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Harnessing the power of genomic scans, we test the debated “species pump” hypothesis that implicates repeated cycles of

island connectivity and isolation as drivers of divergence. This question has gone understudied given the limited resolution of past

molecular markers for studying such dynamic phenomena. With an average of 32,000 SNPs from the genome of 136 individuals from

10 populations of a Caribbean flightless ground cricket species (Amphiacusta sanctaecrucis) and a complementary set of statistical

approaches, we infer a stepping-stone colonization model and high levels of genetic differentiation across the Virgin Islands,

which have been periodically interconnected until 8 ka. Estimates of divergence times from models based on the site frequency

spectrum coincide with a period of repeated connection and fragmentation of the islands at 75–130 ka. These results are consistent

with a role of island connectivity cycles in promoting genomic divergence and indicate that the genetic distinctiveness of island

populations has persisted despite subsequent and extended interisland connections identified from bathymetric data. We discuss

these findings in the broader context of Caribbean biogeography, and more specifically why high levels of genomic divergence

across the Virgin Islands associated with repeated connectivity cycles do not actually translate into species diversification.
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Sea-level oscillations between Pleistocene glacial maxima and

interglacial periods have caused repeated cycles of island connec-

tions via land-bridges and subsequent isolation in archipelagos

around the globe. Tests of the hypothesized “species pump” action

of rising and falling sea levels under the “Pleistocene Aggregate

Island Complex” (PAIC) (Heaney 1985; Heaney 1986; Brown and

Diesmos 2009) have established mixed support for the model in

explaining levels of species richness and endemism (e.g., data on

the Philippines: Heaney et al. 2005; Esselstyn and Brown 2009;

Siler et al. 2010; Brown et al. 2013). Both the predictions and em-

pirical findings involving tests of the PAIC diversification model

have been primarily based upon distributional data coupled with

phylogenetic estimates to examine how species diversity is parti-

tioned among different PAICs (for a review see Brown et al. 2013).

Moreover, of the handful of studies that have explored whether

sea-level oscillations have driven divergence within PAICs at the

population level, the results from the genetic analyses are sub-

ject to different interpretations (Gorog et al. 2004; Roberts 2006;

Esselstyn and Brown 2009; Oaks et al. 2013).

This contrasts with the vast number of biogeographic studies

on archipelagos conducted at larger temporal or spatial scales.

For example, in the Caribbean, the main focus has been on

vicariant diversification and colonization patterns at large geo-

graphic scales (Fig. 1A) (Hedges 1996; Glor et al. 2005; Reynolds

1 5 0 1
C© 2015 The Author(s). Evolution C© 2015 The Society for the Study of Evolution.
Evolution 69-6: 1501–1517



A. PAPADOPOULOU AND L. L. KNOWLES

Figure 1. Maps showing (A) the Caribbean with predicted dates of interisland vicariant events (Iturralde-Vinent and MacPhee 1999)

(BH, Bahamas; CB, Cuba; HI, Hispaniola; PRB, Puerto Rico Bank; VI, Virgin Islands; LA, Lesser Antilles) and (B) the Virgin Islands with the

sampling localities of the ten studied island populations of A. sanctaecrucis (STC, St. Croix; STT, St. Thomas; STJ, St. John’s; PI, Peter’s Island;

TOR, Tortola; JVD, Jost Van Dyke; BI, Beef Island; VGB, Virgin Gorda Baths; VGP, Virgin Gorda Peak, and ANEG, Anegada). Current sea-level

coastlines are denoted with black lines; topographic and bathymetric information is conveyed by shading. Specifically, elevations 10 m

and above current sea levels that would not have been submerged during the last interglacial period are marked in white, whereas

lowland areas (elevations <10m and depths <120m below current sea-level) that would have been periodically exposed and submerged

during glacial cycles are marked in light gray and deeper areas (depths >120m below current sea-level) are marked in dark gray. All

sampled islands are separated by shallow waters (minimum depths separating island pairs range between 19–25 m), apart from St. Croix,

which is separated by a very deep sea channel (minimum depth 1900 m). Note that Anegada is light gray because its highest peak is 8.5

m. Topographic and bathymetric data were downloaded as digital elevation models with 1-arc second cell-size (Grothe et al. 2012) from

the National Geophysical Data Center. The same population codes are used across all figures and tables.
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et al. 2013), with the coalescing-island paradigm largely applied

to divergences dating back to the Miocene or the Pliocene (Glor

et al. 2004; Thorpe et al. 2010; Sly et al. 2011). Relatively lit-

tle attention has been paid to patterns of population divergence

within PAICs at local geographic scales, despite the existence of

such complexes throughout the Bahamas, and Greater and Lesser

Antilles (Pregill and Olson 1981; see also Fig. 1A). In fact, tests of

the PAIC model, whether based on distributional or genetic data,

have been very limited in island systems outside of the Philippine

archipelago (e.g., Jordan et al. 2005; Salvi et al. 2014).

The inherent difficulties of studying historical population

scenarios that are both recent and dynamic, with repeated cy-

cles of population reconnections, likely contribute to the lack of

PAIC studies. For example, the signal of population divergence

may be hard to decipher because of patterns arising from incom-

plete lineage sorting and/or secondary admixture. The limited

resolution of traditional genetic markers used in phylogeography

(e.g., mtDNA or a few microsatellite loci) may also hamper our

ability to distinguish among alternative evolutionary scenarios in

such dynamic systems. However, the vast amounts of genome-

wide polymorphism data that can now be generated for nonmodel

organisms with next generation sequencing (NGS) technologies

(Emerson et al. 2010; Peterson et al. 2012) can provide the req-

uisite resolution for addressing fine-scale phylogeographic struc-

ture and recent diversification history (Reitzel et al. 2013; Wagner

et al. 2013).

Here, we harness the power of NGS to infer the history of

divergence of a flightless ground cricket, Amphiacusta sanctae-

crucis, within a dynamic PAIC using a genome-wide dataset. Am-

phiacusta is a very diverse genus with a predominantly vicariant

pattern of diversification across the Caribbean (Oneal et al. 2010).

