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ABSTRACT: 

With shifts in island area, isolation, and cycles of island fusion-fission, the role of Quaternary sea-

level oscillations as drivers of diversification is complex and not well understood. Here we conduct 

parallel comparisons of population and species divergence between two island areas of equivalent size 

that have been affected differently by sea-level oscillations, with the aim to understand the micro- and 

macroevolutionary dynamics associated with sea-level change. Using genome-wide datasets for a 

clade of seven Amphiacusta ground cricket species endemic to the Puerto Rico Bank (PRB), we found 

consistently deeper interspecific divergences and higher population differentiation across the 

unfragmented Western PRB, in comparison to the currently fragmented Eastern PRB that has 

experienced extreme changes in island area and connectivity during the Quaternary. We evaluate 

alternative hypotheses related to the microevolutionary processes (population splitting, extinction and 

merging) that regulate the frequency of completed speciation across the PRB. Our results suggest that 

under certain combinations of archipelago characteristics and taxon traits the repeated changes in 

island area and connectivity may create an opposite effect to the hypothesized “species pump” action 

of oscillating sea levels. Our study highlights how a microevolutionary perspective can complement 

current macroecological work on the Quaternary dynamics of island biodiversity.  

INTRODUCTION 

There is a long history of studying the ecological and evolutionary processes related to the 

generation and maintenance of biodiversity on oceanic islands (Warren et al. 2015; Patiño et al. 

2017). Among a variety of foci on explanatory mechanisms, the potential role of Quaternary sea-level 

oscillations in shaping the diversity of island biota has been explored and debated in well-studied 
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archipelagos such as Hawaii or the Philippines (e.g., Jordan et al. 2005; Esselstyn et al. 2009; Siler et 

al. 2010; Brown et al. 2013). Recent meta-analyses have identified a strong signature of Quaternary 

shifts in island area (Weigelt et al. 2016) and cycles of island fusion-fission (Rijsdijk et al. 2014) on 

species diversity patterns of island endemics. In the light of these empirical findings, Quaternary-

sensitive macroecological models of island biogegraphy have been proposed (Fernández-Palacios et 

al. 2016) that predict how immigration and extinction rates may vary between glacial and interglacial 

periods due to shifts in island area and isolation. Even though the effects of Quaternary sea-level 

dynamics on island biodiversity are now undisputable from a macroecological perspective, a thorough 

understanding of the underlying evolutionary processes is still required.  

Several factors make evolutionary generalization about the divergence processes associated 

with dynamic island histories especially challenging. For example, estimates of the timing of 

divergence based on a few genetic loci have had limited utility because uncertainty surrounding such 

time estimates encompasses glacial-interglacial cycles (e.g., Carstens and Knowles 2007), making it 

unclear what geographic configurations might drive divergence (e.g., past island connections versus 

isolation). Alternative approaches to testing the hypothesized “species pump” action of rising and 

falling sea-levels (Heaney 1985; Brown and Diesmos 2009) based on evidence of concordant 

topologies and divergence times among multiple co-distributed taxa have garnered little empirical 

support (Esselstyn and Brown 2009; Siler et al. 2010; Oaks et al. 2013; but see Papadopoulou and 

Knowles 2015b; 2016), while recent refinements of the model (e.g., the “oscillating geography 

mechanism”; Ali and Aitchison 2014), which predict different evolutionary outcomes depending on 

dispersal rates and/or speciation duration, remain to be tested. Interestingly, these evolutionary 

hypotheses have focused primarily on the shifts in island connectivity as potential driver of 

diversification and have not explicitly considered as an independent variable the simultaneous 

changes in island area, which have been identified as a key driver from a macroecological perspective 

(MacArthur and Wilson 1963, 1967; Fernández-Palacios et al. 2016; Weigelt et al. 2016). 

Although a current theoretical framework for testing the combined effects of shifting island 

area and connectivity on the process of divergence is lacking, insights might be gained by studying 
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simultaneously the microevolutionary processes acting at short evolutionary time-scales and the 

observed macroevolutionary patterns. In particular, a thorough understanding of the underlying 

microevolutionary processes is a prerequisite for developing Quaternary-sensitive models of island 

biogeography, given that processes affecting population persistence and divergence over short 

evolutionary time-scales (Papadopoulou and Knowles 2015a) can have an important impact on 

species diversification and diversity patterns (Dynesius and Jansson 2014). Specifically, the effects on 

species diversity are mediated by the processes that regulate the frequency of completed speciation 

(Dynesius and Jansson 2014), namely (i) the rate of initiation of within-species lineages (splitting; Fig 

1a) and (ii) the degree of persistence of these lineages, with failed persistence occurring either by 

local extinction or by merging due to gene flow (Fig. 1a). The rates of splitting, extinction and 

merging are predicted to vary during high-sea level (interglacial) versus low sea-level (glacial) 

periods. However, the effects of these sea-level changes under each of the two major proposed 

hypotheses are predicted to differ (Fig. 1b, 1c). Specifically, if shifts in island area are a main driver 

of island diversity (Fernández-Palacios et al. 2016; see also MacArthur and Wilson 1963; MacArthur 

and Wilson 1967; Heaney 2000; Losos and Schluter 2000; Kisel and Barraclough 2010; Weigelt et al. 

