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ABSTRACT
Five taxa of talitrid amphipods were found in the archipelago of
Bermuda, of which three were recorded there for the first time. Four
of these are supralittoral wrack generalists: Platorchestia monodi BOLD:
AAB3402, (a unique Molecular Operational Taxonomic Unit according
to the Barcode Index Number system), a related species recognized by
molecular methods, Platorchestia platensis BOLD:AAA2949,
Mexorchestia carpenteri carpenteri BOLD:AAC1491 and Tethorchestia
antillensis; and one a terrestrial leaf-litter generalist: Talitroides alluaudi.
A key is provided to discriminate between the formally described
talitrids of Bermuda. Dispersal mechanisms from the American con-
tinent to Bermuda were considered for all taxa based on species
distributions along the North American Atlantic coast and also inves-
tigated by molecular methods, using genetic population differentia-
tion and haplotype network analysis based on the barcode region of
cytochrome c oxidase subunit I gene. For P. monodi BOLD:AAB3402
the genetic results suggest that some dispersal events occurred before
human colonization of Bermuda but are equivocal about the source
population and therefore the direction of dispersal. Some very recent
synanthropic dispersal is possible with this species. For the other two
species studied genetically, P. platensis BOLD:AAA2949 and
M. c. carpenteri BOLD:AAC1491, the small population samples analysed
support dispersal to Bermuda from the American mainland, before
human occupation of Bermuda, although the available sample size
was limited for these species. The available limited direct, non-genetic
evidence supports synanthropic transport for Talitroides alluaudi.
Platorchestia monodi BOLD:AAB3402 is found in the same wrack habi-
tat as P. platensis BOLD:AAA2949 on Bermuda, apparently without
interbreeding. No evidence was found that driftwood specialist tali-
trids had become established in Bermuda.
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Introduction

At the time of the origin of talitrids (Crustacea: Amphipoda: Talitridae), some 110 million
years ago (MYA) according to Bousfield (1984), the volcanic eruptions that first formed
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the islands of Bermuda were also occurring (Rowe 1998). Volcanic activity ceased some
30 MYA, and in modern times the igneous rock has been overlain by sedimentary sandy
limestone so that the average thickness (below current sea level) of sedimentary rock is
75 m (Rowe 1998). The present-day sedimentary limestone overlying the igneous rock is
of Pleistocene origin, with a maximum age of 2 MYA (Rowe 1998). Fluctuations in sea
level throughout the Pleistocene produced extensive modifications of number and size
of the Bermuda islands, which resulted in extinctions and radiations of the terrestrial
fauna (Olson and Hearty 2003; Olson et al. 2006; Hearty and Olson 2010), including birds,
reptiles and molluscs. Hence, in geological terms the terrestrial, and presumably also the
supralittoral marine, fauna of Bermuda is of relatively recent origin (< 2 MYA), and Bermuda
may be regarded as a ‘Darwinian’ island in the sense used by Gillespie and Roderick (2002).
That is to say, the terrestrial and littoral fauna colonized and radiated on the island de novo
< 2 MYA. Events during the Pleistocene that could have impacted talitrids and caused
extinctions were increases of sea level, notably during an interglacial ~ 0.4 MYA, during
which much of present day Bermuda was below sea level (Olson et al. 2006).

The present-day Bermudian archipelago has a land surface of only 53 km2, and the
nearest continental land mass is 1020 km distant at Cape Hatteras, USA (Gable et al. 2010).
Given the long dispersal distance, we sought to understand how each of the talitrid taxa
dispersed from the American continent and colonized Bermuda within the last 0.4 MYA.
Three dispersal mechanisms were considered as hypotheses in the colonization process:

1. Synanthropic: as a passenger in some commodity of human commerce, such as the
export of tropical plants and their soil to new locations, e.g. the so-called ‘tramp’
terrestrial talitrids (Biernbaum 1980; Morino and Ortal 1993; Stock and Biernbaum
1994).

2. Driftwood: as a driftwood talitrid population, which is a passenger on a floating
driftwood log (Wildish 2012).

3. Sargassum wrack: as a passenger on a floating raft of Sargassum wrack.

The American continent and the proximate archipelagos of the Bahamas and Antilles
have many wrack generalist talitrids (Ciavatti 1989; Wildish and LeCroy 2014). In addi-
tion, the Florida and Antilles currents, which merge into the Gulf Stream (Anon 1979),
bathe its continental mainland and islands, carrying floating objects from a southwes-
terly origin towards Bermuda. In summer the winds are predominantly westerlies (Anon
1979), so reinforcing the drift towards Bermuda (Figure 1). Recent oceanographic
modelling shows a clockwise movement around Bermuda (Ardron et al. 2011), which
is a general feature of circulation in the Sargasso Sea.