Although there are more than 80 species in the Greater and Lesser

Antilles, most of them are single island endemics (Otte and Perez

2009). The species A. sanctaecrucis stands out because of its rel-

atively broad distribution across many of the United States and

British Virgin Islands (Fig. 1B). These islands, which emerged

as part of the Puerto Rican Bank in the late Eocene (Heatwole

et al. 1981), have experienced multiple cycles of connections and

isolation due to sea level changes up until they became isolated

in the Holocene (approx. 7–8 ka; Pregill and Olson 1981), except

for St. Croix, which has been isolated since at least the Pliocene

(Heatwole et al. 1981). With comprehensive sampling of genomic

diversity from populations across the range of A. sanctaecrucis

we are interested in evaluating different hypotheses derived from

the PAIC model that make contrasting predictions about how di-

vergence might proceed. Specifically, the PAIC can be viewed as

both a model where divergence would have been promoted, but

also one in which diversification may be unlikely. For example,

the repeated fragmentation of populations might be expected to

promote diversification (Gorog et al. 2004; Esselstyn and Brown

2009). Alternatively, extended gene flow during periods of inter-

island connections established by low sea levels (Esselstyn and

Brown 2009; Brown et al. 2013), complemented by sporadic

oversea dispersal due to short geographic distances, might in-

hibit diversification across present-day islands. Which process

predominates may partly depend on how fast reproductive isola-

tion evolves relative to the tempo of the cycles. Here, we assess the

relative roles of island fragmentation and connectivity in driving

or inhibiting population divergence of A. sanctaecrucis across the

Virgin Islands. We compare these results with the respective roles

of vicariance and dispersal in the interspecific diversification of

the genus Amphiacusta across the Caribbean (Oneal et al. 2010),

to highlight particular insights the PAIC model provides about

the divergence process across local versus larger geographical, as

well as temporal, scales.

Methods
SAMPLED POPULATIONS AND GENOMIC LIBRARY

PREPARATION

Genomic data were collected for 158 individuals of A. sanctaecru-

cis sampled from each major, and two of the smaller, United States

and British Virgin Islands. For each island population 16–18 indi-

viduals were sampled, except for the island Anegada, where only

six individuals were available (Fig. 1; Table 1). Additionally, ge-

nomic data were collected from 16 individuals of a closely related

Puerto Rican taxon (i.e., from three populations of Amphiacusta.

sp.; Oneal et al. 2010), as an outgroup.

Genomic DNA was extracted from the femur of each in-

dividual using the Qiagen DNeasy Blood and Tissue Kit. Two

reduced representation libraries were constructed using an am-

plified restriction fragment approach, following the protocol of

Parchman et al. (2012). In summary, DNA was doubly digested

with the restriction enzymes EcoR1 and MseI, unique barcodes

(10 bp) and illumina adapter sequences were ligated to the di-

gested fragments, and the fragments were amplified by PCR. The

individually barcoded products were pooled into two groups of 90

and 84 samples each for gel extraction (selected fragments were

between 340 and 460 bp) and the two libraries were sequenced in

two lanes of an Illumina HiSeq2000 at the University of Michigan

DNA core facility.

PROCESSING OF ILLUMINA DATA

Raw sequence reads were processed in STACKS v.1.07 (Catchen

et al. 2011) using a protocol to maximize the number of loci

represented in the final dataset. Given that STACKS does not ac-

cept reads of unequal length, raw reads were processed as both

(i) full 100 bp reads and (ii) 50 bp reads after trimming 50 bp from

the 3’ end of the sequences using SEQTK (Heng Li, https://github.

com/lh3/seqtk). The number of reads processed with trimmed
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Table 1. Total number of sequenced specimens per population (nT) and number of retained individuals after quality filtering (nR) for

each sampled population, along with geographic information.

Island – Number of Island Island’s highest
Code Locality samples (nT/nR) size (km2) peak (m) Coordinates

ANEG Anegada 6/6 38 8.5 18°43’38.98”N, 64°23’47.36”W
BI Beef Island∗ 18/14 5.2 215 18°26’25.64”N, 64°32’27.75”W
JVD Jost Van Dyke 16/13 8 321 18°26’46.02”N, 64°44’55.08”W
PI Peter’s Island 17/14 7.2 158 18°21’10.55”N, 64°34’18.12”W
STC Saint Croix 17/14 214 331 17° 44’ 15” N, 64°50’ 30”W
STJ Saint John 17/13 51 389 18° 21’ 7.92” N, 64°45’ 38”W,

18° 20’ 35” N, 64°45’54”W
STT Saint Thomas 18/14 80.9 474 18° 21’ 48” N, 64°58’ 27” W,

18° 21’ 21” N, 64°58’ 27” W
TOR Tortola 16/16 55.7 523 18° 24’ 3” N, 64°39’ 40” W
VGB Virgin Gorda – Baths 17/15 21 417 18° 25’ 37.18” N, 64°26’ 38” W
VGP Virgin Gorda – Peak 17/17 As above As above 18°28’40”N, 64°24’12”W
PR1 Puerto Rico – Cerro las Piñas 7/7 9104 1338 18° 9’7.85”N, 66°5’7.59”W
PR2 Puerto Rico – Patillas 7/4 As above As above 18° 6’4.70”N, 66°2’27.19”W
PR3 Puerto Rico – Maricao 2/1 As above As above 18°11’10.33”N, 67°4’31.58”W

∗
Beef Island is connected to Tortola with a short bridge across a shallow canal today.

ends was larger than the full 100 bp reads because shorter se-

quences, arising from low quality reads near the 3’ end or adapter

contamination, are incorporated. In both cases, the reads were de-

multiplexed and filtered using the process_radtags.pl script. Only

reads with a Phred score >10 (using a sliding window of 15%),

unambiguous barcodes, and individuals with more than 1 million

reads were retained. Summaries of the number of reads pre- and

postprocessing per individual are given for the 100 bp and 50 bp

reads in Fig. S1.

Filtered reads of each individual were assembled de novo

into putative loci with the USTACKS program. The “removal al-

gorithm” was used to remove overrepresented stacks (i.e., stacks

that exceed the expected number of reads for a single locus given

the average depth of coverage, as expected when loci are mem-

bers of multigene families, for example) and the “deleveraging

algorithm” was used to resolve overmerged loci (i.e., nonhomol-

ogous loci misidentified as a single locus). The minimum stack

depth (m) was set to 3 (or to 4 only in the case of three in-

dividuals with number of filtered reads > 3.5 million) and the

distance allowed between stacks (M) was set to 3 and 2, for the

100 bp and 50 bp datasets, respectively. SNPs were identified at

each locus and genotypes were called using a multinomial-based

likelihood model that accounts for sequencing error (Hohenlohe

et al. 2010; Catchen et al. 2011; Catchen et al. 2013), with the

upper bound of the error rate (ε) set to 0.2. A conservative up-

per bound was selected for the error parameter, as these models

have been developed primarily for higher coverage data. Using

a conservative bound was preferred over the unbounded model,

which has been shown to underestimate heterozygotes (Catchen

et al. 2013). A catalog of consensus homologous loci among in-

dividuals was built in CSTACKS, using 106 selected individuals

(i.e., the 10 individuals (or six, in the case of the Anegada pop-

ulation) with the highest numbers of reads), with the number of

mismatches allowed between individuals (n) set to 2. Each in-

dividual was matched against the catalog using SSTACKS, with

output files loaded on a MYSQL database and exported using the

export_sql.pl script and the POPULATIONS program in STACKS. For

population genetic analyses, SNP data were exported in Variant

Call Format (vcf) and then converted to other required file for-

mats using the SNPRELATE package (Zheng et al. 2012) in R (R

Core Team 2013) and the program PLINK (Purcell et al. 2007).

