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 39 

 The “sexy shrimp” Thor amboinensis is currently considered a single circumtropical 40 

species. However, the tropical oceans are partitioned by hard and soft barriers to 41 

dispersal, providing ample opportunity for allopatric speciation. Herein, we test the null 42 

hypothesis that T. amboinensis is a single global species, reconstruct its global 43 

biogeographic history, and comment on population-level patterns throughout the Tropical 44 

Western Atlantic.  45 

Location Coral reefs in all tropical oceans 46 

 Specimens of Thor amboinensis were obtained through field collection and 47 

museum holdings. We used one mitochondrial (COI) and two nuclear (NaK, enolase) 48 

gene fragments for global species delimitation and phylogenetic analyses (n = 83 49 

individuals, 30 sample localities), while phylogeographic reconstruction in the TWA was 50 

based on COI only (n = 303 individuals, 10 sample localities). 51 

 We found evidence for at least five cryptic lineages (9-22% COI pairwise 52 

sequence divergence): four in the Indo-West Pacific and one in the Tropical Western 53 

Atlantic. Phylogenetic reconstruction revealed that endemic lineages from Japan and the 54 

South Central Pacific are more closely related to the Tropical Western Atlantic lineage 55 

than to a co-occurring lineage that is widespread throughout the Indo-West Pacific. 56 

Concatenated and species tree phylogenetic analyses differ in the placement of an 57 

endemic Red Sea lineage and suggest alternate dispersal pathways into the Atlantic. 58 

Phylogeographic reconstruction throughout the Tropical Western Atlantic reveals little 59 

genetic structure over more than 3000 km.  60 
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 Thor amboinensis is a species complex that has undergone a series of 61 

allopatric speciation events and whose members are in secondary contact in the Indo-62 

West Pacific. Nuclear- and mitochondrial- gene phylogenies show evidence of 63 

introgression between lineages inferred to have been separated more than 20 million 64 

years ago. Phylogenetic discordance between multi-locus analyses suggest that T. 65 

amboinensis originated in the Tethys sea and dispersed into the Atlantic and Indo-West 66 

Pacific through the Tethys seaway or, alternatively, originated in the Indo-West Pacific 67 

and dispersed into the Atlantic around South Africa. Population-level patterns in the 68 

Caribbean indicate extensive gene flow across the region.  69 

 70 

I  71 

 Marine species with circumtropical or cosmopolitan distributions are often large, 72 

highly mobile, and migratorial. Many are pelagic (open ocean) and travel thousands of 73 

kilometres to forage and reproduce, others maintain exceptionally large effective 74 

population sizes through a series of continuously distributed populations (Díaz-Jaimes et 75 

al., 2010; Gaither et al., 2016). Coral reef dwelling species exhibiting circumtropical 76 

distributions however, are limited to a discontinuous shallow water habitat that represents 77 

a fraction of the seafloor, and are spatially restricted after recruitment. These species are 78 

reliant on pelagic larval dispersal to maintain global ranges and genetic connections 79 

among distant populations. Circumtropically distributed reef-dwelling species thus 80 

represent an outstanding opportunity to understand biogeographic patterns of divergence 81 

and gene flow at a global scale. Tropical marine habitats are bracketed by cold and 82 

temperate waters to the North and South, and partitioned by hard (e.g. continental land 83 

masses), soft (e.g. ocean currents; open ocean), and intermittent (e.g. temporal barriers 84 

created by sea level rise and fall) barriers to dispersal (reviewed by Cowman & Bellwood 85 

2013). Understanding how, or if, these species maintain sufficient gene flow to 86 

homogenize distant populations and remain single cosmopolitan species sheds light on 87 

population connectivity in the ocean, and the evolutionary and biogeographic processes 88 

driving diversification in tropical marine systems.  89 

 Major barriers to dispersal that have subdivided the tropical oceans include (i) the 90 

closure of the Tethys Sea (Terminal Tethyan Event: TTE) ~12-18 Ma, which separated 91 
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the Atlantic from the Indo-Pacific as Africa collided with Eurasia creating the world’s 92 

two major ocean basins (reviewed by Cowman & Bellwood); (ii)  the formation of the 93 

Isthmus of Panama (IOP) ~3.5 Ma (but see O’Dea et al., 2016 for a review on the 94 

controversy surrounding this date), that separated the Atlantic from the Eastern Pacific, 95 

fundamentally changing major currents in both oceans; and (iii)  the Eastern Pacific 96 

Barrier (EPB), the largest expanse of open ocean (~5,000 km) on the planet, often 97 

considered a “soft barrier,” that has separated the Indo-Pacific from the Eastern Pacific 98 

for ~65 Myr (reviewed by Cowman & Bellwood). Less obvious barriers include (iv) the 99 

Indo-Pacific Barrier (IPB), centred on the Coral Triangle and considered an intermittent 100 

barrier that separates the Indian and Pacific oceans, where divergence between ocean 101 

basins originated during the mid-Miocene (15-10 Ma), and has been continually 102 

reinforced through the Pleistocene as shallow continental shelves have been periodically 103 

exposed and flooded during repeated glacial cycles (~2.5 Ma-11 ka; Cowman & 104 

Bellwood, 2013); and (v) the Red Sea Barrier, separating the Red Sea from the Indian 105 

Ocean, an intermittent barrier temporally reducing exchange between the two basins by 106 

sea level rise and fall during the Pleistocene (DiBattista et al., 2016). Additional open-107 

water soft barriers are responsible for the isolation and creation of smaller endemic 108 

biodiversity hotspots within major biogeographic regions, such as Hawaii and Easter 109 

Island (Bowen et al., 2016). Thus, most of the major marine biogeographic regions (e.g. 110 