Considering wrack generalist talitrids, an untested hypothesis is that they are carried in
wrack used to transport valuable cargo in ships, such as live bivalves. As far as we are aware
there are only a few precedents for a wrack generalist to be transported by human
commerce. One is Orchestia gammarellus (Pallas 1766) from Europe to North America
(Henzler and Ingolfsson 2008). The evidence here was circumstantial: the similarities in
mitochondrial DNA between modern populations in Europe and North America. Another is
Platorchestia platensis (Krøyer 1845) (Griffiths et al., 2009), although here the evidence for
synanthropic dispersal is simply the wide distribution of this taxon throughout the world
from its presumed native home on the Atlantic coast of the Americas. Because of the
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Figure 1. Map of the North Atlantic. (a) Winds in July. (b) Surface currents. Based on data in Anon
(1979).
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relatively recent human occupation of Bermuda, the talitrid genetic signature would be very
similar to that on the continental mainland if synanthropic dispersal had been involved.
Another plausible hypothesis is that supralittoral wrack generalists are transported on
Sargassum wrack, after it strands on beaches in the Antilles, Bahamas or Florida, where it
picks up travelling talitrids, is then blown out to sea, and follows currents and wind towards
Bermuda. The special reason why Sargassum wrack may be an agent of long-distance
dispersal is that the two major species in the Sargasso Sea, Sargassum natans (L.) (Gaillion
1828) and Sargassum fluitans (Børgesen) (Børgesen 1914) are holopelagic and achieve a
pelagicmode of life with air-filled pneumatocysts (Lobban 1994). It is this flotation capability
of Sargassum species that may allow rafts of it to persist long enough to transport wrack
generalist talitrids for distances of up to 1500 km from North America, and its near-shore
islands, to Bermuda. However, none of the reports that identified themacrofauna associated
with floating Sargassum, e.g. Stoner and Greening (1984), have found talitrids to be present.
Other wrack types are infrequently found on Bermuda’s beaches, including Fucus sp.,
Ascophyllum sp., and Spartina sp. (S.R. Smith pers. observ.), which suggests connections
with coastlines of temperate and subtropical Atlantic North America. A final possibility,
applicable particularly to Platorchestia sp., because it is small enough to use gribble burrows
on aged driftwood (Wildish and Robinson, in preparation) and thereby hitch a ride on
driftwood, is that it reached the island by this means. These studies have shown that
Platorchestia platensis is capable of living permanently in driftwood. In their review Thiel
and Haye (2006) summarize reports of episodic natural rafting events in the northwest
Atlantic following intense hurricane or storm events, which cause terrestrial debris, inclusive
of driftwood, to be found floating at the sea surface. The timing between such events is
unknown, although Thiel and Haye (2006) speculate that many years or even centuries
between driftwood dispersal events could be involved.

A talitrid hopper was first described from Bermuda shores by Kunkel (1910) as
Orchestia platensis (Krøyer 1845). The most recent amphipod list (Gable et al. 2010)
also includes this species, now referred to as P. platensis (Krøyer 1845). Hence, in
published accounts of the supralittoral talitrid fauna of the island, only a single taxon
was recorded. In passing, Shoemaker (1935) mentioned the presence of a terrestrial
species (as Talitrus alluaudi Chevreux 1896) in a shipment of celery grown in Bermuda
which had been transported to, and found in, New York City.

Our aim was to present the results of field sampling designed to update the talitrid
biodiversity of the supralittoral habitats on the island archipelago of Bermuda. We used
modern molecular methods as a means of studying the dispersal history of the wrack
generalist talitrids of Bermuda. Also of interest was the possibility that talitrids dispersed
to Bermuda as driftwood specialists, as suggested by Wildish (2012) for talitrids from the
northeast Atlantic mainland to the Azores.

Methods

Field sampling

Nineteen sampling locations (Figure 2, Table 1) were chosen where wrack and driftwood
were likely to strand in the supralittoral zone, i.e. in sheltered bays and on sand beaches.
Hand sampling was facilitated by shaking wrack or sand in a large plastic bag and
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allowing the hoppers to jump into the bag. Driftwood was sampled by cutting the wood
open with a small hand axe. Where holes were present in the sand it was sampled by
hand digging into the substratum. Hand sampling between finger and thumb was also
used. Where shrubs and terrestrial leaf litter occurred immediately above the storm
wrack zone, a search was made in the humus layer for terrestrial hoppers, but this was
not extended further inland, so the complete distribution of landhoppers on the island
was not investigated. At each location sampled a habitat photograph was taken with a
Canon D10 (Canon Inc, Japan) and a position fix was recorded with a 12-channel GPS
(Garmin International, Inc., KS, USA).

Live animals were transported in plastic bags with a little dampened wrack or sand
from the habitat to the Bermuda Natural History Museum laboratories. Killing and
preservation of the catch was performed either in 5% formalin in local seawater (for
morphological taxonomic analysis) or in 95% ethanol (for molecular analysis). Initial
sorting of the samples was made with the aid of a binocular microscope. Taxonomic
analysis based on the key of LeCroy (2011) and references therein was completed in the
histology laboratory of the St Andrews Biological Station with the aid of a Leica MZ 12.5
binocular and Zeiss monocular microscope. Photographs of the dorsal pigment patterns
(DPPs) were taken with a Canon CoolPix 990 digital camera mounted on the binocular
scope. DPP diagrams were prepared by the fully digital method as in Wildish and Martell
(2013). Temporary slides were prepared after dissecting body parts and were photo-
graphed to produce digital drawings as for the DPP diagrams.

Figure 2. Map of the Bermudian archipelago showing sampling locations.
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Generating novel barcode sequences

Five morphologically defined species were found to be present in Bermuda (Table 1). In
addition to the Bermuda samples, we also analysed two other major regions as potential
source populations: Florida and Mississippi in the Gulf of Mexico, and the Atlantic coast
from New Brunswick to South Carolina.

Molecular analyses were carried out at the Canadian Centre for DNA Barcoding at the
Biodiversity Institute of Ontario, University of Guelph. All 80 specimens selected for
molecular analysis (1–14 individuals per location depending on availability) and stored
in 95% ethanol were photographed, and a 2–4 mm length of tissue was removed for
molecular analysis. In addition to the Bermuda samples (53 specimens), other available
individuals from the Atlantic coast of North America (27 specimens) were also included
in the molecular analysis.