Note that although both datasets were analyzed, we only present

results from analyses based on the shorter 50 bp reads given the

increased number of assembled loci compared to the 100 bp reads

(see Supplementary Text 1) and the results were qualitatively

similar between datasets (results not shown).

Only single-SNP loci that were sequenced in at least half of

the A. sanctaecrucis populations (i.e., five out of the 10 popula-

tions) and half of the individuals of each population were used

in downstream population genetic analyses. For some analyses

(which are identified below) more or less inclusive datasets were

also analyzed to evaluate the robustness of analyses to differ-

ent levels of missing data (see Arnold et al. 2013; Huang and

Knowles 2014). Only biallelic SNPs are considered here to com-

ply with the assumptions of the current methods for analyzing SNP

data.
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Table 2. Results of STRUCTURE analyses on the full dataset (10 populations) and hierarchical analyses of subsets of populations (four

hierarchical levels).

Level Populations Loci Inds Mis (p/in) 1st K �K F 2nd K �K

1 All 10 populations 5558 136 0.5/0.5 2 1102.5 0.49/0.49 7 6.1
1.1 STT-STC-STJ-JVD 4428 54 0.5/0.5 2 4.7 0.38/0.36 3 1.4
1.1.1 STC-STJ-JVD 3148 40 0.3/0.5 2 64.49 0.25/0.26 3 0.38
1.1.1.1 STJ-JVD 681 26 0/0.5 2 317.6 0.15/0.37 NA NA
1.2 PI-TOR-BI-VGB-VGP-ANEG 4724 82 0.5/0.5 2 535.4 0.32/0.41 3 0.3
1.2.1 PI-TOR-BI 3381 44 0.33/0.5 3 12.7 0.31/0.38/0.41 2 3.2
1.2.1.1 TOR-BI 2310 30 0/0.5 2 418.45 0.21/0.34 NA NA
1.2.2 VGB-VGP-ANEG 1851 38 0/0.7 2 304.2 0.12/0.70 3 134.8
1.2.2.1 VGB-VGP 1221 32 0/0.5 2 25.07 0.78/0.001 NA NA

The number of loci and individuals included in each dataset and the percentage of missing data allowed in each case are shown (at the level of populations,

p; and individuals per population, in). The two most probable K-values are presented, as selected using the Evanno method, with their corresponding

�K-values. Average F-values for each of the inferred K clusters (shown for the optimal K) provide an indication of the amount of genetic drift that has

occurred in each lineage since their divergence. See posterior probability plots of assignment of individuals to K genetic clusters in Figure 3.

GENETIC DIVERSITY STATISTICS AND POPULATION

STRUCTURE

The POPULATIONS program in STACKS and the program GENODIVE

(Meirmans and Van Tienderen 2004) were used for calculating

population genetic statistics, including nucleotide diversity (π),

major allele frequency, observed heterozygosity, and Wright’s

inbreeding coefficient (FIS) at each locus, and average values

across loci. Note that the calculation of the inbreeding coeffi-

cient excluded loci fixed within each population. To account for

possible biases due to unequal sampling of individuals per popu-

lation, genetic diversity statistics (i.e., observed and expected het-

erozygosities, and inbreeding coefficients) were also calculated in

GENODIVE from 10 random subsamples of six individuals (i.e., the

smallest sample of individuals across populations). Additionally,

pairwise FST-values were estimated among populations and their

significance was tested in GENODIVE using 10,000 permutations.

Population genetic structure was assessed using STRUCTURE

2.3.4 (Pritchard et al. 2000). Analyses were conducted initially

for all 10 populations, and subsequently for subsets of the data

corresponding to the identified genetic clusters in a hierarchical

order, given that global analyses in STRUCTURE are not necessarily

robust to hierarchical geographic structure (see Ryan et al. 2007;

Massatti and Knowles 2014) (see Table 2 for the composition

of data subsets). Analyses were performed under the “Admixture

model” and the “Correlated allele frequency model” for a series

of values of K (1–10 for the 10-population dataset, and 1 to n +
1 for the smaller datasets of n populations). Ten independent runs

were performed for each value of K, with 200,000 burnin steps

and 1 million MCMC iterations. The optimal K for each dataset

was chosen using the delta-K method of Evanno et al. (2005) as

implemented in the STRUCTURE HARVESTER program (Earl 2012).

The cluster membership coefficients (posterior probabilities of in-

dividual assignments to K genetic clusters) were permuted across

ten independent runs using CLUMPP (Jakobsson and Rosenberg

2007) and plotted using DISTRUCT (Rosenberg 2004).

RELATIONSHIPS BETWEEN GENETIC

DIFFERENTIATION AND GEOGRAPHY

We tested for isolation-by-distance (IBD), that is the correla-

tion between pairwise FST-values and Euclidean geographic dis-

tances among populations with a Mantel test from the R package

VEGAN (Oksanen et al. 2013). Significance was assessed with 1

million permutations. Given the widespread concerns about the

reliability of Mantel tests (Legendre and Fortin 2010; Guillot and

Rousset 2013; but see also Kierepka and Latch 2014) we addi-

tionally applied a distance-based redundancy analysis (dbRDA;

Legendre and Anderon 1999) using the “capscale” and

“anova.cca” functions in VEGAN, after transforming the ge-

ographic Euclidean distance matrix to continuous rectangular

vectors via principal coordinates analyses (using the “pcnm”

function).

An association between genetic differentiation and geogra-

phy was also assessed considering divergence along both lati-

tudinal and longitudinal axes across populations using Principal

Component Analysis (PCA). Specifically, PC1 and PC2 scores

were used in a Procrustes transformation approach, which maxi-

mizes the similarity between PCA maps of genetic variation and

geographic locations of sampled populations (see Wang et al.

2010, 2012). This analysis was performed using the procrustes

and protest functions in VEGAN (Oksanen et al. 2013). Major axes

for genome-wide SNP data were visualized using the R package

ADEGENET (“glPCA” function).

Lastly, we estimated population relationships to evaluate

the extent to which the history of population divergence corre-

sponds to the geographic configuration of islands. The program
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SVDQUARTETS was used (Chifman and Kubatko 2014). This

approach accommodates the differences in the genealogical

history of individual loci expected to arise from coalescent

variation (in contrast to analyzing a concatenated matrix of SNPs;

see supplement for such an analysis with the program RAXML v.

8; Stamatakis 2014). This method, as well as the concatenation,

do not account for species divergence with gene flow; however,

note this assumption is less likely to be violated in this flightless

cricket species (which can be corroborated visually by patterns of

genetic variation in the PCAs; see discussion). As the coalescent-

based method for analysis of SNP data is robust to missing data

(Chifman and Kubatko 2014), a more inclusive dataset was used

(i.e., a dataset with all single-SNP biallelic loci sequenced in

three or more populations), and included the outgroup from

Puerto Rico.