Atlantic, Indian Ocean, Central and Eastern Pacific) have a long history of isolation 111 

(Cowman & Bellwood, 2013) providing an ideal setting for understanding the role of 112 

allopatric speciation as a driver of global biodiversity on coral reefs.  113 

The phylogeographic literature suggests that maintaining a global distribution as a 114 

single reef-dwelling species is unlikely, and numerous molecular studies have shown that 115 

taxa described as globally distributed are typically cryptic species complexes (e.g. 116 

Holland et al., 2004; Barroso et al., 2010). To our knowledge, no benthic, reef-dwelling, 117 

invertebrate taxa subject to molecular investigation have been confirmed to be a single 118 

circumtropical species. Among vertebrates, six reef fishes have retained their taxonomic 119 

status as globally distributed species after molecular investigation (reviewed by Gaither 120 

et al., 2016), but some of these species are in question as they show evidence of deeply 121 

divergent lineages (Gaither et al., 2015). Currently, the literature is limited taxonomically 122 
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and no global phylogeographic studies exist for marine crustacean species exhibiting 123 

circumtropical distributions.  124 

Here we conduct a global species delimitation and phylogeographic analysis of 125 

the circumtropical “sexy shrimp” Thor amboinensis (Fig. 1), and add taxonomic breadth 126 

to a growing body of global phylogeographic literature. Thor amboinensis is a small (≤ 127 

2cm) decapod crustacean (family Thoridae) symbiotic with sea anemones, corals, and 128 

other benthic reef-dwelling invertebrates (Sarver, 1979; Baeza & Piantoni, 2010). An 129 

aquarium trade favourite, this charismatic species is heavily collected from the Indo-130 

Pacific and its ability to reproduce in captivity has created a small aquaculture 131 

community among reef-tank hobbyists. Subsequently, its reproductive biology, symbiotic 132 

lifestyle, and social structure have garnered a moderate amount of scientific attention 133 

(Baeza & Piantoni, 2010). Sarver (1979) described a pelagic larval period of ~7 weeks 134 

(45-50 days), and it was thought that T. amboinensis has exceptional dispersal ability. A 135 

more recent characterization of the larval development showed a 28-day cycle from 136 

hatching to metamorphosis (Bartilotti et al., 2016). 137 

Although no obvious differences in morphology or color pattern exist among 138 

shrimps (adult or larval) from any biogeographic region (Bartilotti et al., 2016), limited 139 

molecular data suggest that T. amboinensis may be a cryptic species complex, with 140 

divergent lineages present in the Philippines and Palmyra Atoll in the Pacific (Bartilotti et 141 

al., 2016). We tested the null hypothesis that T. amboinensis represents a single 142 

circumtropical species, and reconstruct the global evolutionary and biogeographic history 143 

of the species. We also conducted fine-scale population level sampling across distances > 144 

3,000 km throughout the Tropical Western Atlantic to comment on gene flow and genetic 145 

connectivity in the group.  146 

 147 

 148 

Sample collection and dataset assembly 149 

A total of n = 362 individual tissue samples and/or publicly available DNA 150 

sequences were obtained from 30 globally distributed sample localities (Fig. 1) and were 151 

included in this study: n = 59 individuals from the Indo-West Pacific (Fig. 1; Table S1 in 152 

Appendix S1) and n = 303 individuals from the Tropical Western Atlantic (Fig. 1; Table 153 
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S2 in Appendix S2). The majority of the specimens were newly collected for this study 154 

using SCUBA (n = 240). The remainder were obtained from museum holdings (n = 28; 155 

Table S1 in Appendix S1) or sourced directly via the ornamental aquarium trade (n = 10; 156 

Table S1 in Appendix S1). Individuals purchased through the aquarium trade were wild-157 

caught through Pacific Aqua Farm’s Bali Station 158 

(http://www.pacificaquafarms.com/PAF-Bali.htm) and imported directly to Reef Systems 159 

Coral Farm, Inc. to ensure the provenance of the specimens. An additional 84 T. 160 

amboinensis sequences were publicly available through GenBank and incorporated into 161 

our final datasets (Table S1 & S2 in Appendix S1).  162 

Two datasets were assembled for this study: a multi-locus dataset for species 163 

delimitation and phylogenetic analyses (Table S1 in Appendix S1), and a single-locus 164 

dataset for population-level analyses throughout the Tropical Western Atlantic (Table S2 165 

in Appendix S1). A subset of n = 25 individuals from the Tropical Western Atlantic were 166 

used in both species delimitation and population-level analyses (Table S1 in Appendix 167 

S1). 168 

 169 

DNA extraction, PCR, and sequencing 170 

 Genomic DNA was extracted using the DNeasy Blood and Tissue Kits (QIAGEN 171 

Inc.) and stored at -20ºC. A~650bp long fragment of mtDNA was amplified for newly 172 

obtained samples using the universal primers COI LCO1490 and HCO2198. Run 173 

conditions can be found in Titus & Daly (2017). Two nuclear protein-coding genes 174 

[sodium-potassium ATPase α-subunit (NaK) and enolase] were amplified for all samples 175 

from the Indo-West Pacific, and a subsample of n = 25 samples from the Tropical 176 

Western Atlantic (Table S1 in Appendix S1). The nuclear genes were amplified using the 177 

primers and run conditions from De Grave et al. (2014). All PCR reactions were carried 178 

out in 25-µl volumes using IllustraTM puReTaqTM Ready-To-GoTM

 Samples were cycle sequenced in both directions at Beckman Coulter Genomics 181 

(Danvers, MA, USA) and Floragenex (Portland, OR, USA), and consensus sequences 182 

created in Sequencher 4.9 (Gene Codes Corp., Ann Arbor, MI, USA). Gametic phase for 183 

nuclear sequence data were determined using PHASE v2.1 (Stephens et al., 2001). Final 184 