2016), then the rate of lineage splitting is expected to be higher during low sea-level periods (Fig. 1b), 

whereas if shifts in island connectivity are a main driver of island diversity through a “species pump” 

mechanism (Heaney 1985; Ali and Aitchison 2014), then the rate of lineage splitting is expected to be 

higher during high sea-levels (Fig. 1c). Given the contrasting predictions (Fig. 1b, 1c), the overall 

impact of sea-level oscillations on island biodiversity when both island area and connectivity change 

through time remains unclear and requires further empirical investigation.  

Here we focus on a clade of ground crickets (genus Amphiacusta) that has diversified across the 

Puerto Rico Bank (PRB) in the Caribbean (Oneal et al. 2010).  Amphiacusta (Gryllidae: 

Phalangopsinae) is a diverse genus of flightless nocturnal ground crickets restricted to the Caribbean 

(~80 species across the Greater and Lesser Antilles, with most species being single-island endemics; 

Desutter-Grandcolas and Otte 1997). Spatial isolation and limited vagility have been shown to play an 

important role in the diversification of Amphiacusta across the Greater Antilles (Oneal et al. 2010). 
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Although recent evolutionary dynamics may not affect all taxa equally (see literature on the 

Philippine fauna e.g., Brown and Alcala 1970; Diamond and Gilpin 1983; Brown et al. 2013), they are 

expected to be particularly important for taxa with more limited dispersal and/or a rapid pace of 

evolutionary diversification, such as these flightless insects. Moreover, this system provides the 

opportunity to conduct parallel comparisons of species diversity and genetic divergence to evaluate 

alternative hypotheses related to the drivers of the diversification process under contrasting island 

settings. Specifically, we compare population and species divergence patterns in crickets endemic to 

two regions that span similar geographic areas (Fig. 2a), but contrast in their exposure to sea-level 

oscillations (Fig. 2b). One region – the Eastern PRB (corresponding to the present-day islands of 

Vieques, Culebra and most of the US and British Virgin Islands) – has been partially and periodically 

submerged during high sea-level periods, and therefore it has repeatedly shifted in both area and 

connectivity (Fig 2b). In contrast, the other region – the Western PRB (corresponding to present-day 

Puerto Rico) – has remained continuously emerged, with only minor shifts in island area (Fig 2b). 

Additionally, the two regions of the PRB differ in species richness and endemism (as documented in 

different groups of organisms, e.g., Heatwole and MacKenzie 1967; Hedges 1999; Scheffrahn et al. 

2003), which is also mirrored by diversity patterns in the crickets, with twice the richness on the 

continuously emerged region of the Western PRB compared to the dynamic Eastern PRB (Table 1).  

By analyzing genome-wide SNP data for seven Amphiacusta species: (i) we contrast patterns of 

intraspecific genetic divergence between species confined to each of the two regions, and (ii) to 

characterize the degree of differentiation within each of the regions in the recent versus the more 

distant past, given that the spatial distribution of alleles reflects demographic processes since mutation 

(Slatkin 1985; Barton and Slatkin 1986), we further examine separately the intraspecific genetic 

structure based on rare versus intermediate polymorphisms. Lastly, (iii) we infer the phylogeny of the 

entire clade and contrast patterns of interspecific divergence and phylogenetic diversity between the 

two regions. By comparing the results of the above analyses, we discuss how the island dynamics are 

likely to influence intra- and interspecific diversification on the Eastern PRB because of the impact of 

sea-level oscillations. Lastly, we consider diversity and genetic divergence of Amphiacusta taxa on 
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the small adjacent island of Mona, which has not been connected to the Puerto Rico Bank, to evaluate 

whether contemporary island size, by itself, is sufficient to explain the differences in diversification 

histories between the Eastern and Western PRB regions. Although there are other possible factors not 

tested here that might structure divergence processes (see discussion), our study nonetheless 

highlights how a comparative analysis of population and species divergence can help to understand 

the evolutionary dynamics associated with the shifts in island area and connectivity due to sea-level 

oscillations. 

 

METHODS 

Sampling and genomic library preparation 

For this study, we selected 121 specimens of Amphiacusta, representing seven species sampled 

from 16 localities across the Puerto Rico Bank (specifically from the islands of Puerto Rico, Vieques, 

Culebra, St. Thomas, Tortola and Virgin Gorda) and five localities on the adjacent island of Mona 

(Table 2, Fig. 2), spanning the known distribution of these species. Each of the seven species was 

represented by at least seven individuals, except for A. tijicohniae with three available specimens that 

are only included in interspecific analyses for reconstructing the evolutionary relationships across the 

clade. Three of the species (A. pronauta and A. lares from the Western PRB and A. sanctaecrucis 

from the Eastern PRB; selected based on specimen availability) were sampled more extensively for 

intraspecific analyses (3–5 populations per species, 3–10 specimens per population; see Table 2 for 

sample sizes per species and locality). Genomic DNA was extracted from the femur of each 

individual using the Qiagen DNeasy Blood and Tissue Kit.  