DIVERGENCE TIME ESTIMATION

To provide an approximate time framework for population

divergence across the Virgin Island PAIC and between the

Virgin Islands and Puerto Rico, we used a composite-likelihood

simulation-based approach (Excoffier et al. 2013), implemented

in FASTSIMCOAL2 (Excoffier and Foll 2011), which estimates de-

mographic parameters from the site frequency spectrum (SFS).

A folded joint SFS (i.e., for the minor allele, in the absence of

information for the derived state) was calculated for each pop-

ulation pair based on loci containing one to three SNPs (i.e.,

monomorphic sites were not considered for parameter inference;

see “removeZeroSFS” option in FASTSIMCOAL2), representing re-

gions of different mutation rates across the genome; only a single

SNP per locus was considered for the calculation to avoid the

effects of linkage disequilibrium. To remove all missing data for

the calculation of the joint SFS, each population was subsampled

using a custom script (available on Dryad) and only loci found in

at least 10 individuals per population were retained to minimize

errors with allele frequency estimates.

Divergence times were estimated accounting for the possi-

bility of migration. To improve the performance of the models

by reducing the number of parameters estimated from the data

(Excoffier et al. 2013), one population parameter was calculated

directly from the data. Specifically, the effective population size

for one population (N1) was fixed (as explained below), whereas

the size of the other population, N2, the ancestral population size

NA, the divergence time TDIV, and the migration rate m were es-

timated based on the SFS. The effective population size that was

fixed in the model was calculated from nucleotide diversity esti-

mates from loci that contained zero to three SNPs and were present

in at least half of the individuals per population, and a mutation

rate of 3.5 × 10−9 per site per generation (Keightley et al. 2009).

Divergence times were estimated between representative pairs of

populations to compare the divergence between Puerto Rico and

Table 3. Results of divergence time estimation with Fastsimcoal2.

Pop pair Loci Point estimate 95% CI

PR-STT 1768 711,426 (7.3N) 527,595–687,115
PR-STJ 4330 787,143 (8.1N) 562,878–753,018
STT-TOR 2979 107,328 (0.9N) 92,514–127,626
STJ-VGP 4891 102,336 (0.8N) 90,554–123,944
TOR-VGB 3299 80,914 (0.6N) 71,403–108,317
STJ-STC 3141 18,899 (0.15N) 17,435–24,069

Composite maximum likelihood estimates of divergence times are pre-

sented as the number of generations (i.e., number of years ago, with one

generation per year) and as a function of the effective population size in

parentheses (see Table S4 for estimated population sizes). 95% confidence

intervals were calculated from 100 parametric bootstrap replicates. In all

cases, apart from the last population pair (St. John—St. Croix) the estima-

tion was performed under an Isolation-with-Migration model. See Table S4

for estimated parameters under alternative models. The number of loci that

were used for the calculation of the joint site frequency spectrum for each

population pair is indicated. Population codes are the same as in Table 1

and Figure 1.

the Virgin Islands relative to the divergence among islands within

the PAIC (see Table 3 for details). Representative populations

from the major Virgin Islands and Puerto Rico were chosen based

on their relative geographic position, as well as on the percent-

age of overlap among sequenced loci, in order to maximize the

number of available loci without missing data for the calculation

of the joint SFS. Note that we had to opt for pairwise population

models, rather than a global model based on a history of popu-

lation divergence estimated phylogenetically because the number

of loci without missing data in common to all populations was

prohibitively small (� 370 loci) for analyses with FASTSIMCOAL2.

Likewise, we did not include the population of Anegada as one

of the populations explored with the models because of the small

number of individuals sampled, which did not allow for the sub-

sampling procedure performed to standardize the number of loci

sampled in each population. 40 runs per population pair were con-

ducted and the global maximum likelihood solution is presented.

Each run was performed with 100,000–250,000 simulations per

likelihood estimation and 10–40 expectation-conditional maxi-

mization (ECM) cycles, based on a stopping criterion of a 0.001

relative difference between iterations. Parameter confidence in-

tervals were calculated from 100 parametric bootstrap replicates,

by simulating SFS with the same number of SNPs from the maxi-

mum composite likelihood estimates and reestimating parameters

each time (Excoffier et al. 2013).

Results
GENETIC DIVERSITY STATISTICS

Of the approximately 300 million reads generated, after pro-

cessing of data (see Supplementary Text 1) and applying a
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Figure 2. Comparison of genetic diversity statistics across popu-

lations, based on 5558 SNPs and averaged across loci. Specifically,

observed heterozygosity, Hobs, and nucleotide diversity, π, with

corresponding values are shown on the y-axis on the left, and on

the y-axis on the right, are corresponding values of inbreeding co-

efficients, FIS. Each population is color coded, with corresponding

abreviated names listed as well (see Fig. 1 for distribution of pop-

ulations). For each summary statistic, the median, the first, and

third quartiles, standard deviation, and range across populations

are shown in the box-and-whisker plots.

tolerance threshold of 50% missing data across the ten popu-

lations, 5558 loci with a single biallelic SNP were retained for as-

sessing population structure and genetic differentiation. The more

inclusive dataset with the higher tolerance of missing data used to

estimate population relationships with the coalescent-based pro-

gram SVDQUARTETS contained 82,443 single-SNP loci, while the

dataset used for estimation of divergence times in FASTSIMCOAL2

included 32,096 loci.

The within-population genetic diversity statistics showed that

populations did not differ substantially from one another with the

exception of the Anegada population (Fig. 2; Table S2); the ge-

netic diversity statistics were also qualitatively similar whether

calculated with the POPULATIONS program or GENODIVE. The gen-

erally lower nucleotide diversity and heterozygosity observed for

the Anegada population (notably 99.15% of the loci are fixed) was

not an artifact of the smaller number of individuals sampled from

that island; the results were consistent when the genetic diversity

statistics were calculated for subsamples of six individuals for all

populations (Fig. S3). Island size was not a good predictor of ge-

netic diversity. For example, two of the smallest islands (Jost Van

dyke and Peter’s Island; Fig. 1) were not particularly genetically

depauperate compared to the larger islands.

STRUCTURING OF POPULATION GENETIC VARIATION

The STRUCTURE analyses of the 10-population dataset identified a

generally strong correspondence between geography and inferred

genetic clusters for each of the different K-values (K = 2–10).

The most probable K value based on the Evanno method of �K

was K = 2, while the next probable value (K = 7) had a much

smaller �K (Table 2). Subsequent analyses of separate subgroups

of populations identified from the respective genetic clusters to

account for the hierarchical structure of populations (i.e., when

populations share a nested set of common ancestors; see Ryan

et al. 2007; Massatti and Knowles 2014) also identified a strong

correspondence between geography and membership to inferred

genetic cluster (Fig. 3). The lowest level of the hierarchical analy-

ses identified clusters confined to a single present-day island. High

levels of admixture were only apparent between the two popula-

tions located on Virgin Gorda (Fig. 3). The F-value estimated by

STRUCTURE as an indication of the amount of genetic drift that has

occurred in each lineage since their divergence (Pritchard et al.

