastern Pacific barrier, this region has
long been recognized as a single, vast biogeographic entity with much of
its fauna ranging across its entire extent (Forest & Guinot, 1961, Kay,
1984, Myers, 1994, Briggs & Bowen, 2012). Genetic studies have
demonstrated that many marine species do maintain genetic connec-
tivity across the IWP (e.g., Crandall et al., 2019, and references within).
However, molecular studies have also revealed that many species once
thought to be wide-ranging and interconnected contain allo- or para-
patric mosaics of lineages with relatively restricted ranges (e.g., Meyer
et al., 2005, Drew & Barber, 2009, Malay & Paulay, 2010, Titus et al.,
2018).

Meyer et al. (2005) discussed this pattern for the gastropod genus
Astralium, a clade where two diverse subclades coexist in sympatry, but
each comprises numerous allopatric lineages despite up to 6.2 % COI
sequence divergence (an estimated 7 Ma of isolation) among sister
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terminal taxa. What is surprising in Astralium, is that allopatry seemingly
persists for millions of years despite great dispersal capacity in evolu-
tionary time, as demonstrated by the colonization of virtually all IWP
reefs and islands and low levels of gene flow. Occasional instances of
mitotypes from one lineage occurring in an individual within the range
of another lineage further demonstrate low levels of gene flow and
suggest that isolation in these allopatric lineages is not complete. In
other words, allopatric lineages diverge despite some degree of gene
flow, but require substantial time to evolve isolating mechanisms suf-
ficient enough to permit successful colonization and coexistence of lin-
eages (i.e., to establish secondary sympatry). In Astralium, this was
achieved only between the two subclades estimated to have diverged 30
Ma. This process is consistent with both Mayr’s traditional model of
geographic speciation (Mayr 1942, 1963, Nosil, 2008) and contempo-
rary theory on gene flow and speciation (Nosil, 2008, Mallet et al. 2009,
Wang et al. 2020), whereby some degree of homogenizing gene flow
does not bar speciation and may even be common throughout the
speciation process. In this context, questions arise regarding the nature,
timing, and origin of isolating mechanisms (reproductive barriers) that
permit secondary sympatry, and how these are related to those that
allow the persistence of allopatric sister lineages in the face of consid-
erable gene flow. However, investigating this remains challenging as
genetic drift, natural selection, and sexual selection may work in tandem
toward the completion of reproductive isolation before, during, or after
the establishment of secondary sympatry (Servedio & Boughman, 2017).

In many brachyuran crab families, genitalic divergence is relied upon
heavily to differentiate between closely related species (e.g., Serene,
1984) and has been implicated in the establishment and maintenance of
species boundaries (Guinot et al. 2013, Yao et al., 2020). The first male
gonopod (G1), which is the predominant intromittent structure in crabs,
often exhibits a complex morphology with relatively little intraspecific
variation that can be strikingly different among closely related species.
The G1 is a tubular structure that delivers spermatophores into the fe-
male seminal receptacle (McClay & Becker, 2015), and the female vulva
also exhibits complex morphology and interspecific differentiation
(Guinot et al. 2013). Coevolution between the G1 and female vulva may
drive divergent morphological evolution and play a part in speciation.
Literature on terrestrial arthropods favors sexual selection as a driver of
rapid divergent evolution of genitalia, although the mechanism is con-
tested—i.e., cryptic female choice versus sperm competition versus
sexual conflict (Waage, 1979, Thornhill, 1983, Gage, 1992, Arnqvist and
Rowe, 1995, 2005, Eberhard, 1996, Arnqvist, 1999, Briceno & Eber-
hard, 2009). Very little is known about the mechanism driving the
divergence of genitalia in crabs.

Like much of the fauna in the region, crabs in the IWP are excep-
tionally diverse with large species ranges, but their biogeography re-
mains poorly documented. There have been virtually no genetic studies
that use multiple true crab (Brachyura) species to test IWP biogeo-
graphic patterns. Given their abundance and ecological importance,
studies using brachyuran species as models will enhance our under-
standing of IWP biogeography, especially since marine taxa exhibit
diverse distributional patterns (e.g., Meyer et al., 2005, Malay & Paulay,
2010, Titus et al., 2019, Lasley et al., 2022). In addition to knowledge
gaps in taxon-specific biogeography, few studies have investigated the
selective forces driving speciation, including isolating mechanisms that
permit secondary sympatry. To our knowledge, the connection between
male genitalic divergence and biogeography in the IWP has only been
studied in one taxon, the marine gastropod subfamily Littorininae
(Hollander et al., 2013, 2018).

Here we investigate whether genetic divergence (a proxy for time)
and genitalic divergence are correlated with the emergence of sympatric
distributions among related lineages in the IWP crab subfamily Chlor-
odiellinae. Chlorodielline crabs are some of the most abundant crusta-
ceans inhabiting coral reef environments in the IWP (Peyrot-Clausade
1977, 1979, Plaisance et al. 2011, Leray et al. 2012, Lasley et al. 2013,
Lasley et al. 2015). Despite their ubiquity, a thorough taxonomic
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revision of the group is still needed. Previous studies have focused on
subfamilial and generic relationships (Lai et al., 2011, Lasley et al. 2013,
2015, Mendoza et al. 2022) but have not clarified several species-level
problems that confound identification and lessen the taxon’s utility as
a model for other evolutionary studies. Through thorough taxonomic
and geographic sampling, we develop an updated molecular phylogeny
of the subfamily. Using several standard molecular species delineation
methods, we first group specimens into Molecular Operational Taxo-
nomic Units (MOTUs). We then use the resulting MOTUs to develop a
robust multilocus phylogeny. Finally, using a phylogenetic comparative
approach we test for correlation between allopatry, timing of diver-
gence, and genitalic divergence.