Three reduced representation libraries (each of 48 individuals, after pooling the samples with 

23 individuals from another project) were constructed using a double digest restriction-fragment-

based approach (ddRADseq), following the protocol of Peterson et al. (2012). In summary, DNA was 

double-digested with the restriction enzymes EcoR1 and MseI, unique barcodes (10bp) and Illumina 
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adapter sequences were ligated to the digested fragments and the individually barcoded products were 

size-selected between 350-450bp using a Pippin Prep (Sage Science) machine. After size-selection, 

the fragments were PCR-amplified using high-fidelity DNA polymerase (iProof, BioRad) with 12 

cycles. The libraries were sequenced in three lanes of an Illumina HiSeq 2500 (Rapid Run Mode) at 

The Centre for Applied Genomics (Hospital for Sick Children, Toronto, Canada) to generate 150 base 

pair, single-end reads. 

 

Processing of Illumina data 

The raw Illumina reads were demultiplexed and quality-filtered using the process_radtags.pl 

script from the pipeline STACKS v. 1.32 (Catchen et al. 2011; Catchen et al. 2013). Only reads with a 

Phred score >10 (using a siliding window of 15%) and unambiguous barcodes were retained. 

Sequence quality inspection using fastQC (Andrews 2010) and examination of the variation of the 

number of SNPs across the length of the reads based on preliminary data processing suggested a slight 

increase of sequence error towards the 3‟ end of the reads. Based on these inspections, 24bp were 

trimmed off the 3‟ end of the reads prior to any further processing, using SEQTK (Heng Li, 

https://github.com/lh3/seqtk). After removing barcodes and the enzyme cutsite a read length of 110bp 

was retained for downstream analyses. An additional subsequent filtering step was performed, where 

trimmed reads containing more than two sites with a phred score < 20 were removed. 

For analyses at the interspecific level, which included all seven species, the reads were 

processed using the program PYRAD 3.0.5 (Eaton 2014) that accounts for indel variation and is thus 

appropriate for interspecific data. The reads of each sample were clustered into putative loci using a 

90% similarity threshold, a maximum number of indels per cluster of 3 and a minimum depth for 

making a statistical base call at each site of 5. The same similarity threshold was used for clustering 

loci across individuals (following the author‟s recommendation) with a maximum of 6 indels per 

locus. Note that the selected values are in line with other recent studies focusing on within-genus 

divergences (e.g., Huang 2016; Razkin et al. 2016; Haponski et al. 2017), and by applying the same 
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criteria across all samples, our conclusions are not likely to suffer from systematic biases, as they are 

primarily based on among-species comparisons rather than on the estimated parameters per se. 

Potential paralogs were identified and discarded; specifically, loci containing one or more 

heterozygous sites shared across > 8 individuals were removed. All remaining loci found in at least 

four samples were exported for further processing. The 3‟ ends of the aligned loci were trimmed off, 

so that all loci had the same final alignment length (110bp). After exporting the data from PYRAD, 

the number of SNPs per inferred locus was examined to guard against excessive variation arising from 

the clustering of non-orthologous loci due to errors of the de novo assembly procedure. Specifically, 

loci were removed from the dataset using a custom script (available on GitHub/KnowlesLab; Huang 

2016) if: (i) the estimated theta per locus within each species > 0.02 (threshold based on upper limits 

of biologically realistic effective population sizes and the spontaneous genomic mutation rate of 

Drosophila, Keightley et al. 2009), or (ii) the pairwise genetic divergence between species > 0.15 

(threshold based on COI data from these species available on GenBank, Oneal et al. 2010). A dataset 

containing only putatively unlinked biallelic SNPs (i.e. one SNP per locus, and specifically, the one 

closest to the 5‟ end was chosen in order to reduce the possibility for sequence error) sequenced in 

four or more populations were exported for further analyses at the interspecific level (specifically for 

species tree reconstruction which is based on quartets and therefore can utilize all loci found in at least 

four terminal taxa; see more details in the respective section below), while less inclusive datasets were 

used when required (see details about downstream analyses below). 

For intraspecific analyses, which focused on three of the species that were sampled more 

extensively at the population level, the Illumina reads of A. lares, A. pronauta and A. sanctaecrucis 

were processed separately in STACKS v. 1.32 (Catchen et al. 2011; Catchen et al. 2013). The reads for 

each individual were assembled de novo into putative loci using the USTACKS program, with a 

minimum stack depth (m) of 5 and distance allowed between stacks (M) of 2. 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 0.1, as the unbounded model has been shown to underestimate 



 

 

 

This article is protected by copyright. All rights reserved. 