 PCR beads (GE 179 

Healthcare) with final concentrations following Titus & Daly (2017). 180 A
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phased sequences were aligned using MUSCLE (Edgar, 2004) in MEGA 7.0 (Tamura et 185 

al., 2011). No stop codons, indicating pseudogenes, were encountered in the open reading 186 

frame of any sequence we generated during this study. The best fit nucleotide substitution 187 

model for each dataset and locus was estimated using jModeltest v2.1.6 (Darriba et al., 188 

2012), and tests for substitution saturation conducted using DAMBE v6 (Xia, 2017). 189 

Sequences that were newly generated for this study were deposited into GenBank (Tables 190 

S1 & S2 in Appendix S1). 191 

  192 

Species delimitation 193 

We used single-locus (COI-only) and multi-locus species delimitation analyses to 194 

test for cryptic lineages of Thor amboinensis. Single-locus analyses included three 195 

approaches: (i) Automatic Barcode Gap Discovery (ABGD; Puillandre et al., 2012), (ii ) 196 

statistical parsimony haplotype network reconstruction in TCS under default settings 197 

(Clement et al., 2000), and (iii ) the Bayesian General Mixed Yule Coalescent model 198 

(bGMYC; Reid & Carstens 2012). Multi-locus species delimitation analysis was 199 

conducted using Bayesian Phylogenetics & Phylogeography (BPP; Yang, 2015). We used 200 

BPP under the unguided species delimitation setting (1,1) where no guide tree is provided 201 

(Yang, 2015). Multiple analyses were run to discriminate how varying priors for ancestral 202 

population size (θ) and root age (τ) affect species assignments. Each analysis was run 203 

twice to ensure consistency, and all analyses were run for 500,000 generations. 204 

 205 

Phylogenetic reconstruction 206 

 Phylogenetic analyses were conducted to reconstruct the evolutionary 207 

relationships among cryptic T. amboinensis lineages. We used maximum likelihood (ML) 208 

and Bayesian inference (BI) to estimate gene trees and concatenated trees; multi-locus 209 

species trees were estimated using BI only. ML analyses were conducted in RAxML 210 

8.2.9 (Stamatakis, 2014) using the default GTR nucleotide substitution model for each 211 

gene tree, which was within the 95% best-fit confidence interval as calculated by 212 

jModeltest. Partitioned and unpartitioned RAxML analyses were also conducted for the 213 

total concatenated dataset (1047 bp). Partitioned analyses were conducted under 2 214 

partitioning schemes: 1) all loci partitioned separately (3 partitions), and 2) mtDNA and 215 
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nuDNA partitioned separately (2 partitions). Publically available DNA sequences from 216 

closely related taxa were used as outgroups (Table S1 in Appendix S1). 217 

BI analyses were conducted in BEAST 1.8.2 (Drummond & Rambaut, 2007) 218 

using the nucleotide substitution models HKY+G (COI), HKY (NaK), and TN93 219 

(enolase) as estimated by jModeltest using the Akaike Information Criterion (AIC) model 220 

selection. No calibrated mutation rate exists for the genus Thor, so we implemented the 221 

widely used decapod crustacean COI mutation rate of 1.4% per million years for our 222 

Bayesian COI clock tree (Knowlton & Weigt 1998). We tested the molecular clock for 223 

our COI gene in MEGA 7.0 (Tamura et al., 2011), and a relaxed molecular clock was 224 

used for our BI COI clock tree. Nuclear gene trees were not calculated as clock trees, and 225 

were instead calculated using substitutions per site. Nuclear gene trees were also set to 226 

assume a Yule-process tree prior. Each run included 500 million Markov Chain Monte 227 

Carlo (MCMC) generations, 10% of which were discarded as burn-in. 10,000 trees were 228 

sampled from the posterior distribution. BEAST runs were checked for convergence in 229 

Tracer 1.6 (Rambaut et al., 2014). Runs were considered to have converged when the 230 

effective sample size exceeded 200 for all parameters. We also ran a concatenated, 231 

unpartitioned analysis in BEAST using all data, and a HKY+G substitution model as 232 

estimated in jModeltest. Finally, we employed a multi-locus species tree approach using 233 

*BEAST (Heled & Drummond, 2010). Species assignments were made using results 234 

from our ABGD analysis, as well as results from our BPP analysis. Each marker was 235 

assigned the nucleotide substitution model listed and calculated above, and the tree prior 236 

was set to assume the Yule process (birth only). MCMC generations, sampling interval, 237 

burn-in, and outgroups were set as above.  238 

 239 

Phylogeography of the Tropical Western Atlantic 240 

 To make inferences of gene flow for T. amboinensis, we conducted population 241 

level analyses using specimens collected at 20 reef sites distributed across 10 sample 242 

localities distributed throughout the Tropical Western Atlantic (Fig. 1; Table S2 in 243 