Total genomic DNA was extracted from small amounts of tissue (2–4 mm) using one
or two legs or the entire specimen when necessary with the glass fibre plate DNA
extraction protocol (Ivanova et al. 2006). The barcode region of cytochrome c oxidase
subunit I (658 base pairs; COI-5P) was amplified using a primer cocktail termed
C_LepFolF (LepF1:LCO1490) – C_LepFolR (LepR1:HCO2198) (Folmer et al. 1994; Hebert
et al. 2004) and following standard polymerase chain reaction protocols (Ivanova et al.
2006). The barcode region was bi-directionally sequenced using the same primers.
Additional details about laboratory protocols are available from the Canadian Centre
for DNA Barcoding website (www.dnabarcoding.ca).

All photographs, edited sequences and chromatograms were uploaded to the
Barcode of Life Data Systems (BOLD; www.boldsystems.org, Ratnasingham and Hebert
2007) under the title ‘Talitridae of the Atlantic’ project (TLQMA), along with detailed
information about each specimen. The project TLQMA includes samples from Bermuda
and Florida (this project is publicly available and sequences have been transferred to
GeneBank).

Molecular data analysis

In addition to successful new sequences from project TLQMA, 71 additional publicly
available sequences (Radulovici 2012) from P. platensis, Mexorchestia carpenteri carpenteri
(Wildish and LeCroy, 2014) and Mexorchestia carpenteri raduloviciae (Wildish and LeCroy,
2014) from our geographic area of interest were downloaded from BOLD from projects
WWTAL (‘Barcoding Amphipoda – Talitridae’) and WWGSL (‘Crustaceans of the St
Lawrence Gulf’) and combined with our novel data set to create the analysis data set
DS-TLQPLATO, with 134 COI-5P sequences to be used in the following analysis. This
dataset includes samples from the other two major geographical regions (Florida and
Mississippi, and South Carolina and New Brunswick) that could be potential source
populations. GenBank accession numbers, BOLD IDs, and all details about DS-
TLQPLATO can be found at: http://dx.doi.org/10.5883/DS-TLQPLATO.

DNA sequences from the DS-TLQPLATO data set were aligned in MEGA version 6
(Tamura et al. 2013). The alignment was visually checked for gaps and translated to
amino acids to verify the reading frame and absence of stop codons. The alignment was
trimmed to 657 base pairs.
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The best-fit molecular evolutionary substitution model was obtained in MEGA6.
According to the Bayesian Information Criterion (BIC), where the lowest BIC score is
considered the one that describes the substitution pattern best without model over-
fitting, the Tamura three-parameter model (Tamura 1992) with γ-distribution and invar-
iant sites parameters (T92 + G + I) was the best model describing our data set and so
was used in the following analysis. Phylogenetic relationships were reconstructed in
MEGA-6 using the maximum likelihood method based on the T92 + G + I model and
using two sequences of the genus Americorchestia as the outgroup. Americorchestia
megalophthalma (Bate 1862) and Americorchestia longicornis (Say 1818) were chosen as
outgroups, based on phylogenetic relationships from a maximum likelihood tree built
using all publicly available sequences of the family Talitridae available in BOLD.
Sequences of A. megalophthalma (sample ID: L230AR1-02) and A. longicornis (sample
ID: L169AR1-01) were publicly available for downloading from BOLD (Radulovici et al.
2009).

The geographic distribution of genetic diversity was explored through haplotype
networks. As marine morphologically defined species are frequently found to contain
cryptic evolutionarily distinct species (Knowlton 1993; Bucklin et al. 2011; Carr et al.
2011), sequences were first grouped into Molecular Operational Taxonomic Units
according to the Barcode Index Number (BIN) algorithm (Ratnasingham and Hebert
2013). BIN assignments are available through BOLD for all COI sequences with length
> 500 base pairs and meeting quality standards (that is within a specific region, and
having fewer than 1% Ns). Haplotype networks were created for three BINs: BOLD:
AAB3402 (Platorchestia monodi Mateus, Mateus and Afonso, 1986), BOLD:AA2949
(P. platensis), and BOLD:AAC1491 (M. c. carpenteri). For each BIN, a median-joining
haplotype network (Bandelt et al. 1999) was created in PopArt (PopART: www.popart.
otago.ac.nz). Haplotype networks were then recreated in TCS version 1.21 with a 95%
connection limit and taking into consideration missing data from both ends of the
alignment, in order to identify ancestral haplotypes (Clement et al. 2000, 2002).

Population genetics analyses were performed only for BIN BOLD:AAB3402, as that was
the only BIN with a sample size of > 30 individuals. All sequences from BIN BOLD:AAB3402
residing within data set DS-TLQPLATO were analysed, for a total of 23 sequences from
Bermuda and 34 sequences from Florida. Alignment and phylogenetic analysis of BIN BOLD:
AAB3402 were performed in MEGA-6. According to the BIC criterion, the best substitution
model for this set of sequences was the Tamura three-parameter model (T92). Arlequin 3.5
(Excoffier and Lischer 2010) was employed to identify haplotypes and to examinemolecular
diversity indices and patterns of genetic structure in the BIN. To determine how genetic
variance was distributed within and between populations, as a means to test for between-
population differentiation (Excoffier and Lischer 2010), an analysis of molecular variance
(AMOVA) was conducted using the conventional F-statistics with 1000 permutations.