 

9 

heterozygotes (Catchen et al. 2013). The „removal algorithm‟ was used to remove unexpectedly deep 

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 members of multi-gene families) and the „deleveraging 

algorithm‟ was used to resolve over-merged loci (i.e., non-homologous loci misidentified as a single 

locus). A catalog of consensus putative homologous loci among individuals of each species was built 

in CSTACKS, with the number of mismatches allowed between individuals (n) set to 2, and each 

individual was matched against the respective catalog using SSTACKS. The selected settings have been 

widely used for intraspecific datasets of similar read length across a range of organisms (e.g., Lanier 

et al. 2015; Barker et al. 2017) and although varying these parameters may affect the number of 

recovered loci due to over-splitting of homologous loci (or vice versa merging of non-homologous 

loci), it has been shown to have a minimum impact on the resulting FST and genetic distances among 

populations (Harvey et al. 2015), therefore the choice of these parameters should not significantly bias 

the conclusions of the present study. All loci found in at least two populations and a minimum of 0.25 

of the sampled individuals per population were exported using the program POPULATIONS. 

Subsequently, the exported loci were filtered for excessive number of SNPs that could result from 

merging non-homologous loci using a custom R script (available on GitHub/KnowlesLab; Thomaz et 

al. 2017) removing loci if per locus estimates of theta were within the 95% quantile of the estimated 

theta values. The number of SNPs per sequence position was plotted and inspected by eye, and five 

positions at the 3‟ end that had an increased number of SNPs relative to the other sites (attributed to 

artifacts of the de novo assembly algorithms) were trimmed. A whitelist was created including all loci 

that passed the filtering step and the program POPULATIONS was run again. A single SNP per locus 

was exported in Variant Call Format (vcf) and then converted to other required file formats using the 

SNPRELATE package (Zheng et al. 2012) in R (R Core Team 2016) and the program PLINK (Purcell et 

al. 2007). Different levels of missing data and of minor allele frequencies were used depending on the 

requirements of the conducted analyses (see respective sections below). 
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Species tree and interspecific divergence 

The interspecific SNP dataset resulting from PYRAD for all seven species was used to infer the 

phylogeny of the group and contrast patterns of interspecific divergence and phylogenetic diversity 

between the Eastern and the Western PRB. To infer evolutionary relationships among species and 

among populations we performed species tree reconstruction using the SVDQUARTETS method 

(Chifman and Kubatko 2014), as implemented in PAUP*4.0a146. This approach accounts for the 

differences in the genealogical history of individual loci expected to arise under a multispecies 

coalescent model and has been developed specifically for SNP data (see supplement for an analysis of 

the concatenated dataset using the program RAXML v. 8, Stamatakis 2014). Specifically, 

SVDQUARTETS was used to estimate the best-supported topology for each possible quartet of taxa in 

the dataset based on the observed site pattern distribution. These quartets were then assembled using 

the QFM quartet amalgamation (Reaz et al. 2014) to infer a species/population tree. Clade support 

was assessed with 100,000 non-parametric bootstrap replicates. As SVDQUARTETS is robust to 

missing data (Chifman and Kubatko 2014), the most inclusive dataset was used for this analysis (i.e., 

one biallelic SNP per each locus that was sequenced in at least four populations and was therefore 

informative for quartet reconstruction). For these analyses we pooled individuals of the neighboring 

populations on Vieques (VIM-VIB), Culebra (CUV-CUF) and Mona (CDG1-JCS-SRS and CDG2-

MHD-PCC-SBC3), after confirming lack of interpopulation differentiation among the respective 

populations on these three islands in preliminary analyses. The trees were rooted on the clade 

containing A. tijiconhiae, A. mona and A. sp., based on previous studies on the phylogeny of the genus 

Amphiacusta (Oneal et al. 2010). 

In order to provide a relative time component to the diversification of the group and estimate 

phylogenetic diversity within each of the island regions, we additionally conducted species-tree 

reconstruction using SNAPP v. 1.2.2 (Bryant et al. 2012), as implemented in BEAST2 v. 2.3.0 

(Bouckaert et al. 2014). A reduced dataset was used for this analysis, as this program is very 

computationally intensive and does not allow missing loci among terminal taxa (i.e., a locus must be 
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sequenced in at least one representative of each population/species). For these analyses, each species 

was represented by three individuals with the highest number of reads. Additional analyses at the 

population level (including three individuals per population) were conducted for a reduced taxon set 

and more inclusive set of loci, after removing the divergent species (A. tijicohniae, A. mona and A. 

sp.), which shared a much smaller proportion of loci with the rest of the clade (see Results section). 

SNAPP analyses do not require defining outgroup, as the program samples the root position along with 

the other nodes of the tree. An independent theta (θ= 4μΝe) was estimated for each branch under (i) 

the default gamma (11.75, 109.73) prior distribution or (ii) a gamma (2,2000) prior distribution, to 

ensure that the inferred topology was robust to prior specification (Rheindt et al. 2014). The backward 

and forward mutation rates, u and v, were co-estimated, with the total expected number of mutations 

per unit time constrained to 1 (2u*v/(u+v)=1), using initial values based on the stationary frequencies. 