Appendix S1; N = 303 specimens). We tested whether T. amboinensis has been impacted 244 

by previously recovered phylogeographic breaks in the Caribbean Sea, located at the 245 
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Mona Passage, Florida Straits, and Southern Caribbean (e.g. Hellberg, 2007). All 246 

population-level analyses were based solely on COI mtDNA sequences.  247 

 Genetic population structure across the Tropical Western Atlantic was tested 248 

using a spatial analysis of molecular variance (SAMOVA 2.0; Doupanloup et al., 2002) 249 

to test for genetically homogeneous geographic without using a priori population 250 

assignments. The procedure is replicated 100 times to test the validity of the population 251 

partitioning into K groups, and the groupings with the greatest statistically significant 252 

measures of differentiation (�RCT) are retained. We conducted our SAMOVA analyses 253 

testing values of K = 2 to 10 to identify the most likely number of populations. Each 254 

analysis was conducted with 20,000 permutations to test deviations from random 255 

expectations using the TrN model of sequence evolution as estimated by jModeltest. We 256 

further calculated diversity and neutrality indices, and pairwise �RST 

 263 

values across coral 257 

reef sites in Arlequin 3.11 (Excoffier et al., 2005). Finally, the relationships among 258 

haplotypes across the entire Tropical Western Atlantic were visualized using statistical 259 

parsimony in TCS 1.21 (Clement et al., 2000) using default settings to generate the most 260 

parsimonious branch connections. As above, all Arlequin analyses were conducted using 261 

the TrN model of sequence evolution. 262 

 264 

 After consensus sequences were aligned and trimmed, we obtained 579 bp of 265 

COI, 479 bp of NaK, and 356 bp of enolase. In DAMBE, the observed index of 266 

substitution saturation (I ss) was significantly less than the critical index of substitution 267 

saturation (I ss.c

 270 

) for all loci, indicating little mutational saturation and loci appropriate for 268 

phylogenetic analysis.  269 

Species delimitation 271 

 Single-locus species delimitation analyses ABGD, TCS, and bGMYC delimited 8, 272 

9, and 11 divergent mitochondrial lineages of T. amboinensis as separate species, 273 

respectively (Fig. 2; Table S3 in Appendix S1). We used a threshold of < 3% as the mean 274 

intraspecific pairwise sequence divergence calculated by ABGD to define conspecifics 275 

for these analyses (Table S4 in Appendix S1). ABGD and TCS statistical parsimony 276 
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networks were largely concordant except for disagreement on whether a single specimen 277 

from Jazira Burcan, Saudi Arabia, represented an additional separate species (species “j” 278 

in Fig. 2) or belonged to a lineage from the Red Sea (species “a” in Fig. 2; Table S3 in 279 

Appendix S1). bGMYC also delimited the Jazira Burcan sample as a separate putative 280 

species and delimited specimens from the South Central Pacific (species “k,” “l,” and 281 

“e”)  and from the Indo-West Pacific as multiple separate species (species “f,” “m,” “n,” 282 

and “h;” Fig. 2; Table S3 in Appendix S1). 283 

Multi -locus species delimitation analysis in BPP delimited five species (species 284 

“a,” “b,” “c,” “o,” and “p;” Fig. 2; Table S3 and Fig. S1 in Appendix S1). For readability, 285 

and because these putative lineages primarily occupy discrete biogeographic boundaries, 286 

we henceforth refer to these putative species, or lineages, as RS (Red Sea), TWA 287 

(Tropical Western Atlantic), JA (Japan), SCP (South Central Pacific), and IWP (Indo-288 

West Pacific). BPP was in agreement with single-locus methods in delimiting the TWA 289 

(species “b” in Fig. 2) and endemic JA lineages (species “c” in Fig. 2) with strong 290 

statistical support (pp = 0.99; Fig. 2). BPP did not delimit the Jazira Burcan specimen as 291 

a separate species, grouping it with the putative endemic RS species (pp = 0.95; species 292 

“a” in Fig. 2). In disagreement with our other discovery methods, BPP delimited a single 293 

IWP species (species “p” in Fig. 2; Table S3 in Appendix S1), which included two 294 

putative species consistently delimited by our single locus analyses: a putative species 295 

from Djibouti (species “h” in Fig. 2) and a putative species including several sequences 296 

from Bali and Japan (species “f” in Fig. 2; Table S3 in Appendix S1). The incorporation 297 

of these into the IWP lineage in the BPP analysis was strongly supported (pp = 0.99) 298 

even though these represent highly divergent mtDNA lineages with pairwise sequence 299 

distances calculated by ABGD exceeding 12% (Table S4 in Appendix S1). BPP also 300 

grouped samples from the Marquesas Archipelago, Palmyra Atoll, and Tuamotu 301 

Archipelago, that had been inferred from single locus data to be separate putative species, 302 

into a single SCP species (species “o” in Fig. 2; Table S3 in Appendix S1). While the 303 

SCP species did not receive the same level of statistical support compared to the other 304 

species delimitated by BPP (pp = 0.87), the posterior probabilities dropped precipitously 305 

(pp ≤ 10%) when the program considered delimitations that were consistent with our 306 
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single-locus analyses. We tentatively consider the SCP lineage a single species, 307 

acknowledging the need for more intense sampling from this region.  308 

In general, species were delimited along biogeographic boundaries, but the IWP 309 

species was sympatric with the RS, JA, and SCP species in these peripheral regions (Fig. 310 

2; Table S3 in Appendix S1). Sympatric lineages were deeply divergent, with 311 

interspecific COI pairwise sequence distances calculated by ABGD ranging from 16.5% 312 

between the IWP and JA, to 12% between the IWP and RS, and 15% between the IWP 313 

and SCP species (Table S4 in Appendix S1). 314 

 315 

Phylogenetic reconstruction 316 

 Gene tree estimation recovered strong support (pp ≥ 0.95 or bootstrap values ≥ 317 

75) for the monophyly of all five lineages delimited by BPP in our COI phylogeny (Fig. 318 

2; Fig. S1 in Appendix S1). However, the RS, IWP, JA, and SCP species form a 319 

paraphyletic group, as the RS, JA, and SCP lineages are more closely related to the TWA 320 

lineage than to the IWP lineage (Fig. 2. Fig. S1 in Appendix S1). Gene tree 321 

reconstructions of NaK and enolase also show that RS, IWP, JA, and SCP species do not 322 

form a monophyletic unit (Figs. S2-S5 in Appendix S1), but with less resolution than our 323 