2000; Harter et al. 2004), was particularly elevated for the genetic

cluster corresponding to the Anegada population (Table 2).

Pairwise FST-values were all significantly different from

zero based on 10,000 permutations (P < 0.005), even after cor-

recting for multiple comparisons using a Bonferroni correction

(Table S3). Pairwise FST-values among populations were not sig-

nificantly associated with the geographic distances separating

populations (Mantel test statistic r = 0.47, P = 0.08; dbRDA

P = 0.31), but the association was highly significant if the St.

Croix population was excluded (Mantel test r = 0.82, P = 0.0001;

dbRDA P = 0.001) (Fig. 4).

The Procrustes-based analysis to quantify the association be-

tween genetic variation and geographic positions of populations in

multivariate space (Fig. 5) identified a significant similarity score

(t0 = 0.664, P < 0.0001), which increased to t0 = 0.772 when

St. Croix and Anegada populations were excluded (Fig. S4),

which are the two populations that deviated the most from the gen-

eral expectation based on the geographic positioning of the islands

(Fig. 5). Specifically, individuals from both St. Croix and Ane-

gada are genetically more similar to the individuals from the other

populations than would be expected given the geographic distance

separating these two islands from the other islands. Note that the

general pattern of association with geography—specifically, the

extent and direction of distortions of the individuals in PC space
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Figure 3. Results of population STRUCTURE analyses with posterior probability plots of individual assignments to the inferred genetic

clusters shown for the most probable K-value, as well as a series of hierarchical analyses of subsets of populations (defined by the

inferred genetic clusters at the previous level). The optimal K-value was two for most datasets (see Table 2), apart from the analysis of

the Peter’s Island, Tortola, and Beef Island populations (PI-TOR-BI) where the optimal K = 3. Note that we applied a similar tolerance

threshold for missing data to analyses of population subsets, and therefore these respective datasets were generally smaller than the

5558 SNPs identified across all ten populations (see Table 2).
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Figure 5. Procrustes-transformed PCA plot of genetic variation

with each individual mapped in PC space relative to the geographic

location of populations. The length of the line connecting individ-

uals in PC space to their geographic location (shown by the large

colored dots; see Fig. 1 for definitions of abbreviated island labels)

represent the extent of the deviation from the expected pattern of

genetic variation based on geography. Solid axes show the orien-

tation of PC1 and PC2 for the genetic data (explaining 7% and 4%

of the genetic variation, respectively) relative to the geographical

longitude and latitudinal axes (shown by the dashed lines). The

Procrustes similarity score increased from t0 = 0.664–0.772 when

the analysis was repeated without the St. Croix (STC) and Anegada

(ANEG) populations (Fig. S4).

based on genetic coordinates—was robust after St. Croix and

Anegada were excluded (Fig. S4).

The strong geographic structuring of individuals across the

islands was apparent in the estimation of population relationships

(Fig. 6, Fig. S5). Most island populations were monophyletic,

with the exception of Tortola and St. John’s. Specifically, Tortola

had one individual that did not cluster with the other individuals

from the same island and St. John’s was polyphyletic (or para-

phyletic if two individuals are excluded; see also Fig. S5). Within

the island Virgin Gorda, the two populations were not sorted from

each other. The concatenated RAXML tree on the 5558 SNPs

dataset estimated the same pattern of relationships among islands

(Fig. S6) with the primary difference pertaining to the general dis-

tinctiveness of populations sampled within islands. Specifically,

with the concatenated dataset Tortola and the Virgin Gorda Peak

(VGP) populations are monophyletic, and the Virgin Gorda Baths

population (VGB) is paraphyletic in respect to VGP.

DIVERGENCE TIME ESTIMATION

Divergence time estimates among islands of the PAIC largely

overlap (Fig. 7), ranging from 71–108 ka (e.g., between Tortola

and Virgin Gorda populations; Table 3) to 92–127 ka (e.g., be-

tween St. Thomas and Tortola; Table 3), in association with a

period of intense sea-level fluctuations causing repeated connec-

tion and isolation of the islands (75–115 ka; Fig. 7) following

a major sea-level rise of 10 m above current levels during the

Eemian interglacial period (115–130 ka). Much older divergence

times (i.e., around 700 ka; Table 3) were estimated between the

A. sanctaecrucis Virgin Island populations and the Amphiacusta

sp. population from Puerto Rico. Divergence time estimates also

confirm the more recent colonization of St. Croix, estimated at

17–24 ka (based on a model of divergence without migration,

which is biologically most likely given the geologic history of

the island; but note that irrespective of the model used, a recent

divergence time is supported; see Table S4). Migration estimates

within the Virgin Islands ranged between 0.8 and 4 migrants per

generation, which was two to three orders of magnitude higher

than between Virgin Islands and Puerto Rico (see Table S4 for es-

timated parameter values). A divergence without migration model

and a model allowing for migration only before the last separation

of the islands at 8 ky were also run and produced qualitatively

similar estimates for divergence times (Table S4).

Discussion
High levels of population divergence within the Virgin Island

PAIC that predate the last separation of the islands at 7–8 ka, as

well as a strong correspondence between genetic differentiation

and the geographic configuration of the islands, demonstrate that

populations of A. sanctaecrucis are not homogenized by gene flow

during extended periods of island connections. Instead, the anal-

yses are consistent with the role of PAIC systems in promoting

genomic divergence. This local population divergence within the

PAIC parallels the inter-island vicariance observed in patterns of

diversification across the genus in these Caribbean crickets. Yet,

despite the frequency and recency of speciation events within

other Caribbean Islands such as Puerto Rico (Oneal et al. 2010),

divergence across the PAIC does not translate into species di-

versification. Unlike the high diversity of endemics found on the

larger Caribbean islands, the Virgin Island PAIC is characterized

by a single species, A. sanctaecrucis. Below we discuss what this

pattern implies about the hypothesis of PAICs as species pumps,

and speciation in these Caribbean crickets.

EVOLUTION JUNE 2015 1 5 0 9



A. PAPADOPOULOU AND L. L. KNOWLES

Figure 6. History of population relationships estimated for the 136 A. sanctaecrucis individuals based on 82440 SNPs analyzed with

SVDQUARTETS (Chifman and Kubatko 2014). The software GENGIS (Parks et al. 2009) was used for plotting the tree against the geographic

map of the archipelago. Colored circles represent monophyletic groups of individuals from the same island. A rooted tree with 12

outgroup individuals from Puerto Rico (not shown here; see Fig. S5) supports the relative branching order shown here, with the basal

split from Puerto Rico occurring at the node that separates St. Thomas (in light blue) from the rest of the PAIC islands, and suggests a

stepping-stone pattern of colonization from the West to the East of the archipelago. Note that the two populations sampled from Virgin

Gorda (VGB and VGP) have been merged here into a single group labeled “VG.”