Default values were used for all other prior and operator settings. Two independent runs of 6 million 

generations were performed for each dataset, sampling every 1000 generations. Convergence and 

mixing of the individual runs was assessed by inspection of the trace plots and the effective sample 

sizes (>200) in the program TRACER v1.6.0 (Rambaut et al. 2014) and the samples from the two runs 

were combined after excluding 10% of the generations as burnin. Resulting tree files were visualized 

using the program DENSITREE (Bouckaert 2010). The total phylogenetic branch length (Phylogenetic 

Diversity, Faith 1992) for each of three regions (Eastern PRB, Western PRB, and Mona) was 

estimated using the R package picante (Kembel et al. 2010). Note that the species A. viequesense, 

which occurs in both the Western and the Eastern PRB, was considered for the estimation of 

phylogenetic diversity in both areas. 

 

Genetic diversity and population differentiation 

The three intraspecific SNP datasets of A. lares, A. pronauta and A. sanctaecrucis resulting 

from processing in STACKS, including all loci found in at least half of the sampled populations and 

half of the sampled individuals per population, were used to estimate genetic diversity and genetic 
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differentiation among populations across the Western and the Eastern PRB. The POPULATIONS 

program in STACKS was used to calculate genetic diversity statistics for each population, including 

nucleotide diversity (π) and observed heterozygosity at each locus and average values across loci, as 

well as pairwise FST values among populations. A test of Isolation-by-Distance was performed for A. 

pronauta and A. sanctaecrucis that were sampled from at least 4 localities. Specifically, we tested for 

a correlation between pairwise FST -values and geographic distances, using a Mantel test (Mantel 

1967) as implemented in the R package VEGAN (Oksanen et al. 2013) with significance assessed with 

1 million permutations. Given the concerns about the reliability of Mantel tests (e.g., Legendre and 

Fortin 2010; but see also Kierepka and Latch 2014) we additionally applied a distance-based 

redundancy analysis (dbRDA, Legendre and Anderson 1999) using the „capscale‟ and „anova.cca‟ 

functions in VEGAN, after transforming the geographic distance matrix to continuous rectangular 

vectors via principal coordinates analyses (using the „pcnm‟ function). Geographic distances among 

populations were calculated using the GEOGRAPHIC DISTANCE MATRIX GENERATOR (Ersts 2011). 

Additionally, a test of Isolation-by-Resistance was conducted, taking into account the higher elevation 

(Table 1) and topographic complexity in the Western PRB (Barker et al. 2012). Topographic 

complexity was approximated using the surface ratio index (Jenness 2004) as implemented in DEM 

Surface Tools (Jenness 2013) based on Digital Elevation Models of Puerto Rico and the Virgin 

Islands (Taylor et al. 2008; Grothe et al. 2012) provided by the National Geophysical Data Center. 

The calculated values of the surface ratio index for each cell (at a resolution of 10 arc-second) were 

subsequently used in CIRCUITSCAPE 4.0 (Shah and McRae 2008; McRae et al. 2013) to rescale 

geographic distances among populations under a circuit theory approach (McRae and Beier 2007; 

McRae et al. 2008). 

To visualize the major axes of population genetic variation within A. lares, A. pronauta and A. 

sanctaecrucis, Principal Component Analyses (PCAs) were performed for each of the three species 

(i.e., individuals were a priori assigned to each of the three genetically distinct species, but not to 

separate populations) using the R package ADEGENET (Jombart 2008; Jombart and Ahmed 2011) 

(„glPCA‟ function). Separate PCAs were run on (i) the full set of loci, (ii) rare variants (Minor Allele 
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Frequency, MAF ≤ 0.05), excluding those occurring only in a single individual and (iii) intermediate 

and common variants (MAF > 0.05). Individuals with more than 50% missing data were removed 

from PCA analyses. We subsequently performed Discriminant Analysis of Principal Components 

(DAPC, Jombart et al. 2010) to quantify among-cluster differentiation in each of the PCA analyses 

based on discriminant functions, using the geographic localities as prior groups. The number of 

retained PC axes for the DAPC analyses was defined based on α-score optimization. Cluster 

assignment probabilities, averaged across all individuals of each population, and all populations of 

each species, were used as an indication of whether the geographic clusters were clearly separated in 

each analysis. Additionally, mean distances among the centroids of the clusters were calculated for 

each species and set of loci (with all PCAs plotted on the same axes to allow comparisons). 