COI gene trees. Nodal support values varied across Bayesian and ML nuclear gene trees 324 

but reflected roughly similar tree topologies (Figs. S2-S5 in Appendix S1).  325 

 Total evidence phylogenetic reconstruction using unpartitioned concatenated 326 

datasets in BEAST and RAxML mirror our single-gene reconstructions supporting the 327 

existence of at least five monophyletic species and recovering the RS, IWP, JA, and SCP 328 

lineages as a paraphyletic group (Fig. 3; Fig. S6 in Appendix S1). Partitioned ML 329 

analyses also supported monophyly for RS, TWA, JA, and SCP lineages, but not the IWP 330 

lineage (Figs. S7 and S8 in Appendix S1). Species tree reconstruction in *BEAST 331 

recovered a different topology using all data (Fig. 4). *BEAST reconstructed the RS, JA, 332 

SCP, and IWP lineages as a paraphyletic group, but places the endemic RS lineage as 333 

sister to the widespread IWP species with strong support (pp = 0.96). Newly delimited JA 334 

and SCP lineages remain robustly supported as the sister to the TWA lineage (pp = 0.95; 335 

Fig. 6). *BEAST analyses using species assignments from ABGD and BPP recovered the 336 

same tree topology. However, the ABGD topology had strongly supported node values 337 
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(Fig. 4) while the BPP topology did not (not shown). Thus we chose to present results 338 

from the ABGD analysis. 339 

 In MEGA 7.0, it was demonstrated that our COI gene does not evolve in a clock-340 

like manner. However, the 95% HPD generated using a relaxed clock model in BEAST 341 

were too broad to provide meaningful insight. For example, the TMRCA estimate for the 342 

root of the entire T. amboinensis species complex using a relaxed clock was ~8.5 Ma, but 343 

with 95% HPD of 3.3-18.5 Ma. Thus, we re-conducted the analysis using a strict clock 344 

model, keeping all other settings the same, to generate our TMRCA estimates. If we are 345 

willing to assume a 1.4% Myr-1

 359 

 sequence divergence estimate for decapod crustaceans 346 

for our COI dataset (Knowlton & Weigt, 1998) and a strict clock model, our Bayesian 347 

time-calibrated gene tree (COI) in BEAST dates the deepest node of the entire T. 348 

amboinensis species complex to 29 Ma (95% HPD = 23-38.6 Ma; Fig 2; Fig. S9 in 349 

Appendix S1), placing its origin firmly within the Paleogene and most of the posterior 350 

density within the Oligocene. Bayesian divergence time estimates between the TWA and 351 

JA dates to 8.4 Ma (95% HPD = 6.2-11.3 Ma; Fig.2; Fig. S7 in Appendix S1) and the 352 

coalescence time between TWA, JA, and SCP dates to ~10 Ma (95% HPD = 7.9-12.7 353 

Ma; Fig. 2; Fig. S9 in Appendix S1). The endemic RS lineage dates to ~2.8 Ma (95% 354 

HPD = 1.6-4.1 Ma; Fig. 2; Fig. S9 in Appendix S1). Coalescence times between the 355 

divergent mitochondrial lineages SCP, JA, and RS and the widespread IWP lineage date 356 

to the root of the T. amboinensis species complex (29 Ma; Fig. 2; Fig. S9 in Appendix 357 

S1). 358 

Phylogeography of the Tropical Western Atlantic 360 

 We recovered 42 haplotypes across the Tropical Western Atlantic (Table S5 in 361 

Appendix S1; Fig. S10 in Appendix S1). Of 303 collected shrimp, 255 (84%) shared a 362 

single ancestral haplotype, which was recovered from all 10 geographic sampling 363 

localities (Fig. S10 in Appendix S1). Only 2 haplotypes were more than a single 364 

mutational step from the ancestral haplotype. SAMOVA indicates that Belize shows 365 

subtle genetic differentiation from all other sample localities (�RCT = 0.07; Fig. S11 in 366 

Appendix S1), but that the rest of the Tropical Western Atlantic is genetically 367 

homogeneous. Statistically significant negative Fu’s F and Tajima’s D values were 368 
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observed in 8 out of 10 sample localities and for the Tropical Western Atlantic as a whole 369 

(Table S5 in Appendix S1). Significant pairwise φST

 373 

 values were recovered between coral 370 

reef sites in Belize and Barbados, Curacao, Florida, Mexico, and Panama (Table S6 in 371 

Appendix S1).  372 

 374 

Species delimitation of 

Our analyses show that Thor amboinensis is not a single circumtropically 376 

distributed species. Our integrative approach reveals at least five well-supported lineages, 377 

and if a 1.4% COI mutation rate approximates the real mutation rate for this group, the 378 

entire complex dates back to the Paleogene (66-23 Ma). Our study adds to a limited but 379 

growing body of literature that demonstrates that many globally distributed taxa are 380 

instead cryptic species complexes (Holland et al., 2004; Barroso et al., 2010; Gaither et 381 

al., 2015).  382 

Thor amboinensis 375 

While our single and multi-locus species delimitation approaches were not in full 383 

agreement, we take a conservative approach in delimiting five putative species, 384 

acknowledging that increased sampling effort could discover additional lineages. For 385 

instance, our study did not include specimens from regions separated by major 386 

biogeographic barriers (Cowman & Bellwood, 2013) such as the Tropical Eastern 387 