2. Material and methods
2.1. Voucher material and taxon sampling

Specimens for morphological and molecular analyses were obtained
from the Florida Museum of Natural History, University of Florida,
Gainesville, Florida, USA (UF); Zoological Reference Collection of the
Lee Kong Chian Natural History Museum, National University of
Singapore, Singapore (ZRC); Queensland Museum, Brisbane, Australia
(QM); Muséum national d’histoire Naturelle, Paris, France (MNHN), and
Senckenberg Museum, Frankfurt am Main, Germany (SMF). All voucher
material and sequence data used in this study are listed in SM1 and SM2.

We examined at total of ca. 1,000 specimens representing all 31 well-
established and two undescribed chlorodielline species. Four species of
uncertain status that have not been reported since their original de-
scriptions were not available for study: Chlorodiella quadrilobata Dai,
Cai, & Yang, 1996, Chlorodiella ohshimai Miyake & Takeda, 1967,
Cyclodius perlatus Nobili, 1905, and Pilodius kauaiensis Edmondson,
1962. A further species, Cyclodius drachi Guinot, 1964, was not included
either, as it most likely is a junior synonym of Cyclodius granulatus
(Targioni Tozzetti, 1877). These taxa will be commented on in up-
coming taxonomic revisions (Lasley, in prep.). Morphological and
sequence data were obtained from all the remaining 33 species
(Table 1). Identifications were based on keys and diagnoses from Forest
& Guinot (1961), Guinot (1964), Serene (1984), Dai & Yang (1986), and
Clark & Galil (1993).

2.2. Generation and composition of molecular datasets

For this study we generated and compiled two molecular data sets:
the first, composed of mitochondrial COI sequences, was used for species
and MOTU delineation analyses; the second, composed of four standard
loci (mitochondrial COI, 12S rRNA, 16S rRNA, and nuclear H3), was
used for phylogenetic analyses of Chlorodiellinae and subsequent gen-
eration of an ultrametric topology for phylogenetic comparative
analyses.

COI sequence data was obtained from 892 specimens across 33
species. This included hundreds of sequences generated for this study
during several large DNA barcoding initiatives including the Moorea
Biocode project, MarBOL, and the Southern Line Island survey. These
sequences were combined with additional sequences that we generated
to provide a more thorough, representative sampling of species,
morphological variants, and localities. Specimens from each of these
previous sampling campaigns are housed at UF and sequence identifi-
cations were confirmed through morphological examination when
specimens were available. Analyses of our COI data set led to the
delineation of 38 reciprocally monophyletic, well-supported terminal
clades (i.e., MOTUs, discussed below), which were then each targeted
for development of our phylogenetic data set (listed in SM2).

For newly generated sequence data, DNA was isolated from ambu-
latory leg muscle tissue using an AutoGeneprep 965 at the Smithsonian
Institution Laboratories of Analytical Biology (LAB). PCR amplifications
were performed using the following primer sets: 12sf and 12slr (12S)
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Table 1
List of chlorodielline species and MOTUs (in bold) in COXI gene trees with corresponding support values (posterior probabilities (pP) from the BI analysis, bootstrap
values (BS) from the ML analyses); geographic overlap and G1 uniqueness; and delineation results. N = number of sequences included in analyses. “=" means cluster

equivalent to clade. Clades recovered as more than one cluster indicated by number of clusters.