To determine the partitioning of genetic variance (Weir and Cockerham 1984) the
Fixation index (FST) was also estimated considering the average number of pairwise
differences between haplotypes (pi), 1000 permutations, and with a significance level of
0.05. An FST value of 0 indicates that subpopulations have the same allele frequencies,
and there is no genetic differentiation among subpopulations. On the other hand, an
FST value of 1 indicates strong genetic differentiation among subpopulations as they do
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not share alleles (Hedrick 2005). Additionally a Tajima’s D-test was performed in Arlequin
3.5 to test for deviations from neutral evolution in the barcode sequences.

Results

Systematics and distribution of morphological species

Platorchestia monodi (Mateus, Mateus and Afonso, 1986) BOLD:AAB3402

As Orchestia platensis Krøyer 1845, p. 304, fig. 2; Platorchestia platensis Krøyer 1845,
Bousfield 1982, p. 26; Orchestia monodi Mateus, Mateus and Afonso, 1986, p. 100–110,
figs 1–7; Platorchestia monodi Morino and Ortal 1993, p. 825–829, figs 1–3; LeCroy 2011,
p. 754–757, fig. 597.

Material examined
From the following sampling locations: 4B, 4C, 5C, 7A, 8B, 9A, 10A, 11A, 12A, 12C, 14A,
14B, 15A (see Table 1 and Figure 2 for further details). Note that 9A is the same sample
location as 5C, but made at a later date.

Distribution
Found on most suitable beaches throughout the islands where wrack can strand. Besides its
primary ecotope, under and in wrack, some specimens were found at 4C (Hungry Bay) within
the sand substratum, limited to a few centimetres depth (see also Bousfield 1984, who records
P. platensis from a similar habitat). Circular holes of 5–8 mm diameter near the P. monodi
ecotope were thought not be associated with the animals, but to result from physical effects
after high tide. Such holes, lacking any evidence of digging wastes, were found on other sand
substrata where talitrids were absent. Two other secondary ecotopes identified were: coastal
terrestrial soil litter (two female individuals) associated with T. alluaudi (11A), and in driftwood
(see below).

Remarks
Present in 13 of 19 sampling locations and the commonest wrack generalist taxon.
Dorsal pigment patterns are obscured by background colours and are not useful for field
identification.

Platorchestia platensis (Krøyer, 1845) BOLD:AAA2949

As Orchestia platensis Krøyer 1845, p. 304, fig. 2; Platorchestia platensis (Krøyer 1845),
Bousfield 1982, p. 26.
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Material examined
From the following sampling locations: 8C, 14A, 14C, 16B (see Table 1 and Figure 2 for
further details).

Distribution
Found on similar sand beaches and under similar wrack piles as P. monodi. Found in
single species samples (that is all three individuals analysed = BOLD:AAA2949), all on the
northwest coast of Bermuda at Bailey’s Bay (8C), Tynes Bay (14C) and Lagoon Park (16B).
One other sample at Tobacco Bay Park (14A) was a mixed sample containing one
P. platensis and two P. monodi. Other locations on the northwest coast consisted of
single species P. monodi, e.g. Coot Pond (14B), Gibbon’s Bay (7A) and Stovell’s Bay (5B).

Remarks
During this study this species was first recognized by its distinct molecular signature,
which matched specimens identified as P. platensis from BOLD and GenBank. The same
species is common on the Atlantic coast of North America, north of Charleston, North
Carolina to New Brunswick (Radulovici 2012). Formalin-preserved specimens have not
been checked for the possible occurrence of the two species of Platorchestia by mor-
phological criteria, with the exception of sample 8C.

Mexorchestia carpenteri carpenteri Wildish and LeCroy, 2014 BOLD:AAC1491

As Tethorchestia sp. B, Bousfield 1984, p 204; ‘Tethorchestia’ LeCroy 2011, p 757;
Mexorchestia carpenteri carpenteri Wildish and LeCroy 2014, p. 562.

Material examined
Two samples, 5B and 9A, n = 14, both from Stovell’s Bay on Spanish Point. This taxon
was found in the same bleached Enteromorpha wrack with P. monodi BOLD:AAB3402.

Distribution
This taxon was found in only one location, Stovell’s Bay, of the 19 locations sampled.

Remarks
Live specimens can readily be distinguished by the conspicuous red and black epi-
dermal pigment patterns present on a pale white or fawn-coloured background
(Figure 3). In the Florida specimens of this taxon (Wildish and LeCroy 2014) the
pigment patterns are also variable. It is of interest that the bauplan of the Bermuda
dorsal pigment patterns are very similar to those recorded by Wildish and Lecroy
(2014, see fig. 6D); for coastal Atlantic specimens of this taxon at Fort Lauderdale,
Florida.

Tethorchestia antillensis Bousfield 1984

Tethorchestia antillensis, Bousfield 1984, p. 205; Ciavatti 1989, p. 139; LeCroy 2011, p. 759;
Wildish and LeCroy 2014, p. 558.

10 D. J. WILDISH ET AL.
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Material examined
A single sample, 14B, from Coot Pond, n = 8.

Distribution
This taxon was found in only one location, at Coot Pond, co-habiting the same wrack as
P. monodi BOLD: AAB3402. Coot Pond is a small inland bay with restricted tidal access,
so the tidal amplitude may be slightly reduced.

a b c

Figure 3. Dorsal pigment pattern diagrams of three individuals (a, b and c) from a single population
of Mexorchestia carpenteri carpenteri from Stovell’s Bay sampled on 5 or 9 April, 2014.
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Remarks
This is the largest of the Bermudian talitrids, up to 17 mm in body length. Epidermal
pigment patterns are nondescript and not useful for field identification.