Pacific, Tropical Eastern Atlantic, or the Southwestern Indian Ocean. Further, our single-388 

locus analyses highlighted a few highly divergent mitochondrial lineages with specimens 389 

from Djibouti, Tuamotu Archipelago, Bali, and Japan (Fig. 2; Table S3 in Appendix S1), 390 

but sampling was insufficient to differentiate these outliers from larger species units in 391 

the BPP analysis (Fig. 2). Nuclear markers with more variation may also improve our 392 

species delimitation analyses. We argue in favor of a genomic approach with increased 393 

sampling for future delimitation studies in this group. 394 

Although crustaceans are species-rich and have considerable ecological relevance 395 

(e.g. De Grave et al., 2014), to the best of our knowledge this is the first molecular 396 

species delimitation study of a globally distributed tropical marine crustacean. Studies at 397 

this scale are rare in tropical marine invertebrates; Thor amboinensis now joins e.g. 398 

fireworms (Barroso et al., 2010), upside down jellyfishes (Holland et al., 2004), and 399 
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sponges (Xavier et al., 2010), among a few others, as taxa that were originally described 400 

as single shallow-water circumtropical species but were revealed to be species complexes 401 

when molecular markers were interrogated. So far, only the box jellyfish Alatina alata 402 

has been confirmed to be truly cosmopolitan after a detailed study of its genetic 403 

variability (Lawley et al., 2016). In contrast to T. amboinensis and other reef-dwelling 404 

invertebrates, A. alata is pelagic, occurs in shallow as well as deep environments 405 

(~1000m), and has high dispersal potential during adulthood. No major obvious 406 

differences in coloration or morphology are apparent across the range of the T. 407 

amboinensis species complex (JAB pers. obs.). A reinvestigation of the detailed 408 

morphology of the group appears warranted to provide full taxonomic descriptions of our 409 

newly delimited lineages. 410 

Our results also continue to reinforce the extent and regularity in which cryptic 411 

invertebrate species are discovered in phylogeographic studies. This is particularly true 412 

on coral reefs, where it is thought that the majority of the diversity at the species level is 413 

yet to be discovered and described (e.g. Leray & Knowlton, 2016). Molecular studies of 414 

marine invertebrates now regularly uncover cryptic species, and molecular species 415 

delimitation has become a critical part of many phylogeographic studies (reviewed by 416 

Pante et al., 2015).   417 

 418 

Global diversification of 

On a global scale, cryptic species complexes recovered by previous 420 

phylogeographic research (e.g. Barroso et al., 2010; Gaither et al., 2015), like globally 421 

distributed genera (e.g. Bowen et al., 2001; Lessios & Robertson, 2013), have diversified 422 

along allopatric boundaries. The T. amboinensis species complex appears to be no 423 

exception to this trend. Based on our phylogenetic reconstructions, we interpret the T. 424 

amboinensis species complex to have undergone a series of allopatric diversification 425 

events followed by secondary contact (and probable introgression) in peripheral localities 426 

in the Indo-West Pacific Ocean (Figs. 2 and 4; Table S3, Figs. S3, and S5 in Appendix 427 

S1). Three newly delimited endemic lineages (RS, JA, SCP) occupy discrete areas 428 

separated by biogeographic boundaries in the Red Sea, Japanese Archipelago, and South 429 

Central Pacific (e.g. Marquesas Archipelago) but also co-occur with the widespread IWP 430 

Thor amboinensis 419 
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lineage. The Red Sea and Marquesas Archipelago, and to a lesser extent the Japanese 431 

Archipelago, are well defined endemic hotspots with species from these regions 432 

diversifying via allopatric and ecological speciation (reviewed by Bowen et al., 2016). 433 

The TWA lineage appears to be the only new putative species throughout the entire 434 

Tropical Western Atlantic region (Fig. 2).  435 

Our analyses suggest alternate biogeographic hypotheses for the T. amboinensis 436 

species complex, as we find discordance in tree topology between concatenation and 437 

multi-locus species tree methods centered around the placement of the putative endemic 438 

RS lineage (Figs. 3 and 4; Figs. S6-S8 in Appendix S1). Discordance between 439 

concatenation and multi-locus species tree methods for phylogenetic estimation is well 440 

documented, as is gene tree-species tree discordance (Degnan & Rosenberg, 2009). 441 

Nonetheless, both multi-locus tree topologies produced here are consistent with global 442 

evolutionary histories in other marine taxa, and thus we present each as alternative 443 

hypotheses for the evolutionary and biogeographic history of diversification for T. 444 

amboinensis.  445 

In our multi-locus species tree analysis, the RS lineage is placed with full 446 

statistical support in a clade with the widespread IWP lineage, while the TWA, JA, and 447 

SCP lineages form a highly supported clade of their own (Fig. 4). This tree topology 448 

suggests a Tethyan origin and a divergence event that pre-dates (23-38.6 Ma) the closure 449 

of the Tethys seaway at the TTE (terminal Tethyan event) ~12-18 Ma. As the Tethys 450 

narrowed, restricted water movement is thought to have led to divergence in some 451 

lineages before the final closure. Cowman & Bellwood (2013) found unexpected 452 

temporal vicariance in a number of fish lineages that pre-dated the TTE. Following 453 

dispersal into the Atlantic, the TWA T. amboinensis lineage appears to have dispersed 454 

into the Eastern Pacific prior to the closure of the Isthmus of Panama (~3.5 Ma), and later 455 

dispersed east to west across the 5000 km Eastern Pacific Barrier to the South Central 456 

Pacific. Although it has long been thought that dispersal across the EPB was entirely west 457 

to east, westward migration is not without precedent (Lessios & Robertson, 2006). 458 