DIVERGENCE WITHIN A CARIBBEAN PLEISTOCENE

AGGREGATE ISLAND COMPLEX (PAIC)

Despite the short geographic distances separating the individual

Virgin Islands that formed a PAIC (Fig. 1), and the recent and

extended island connections (Fig. 7), the crickets sampled from

the separate islands are genetically distinct (Fig. 3). Moreover, the

estimated divergence times within the PAIC (Fig. 7) date back to

a period of repeated island connection and isolation (75–115 ka)

and the Eemian rise of the sea-level (115–130 ka) (Fig. 7), rather

than the most recent separation of the islands (7–8 ka; Pregill and

Olson 1981). As such the analyses are generally consistent with

the role of PAICs as arenas for divergence. Nevertheless, not all

of the genetic differentiation follows directly from the breakup of

the PAIC with rising sea levels or fit with a colonization model of

isolation-by-distance (IBD).

As noted, patterns of genetic differentiation are not predicted

by the geographic position of St. Croix or Anegada in relation to

the other populations, and the geographic position of St. Croix

does not fit expectations based on IBD (Figs. 4 and 5). Exam-

ination of the genomic composition of individuals in multidi-

mensional space fits expectations in relation to the longitudinal

position of islands. However, the genetic differentiation among

individuals is smaller than expected based on the latitudinal

positioning of islands (Fig. 5). This deviation may not be en-

tirely unexpected given that the northernmost island Anegada is

a flat and low atoll that lacks the topographic relief of the other

islands (Fig. 1B), perhaps making it less likely that its popu-

lations would have persisted over time. The significantly lower

genetic diversity and increased inbreeding coefficient (Fig. 2;

Table S2), and corresponding displacement of the Anegada pop-

ulation in PCA space is consistent with strong population bot-

tlenecks. The island Anegada only recently emerged 119–130 ka

(Gore 2013), in contrast to the other islands of the PAIC that

have existed throughout the Pleistocene. While a more recent

colonization of Anegada may also have contributed to the lower

than expected genetic differentiation in the PCA-space from the

Procrustes analysis (Fig. 5), unfortunately limited sampling pro-

hibits a definitive test of this possibility (see Methods). Note that

the general fit of Anegada with expectations of IBD based on

analyses of pairwise population FST -values are not necessarily

inconsistent with the Procrustes analysis because it may reflect

a general inflation of FST due to a high percentage of fixed loci

(Table S2).

In contrast to Anegada, the deviation for St. Croix in terms of

expected patterns of genetic differentiation based on geography

(Figs. 4 and 5) is surprising. With the deep channel separating

St. Croix, any incipient differentiation of these crickets should

have been protected from the homogenizing effects of recurrent

gene flow. This peculiar pattern is not unique to A. sanctaecrucis,

as recent dispersal between the Virgin Island PAIC and St. Croix

has been inferred for other low-vagility organisms too (Hedges

and Heinicke 2007; Falk and Perkins 2013). What fosters such

dispersal events is not clear. Although hurricanes and storms could

contribute to interisland movements, the north-to-south dispersal

route involved in the colonization of St. Croix makes disper-

sal under such mechanisms less probable (Hedges 2006). More-

over, given the level of genetic distinctiveness of individuals from

St. Croix and the estimated divergence time at 20 ka (Table 3) it
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Figure 7. Schematic of (A) sea level change curve in compari-

son with (B) divergence time estimates within the Virgin Island

PAIC under an Isolation-with-Migration model. For the reconstruc-

tion of global sea-level change during the last 120 ka (taken from

Rijsdijk et al. 2014, based on data from Camoin et al. 2004), the con-

tinuous gray line indicates that a 25 m drop in the sea level would

connect all the islands within the PAIC to each other. Note that

this reconstruction is not specific to the Caribbean, but it serves as

an approximation for the timing of island connections, given that

tectonic uplift in the region has been minimal during the late Pleis-

tocene and Holocene (Whetten 1966; Hubbard et al. 2008). Point

estimates of divergence times under an Isolation-with-Migration

model are shown as gray circles with dashed gray arrows marking

the 95% confidence intervals.

is unlikely that the pattern of relatedness (Fig. 5) reflects recent

human-associated dispersal from St. John, especially given the

accuracy of assignment of individuals to their respective popula-

tions (Fig. 3).

With respect to the colonization from Puerto Rico to the

Virgin Islands and eastwards across the PAIC, it would be rea-

sonable to assume that it occurred through land bridges during

periods of low sea-levels, as overwater dispersal from West to

East is also unlikely in this region, based on information on hur-

ricane tracks (Hedges 1996). The minimum depth separating any

pair of islands (apart from St. Croix) is in fact very similar (Fig.

S7), suggesting that the timing of the last interisland connections

is not expected to differ greatly across the PAIC, which is con-

firmed by the largely overlapping estimates of divergence among

the three populations pairs (Fig. 7).

The pattern of interisland connections, and not present-day

island size per se, appears to best predict genetic patterns. For ex-

ample, neither Peter’s Island nor Jost Van Dyke—the two small-

est islands sampled—is genetically less distinct or differentiated

from other geographically proximate islands (Fig. 5), and they

have comparable genetic diversities relative to the other islands

(Fig. 2). It may be that for crickets, the minimal sustainable habitat

for population persistence is represented on all islands, irrespec-

tive of their size, although we currently lack information to evalu-

ate this hypothesis. A possible alternative may be that total habitat

availability during low sea-level periods rather than present-day

island size is predictive of genetic diversity patterns (see also

Jordan et al. 2005; Salvi et al. 2014). However, the smaller islands

fit the isolation-by-distance (Fig. 4) and stepping-stone model of

colonization (Fig. 6) and do not deviate in PC space any more

than the larger islands of the PAIC from their expected genomic

positions based on geography (Fig. 5). This suggests that if past

habitat availability contributes to current genetic patterns, island

size does not mediate this effect.

PAICs AS SPECIES PUMPS OR SIMPLY

ISOLATION-BY-DISTANCE?

Our results support the contention that divergence across short

geographic scales can occur within PAICs. However, does dif-

ferentiation necessarily imply a role for the cycles of past island

connections and fragmentation among the constituent islands of

the PAIC, as opposed to simply isolation-by-distance?

There is a significant isolation-by-distance (IBD) pattern

among the islands of the PAIC (i.e., when St. Croix, which is

not a member of the PAIC, is excluded; Fig. 4). Moreover, given

the east-west configuration of the contemporary islands, the ex-

change of individuals through past island connections would not

necessarily erase a signal of IBD (see also He et al. 2013), thereby

making it difficult to rule out a role of isolation-by-distance in

structuring genetic variation. Potential comparisons with a simi-

lar set of densely sampled populations from a large unfragmented

island, such as Puerto Rico, would provide further insights into the

role of connectivity cycles in structuring genetic variation of Am-

phiacusta, as opposed to a strictly IBD model, but such data are

currently unavailable. Nevertheless, there are particular signals

in the existing data suggesting that past island connections, not

simply IBD, has contributed to patterns of divergence across the

Virgin Islands. Interestingly, some of the most extreme changes

in the geographic configuration of islands predicted during pe-

riods of low sea level occurred in the easternmost area of the

PAIC, which is characterized by a very shallow and broad shelf

(Fig. S7). The eastern islands are also the most notable with re-

spect to substantial longitudinal deviations from expected patterns

of genetic divergence under an IBD model (Fig. 5), suggesting

that exposed island areas may indeed have contributed to spatial
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patterns of population differentiation by providing opportunities

for colonization or expansion during low sea-level periods, even

though a pattern of IBD, which is inherent to the geographic

configuration of the Virgin Islands that comprise the PAIC, also

structures genetic variation.