Talitroides alluaudi (Chevreux, 1896) BOLD:ACH9326

As Talitrus alluaudi Chevreux 1896, p 112; Talitroides alluaudi Chevreux, 1896, Palmén
1949, p 61; Morino and Ortal 1993, p 332.

Material examined
4A, Hungry Bay mangrove forest in leaf litter; 5A, Spanish Point on limestone cliff, under
terrestrial shrub leaf litter; 11A, near the same location as 5A.

Distribution
Only coastal locations incidental to the island-wide, supralittoral survey were sampled,
so we are unable to describe the general distribution of this taxon in terrestrial habitats
of Bermuda.

Remarks
The smallest talitrid at < 7 mm body length. This terrestrial taxon is probably common
throughout the island where damp, well-rotted humus is found under leaf litter.

Key for the talitrids of Bermuda

1. Immature and adults < 7 mm body length, second antenna < 25% of body length
............................................................................................................................ Talitroides alluaudi
Immature and adults > 7 mm body length, second antenna > 25% of body length 2

2. Male second gnathopod dactylus with blunt tip and incised propodus palm; second
antenna peduncle much enlarged in older males................................................................. 3
Male second gnathopod dactylus with fine tip and smooth propodus palm; second
antenna peduncle not, or only slightly, enlarged in male ................................................. 4

3. Male adult peraeopod 7 merus and carpus not incrassate; ovigerous female in
oostegite 5 with equal numbers of fine setae on anterior and posterior margins
.................................................................................................................. Platorchestia monodi
Male adult peraeopod 7 merus and carpus incrassate; ovigerous female with more
fine setae on the anterior than the posterior margin of oostegite 5.................................
............................................................................................................................. Platorchestia platensis

4. Dorsal pigment patterns on anterior peraeon absent; distolateral robust seta present
on first uropod peduncle; four to seven tufts of ‘comb’ setae on male propodus of
peraeopod 7............................................... ............................................... Tethorchestia antillensis
Dorsal pigment patterns conspicuous (Figure 2); distolateral robust seta absent on
first uropod peduncle; maximum of four tufts of ‘comb’ setae on male propodus of
peraeopod 7.......................................................................... Mexorchestia carpenteri carpenteri

12 D. J. WILDISH ET AL.
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N.B. The few distinguishing features between the two Platorchestia species are based
on LeCroy (2011), and this reference should be consulted. Only adult males and females
can be identified morphologically.

The formalin-preserved specimens, now in 50% isopropanol, are archived at the Bermuda
Aquarium, Museum and Zoo (BAMZ) at Flatt’s Village, Bermuda, with the exception of two
samples (8C archived at the Atlantic Reference Centre, Huntsman Marine Science Centre, St
Andrews, N.B., Canada, and 16B formalin sample lost during sorting). Ethanol-preserved
specimens, with the exception of those few consumptively analysed for DNA extraction, are
archived at the Biodiversity Institute of Ontario, University of Guelph, Ont., Canada

Natural history

One feature of the Bermuda coastline is the relatively few beaches available where wrack
and driftwood can strand. The popular South-shore beaches are cleaned of wrack in the
summer months for the benefit of tourists. In winter months wrack removal is less
frequent and, as pointed out by Healy and Coates (2003), this provides an opportunity
for animals, including talitrids, to become established. Most of the coastline consists of a
vertical, limestone, eroding cliff-face from a few to 30 m in height above sea level, where
seaborne drifting materials are unable to strand. Nineteen beach locations were investi-
gated, most < 50 m in linear length, which were spread throughout Bermuda (Figure 2).
The name and co-ordinates of each sampling location are further specified in Table 1.

The following marine and terrestrial ecotopes harbouring talitrids were recognized in
Bermuda:

1. Supralittoral, semi-tropical wrack on sand (Table 1). The wrack consisted principally
of Sargassum sp., sometimes mixed with other macroalgae, such as Enteromorpha
sp., and sometimes with leaves of native terrestrial shrubs, such as the button-
wood, Conocarpus erectus L., and the bay grape, Coccolobo sp. At location 5B
(Figure 2 and Table 1), which contained both P. monodi and M. c. carpenteri, the
wrack was principally of senescent, bleached Enteromorpha sp., with Sargassum sp.,
also present. The wrack at Coot Pond (14B in a small inland sea), with both
P. monodi and Tethorchestia antillensis, consisted mostly of leaves of land plants
with a little Sargassum sp. The upper littoral of the inland sea at Coot Pond was
colonized by unidentified woody shrubs. From a total of 19 supralittoral locations
sampled, 13 were mostly of limestone sand. At Lagoon Park (16B) a small bivalve
midden (valves of Arca zebra) with buried Sargassum and terrestrial plant leaves, a
few P. platensis BOLD:AAA2949 and P. monodi BOLD:AAB3402 were found.