Divergence times between the TWA and the SCP and JA lineages are consistent with this 459 

biogeographic reconstruction and date to between ~8-10 Ma. This is also consistent with 460 

previous studies that have shown that genetic divergence between trans-isthmian species 461 
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often pre-dates the final closure of the land bridge (reviewed by Cowman & Bellwood, 462 

2013). Coalescence time for the SCP lineage dates to 2.6-5.7 Ma (Fig. 2; Fig. S9 in 463 

Appendix S1), roughly coincident with the formation of the young Marquesan 464 

Archipelago (0.4-5.5 Ma; Neall & Trewick, 2008). Thor amboinensis is known from the 465 

Tropical Eastern Pacific, and these dates, in conjunction with a coalescence time of 8-10 466 

Ma with the TWA, suggests that a unique Tropical Eastern Pacific species may exist, as 467 

the Marquesas Archipelago had not formed when the original split from the Atlantic 468 

occurred. We hypothesize that a lineage remained in the Tropical Eastern Pacific, isolated 469 

from the TWA, from 8-10 Ma until 3-6 Ma, when the formation of the Marquesan 470 

Archipelago allowed this lineage to use it as a stepping stone to cross the EPB. Back to 471 

the root of the species complex, following the pre-TTE divergence, the newly arisen IWP 472 

lineage achieved a widespread geographic range throughout the Indian and Pacific 473 

Oceans. Subsequent diversification following temporal isolation in the Red Sea led to an 474 

endemic RS lineage (coalescence time ~1.6-4.1 Ma), and rising sea levels likely allowed 475 

for secondary contact between temporally isolated RS and IWP lineages. Secondary 476 

contact also appears to have occurred between the IWP lineage and endemic JA and SCP 477 

species. Although our species tree topology and TMRCA estimates are consistent with 478 

these divergence hypotheses, as mentioned above, these TMRCA estimates were 479 

generated using a strict molecular clock and could likely change with better mutation rate 480 

data.  481 

In contrast to a Tethyan biogeographic history, all our gene trees and 482 

concatenated phylogenetic analyses place the endemic RS lineage in a well-supported 483 

clade that includes the TWA, JA, and SCP (Figs. 2 and 3). This suggests an alternate 484 

biogeographic history, with dispersal from the IWP into the Atlantic, most likely around 485 

the southern tip of Africa, following a divergence event between the RS lineage and the 486 

MRCA of the TWA, JA, and SCP lineages during the Miocene (5-23 Ma). Following 487 

dispersal into the Atlantic, our concatenated data also support dispersal into the Eastern 488 

Pacific before the formation of the IOP, dispersal across the EPB, and secondary contact 489 

in the South Central Pacific and Japanese Archipelago as described above. While this 490 

hypothetical biogeographic history is consistent with much of the published literature 491 

(e.g. Bowen et al., 2001; Lessios & Robertson, 2013), and places the origin of T. 492 
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amboinensis in the Indo-Pacific, our divergence time estimate from our mitochondrial 493 

sequence data for the root of the entire species complex (23-38.6 Ma) is not consistent 494 

with vicariance events across the IPB, which occurred much later during the mid-495 

Miocene and Pleistocene, that could have generated the tree topology in our concatenated 496 

dataset (see Bowen et al., 2016). However, the use of a strict clock tree could be 497 

generating the mismatch between topology and divergence time estimates we observe in 498 

our gene trees and concatenated datasets. More complete sampling in the Eastern Pacific 499 

may help resolve this topological discordance and provide calibrated mutation rate 500 

estimates to better calculate divergence times.  501 

Posterior probabilities and bootstrap values on nodes in our gene tree and multi-502 

locus analyses resolving the phyletic relationship between the TWA, JA and SCP 503 

lineages do not, however, unambiguously support a biogeographic dispersal from the 504 

Atlantic into the Eastern Pacific, across the EPB, with secondary contact in the 505 

Marquesas and Japanese Archipelagos (Figs. 2-4; Figs. S1, S6-S8 in Appendix S1). If 506 

these nodes are interpreted as an unresolved polytomy, it could be argued that the T. 507 

amboinensis species complex diversified sympatrically across the Indo-West Pacific, 508 

with diversification into the Atlantic following dispersal west to east across the EPB. 509 

However, we find this scenario unlikely. First, co-occurring divergent lineages of T. 510 

amboinensis were only recovered from peripheral localities in the IWP. If T. amboinensis 511 

diversified in sympatry, we would expect to have recovered additional members 512 

belonging to the RS, TWA, JA, and SCP clade from the center of the Indo-West Pacific 513 

region, especially the Coral Triangle. There is no obvious dispersal pathway linking the 514 

Red Sea, and Japanese and Marquesan Archipelagos west to east without first colonizing 515 

the Coral Triangle. Second, the presence of nuclear alleles from the widespread IWP 516 

species occurring in the RS, TWA, JA, and SCP clade (Figs. S2-S5) suggests that 517 

introgression occurred between lineages that have been isolated for up to 20-30 million 518 

years. We reject incomplete lineage sorting as an explanation for these nuclear IWP 519 

alleles as these putatively introgressed sequences were only recovered where these 520 

divergent lineages are sympatric.  521 

Global ring-species complexes with secondary contact and hybridization zones 522 

are known elsewhere among marine animals (e.g. Bowen et al., 2001; Gaither et al., 523 
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2015). In most cases, introgression is restricted to a single geographic region where 524 

species have come back into contact. Thor amboinensis is unique in the degree to which 525 

these highly divergent lineages co-occur, in that it has three widely spread peripheral 526 

regions where secondary contact is occurring. This process of divergence followed by 527 

secondary contact and hybridization likely has important implications for the 528 

maintenance of species boundaries, and for our understanding of speciation in the sea 529 