Intraspecific divergence time estimation 

The three intraspecific SNP datasets of A. lares, A. pronauta and A. sanctaecrucis were 

additionally used to estimate the timing of population divergence across the Western and the Eastern 

PRB. We used a composite-likelihood simulation-based approach (Excoffier et al. 2013), 

implemented in FASTSIMCOAL2 (Excoffier and Foll 2011) to estimate demographic parameters from 

the site frequency spectrum (SFS) under an Isolation-with-Migration model with three diverging 

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

derived state) was calculated for each species based on a single SNP per locus to avoid the effects of 

linkage disequilibrium. In order to remove all missing data for the calculation of the joint SFS, each 

population was subsampled using a custom script (available on GitHub/KnowlesLab) and only loci 

found in at least five individuals per population (or three in the case of the YUN population) were 

retained to minimize errors with allele frequency estimates. Divergence times were estimated among 

three populations of each species (YAU-GUI-LAR; MAR-PAT-YUN; STT-TOR-VGP) rather than 

including all four populations of A. sanctaecrucis or A. pronauta in order to maximize the number of 

loci and make the three datasets comparable; the selection of populations was guided by the 

population tree analyses conducted in SNAPP, so that the most divergent populations with the highest 
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number of sampled individuals were included. Since performance of such models is improved by 

reducing the number of parameters estimated from the data (Excoffier et al. 2013), one effective 

population size (N1) of each dataset was calculated directly from the data (using nucleotide diversity 

as estimated by the POPULATIONS program in STACKS and a mutation rate of 3.5x10
-9

 per site per 

generation, Keightley et al. 2009), whereas the other parameters were allowed to vary. Note that, even 

though the absolute values of the estimated demographic parameters might not be accurate due to the 

use of a mutation rate from a distant taxon (which is the only genome-wide mutation rate available for 

insects), these estimates are certainly valid for relative comparison of demographic parameters among 

the three focal taxa, as there is no reason to expect differences in genome-wide mutation rates among 

closely related Amphiacusta species. The estimated parameters based on the joint SFS include: the 

effective population size of two populations (N2 and N3), the ancestral population size NA, the 

divergence times T1 and T2, and the migration rates among populations, m1-m3. 40 independent runs 

per species were performed, each run with 100,000 simulations per likelihood estimation and 10–40 

Expectation-Conditional Maximization (ECM) cycles, based on a stopping criterion of 0.001 relative 

difference between iterations. The global maximum likelihood solution across runs is presented. 

Parameter confidence intervals were calculated from 100 parametric bootstrap replicates, simulating 

SFS with the same number of SNPs from the maximum composite likelihood estimates and re-

estimating parameters each time (Excoffier et al. 2013).  

 

RESULTS 

Illumina data processing 

Of the approximately 280 million reads generated across all 121 individuals sequenced for this 

study, 225 million reads were retained after quality filtering, and the number of reads per individual 

ranged between 322,629 and 4,718,540 (Fig. S1). All individuals were included in analyses that were 

less sensitive to missing data (e.g., SVDQUARTETS species tree analysis), while individuals with a 

high percentage of missing data were removed from PCA, FASTSIMCOAL and SNAPP analyses (see 
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respective sections, following the criteria detailed in the methods above). After processing the data in 

PYRAD, the average number of loci per population ranged between 42,492 and 72,579 with an 

average depth per locus of 14.2–30.3 (Table S1). See individual sections below and Table S2 for the 

number of loci used for each of the downstream analyses. 

 

Species tree and interspecific divergence 

A total of 171,528 putatively unlinked SNPs (i.e., a single SNP from each of 171,528 loci) were 

used in the SVDQUARTETS species tree analysis, whereas 35,585 SNPs were analyzed in the 

concatenated RAXML analysis, and 1,155–1,896 putatively unlinked SNPs in the SNAPP species tree 

analysis, due to different requirements and sensitivity of each method to missing data (see Methods 

section for details). All analyses produced highly congruent topologies both at the species and 

population level (Figs. 3a; S2; S3; S4) with high clade support (e.g., all clades supported by bootstrap 

94 in SVDQUARTETS analyses and posterior probabilities 0.9 in SNAPP analyses) and each of the 

seven morphologically recognized species was recovered as monophyletic (Fig. S4). Most sampled 

populations were also recovered as monophyletic (Fig. S4), with the exception of the neighboring 

populations on Vieques (VIM-VIB), Culebra (CUV-CUF) and Mona (CDG1-JCS-SRS and CDG2-

MHD-PCC-SBC3), which were pooled for subsequent analyses. The selected position of the root for 

the SVDQUARTETS and RAXML analyses (on the A. tijiconhiae, A. mona and A. sp. clade; see Oneal 

et al. 2010) was also confirmed by the SNAPP analysis (Fig. S3) where there was no a priori selection 

of outgroup. A. sanctaecrucis (Eastern PRB) and A. viequesense (in both Eastern and Western PRB) 

were recovered as the most recently diverged pair of sister taxa, while within the outgroup clade, the 

two species from Mona (A. mona and A. sp) were not recovered as sister species (Figs. S2, S3). 