2. Supralittoral, semi-tropical wrack on a rocky shore (Table 1). The shore at Mullet
Bay (8A) consisted of small limestone rocks with very little wrack. At Blue Hole
(12B), the station sampled was close to the road causeway and was of mixed
sand and small limestone rocks with small amounts of Sargassum wrack, making
sampling difficult. At Devil’s Hole (12C), in the inland lagoon of Harrington
Sound, the rocky shore was abbreviated by a wall with the wrack being of
rubbish and terrestrial plant leaves. At Tobacco Bay Park (14A) on the seaward
side of the coastline, copious Sargassum wrack mixed with anthropogenic litter
was present on a rocky shore. At the Lagoon (15B), a small inland bay with
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seawater exchange in a pipe passing under the road, a mixed sand/rocky shore
had only terrestrial plant wrack. At Lagoon Park (16A) the upper shore consisted
of large limestone rocks on which wrack and driftwood were drying, with no
talitrids found. A total of six of the locations sampled had a rocky or mixed
sand/rock substratum, and P. monodi BOLD:AAB3402 was found in Devil’s Hole
(12C) and a mixed sample at Tobacco Bay Park (14A), as shown in Table 1.

3. Supralittoral, semi-tropical driftwood (Table 1). No large tree trunks or whole trees
were found during the fieldwork. The largest piece (~ 5 m length) was a branch at
4B with no evidence of talitrids, or other inhabitants, with hard consistency and no
evidence of rotting. On the sandy shore at 4B mostly occupied by Sargassum
wrack, two coconut husks were opened, with no talitrids present. A small log
(~ 1 m long) was found at 7A without talitrids. At Bailey’s Bay (8B) a small piece
of driftwood (~ 30 × 15 × 5 cm) had obviously been at sea for an extended period
as evidenced by the large holes (Figure 4) cut by the marine boring bivalve Teredo
sp. A small wood sample from this was identified by Dr Peter Gasson of the Royal
Botanic Gardens at Kew, UK, as spruce (Picea sp.) and hence not from Bermuda.
Two slow-moving talitrids were retrieved from this sample and proved to be
P. monodi BOLD:AAB3402. It is of interest that the talitrids collected from wrack
on the sand beach at Bailey’s Bay (8C) were P. platensis BOLD:AAA2949. Small log
samples were found at 12A (45 cm long), 14A (30 cm), and 16A (both 50 cm long),
all of which lacked talitrids. At 16A and 16B a coconut husk at each was opened

Figure 4. Driftwood photograph, consisting of spruce (Picea sp.) stranded in the wrack zone at
Bailey’s Bay on 8 April, 2014. Two individuals of Platorchestia monodi BOLD:AAB3402 were found
within the Teredo burrows.
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without finding talitrids. Similarly, a coconut with decomposing milk still present at
16B also did not contain talitrids. Hence, we found driftwood samples at only seven
of the 19 locations sampled, with talitrids in only one sample. The P. monodi BOLD:
AAB3402 present were clearly in a secondary habitat (Figure 4), and no driftwood
specialist talitrids were found.

4. Terrestrial, semi-tropical, coastal, forest leaf litter. The microhabitat in which
T. alluaudi was found appeared to be superficially similar at each of the two
locations (Hungry Bay mangrove forest in leaf litter and Stovell’s Bay on Spanish
Point under shrubs on the limestone cliff) in which they were found, i.e. under
terrestrial forest leaf litter where there was a dark-coloured, almost black humus
layer. They were present with typical soil inhabitants, such as insect larvae, cen-
tipedes, millipedes, isopods, ants and also two individuals of P. monodi BOLD
AAB3402.

Molecular data

From the 80 specimens selected for generating novel sequences for this study, only 63
talitrid specimens were successfully amplified. The failures included nine specimens of
Platorchestia sp. and all eight specimens attempted for Tethorchestia antillensis; therefore,
we were only able to recover molecular data from four of the five morphologically defined
species that were found in Bermuda. The strong taxon-specific pattern of polymerase chain
reaction failure for Tethorchestia antillensis suggests substitution in COI in one of the primer
binding regions, which requires further study. Most of the COI sequences included the full
length of the barcode region (658 base pairs), but a few were slightly shorter.

DNA barcoding of talitrids of Bermuda showed four BINs, corresponding to four
morphological species. Specimens from M. c. carpenteri (BOLD:AAC1491), T. alluaudi
(BOLD:ACH9326), P. monodi (BOLD:AAB3402) and P. platensis (BOLD:AAA2949) were
shown to be each monophyletic with other members of their species in a maximum
likelihood tree (Figure 5). The clade of P. monodi was formed by individuals from
Bermuda and Florida, whereas the clade of P. platensis contained specimens from
both Bermuda and the North Atlantic coast.

Haplotype diversity

Haplotype networks were created to explore the haplotype distribution for three BINs
found in Bermuda and other coastline localities from North America/Gulf of Mexico.

Seven haplotypes were identified for P. monodi BIN BOLD:AAB3402 among the 57
individuals sequenced. Three haplotypes are shared between the Florida and Bermuda
localities. However, the other four haplotypes are only present in one of the two
populations. One of the shared haplotypes is six or more mutational steps from all
other haplotypes. Haplotype distribution by locality is presented in the median-joining
network (Figure 6), where the ancestral haplotype according to the TCS analysis is
marked with an asterisk. The median-joining network suggested that the presumptive
ancestral haplotype is present only in Bermuda (Figure 6).
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For P. platensis BIN BOLD: AA2949, four haplotypes were identified among the 14
specimens assigned to this BIN (Figure 6). Only one haplotype, which has also been
identified as the presumptive ancestral haplotype, is shared between Bermuda, South
Carolina and New Brunswick localities. The other three haplotypes are unique for
Bermuda or New Brunswick localities.