Intraspecific Smallest Geograph?c G1 Species
Taxon variation In(verclade pP BS N # haplotypes Overlap With uniqueness  Identifier ABGD GMYC PTP
Distance Closest Clade
Chlorodielia barbata 0-5.3 10.3 1 100 64 11 n/a n/a 2clusters 2clusters 2 clusters 2 clusters
Chlorodiella barbata MOTU 1 (1) 0-1.1 4.0 1 88 59 8 narrowly sympatric ~ shared = = = =
Chlorodiella barbata MOTU 2 (2) 0-1.3 4.0 1 83 5 3 narrowly sympatric ~ shared = = = =
Chlorodiella coclearis (3) 0-1.3 11.7 1 100 10 7 sympatric unique = = = =
Chiorodielia cytherea-davaoensis-crispipleopa 0-12.2 9.3 1 98 99 52 nfa n/a 5clusters 5clusters 7 clusters 6 clusters
Chlorodiella cytherea MOTU 1 (4) 0-2.9 7.7 1 100 40 28 sympatric shared = = 2 clusters =
Chlorodiella cytherea MOTU 2 (5) 0 6.1 1 100 14 1 allopatric shared = = = =
Chlorodiella cytherea MOTU 3 (6) 1.6-1.9 6.9 1 100 3 allopatric shared = = = =
Chlorodiella cytherea MOTU 4 (7) 0-2.7 6.1 1 95 37 15 allopatric shared = = 2 clusters 2 clusters
Chlorodielia cytherea MOTU 5 (8) 0-0.5 9.0 1 100 5 allopatric shared = = = =
Chlorodiella laevissima (9) 0-4.5 6.6 1 97 60 20 sympatric unique  2clusters 2 clusters 2clusters 5 clusters
Chiorodiella sp. 1 0-7.4 6.6 1 99 37 24 n/a n/a 2clusters 3 clusters 3clusters 3 clusters
Chlorodielia sp.1 MOTU 1 (10) 0-1.3 3.2 1 88 18 10 allopatric shared n/a = = =
Chlorodiella sp. 1 MOTU 2 (11) 0-1.1 3.2 1 98 7 4 allopatric shared n/a = = =
Chlorodiella sp. 1 MOTU 3 (12) 0-1.9 4.8 1 98 12 10 narrowly sympatric  shared = = = =
Chlorodiella sp. 2 0-4.5 7.7 1 97 112 48 n/a n/a 1cluster 3clusters 3clusters 3 clusters
Chlorodiella sp. 2 MOTU 1 (13) 0-0.8 2.9 1 82 38 18 narrowly sympatric ~ shared n/a = = =
Chlorodiella sp. 2 MOTU 2 (14) 0-4.0 2.9 1 87 74 30 narrowly sympatric ~ shared n/a 2clusters 2 clusters 2 clusters
Chlorodiella nigra-spinimera 0-4.8 6.6 09 99 40 25 nfa n/a 1 cluster 1 cluster 3 clusters 3 clusters
Chlorodielia nigra MOTU 1 (15) 0-3.2 2.1 09 nfa 13 12 narrowly sympatric ~ shared n/a n/a 2 clusters 2 clusters
Chlorodiella nigra MOTU 2 (16) 0-1.6 21 0.8 40 27 13 narrowly sympatric ~ shared n/a n/a = =
Chlorodielia xishaensis (17) 0-0.3 6.6 1 100 28 4 sympatric unique = = = =
Cyclodius granulatus (18) 0-1.4 7.6 1 100 3 2 sympatric unique = = = =
Cyclodius granufosus (19) 0-0.1 5.8 1 100 9 7 sympatric unique = = = =
Cyclodius nitidus 0-9.1 5.8 nfa nfa 53 20 nfa n/a 2 clusters 2 clusters 2 clusters 2 clusters
Cyclodius nitidus MOTU 1 (20) 0-0.4 538 1 100 34 6 allopatric shared = = = =
Cyclodius nitidus MOTU 2 (21) 0-2.8 5.8 1 78 19 14 allopatric shared = = = =
Cyclodius obscurus 0-5.8 11.5 1 100 30 14 nfa n/a 2clusters 2 clusters 2clusters 2 clusters
Cyclodius obscurus MOTU 1 (22) 0 5.4 1 100 3 1 allopatric shared = = = =
Cyclodius obscurus MOTU 2 (23) 0-0.8 54 1. 76 27 13 allopatric shared = = = =
Cyclodius paumotensis (24) 0 10.1 1 100 3 1 sympatric unique = = = =
Cyclodius ungulatus (25) 0-3.2 10.7 1 100 57 37 sympatric unique = = = =
Luniella scabriculus (26) 0-1.2 12.8 1 100 15 6 sympatric unique = = = =
Luniella spinipes (27) 0-0.2 11.4 1 92 16 4 sympatric unique = = = =
Luniella pubescens (28) 0-0.6 8.3 1 75 29 20 sympatric unique = = = =
Luniella pugil (29) 0-0.8 8.3 1 91 21 8 sympatric unique = = = =
Pilodius nigrocrinitus (30) 0-0.4 11.4 1 100 11 3 sympatric unique = = = =
Pilodius pill ides-concors-cephalalgicus (31) 0-2.9 10.2 1 100 12 9 sympatric unique = =
Pilodius maotieni (32) 0-1.2 10.2 1 100 11 5 sympatric unique = =
Pilodius miersi (33) 0-0.8 10.6 1 100 14 3 sympatric unique = =
Pilodius granulatus-philippinensis (34) 0-2.3 11.2 1 100 12 8 sympatric unique = =
Pilodius moranti (35) 0-0.8 9.4 1 100 4 4 narrowly sympatric  unique = =
Pilodius areolatus (36) 0-2.7 9.4 1 99 58 8 narrowly sympatric  unique = = = =
Soliella flava (37) 0-1.4 12.0 1 100 45 6 sympatric unique = = 6 clusters =
Soliella melanospinis (38) 0-0.8 12.0 1 100 39 16 sympatric unique = = 2 clusters =
Totals 36 39 49 45

(Mokady and Graur, 1994; Shull et al., 2005), crust16sfl and crust16sr2
(16S) (Lai et al., 2009); jgHCO2198 and jgLCO1490 (COI) (Geller et al.,
2013); and H3af and H3ar (H3) (Colgan et al., 1998). Amplifications
consisted of 19-pL reactions with 10 pL of Promega GoTaq G2 Hot Start
Master Mix, 0.6 pL of each 10 pM primer, and 0.2 pL of 20 mg/mL BSA.
The following PCR cycling parameters were used: initial denaturation at
95 °C for 5 min; 4 cycles at 94 °C for 30 s; 57 °C (12S), 52 °C (16S), 50 °C
(COI), or 50 °C (H3) for 45 s; 72 °C for 1 min; then 34 cycles at 94 °C for
30s; 52 °C (12S), 47 °C (16S), 45 °C (COI), or 47 °C (H3) for 45 s; and a
final extension at 72 °C for 8 min. Successful PCR products were cleaned
up and bidirectionally sequenced using standard LAB protocols as
described in Evans (2018). Contig consensus sequences were con-
structed using Geneious version 7.1.4 (Biomatters Ltd.). COI sequences
generated for this study were trimmed to 581 bp to match the length of
sequences used from previous studies (Lasley et al., 2015). GenBank
accession numbers for newly generated sequences are listed in SM1 and
SM2).

Alignments for COI and H3 were generated using MAFFT (Katoh &
Standley, 2013) and absence of spurious stop codons was confirmed.
Ribosomal RNA sequences (12S and 16S) were aligned using Guidance2
(Sela et al., 2015) implementing MAFFT’s G-INS-i settings (-globalpair
—maxiterate 1000). For each rRNA marker, Guidance2 evaluated 400
alternative alignments from 100 alternative guide trees. Columns in the
alignment with confidence scores below 0.93 were trimmed resulting in
a final alignment for 12S of 355 bp (reduced from 389 bp) and for 16S of
504 bp (reduced from 522 bp). A final concatenated alignment of all four
loci was 1768 bp in length and initially partitioned by locus with the
protein coding genes partitioned by codon (SM3).