(Bowen et al., 2001).  530 

 531 

Phylogeography of Thor amboinensis

Our phylogeographic reconstruction throughout the Tropical Western Atlantic 533 

shows that the TWA T. amboinensis lineage has high levels of gene flow across this large 534 

biogeographic region. Our SAMOVA analysis failed to demonstrate that T. amboinensis 535 

has been affected by any of the previously-recovered phylogeographic breaks for other 536 

species in the Caribbean, including the break at Mona Passage, the Florida/Bahamas 537 

break across the Straits of Florida, and the Southern Caribbean break between Panama 538 

and Curacao (reviewed by DeBiasse et al., 2016). Sample localities on both sides of these 539 

breaks were lumped into a single genetically homogeneous population by the SAMOVA. 540 

Haplotypes shared between Bocas del Toro, Panama and the Bermudan Archipelago 541 

represent a straight-line distance of over 3000 km, and the distance from Bermuda to the 542 

next closest source population is >1000 km; indicating that T. amboinensis may regularly 543 

disperse long distances and is unaffected by phylogeographic barriers structuring 544 

contemporary populations in other species (e.g. DeBiasse et al., 2016). Neutrality indices 545 

and haplotype network shape (i.e. a single main haplotype surrounded by many low-546 

frequency haplotypes), suggest a possible recent demographic expansion event. Our 547 

pairwise φ

 in the Tropical Western Atlantic 532 

ST

The lack of major genetic structure is in stark contrast to many phylogeographic 551 

studies from the Tropical Western Atlantic, which have revealed distinctly structured 552 

populations throughout the region for corals, sponges, reef fishes, and other crustaceans 553 

(see DeBiasse et al., 2016). Our results most closely mirror those for a broadcast 554 

 values do indicate that T. amboinensis exhibits some genetic structuring 548 

between Belize and other coral reef sites in the Caribbean, consistent with other studies 549 

that show the uniqueness of the Meso-American Barrier Reef (DeBiasse et al., 2016).  550 A
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spawning brittle-star Ophiothrix suensonii (Richards et al., 2015), showing little region-555 

wide genetic structure (yet the biogeographic distinctness of the Meso-American Barrier 556 

Reef). However, this species has a long larval period (49 days), which exceeds the 28-day 557 

larval phase for T. amboinensis. While larval duration, dispersal ability, and gene flow do 558 

not always correlate, the extensive gene flow across the Tropical Western Atlantic 559 

recovered here could support a circumstantial argument that larvae of T. amboinensis 560 

could remain competent during dispersal across the EPB. This would make it more 561 

plausible biologically that T. amboinensis diversified back into the Pacific prior to the 562 

closure of the Isthmus of Panama. Again, sampling in the Eastern Pacific may help 563 

resolve whether this was a single, chance, long-distance dispersal event, or whether there 564 

is ongoing gene flow across the EPB in either direction.  565 
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Figure 1. a) Sample localities of Thor amboinensis. Values in parentheses are sample 

sizes from each locality. b) Image of T. amboinensis.  

 

Figure 2. Molecular species delimitation results for Thor amboinensis samples. Results 

are presented from single-locus species delimitation methods 1- Automatic Barcode Gap 

Discovery (ABGD), 2- statistical parsimony haplotype reconstructions (TCS), and 3- 

Bayesian implementation of the General Mixed Yule Coalescent Model (bGMYC). 

Multi -locus species delimitation results are presented from 4- Bayesian Phylogenetics 

and Phylogeography (BPP). Each uniquely colored bar represents an operational 

taxonomic unit delimited by that program, overlaid on a Bayesian cytochrome c oxidase 

subunit I (COI) gene tree. Lower case letters within each bar link individuals to species 

assignments in Table S3 in Appendix S1. Acronyms to the right of species delimitation 

assignments refer to the biogeographic species names referenced in text: RS = Red Sea, 

TWA = Tropical Western Atlantic, JA = Japan, SCP = South Central Pacific, IWP = 

Indo-West Pacific. Node values represent posterior probabilities. *denotes highly 

supported (bootstrap values > 75) clades in Maximum Likelihood analysis. + represents 

different nodal relationships in Maximum Likelihood analysis. Scale bar represents time 

(millions of years) as calculated by our coalescence analysis.  

 

Figure 3. Concatenated total evidence Bayesian phylogeny for Thor amboinensis. Data 

presented above are unpartitioned DNA sequence data from mtDNA (cytochrome c 

oxidase subunit I) and nuDNA (enolase, ATPase α-subunit) loci. Node values represent 

posterior probabilities. Only major nodes with posterior probabilities > 0.75 are reported. 

*denotes highly supported (bootstrap values > 75) clades in Maximum Likelihood 

analysis. + represents different nodal relationships in Maximum Likelihood analysis. 

Colored bars correspond to multi-locus species delimitation assignment from Figure 2 

and Figure S1 in Appendix S1. Acronyms of species delimitation assignments refer to the 
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biogeographic species names referenced in text: RS = Red Sea, TWA = Tropical Western 

Atlantic, JA = Japan, SCP = South Central Pacific, IWP = Indo-West Pacific. 

 

Figure 4. Multi -locus Bayesian species tree estimated in *BEAST for Thor amboinensis. 

Node values represent posterior probabilities. Colored bars correspond to multi-locus 

species delimitation assignment from Figure 2 and Figure S1 in Appendix S1. Acronyms 

on tree terminals refer to the biogeographic species names referenced in text: RS = Red 

Sea, TWA = Tropical Western Atlantic, JA = Japan, SCP = South Central Pacific, IWP = 

Indo-West Pacific.  
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