Given that levels of differentiation among the constituent is-

lands of the PAIC are greater than those observed between the

geologically, and geographically isolated island St. Croix, clearly

genetic distinctiveness can be maintained among islands of a

PAIC. However, these high levels of genetic distinctiveness do

not necessarily confirm a role of PAICs as “species pumps”. For

speciation to be completed, within-species lineages (i.e., isolated

island populations forming separate gene pools) need to persist

and differentiate for a sufficiently long period of time to develop

reproductive isolation (Allmon 1992; Ricklefs and Bermingham

2007; Dynesius and Jansson 2014). Failure to persist long enough

can be caused either by extinction or by merging with other gene

pools due to increased gene flow, making genetic differentiation

ephemeral (Futuyma 1987; Dynesius and Jansson 2014). Genetic

differentiation among populations of the Virgin Island PAIC is not

rendered ephemeral in the strictest sense given the observed differ-

entiation has persisted throughout the extended periods of island

connections over the last �100 ka. However, the divergence time

estimates are still relatively recent, raising a question about long-

term population persistence on these islands. Admittedly, these

estimates might be conservative to some extent (e.g., excluding

loci with missing data from RAD-seq datasets can favor loci with

lower mutation rates; Huang and Knowles 2014) or inaccurate

due to the use of the spontaneous mutation rate of Drosophila

(Keightley et al. 2009). These potential impacts on estimates of

the absolute timing of divergence, however, do not compromise

the relatively recent divergence times observed within the Virgin

Island PAIC (< 1 N) compared to the older divergence between

A. sanctaecrucis and its closely related species from Puerto Rico

(>7 N), which is robust across models (Table S4) and unaffected

by mutation rate biases. Could this suggest that more ancient dif-

ferentiation among the Virgin Island populations has been wiped

out due to higher extinction rates during high sea-level periods

of interglacial maxima? The small size of the individual Virgin

islands in combination with climatic and sea-level changes might

drive populations to extinction more often than on larger islands

(Ricklefs and Bermingham 2004; Davalos and Russell 2012),

such as Puerto Rico. The extent of topographic relief on the large

Caribbean islands like Puerto Rico might also have an important

effect on levels of local extinction (see also Jordan et al. 2005).

In the extreme cases of low and flat islands, such as Anegada,

which become completely submerged during interglacial maxima

(Fig. 1), island populations would have been subjected to peri-

odic local extinction and recolonization inhibiting diversification

(Slatkin 1977; Slatkin 1985; Futuyma 1987). However, both Vir-

gin Gorda and Tortola (Fig. 1) are characterized by relatively high

topographic relief (Table 1) that would have afforded refuge to

rising sea levels so not all the island populations would have un-

dergone pronounced latitudinal or longitudinal shifts to persist.

Yet neither of these islands carries a genetic signature character-

istic of local persistence that differs from any of the other islands

(Figs. 2, 5).

Apart from extinction rates, an additional factor that may

prevent PAICs from acting as “species pumps” is the increased

gene flow during periods of interisland connections, which will

tend to erase differentiation among island populations (Futuyma

1987; Rhymer and Simberloff 1996). Given the particularly shal-

low sea-levels separating the Virgin islands (Fig. S7), periods of

land-bridge connections via the exposed shelf have been longer

than periods of island isolation during the Pleistocene (Fig. 7),

and these extended intervals of presumably increased gene flow

might be responsible for “reversing” the speciation process (e.g.,

Seehausen 2006; Taylor et al. 2006). Our results suggest that mi-

gration rates during the last �70 ka of island connections were

not high enough to homogenize island populations, but levels of

gene flow may have been higher during previous low sea-level pe-

riods, as habitat availability on the exposed shelf will depend on

climatic conditions which have not been uniform across different

glacial cycles.

Additional studies will be needed to generalize the effects

of island connectivity cycles on other Virgin Island taxa or other

Caribbean PAIC systems, as patterns of gene flow and popu-

lation persistence might be taxon-specific and will also depend

on particular characteristics of each island system. For exam-

ple, given the short geographic distances and small island sizes,

the high levels of population divergence found in these flight-

less, forest-associated crickets would not be expected for Virgin

Island taxa with better over-sea dispersal abilities and habitat gen-

eralists with increased propensity to cross the exposed shelf, or

taxa with greater area requirements leading to higher extinction-

recolonization dynamics, and thus a less static model than the

one observed for Amphiacusta. However, given where Amphia-

custa is likely to fall on the spectrum of minimum area require-

ments for diversification based on comparisons with other taxa

(see Discussion below; also Kisel and Barraclough 2010), it is

not clear what properties of taxa would be more likely to facil-

itate the persistence of divergent populations that might even-

tually lead to speciation under such a dynamic biogeographic

setting. This suggests that other intrinsic traits associated with

divergence, and specifically, species-specific traits subject to se-

lective divergence, might be essential for maintaining incipient

divergences.

Even when focusing on more ancient divergences (e.g.

Miocene) the completeness of allopatric speciation after sec-

ondary island connections depends on the taxon and island of
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interest. While the island fragmentation paradigm has been con-

sidered as a main driver of diversification for Cuban anoles (Glor

et al. 2004) and the avian fauna of Hispaniola (Sly et al. 2011),

the example of the Lesser Antillean anoles shows that even such

ancient divergences do not always lead to complete allopatric spe-

ciation (Thorpe et al. 2008, 2010). Lineages that have diverged on

ancient (6–8 My) precursor islands and have recently come into

secondary contact on the island of Martinique are not reproduc-

tively isolated, while ecological adaptation is currently playing a

more important role in defining levels of genetic differentiation

than previous allopatric divergence (Thorpe et al. 2010, 2012).

On the other end of the spectrum, rapid bursts of diversification

may even exceed the tempo of sea-level oscillations, especially

in taxa that are prone to strong ecological selection. For example,

in the Bahamas, rapid post-Pleistocene radiations of mosquitofish

and pupfish have been driven by ecological adaptation to predator

regimes (Langerhans et al. 2007; Heinen et al. 2013) or novel

trophic niches (Martin and Feinstein 2014), respectively, since

the last inundation of the islands.