2.3. Gene-based species delineation

Using COI sequence data, we investigated the validity of all 31 well-
established chlorodielline species and attempted to identify all distinct
MOTUs within the group.
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The monophyly of each described species was evaluated using
unrooted COI gene trees generated for each chlorodielline genus.
Phylogenetic analyses of COI sequence data were carried out separately
for each genus using both maximum-likelihood (ML) and Bayesian
Inference (BI) methods. ML analyses were carried out using Randomized
Accelerated Maximum Likelihood (RAXML) version 7.7.7 (Stamatakis,
2014) on the CIPRES Science Gateway (Cyberinfrastructure for Phylo-
genetic Research project; Miller, Pfeiffer, & Schwartz, 2011). Searches
were carried out using a GTR + gamma substitution model and confi-
dence was assessed by generating 1000 non-parametric bootstrap rep-
licates. BI analyses were carried out using MrBayes 3.2.2 (Ronquist &
Huelsenbeck, 2003), also on CIPRES. Substitution models for BI analyses
were selected using JModeltest version 2.1.4 (Posada, 2008) employing
the Akaike information criterion. Selected models for Chlorodiella,
Cyclodius, Luniella, Pilodius, and Soliella were TrN + G, TrN + I, HKY + G,
HKY + G, and HKY + G, respectively. Each BI Markov chain Monte Carlo
(MCMC) analysis was run for 10 million generations (with nruns = 2
nchains = 4 temp = 0.2 samplefreq = 1000) with a burn-in value of 20
%. Average standard deviation of split frequencies for each analysis was
confirmed to be < 0.01. Convergence of the runs were assessed using
Tracer version 1.5 (Rambaut & Drummond, 2009) including confirma-
tion that ESS values were above 200.

Genetically distinct MOTUs within each chlorodielline genus were
identified using COI data and four delineation approaches: (1) General
Mixed Yule Model Coalescent (GMYC) (Pons et al., 2006, Monaghan
et al., 2009); (2) Speciesldentifier from the TaxonDNA version 1.6.2
package (Meyer et al., 2006); (3) the Poisson Tree Processes model (PTP)
(Zhang et al., 2013); and (4) Automatic Barcoding Gap Discovery
(ABGD) (Puillandre et al., 2012). Default settings in the programs were
used, except as described below.

For delineations using GMYC, an ultrametric, bifurcating input tree
was created for each genus using BEAST version 1.10.2 on CIPRES
(Drummond & Rambaut, 2007, Suchard & Rambaut, 2009). Input files
were generated using BEAUti version 1.10.2. Each BEAST MCMC anal-
ysis was run for 20 million generations under a strict clock and HKY
substitution model. HKY was chosen instead of the models selected by
JModeltest (above) because of poor mixing due to over-
parameterization in initial runs. Tree prior was set to “Speciation:
Yule Process” (Yule, 1925, Gernhard, 2008). Trees were sampled every
2000 generations. Tracer version 1.7.1 was used to confirm that ESS
values were above 200. Sampled trees were summarized using
TreeAnnotator version 1.10.2 with a burn-in value of 10 % (Drummond
& Rambaut, 2007). Trees were used to fit the GMYC model using the R
package splits (Ezard et al., 2013).

For delineation using SpeciesIdentifier, we used the “cluster” module
and iteratively tested threshold values of 1-4 %, ultimately using a value
of 3 % to analyze each genus. PTP analyses were run on the webportal
(https://species.h-its.org/), using our ML topologies generated in
RAxML as inputs, 500,000 MCMC generations, a thinning value of 100
and a burn-in of 0.1. ABDG analyses were carried out using the web-
portal (https://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html). X
values were iteratively tested and a value of X = 1 was selected. Other
values were set to default.

MOTUs were designated for clades that were delineated by all
methods (Speciesldentifier, GMYC, PTP, and ABGD) equivalently. When
delineation methods gave contradictory results, MOTU designations
were assigned based on the least inclusive terminal-most clades that
were both reciprocally monophyletic and well-supported in the phylo-
genetic analyses (i.e., both the COl-only and four-loci concatenated
analyses, described below). One exception, regarding a Chlorodiella
nigra + Chl. xishaensis clade, is discussed in the results.

2.4. Species and MOTU gonopod morphology

In addition to considering the gross morphology of each specimen,
we evaluated our species- and MOTU-level delineations by
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characterizing the morphological distinctiveness of the male first
gonopods (G1). Like many crabs, the G1s of Chlorodiellinae comprise a
diverse set of structurally complex morphotypes that do not lend
themselves easily to quantitative characterization or complex, multi-
character coding schemes. Yet, these structures can be strikingly distinct
and highly conserved within—and diagnostic of—species or specific
lineages. Consequently, here we identified all chlorodielline G1 mor-
photypes and for each MOTU determined if their respective morpho-
types were ‘shared’ (same morphology as another MOTU) or ‘unique’
(morphology unique to MOTU, not shared). The appropriateness of this
discrete characterization of G1 morphotypes was evaluated through
careful examination of variation within and between MOTUs.

G1s of all male specimens used in this study were carefully examined
using light microscopy and sorted to morphotype. Representatives of
each G1 morphotype were further examined with a Leica Stereoscan 440
Scanning Electron Microscope (SEM). Mucus and debris were removed
from Gls following Felgenhauer (1987). Samples were dehydrated
through a graded ethanol series, followed by two changes in HMDS
(hexamethyldisilazane), mounted on stubs using Elmer’s glue, and
coated with 25 nm 60:40 gold:palladium using a Cressington Sputter
Coater 108auto.