Although the SNAPP species tree analysis possibly suffered from biases due to its reliance on a small 

subset of conserved loci (see Huang and Knowles 2016), both SNAPP (Fig. S3), and RAXML (Fig. S4) 

analyses, based on different subsets of loci and individuals, showed deeper interspecific divergences 

across the Western PRB and Mona than in the Eastern PRB. Specifically, total phylogenetic branch 
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length (PD, Faith 1992) was much lower within the Eastern PRB (Tables 1; S3) than in Mona, even 

though both areas have two Amphiacusta species each (A. viequesense and A. sanctaecrucis on the 

Eastern PRB and A. mona and A. sp. on Mona). 

 

Genetic diversity and population differentiation  

Nucleotide diversity (π) and observed heterozygosity was generally similar across all 

populations of the three species from the Western and the Eastern PRB (Table S4), with the exception 

of the St. Thomas, Tortola and Virgin Gorda (Eastern PRB) populations of A. sanctaecrucis that had 

marginally lower observed heterozygosity (Table S4). Population differentiation as measured by FST 

was generally lower across the Eastern PRB (within A. sanctaecrucis) than across the Western PRB 

(within A. lares or A. pronauta), when controlling for geographic distance separating populations 

(Fig. 4), or when controlling for resistance due to topographic complexity (Fig. S5), with the 

exception of a single data point of A. lares. Pairwise FST-values were highly correlated with 

geographic distance in A. sanctaecrucis from the Eastern PRB (Mantel test r=0.92, p=0.008; dbRDA 

p=0.025), but not in A. pronauta from the Western PRB (Mantel test r=0.62, p=0.1; dbRDA p=0.37). 

The results were very similar when accounting for topographic complexity (Mantel tests r=0.86, 

p=0.008 and r=0.33, p=0.3; dbRDA p=0.017 and p=0.38 respectively in the two regions), but the 

correlations were not significant when controlling for the effect of geographic distance (partial Mantel 

test r=0.03, p=0.5), as resistance due to topographic complexity was highly correlated with 

geographic distance (r=0.94, p=0.008 and r=0.98, p=0.04 respectively). 

PCA analyses of intermediate and common variants showed a strong geographic structuring of 

genetic variation in all three species, with a clear separation of all populations along the PC1 and PC2 

axes (Fig. 5, right column), as confirmed by DAPC analyses (cluster assignment probabilities of 1, 

Table S5). However, when rare alleles were analyzed, the geographic structuring of genetic variation 

differed for populations of A. sanctaecrucis from the Eastern PRB (Fig. 5c, left panel) compared to A. 

pronauta and A. lares population from the Western PRB (Figs. 5a and 5b, left column). Specifically, 
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all four populations of A. sanctaecrucis from the Eastern PRB were highly overlapping (apart from 

two outlier individuals) based on rare variants (Fig. 5c, left panel) with an average cluster assignment 

probability of 0.68 and short distances among the centroids of each cluster (Table S5). This pattern 

did not change radically when two individuals that appeared as outliers, due to high intra-population 

variance in the St. Thomas and Tortola populations, were removed from the analysis (Fig. S7, 

although note that the St. Thomas population still showed high intra-population variance and did not 

strictly overlap with the others). In contrast, the Western PRB populations of A. lares clearly showed 

a higher degree of separation (Fig. 5a; cluster assignment probabilities of 1) and longer distances 

among clusters (Table S5). In the Western PRB A. pronauta, two of the four populations (MAR and 

PAT) were partially overlapping (Fig. 5b, left panel; cluster assignment probability of 0.85), but mean 

distance among the centroids of the clusters was even longer than in A. lares (Table S5). 

 

Intraspecific divergence times and migration rates 

Estimated intraspecific divergence times in the Eastern PRB species A. sanctaecrucis dated 

back to 83 and 110ka (95% confidence intervals 65–113ka and 106–133ka; see Table S6), coinciding 

with a period of intense changes in island area and connectivity in the Eastern PRB (Fig. 2, see also 

Papadopoulou and Knowles 2015a). In the Western PRB species A. lares the shallowest intraspecific 

split (T1) was of a similar age (85ka; 95% CI: 77–97ka), but the deepest split (T2) was more than 

two-fold older (220ka; 95% CI: 207–309). In the Western PRB species A. pronauta, both splits 

(T1=123ka and T2=156) predated the divergences of A. sanctaecrucis, although with partially 

overlapping confidence intervals in the case of T1 (T1=101–174ka and T2=147–200ka). Estimated 

migration rates were generally higher (up to ten-fold) among populations of the Eastern PRB species 

A. sanctaecrucis in comparison to the two Western PRB species, A. lares and A. pronauta (Tables 3, 

S6).  
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DISCUSSION 

The observed disparity in species and phylogenetic diversity between the two areas of the 

Puerto Rico Bank that have been differentially affected by the Quaternary sea-level oscillations is 

coupled by consistent differences in intraspecific genetic differentiation between closely related 

Amphiacusta species that have diversified within each of the two areas. Genomic divergence across 

the Eastern PRB, which is currently fragmented into separate islands but has experienced intense 

shifts in area and connectivity during the Quaternary (Fig. 2), appears to be ephemeral over longer 

evolutionary time (Rosenblum et al. 2012). This contrasts to equivalent comparisons across the 

Western PRB and the adjacent island of Mona, which have been relatively stable in both area and 

connectivity throughout the Quaternary. Below we evaluate alternative hypotheses to explain the 

lower levels of divergence across the Eastern PRB and discuss what insights are provided by this 

system into the role of sea-level oscillations in shaping island biodiversity. In particular, our study 

evaluates a specific set of hypotheses about shifting island connectivity and island area, which were 

selected specifically for the insights they provide within a comparative framework, as opposed to 

considering a broad array of factors potentially contributing to the  “true” history (see Knowles 2009). 