On the other hand, 11 haplotypes were identified for M. c. carpenteri (BOLD:AAC1491)
from among the 21 specimens sequenced from this BIN (Figure 6). However, none of
these haplotypes are shared between Florida and Bermuda localities. Two haplotypes
are present in Bermuda, and are three or more mutational steps away from all Florida
haplotypes, whereas the rest are only present in Florida. For this clade the presumptive
ancestral haplotype occurs only in Florida, which is home to a population that is much
more genetically diverse than that in Bermuda (Figure 6).

Figure 5. Maximum likelihood tree for DS.TLQPLATO data set. Molecular phylogenetic analysis of DS-
TLQPLATO data set using the maximum likelihood method and based on the T92 + G + I model. The
log likelihood value of the tree is − 3244.0825. Branch lengths are measured in the number of
substitutions per site. Triangles represent compressed clades and bootstrap probabilities are shown
on the tree. The origin of the samples is provided beneath the name of the tips.
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Population genetics analyses were not performed for BINs BOLD:AA2949 and BOLD:
AAC1491, due to small sample size, but were performed for P. monodi BIN BOLD:
AAB3402. The AMOVA suggests a significant degree of heterogeneity among popula-
tions with an FST = 0.336 (p < 0.001) (Table 2). Pairwise comparison between the two
populations of P. monodi, when also considering haplotype distances, are consistent
with the AMOVA results (corrected average pairwise difference = 0.3374, p = 0.00000).
The results from AMOVA and pairwise comparison between populations revealed that
most genetic variation was observed within (66.4%) rather than between (33.6%) popu-

Figure 6. Haplotype network of partial cytochrome c oxidase subunit I sequences. (a) Platorchestia
monodi BIN BOLD:AAB3402. (b) Platorchestia platensis BOLD:AAA2949. (c) Mexorchestia carpenteri
carpenteri BOLD:AAC1491. Median-joining haplotype networks were created in PopART. All muta-
tional steps are equal to 1 and are represented with a black dot. The presumptive ancestral
haplotype is marked with an asterisk. The size of the circles varies according to the number of
sequences belonging to each haplotype.

Table 2. Analysis of molecular variance (AMOVA) among Bermuda and Florida populations of
Platorchestia monodi BIN BOLD:AAB3402.
Source of variation d.f. Sum of squares Variance components Percentage of variation

Among populations 1 4.958 0.16857 Va 33.60
Within populations 55 18.322 0.33313 Vb 66.40
Total 56 23.281 0.5017

Fixation index FST = 0.336
p = 0.00000+-0.00000
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lations. The Tajima’s D-tests for Bermuda (Tajima’s D = −0.87506) and Florida (Tajima’s
D = 0.10341) populations were not significant (Bermuda p = 0.195, Florida p = 0.605),
which is consistent with a neutral model of COI molecular evolution in this data set.

Discussion

Species diversity

As a result of this field survey the talitrid biodiversity of the island was increased from
two to five taxa. Limited sampling and lack of taxonomic expertise in previous surveys
undoubtedly played a role in this finding. Further sampling effort may increase talitrid
biodiversity both for supralittoral and terrestrial species. Two salt marshes, at Cooper’s
Island and Spittal Pond, were not investigated, and so we were unable to determine if
palustral talitrids were present on the Bermudian archipelago. No sand-burrowing
specialists were found, despite the presence of suitable sand substrata in which to
burrow. The likely reason is that dispersal events are much less common for sandhop-
pers (Wildish 2012) than for wrack generalists, although after violent wave events sand
substrata can be completely removed, but perhaps without a supporting system of
floating wrack or driftwood to which talitrids can cling. The primary ecotope of all of the
supralittoral species found in Bermuda is wrack. For the commonest, P. monodi BOLD:
AAB3402, three secondary ecotopes on the island – that is microhabitats to which the
taxon is not primarily adapted – were recognized. These included: shallow sand burrow-
ing, also reported in Bousfield (1982) for P. platensis, occupation of Teredo burrows in
driftwood, and the terrestrial niche in plant litter humus, co-habiting with T. alluaudi.

Of interest are the two species of Platorchestia recognizable both by genetic differ-
ences (herein and in Radulovici 2012) and by morphological taxonomy at least in the
oldest adults (LeCroy 2011). They exist on the island archipelago of Bermuda at the same
locations, apparently without interbreeding.

Dispersal of talitrids to Bermuda

One goal of this research was to test the hypothesis that talitrids reached remote
oceanic islands adapted as driftwood specialists transported in driftwood.
Circumstantial evidence does support this mechanism in some other oceanic islands
(Wildish 2012; Wildish et al. 2012; Pavesi et al. 2014). For Bermuda both field and
genetic results support the null hypothesis that no specialized driftwood talitrids had
reached the archipelago by transport on driftwood. We found few places where
driftwood could strand and minimal driftwood. We cannot conclude that talitrid
dispersal in driftwood did not occur in the past, because of the possibility of episodic
natural rafting (Thiel and Haye 2006), either in Sargassum rafts or in driftwood.
Episodic rafting has a time scale (years to centuries) which is much longer than
our study period. Our results suggest, but cannot prove, that specialist driftwood
talitrids, with characteristically dwarf body sizes, did not reach Bermuda in the
immediate past. No specialist driftwood talitrids, with morphological dwarfism,
have yet been identified anywhere on the American coastal margin. However, for
smaller-sized talitrids, such as Platorchestia sp., dwarfism is unnecessary for driftwood
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occupation, as they can live permanently in driftwood as a secondary ecotope
(Wildish and Robinson, in preparation), and hence could have reached Bermuda as
a driftwood passenger. We provide direct evidence that two individuals of P. monodi
BOLD:AAB3402 were present in the same piece of stranded driftwood (Figure 4) and
could have reached Bermuda by this means. It is also possible that they originated in
Bermuda after multiple strandings of the driftwood specimen. O’Foighil and
Josefowicz (1999) and O’Foighil et al. (2001), using molecular genetic inferences,
have suggested that the brooding bivalve genus, Lasaea, reached Bermuda by
some form of rafting dispersal from Florida.