2.5. Phylogenetic analyses

To assess the phylogenetic relationships of all chlorodielline species
and MOTUs, ML and BI analyses were performed on the partitioned
concatenated data set of four markers (COI, 12S, 16S, and H3) with
Etisus demani Odhner, 1925 as outgroup, following Lasley et al. (2015).
For many species, this data set included multiple specimens, some with
only partial sequence data. Consequently, two concatenated datasets
were constructed and analyzed: the first consisted of 79 (78 ingroup)
taxa representing all sequenced I; the second was a reduced set
composed of 39 (38 ingroup) taxa representing the best (most complete)
single exemplar for each species and MOTU. Composition of these data
sets, including GenBank accession numbers for each marker, are listed in
SM2. Partition schemes and substitution models used in these analyses
are listed in SM3 and were selected in PartitionFinder2 (Lanfear et al.,
2017) using the Bayesian Information Criterion. Selected models were
evaluated against all models available in MrBayes (for BI analyses) and
RAXML (for ML analyses), with the exception that 4+ I models were not
evaluated for ML analyses.

Analyses of the 79 taxa and 39 taxa datasets were carried out using
the same search parameters. BI analyses were carried out using MrBayes
version 3.2.7a on CIPRES and run 25 million generations (with nruns =
2 nchains = 4 temp = 0.175 samplefreq = 10000) with a burn-in value of
10 %. Average standard deviation of split frequencies was confirmed to
be < 0.01 and convergence of the runs was assessed using Tracer version
1.7.2, including confirmation that ESS values were above 200. Summary
topologies were constructed using both a majority-rule consensus (MRC)
tree and a maximum clade credibility (MCC) topology and compared.
ML analyses were carried out using RAXML v.8.2.12 on CIPRES. For each
dataset two independent runs were performed, each generating 1000
non-parametric bootstrap replicates summarized on the best scoring
topology from 10 independent searches. Final nodal support values were
summarized on the best scoring topologies using 2000 bootstrap repli-
cates combined from the two separate runs. Additionally, 100 inde-
pendent searches for the best scoring tree were performed for both data
sets. The 100 independent searches recovered a slightly different “best
scoring” topology than the first set of analyses (discussed below). To
evaluate if one of these topologies was significantly more likely a log
likelihood Shimodaira-Hasegawa (SH) test (Shimodaira & Hasegawa,
1999) was performed in RAXML.

For subsequent phylogenetic comparative analyses (discussed
below) one of our “best scoring” ML topologies was used to generate an
ultrametric tree (as a chronogram) with the ‘chronos’ function in the R
package ‘ape’ version 5.5 (Sanderson, 2002, Kim & Sanderson, 2008,
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Paradis, 2013). This function was carried out with lambda = 0, model =
relaxed, and the following calibration intervals (with soft.bounds =
true): age.max and age.min values for the Chlorodiellinae root were set
to 33.9 Ma and 23.03 Ma respectively, while values for Chlorodiella’s
root were set to 13.65 Ma and 12.70 Ma. These intervals are consistent
with the putative Chlorodiellinae stem-group fossil Prochlorodius Miiller
& Collins, 1991 occurring during the late Eocene (Fraaye 1996, Miiller &
Collins, 1991) with reliable crown group fossils not appearing until the
Miocene (Fraaye, 1996), among which the earliest reliable fossil Chlor-
odiella appears during the Badenian age (Middle Miocene, 13.65-12.70
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Ma) (Miiller, 1984, Collins, 2014). The resulting chronogram is provided
in SM4, and again, was generated to function as an ultrametric input
topology for subsequent analyses (discussed next). Given that this
chronogram was generated using a simple penalized likelihood
approach, we urge caution when interpreting any specific divergence
dates. Nevertheless, this chronogram does provide a working hypothesis
about the evolution of Chlorodiellinae, but the topic deserves a more
thorough treatment, so we refrain from commenting any further on it
here.
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Fig. 1. Maximum likelihood tree inferred from combined 12S and 16S rRNA genes, COI and histone H3 sequences showing geographic overlap and genitalic
divergence. Numbers above and below branches indicate maximum-likelihood bootstrap support (BS) and Bayesian inference posterior probability (PP), respectively.
Values below 0.95 (PP) and 70 (BS) are represented by “~. Missing PP values indicate clades not recovered in the Bayesian analysis.
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2.6. Evolutionary patterns of geography, genitalia and genetic divergence

We investigated the evolutionary covariance of genetic divergence,
geography and genitalic differentiation between chlorodielline MOTUs
using a phylogenetic comparative implementation of the quantitative
genetic threshold model (Felsenstein, 2012). Under this approach the
evolution of discrete and continuous characters is modeled along a
phylogeny as a function of an underlying continuous trait (a ‘liability”).
Using MCMC, the covariance of liabilities is inferred between multiple
traits and correlation is modeled between two discrete characters, or one
discrete and one continuous character. For these analyses we used our
chronogram and the character data listed in Table 1 and depicted in
Fig. 1. This data included MOTU interclade genetic distances (a
continuous character), G1 uniqueness (a discrete character), and
geographic overlap (a discrete character).

Shortest interclade distances between MOTUs were obtained from
COI distances calculated with TaxonDNA (Meier et al., 2006). As pre-
viously described, G1 morphology for each MOTU was scored as ‘shared’
or ‘unique’ based on our identification of distinct G1 morphotype.