SPECIATION IN CARIBBEAN CRICKETS

The relative role of different biogeographic processes in the his-

tory of divergence of A. sanctaecrucis identified from genomic

data (Fig. 6) are similar to those inferred from phylogenetic analy-

ses of species diversity patterns in the genus Amphiacusta (Oneal

et al. 2010). That is, the results from both population and species-

level analyses suggest that these flightless crickets tend to di-

versify across local geographical scales and do not commonly

cross sea-barriers, even though they are apparently capable of

occasional long-distance over-water colonization (as in the cases

of Jamaica or St. Croix). Despite these strong parallels between

the population and species-level analyses that support divergence

over localized geographic scales, there is nonetheless a striking

difference. Amphiacusta sanctaecrucis is the only species dis-

tributed across the Virgin Islands. In contrast, multiple endemic

taxa that arose in situ (i.e., intraisland speciation) characterize the

other islands, many of which are recently diversified species (80–

480 ka; Oneal et al. 2010). This difference in species diversity is

not simply a function of the size of the area encompassed by the

Virgin Island PAIC (�4500 km2 at low sea level periods), which

is more comparable to the size of Puerto Rico (�9100 km2; see

Fig. 1) than to the currently exposed area of the Virgin Islands

(�517 km2). Neither is simply a function of island age, given that

the Virgin Islands emerged in the late Eocene as part of the Puerto

Rican Bank (Heatwole et al. 1981) and that their surface has been

inhabitable for a sufficiently long period for speciation to occur,

given the recency of speciation estimated for other Amphiacusta

taxa (Oneal et al. 2010). Despite the recent and repeated con-

nections between the Virgin Island PAIC and Puerto Rico during

low sea-level periods (occurring at a similar tempo as the cycles

of connection and isolation among the Virgin Islands; Heatwole

and MacKenzie 1967) there are several animal or plant lineages

endemic to the Virgin Island PAIC (e.g., Acevedo-Rodrı́guez,

1996; Henderson and Powell, 1999). However, single-island en-

demism on individual present-day islands is very low (Heatwole

and MacKenzie 1967). Similarly, A. sanctaecrucis has persisted

as a Virgin Island endemic throughout multiple glacial cycles

(�700 ka divergence from the Puerto Rican lineage; Table 3), but

regardless of its high levels of genomic divergence and the ap-

parently high intrinsic speciation rate of the genus Amphiacusta

(Oneal et al., 2010), speciation has not occurred within the Vir-

gin Island PAIC. This contrasting pattern presents somewhat of

a paradox about the speciation process. If differentiation appar-

ently occurs at local geographic and short temporal scales (based

on phylogenetic analyses and the geographic distribution of other

Amphiacusta taxa; Oneal et al. 2010), why are individual islands

comprising the Virgin Island PAIC not inhabited by a diverse set

of closely related endemics?

This apparent paradox might be explained by the overall

small size of the individual Virgin Islands that comprise the

PAIC. Analyses of species distribution patterns suggest that in

situ speciation is rare on small islands (e.g., smaller than 3000

km2 for Caribbean anoles; Losos and Schluter 2000). However,

the minimum area for speciation to occur can vary greatly among

taxa with different levels of intraspecific gene flow (0.8–500,000

km2; Kisel and Barraclough 2010). With a significant within-

island genetic differentiation across short geographic distances

(e.g., FST = 0.15 between the two Puerto Rican populations PR1

and PR2, which are 7.5 km apart), Amphiacusta is expected to

require relatively small minimum areas for diversification (Kisel

and Barraclough 2010). While the total size of the Virgin Island

PAIC is not necessarily below the area limits for speciation for

this taxon, the individual islands themselves would appear to fall

within the range where in situ diversification is unlikely.

Apart from the effect of geographic distance per se, the

presumed relationship between island size and prevalence for

speciation is commonly attributed to the greater topographical

complexity of larger islands providing more opportunities for

allopatric isolation and/or to the greater ecological diversity of

larger islands providing more opportunities for niche partitioning

and species coexistence (Losos and Ricklefs 2009). Even if the

relative contributions of geographical isolation and ecological

adaptation in the early stages of population divergence are diffi-

cult to disentagle and not mutually exclusive (Wang et al. 2013),

several recent studies have emphasized the critical role of eco-

logical divergence in the speciation process (Schluter and Conte

2009; Thorpe et al. 2010), both from a perspective of maintaining

incipient divergence through reduction in levels of gene flow due

to maladaptation of immigrants and hybrids (Crispo et al. 2006;

Lee and Mitchell-Olds 2011; Edelaar et al. 2012), as well as from
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a perspective of occupying a finite niche space (Parent and Crespi

2006; Esselstyn et al. 2011; Martin and Feinstein 2014). However,

unlike the textbook example of the Caribbean anoles which have

diversified into similar sets of habitat specialists (“ecomorphs”)

on each of the Greater Antilles (Williams 1983; Losos et al.

1998), speciation of Amphiacusta crickets on the same islands

has notably occurred without consistent ecological divergence,

with most taxa occupying wet tropical forest with similar life

histories and life styles (i.e., all are flightless ground crickets, in

contrast to groups like tree crickets that partition a canopy), and

shifts to dry forest are relatively rare (Oneal and Knowles 2013).

Since niche space (or more specifically habitat diversity)

does not appear to be the limiting factor in the diversification

of the genus Amphiacusta, and given the high levels of popula-

tion differentiation observed in A. sanctaecrucis suggesting that

the small geographic scale per se or lack of topographic com-

plexity is not the limiting step (i.e., clearly divergence is not

inhibited, but rather sea-barriers provide multiple opportunities

for allopatric isolation among the Virgin Islands comprising the

PAIC), the lack of speciation in association with the PAIC would

appear to relate to the ephemerality of genetic divergence. That is,

species diversity patterns in the crickets might reflect processes re-

lated to the maintenance of divergence (see also Seehausen 2006),

not just the drivers of divergence (Futuyma 1987; Dynesius and

Jansson 2014). In this sense, the processes associated with the

species pump hypotheses might very well be operating; however,

the genomic divergence is nonetheless ephemeral due to factors

that may not be directly related to the island connectivity cycles

per se.

Conclusions
The diversification of A. sanctaecrucis in the Virgin Islands high-

lights the importance of PAIC systems as drivers of divergence at

local geographic and short-temporal scale, which has been largely

neglected in the Caribbean. However, whether this divergence will

lead to speciation under a hypothesized “species pump” depends

on factors that determine whether incipient divergence persists,

which may be related to taxon-specific traits, geography, and eco-

logical adaptation, as illustrated by comparisons of our findings

with other taxa and island systems. We emphasize the role of

some island characteristics that might be involved in determining

the propensity of a PAIC system to promote diversification under

a hypothesis of a species pump, such as island size, overall PAIC

size, and topographic relief (including both bathymetry and island

elevation). Using this powerful and accessible approach on other

taxa and PAIC systems across the Caribbean, will provide a better

perspective not only on the factors that contribute to divergence,

but also on what determines whether such divergences are likely

to be maintained, and therefore contribute to diversification across

island systems.
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