Human settlement began in Bermuda in 1612 (Zuill 1999), with the arrival of colonists
from England, although shipwreck survivors from earlier times were also present. This
limits synanthropic dispersal of talitrids to the island to around 400 years ago. From the
review of the geology of Bermuda in the Introduction, the island was available for
colonization from ~ 400,000 years ago. For the only available dispersal mechanism of
wrack generalist talitrids before human colonization of Bermuda, that is by episodic
natural rafting, the establishment of new talitrid colonies in Bermuda can be dated by
estimating the divergence times, based on mitochondrial DNA and the COI gene,
between the North American mainland and island populations.

Our molecular results for P. monodi BOLD:AAB3402 show that the dominant
haplotypes on Bermuda are six mutational steps (c. 0.9% sequence divergence)
away from Florida samples and hence most likely originated from a dispersal event
that occurred up to c. 0.6 MYA. This estimate is based on the assumption of a
molecular clock of c. 1.4% sequence divergence per million years for the COI gene
(Knowlton and Weigt 1998). Although there is probably a wide error margin
associated with this estimate, it is approximately consistent with the geological
estimate of 400,000 years ago, when the Bermudian supralittoral habitat would
have been an empty one, and inconsistent with anthropogenic dispersal. For
P. monodi BOLD:AAB3402, there was genetic evidence (Figure 6) that the Florida
and Bermuda populations were not panmictic and that the presumptive ancestral
haplotype is currently situated on Bermuda. Given the modest sample size of
sequences, these results may be consistent with two different hypotheses: (1)
that this species arose on the tropical/semi-tropical Atlantic coast of the continent
of America and dispersed from there to the Atlantic islands, inclusive of Bermuda,
the Azores, Madeira and Ascension. After dispersal to Bermuda the ancestral hap-
lotype was either not found, or had become extinct, on the American continent.
This species is known only by classical morphological taxonomic methods from the
islands mentioned (excepting Bermuda). An alternative hypothesis (2) is: that this
species arose on one of the Atlantic islands, and then dispersed to the continental
mainland and other Atlantic oceanic islands. The shared haplotypes between main-
land and island suggest multiple cases of dispersal, some perhaps less than
400 years ago, which could be due to synanthropic dispersal and so supplementing
natural rafting to Bermuda.

For the other two talitrid populations analysed genetically, small sample sizes
prevented further detailed population genetics analysis. The most plausible estimate
for P. platensis BOLD:AAA2949 suggests a source population somewhere north of
Florida (see Radulovici 2012), from where it dispersed in the Gulf Stream to Bermuda
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before human habitation of the island; as well as to Europe (Pavesi et al. 2014). For
Mexorchestia (BOLD:AAC1491), the haplotype network indicates genetic segregation
between Bermuda and Florida, with the most diverse set of haplotypes in Florida,
which indicates that the American continent is the source population. The two
unique haplotypes on Bermuda are three mutational steps away from Floridean
haplotypes, most likely indicating a pre-anthropogenic dispersal. This could possibly
have been a single dispersal event and contrasts with the pattern in P. monodi BOLD:
AAB3402, where multiple cases of haplotype sharing suggest multiple dispersal
events. Judging by the predominance of P. monodi BOLD:AAB3402, it suggests that
it is out-competing P. platensis BOLD:AAA2949 for the same wrack habitat on the
island archipelago of Bermuda.

For the terrestrial talitrid Talitroides alluaudi, published accounts (Biernbaum 1980;
Morino and Ortal 1993; Stock and Biernbaum 1994) all treat this as a ‘tramp’ talitrid,
widely dispersed by synanthropic means. The only direct evidence that it is dispersed
synanthropically of which we are aware is that of Shoemaker (1935), who found this
species associated with commercial production of celery in Bermuda. During transport
to New York, either in soil/leaf litter or among the fleshy stems of celery, the talitrids
were able to survive. In the northern hemisphere it is widely dispersed in tropical plant
hot houses, where imports of both plants and soil are known to have occurred.

All three of the dispersal mechanisms considered seem to be supported by one or
other of the wrack generalist species considered here. Hence, synanthropic, driftwood,
or wrack dispersal is possible for P. monodi BOLD:AAB3402; driftwood or wrack transport
for P. platensis BOLD:AAA2949; and Sargassum rafts for M. c. carpenteri. However, before
firm conclusions on talitrid dispersal mechanisms to Bermuda from the American main-
land can be made, additional work is needed, including further field sampling and
sequencing from the full geographic range of each species. The occurrence of two
morphologically similar, congeneric species: P. monodi BOLD:AAB3402 and P. platensis
BOLD:AAA2949 in sympatry in Bermuda is intriguing. Future studies to determine how
interbreeding is prevented are clearly indicated. We found no ecological factors to
suggest that each species occupied separate niches. In some cases they occupied the
same location and hence both taxa were competing for the same habitat resources. Our
results clearly demonstrate that long-distance dispersal (> 1000 km) has been achieved
by four species of wrack generalist talitrids.
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