For geographic overlap, the distributional ranges of each MOTU
were compared with the ranges of its sister clade and scored as ‘sym-
patric’, ‘narrowly sympatric’, or ‘allopatric’. Distributional ranges of
each MOTU were determined by mapping occurrence records from
examined specimens, sequence data, and reliable, applicable records in
the literature (SM2). Geocoordinates for literature records were ob-
tained using Google Earth. Occurrence maps were generated with the R
package ggplot2 (Wickham et al., 2016). When MOTUs were sister to
clades with multiple MOTUs, the ranges of all MOTUs in the sister clade
were combined. For example, Chl cytherea MOTU 1 is sister to a clade
comprising Chl cytherea MOTUs 2—-4. In this case, ChlL cytherea MOTU 1
was scored as ‘sympatric’ because it overlaps with the combined ranges
of ChL Cytherea MOTUs 2-4. ‘Narrowly sympatric’ was defined as sister
MOTUs that co-occur at < 10 % of the MOTU with the larger range.
Distributional data were also used to create heatmaps of species richness
using the R package monographaR (Reginato, 2016). To gauge the
importance of data generated for this study, separate and combined
heatmap were generated for distributional data from literature and the
material examined.

Evolutionary correlation of the above-described characters was
investigated using a Bayesian implementation of the threshold model
with the function ‘threshBayes’ in the R package phytools (Revell, 2012,
2014). Given that discrete characters must be binary for this approach,
analyses of geography were performed twice with all ‘narrowly sym-
patric’ taxa coded as either ‘allopatric’ or ‘sympatric’. Details of each
analysis and character coding schemes are listed in SM5. Each thresh-
Bayes analysis was run for 10 million MCMC generations, sampled every
1000, with a burn-in of 20 percent. Posterior densities of estimated
correlation coefficients (r) were plotted, and mean values recorded.
Stability of each run was confirmed by plotting log-likelihood values for
all generations, and ESS values for each analysis were calculated and
confirmed to be > 200 using the R package coda (Plummer et al., 2006).
Using coda, we also calculated the 95 percent highest posterior density
(95 % HPD) interval for estimated r values. When this interval of r values
did not include O (i.e., no correlation) the mean estimated r value was
considered significant.

3. Results
3.1. Species, MOTUs and G1 morphotypes

We used an integrative molecular and morphological approach to
evaluate and identify chlorodielline crab species and MOTUs through
combined analyses of COI data and G1 morphology. For most G1 mor-
photypes, specimens displayed no notable morphological variation.
Within the species Cyc. granulatus, Chl. nigra, and Chl cytherea, however,
slight variation in G1 morphology was evident, but this was not
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correlated with geography or phylogeny (MOTUs). For example, the Chl
cytherea morphotype showed subtle variation in the degree of rotation of
its hooked tip, but it was always hooked versus spatulate in the ChL
laevissima morphotype (compare Fig. 2 C-D with F).

Phylogenetic analyses of COI sequence data revealed 36 reciprocally
monophyletic, well-supported (BS > 70 and pP > 0.95) terminal clades
(15 Chlorodiella, 8 Cyclodius, 4 Luniella, 7 Pilodius, and 2 Soliella). Of
these 36 clades, 35 were designated as MOTUs using the aforementioned
criteria. For the remaining clade, comprising Chlorodiella nigra and Chl
xishaensis, a total of three MOTUs were designated even though species
delineation models did not recover these consistently and each was not
well supported. Chlorodiella nigra and Chl xishaensis are reliably sepa-
rated by distinct G1s and external morphology, but the well-supported
Chl. xishaensis clade/MOTU was sometimes recovered within two Chl
nigra clade/MOTUs, albeit with low support (see Discussion, and Fig. 3).
Analyses of our four locus, concatenated dataset (discussed below)
further highlights the unstable phylogenetic relationship among these
two nominal taxa, but provide additional support for designating three
MOTUs for the lineage. Including the two ChL nigra MOTUs, the Chl
xishaensis MOTU, and the 35 others, we designated a total of 38 chlor-
odielline MOTUs for analyses (Table 1).

Among these 38 MOTUs, we identified 27 distinct G1 morphotypes.
Twenty of these morphotypes were designated “unique”, each corre-
sponding to only one MOTU (Table 1, Figs. 2-3). However, two of these
unique G1 morphotypes include multiple nominal species within their
respective single MOTUs: 1) Pilodius pilumnoides, P. concors and
P. cephalalgicus; and 2) Pilodius granulatus and P. philippinensis. Each of
the remaining seven G1 morphotypes were designated as “shared” as
they are present in multiple closely related (typically sister) MOTUs,
some of which include multiple nominal species. These seven shared G1
morphotypes include the following taxa: 1) Chl nigra and Chl. spinimera
(2 MOTUs, polyphyletic); 2) ChL cytherea, Chl. davaoensis, and ChlL
crispipleopa (5 MOTUs, polyphyletic); 3) ChL barbata (2 MOTUs); 4) ChL
sp. 1 (3 MOTUs); 5) ChL sp. 2 (2 MOTUs); 6) Cyc. nitidus (2 MOTUs); and
7) Cyc. obscurus (2 MOTUs) (18 total MOTUs designated with “shared”
G1 morphotypes; Table 1, Fig. 2). These findings, combined with ex-
amination of external morphology, suggest that the six following nom-
inal species are junior synonyms and will be dealt with in a future
revision of the group (Lasley, in prep): ChL spinimera, P. concors,
P. cephalalgicus, P. philippinensis, Chl. davaoensis, and Chl. crispipleopa.
Furthermore, for each MOTU with a shared G1 morphotype, we failed to
identify any distinct, diagnostic morphology that would distinguish
them from any other conspecific MOTUs, and thus assigning species-
level status to any of these MOTUs is premature. However, two novel
supra-MOTU clades with distinct G1s were supported in the COI-only
and four locus analyses, listed above as Chl sp. 1 and ChlL sp. 2. Chlor-
odiella sp. 1 and ChlL sp. 2 are composed of three and two MOTUs,
respectively.

3.2. Geographic overlap and species richness

Geographic overlap for each of the 38 chlorodielline MOTUs is listed
in Table 1 and mapped on our summary phylogeny (Fig. 1). Among the
20 chlorodielline MOTUs with unique G1 morphotypes all but two
display a sympatric distribution relative to their sister species or lineage.
Pilodius moranti and P. areolatus, likewise possessing unique G1 mor-
photypes, are narrowly sympatric. Of the remaining 18 MOTUs
comprising all “shared” G1 morphotypes, 10 are allopatric with their
sister MOTUs, 7 are narrowly sympatric with their sister MOTUs, and 1
has a sympatric relationship with its sister MOTU lineage (Table 1,
Fig. 3).

Species and MOTU richness was highest in the Indo-Australian Ar-
chipelago (IAA) and Great Barrier Reef (GBR) (Fig. 4), with a secondary
diversity peak in the western Indian Ocean. A similar pattern was found
in the literature-only heatmap (LO) (SM6), with a couple of notable
exceptions—e.g., 1) the main peak of species richness in IAA and GBR is
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patchy in the LO heatmap (versus more continuous throughout the re-
gion in the combined heatmap; and 2) there is a peak in diversity in
French Polynesia in the LO heatmap (versus less distinct in the combined
heatmap).

3.3. Multi-locus phylogenetic analyses

BI and ML analyses of the concatenated, partitioned, four locus
dataset all recovered congruent topologies except where support values
were low (Fig. 1, SM7-11). For BI analyses no significant topological or
clade support differences were present between the MRC and MCC to-
pologies. Monophyly for each genus (Chlorodiella, Cyclodius, Luniella,
Pilodius and Soliella) was well supported in all analyses. Species-level
lineage relationships were consistent with COI-only analyses (dis-
cussed above), with one exception. In both concatenated and H3-only
ML and BI analyses, Chlorodiella xishaensis was recovered as a longer-
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Fig. 2. First male gonopods of chlor-
odielline species with size of scale bar in
parentheses: A, Chlorodiella barbata
(Borradaile, 1900) (200um); B, Chlor-
odiella cochlearis (Zehntner, 1894)
(100um); C-D, Chlorodiella cytherea
(Dana, 1852) (200um); E, Chlorodiella
laevissima (Dana, 1852) (100um); F,
Chlorodiella sp. 1. (Krauss, 1843)
(200um); G, Chlorodiella nigra (Forskal,
1775) (200); H, Chlorodiella sp. 2
(200um); I, Chlorodiella xishaensis Chen
& Lan, 1978 (200um); J, Cyclodius drachi
(Guinot, 1964) (1 mm); K, Cyclodius
granulosus De Man, 1888 (200um); L,
Cyclodius nitidus (Dana, 1852) (200um);
M, Cyclodius obscurus (Hombron & Jac-
quinot, 1846) (200um); N, Cyclodius
paumotensis (Rathbun, 1907) (200um);
O, Cyclodius ungulatus (H. Milne
Edwards, 1834) (200um); P, Luniella
pubescens (Dana, 1852) (200um); Q,
Luniella pugil (Dana, 1852) (200um); R,
Luniella  scabricula  (Dana, 1852)
(200um); S, Soliella melanospinis (Rath-
bun, 1911) (200um); T, Pilodius areolatus
(H. Milne Edwards, 1834) (200um); U,
Pilodius granulatus Stimpson, 1859
(200um); V, Pilodius maotieni Serene,
1971 (200um); W, Pilodius miersi (Ward,
1936) (200um); X, Pilodius nigrocrinitus
Stimpson, 1859 (200um).

branched taxon that was poorly supported as derived within a poly-
phyletic Chl nigra MOTU 1 + MOTU 2 clade (H3 results not shown).
However, Chl. nigra was monophyletic in the COI-, 16S-, and 12S-only
analyses (16S and 12S results also not shown). Yet subsequent ML an-
alyses of both concatenated data sets, composed of 100 independent
searches, resulted in a different, congruent, and only slightly worse
scoring “best” topology in which a monophyletic Chl nigra was recov-
ered sister to a shorter-branched Chl xishaensis (Figs. SM11-13). To
explore if these competing ML topologies were significantly worse than
the first set, we performed an SH-test in RAXML. For both the 79 and 39
taxa concatenated data sets, InL values for the monophyletic Chl. nigra
ML topologies (-15776.866126 and —14478.420664, respectively) were
not significantly different (p > 0.05) than the better scoring topologies
with a derived placement of ChL xishaensis (InL = -15773.535752 and
—14475.674861, respectively). Given overwhelming morphological
similarity between Chl nigra’s MOTUs (discussed above) and our SH-test
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results, our summary topology (Figs. 1, 3) and subsequent comparative
analyses used the slightly worse scoring ML topology in which Chl nigra
was monophyletic.

3.4. Evolutionary covariance of geography, genitalia, and genetic
divergence

Results of our five threshBayes analyses are summarized in SM13.
Posterior density plots of estimated r values appear in SM14. For each
MCMC run ESS values were above 200 (range: 795.5-1997) and log-
likelihood plots indicated all runs quickly reached stability (not
shown). Four analyses recovered the following significant correlations
(i.e., 95 % HPD intervals did not include 0): a moderate positive cor-
relation (r = 0.6731) was found between G1 uniqueness and genetic
distance (i.e., shortest interclade genetic distance); a positive correlation
between G1 uniqueness and geographic overlap was estimated to be
strong (r = 0.7191) or moderate (r = 0.634) depending if “narrowly
sympatric” MOTUs were coded, respectively, as “allopatric” or “sym-
patric”; and a moderate positive correlation (r = 0.6857) was found
between genetic distance and geographic overlap when “narrowly
sympatric” MOTUs were coded as “allopatric”. In the fifth analysis, a
weak positive correlation (r = 0.3624) was found between genetic dis-
tance and geographic overlap when “narrowly sympatric” MOTUs were
coded as “sympatric”. However, for this final analysis, the 95 % HPD
interval of estimated r values included zero and thus should not
considered a significant result.

4. Discussion

We have demonstrated a striking, well-supported relationship be-
tween genetic distance (time), sympatry, and the divergence of genitalic
morphology in chlorodielline crabs. To our knowledge, the relationship
between genitalic divergence and biogeography has not been investi-
gated in marine decapod crustaceans, and only rarely in marine in-
vertebrates. These results suggest that differentiation is initiated in
allopatry without genitalic differentiation, but sympatric distributions
are strongly tied to genitalic differentiation. However, our results cannot
reveal whether morphological divergence of genitalia was initiated in
allopatry or during the establishment of secondary sympatry. MOTUs
with identical gonopods can diverge > 9 % in COI in allopatry (Table 1).
This likely represents millions of years of divergence in isolation despite
the ability of MOTUs to disperse into the ranges of neighboring MOTU
populations, as evidenced by (1) the IWP-wide ranges and ubiquity of
most chlorodielline species that suggest high long-term dispersal ability,
(2) relative genetic homogeneity across the distribution of MOTUs, and
(3) evidence for low-levels of gene flow in other systems with similar
allopatric mosaic distributions (Meyer et al. 2005). Millions of years
combined with infrequent gene flow is likely sufficient to allow isolating
mechanisms to evolve due to genetic drift or local adaptation, which
would continue to decrease homogenizing gene flow (Coyne & Orr,
2004). Our data are insufficient to test whether genitalic divergence
occurred in allopatry (e,g, through sexual selection) that then allowed
establishment of secondary sympatry, or evolved after secondary sym-
patry (e.g., through reproductive character displacement). Given the
complexity of this topic (e.g., Templeton, 1981, Noor, 1999, Coyne &
Orr, 2004, Arnqvist & Rowe, 2005, Eberhard, 2010, Servedio &
Boughman, 2017) and an absence of additional lines of evidence, we
refrain from speculating about the exact nature and timing of these
isolating mechanisms. Nevertheless, our results strongly suggest that
gonopod (genitalic) divergence in chlorodielline crabs occurred after
significant genetic isolation was established, and that distinct gonopod
morphotypes appear in secondary sympatry. Pinpointing additional
isolating mechanisms involved in initiating or completing the process of
speciation—and the spatial and temporal aspects of gonopod divergence
in this process—will require future research. However, the strong cor-
relation between genetic distance (time), sympatry, and the divergence
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of gonopods suggests that genitalic morphological evolution plays a
significant role in completing the process of speciation and attaining
sympatry in chlorodielline crabs, and likely for many other marine taxa
as well.

With the potential exception of Chlorodiella nigra, all species-level
clades recovered here and recognized in the literature and two addi-
tional, undescribed taxa, ChL sp. 1 and Chl sp. 2, fulfill the requirements
of the biological (Mayr, 1969, Dobzhansky, 1970, Coyne & Orr, 2004),
phylogenetic (Rosen, 1978, 1979, McKitrick and Zink, 1988, Cracraft,
1983), Hennigian (Hennig, 1966), and morphological (Cronquist 1978)
(also see Wheeler & Meier, 2000) species concepts. Some of these re-
quirements include: 1) reciprocal monophyly, 2) reproductive isolation
implied by divergent G1 morphology, and 3) and unique character states
or diagnosability. MOTUs with significant genetic divergence but
without divergence in G1 morphology, however, do not satisfy all these
requirements. While some studies have recognized or described new
species based on COI divergence alone, usually in conjunction with
geographic information, we refrain from doing so here. It is clear that,
even with substantial divergence in COI, isolating mechanisms may not
have evolved sufficiently to provide reproductive isolation. Further-
more, the conflicting results of species delineation methods and the
various genetic distances of subclades across the chlorodielline phy-
logeny indicate there is no single threshold of COI divergence for species
assignment.

Species richness of chlorodielline crabs is highest in the IAA and
adjacent areas, with secondary diversity peaks in the Western Indian
Ocean (Seychelles and Madagascar) and southeastern Polynesia (Fig. 4).
The first two diversity centers are typical of reef-associated organisms
(Rosen, 1981, Briggs, 2000, 2005, Roberts et al., 2002, Mora et al.,
2003). High species richness in southeastern Polynesia is less common
but has been observed in other reef cryptobiota like Calcinus hermit
crabs (Malay & Paulay, 2010), although this may partly reflect intensive
sampling of this area.

Range boundaries among MOTUs can be considered evolutionary
significant events (ESEs)—i.e., differentiation that potentially gives rise
to full species (Malay & Paulay, 2010). The spatial and temporal dis-
tribution of ESEs inform on the importance of different areas and times
in driving diversification. In our analyses, ESEs occur in peripheral areas
of the IWP like the Red Sea, Hawaii and/or Line Islands, and the
Southern Pacific Ocean, while several other ESEs overlap or abut in the
IAA and adjacent areas (Fig. 5, SM15-17). Given the scattered distri-
bution of ESEs, chlorodielline diversification appears to show no clear
adherence to any proposed hypothesis explaining high diversity in the
IAA—i.e., “Center of Origin”, “Center of Overlap”, “Center of Accumu-
lation”, etc. (e.g., Briggs, 1992, Santini & Winterbottom, 2002, Mora
et al.,, 2003, Barber & Bellwood, 2005, Carpenter & Springer, 2005,
Malay & Paulay, 2010, Bellwood & Meyer, 2009, Hubert et al., 2012).
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