 

Linking population divergence and species diversity across the Puerto Rico Bank 

By conducting side-by-side comparisons among population pairs of A. sanctaecrucis, A. lares 

and A. pronauta across equivalent geographic distances (Fig. 4), we demonstrate that genetic 

differentiation across the currently fragmented Eastern PRB is lower than within the Western PRB, 

which has been relatively unaffected by the sea-level changes (i.e., it has not been fragmented during 

the Quaternary, and has only suffered minor shifts in island area, Fig. 2b). In most cases, population 

divergences within the Western PRB predate equivalent population splits among separate present-day 

islands of the Eastern PRB (Table 3, Fig. 3b), with inferred migration rates being generally lower in 

the Western PRB (Table 3). Shallower intraspecific divergences and higher levels of gene flow across 

the Eastern PRB, coupled by a similar pattern at the interspecific level (i.e., relatively shallow 
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divergence between the two Amphiacusta species distributed on the Eastern PRB, as opposed to 

deeper interspecific divergences among the Western PRB and Mona lineages; Figs. S3, S4), point 

towards a microevolutionary explanation for the low species and phylogenetic diversity (Tables 1, S2) 

in the Eastern PRB (i.e., reduced rate of population splitting or reduced population persistence 

through time, assuming that speciation duration should be fairly equivalent among closely related 

Amphiacusta lineages with similar life-history and ecological traits; see Fig. 1a). Given that the entire 

PRB emerged in the late Eocene (Meyerhoff 1933; Heatwole et al. 1981), and the present-day islands 

have been continuously emerged since then, there is no a priori reason to expect such disparity in the 

timeframe of diversification and species ages between the Eastern and Western PRB lineages, 

suggesting that the consistent differences at micro- and macroevolutionary levels (see also Kisel and 

Barraclough 2010; Rosenblum et al. 2012) could be related to the differential exposure of the two 

areas to sea-level oscillations.  

An alternative factor that could potentially explain differences in population divergence and 

species diversity between the two areas of the PRB is the higher elevation and subsequently higher 

topographic complexity of the Western PRB (Table 1; Fig. S6) (see Barker et al. 2012). Island 

elevation is considered an important driver of population isolation and in situ speciation (Irl et al. 

2015; Steinbauer et al. 2016), and topographic complexity has been shown to shape genetic structure 

in other montane Orthoptera species (e.g., Knowles 2000; Noguerales et al. 2016). However, in this 

system topographic complexity did not appear to provide a better explanation for the observed levels 

of genetic differentiation across the Western PRB than geographic distance per se (i.e., a model of 

isolation-by-resistance based on topographic complexity did not fit the data better than simply 

isolation-by-distance; Fig. S5). The lack of significance in these correlations could be affected by the 

limited population sampling across the Western PRB, and therefore we cannot exclude a potential 

effect of topography on genetic structure. However, the lack of statistical significance is also 

consistent with the distribution of these crickets in both montane forest and lower altitudes under 

current climatic conditions (Figs. 3a; S6) suggesting elevation does not currently appear as a major 

barrier to gene flow for Amphiacusta, although past population connectedness related to shifts in 
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climatic conditions through time due to glacial cycles may have been mediated by elevation (e.g., 

Massatti and Knowles 2014; Lanier et al. 2015; Knowles and Massatti 2016). Climatic fluctuations 

across a topographically complex landscape may repeatedly divide and merge populations 

(McCormack et al. 2009; Brown et al. 2013; Gillespie and Roderick 2014; Steinbauer et al. 2016) and 

in that sense elevation might have indeed been an important factor involved in driving population 

divergence and speciation across the Western PRB (see also Barker et al. 2011; 2015). Moreover, 

older geological events, such as the mountain uplift in the Western PRB that started approximately 

4Ma (Brocard et al. 2016) could have also contributed to the diversification of Amphiacusta.  

Even if elevation is driving diversification in the Western PRB, it still leaves unexplained the 

shallow divergences and low species diversity across the repeatedly fragmented Eastern PRB, 

especially when compared to the small and low-elevation island of Mona (Table S7). Note that the 

elevation of the Eastern PRB, with several peaks of 400–500m (Table S7), is still sufficient to 

generate habitat complexity through rain shadow effects, while the highest peak of Mona is only 92m, 

much lower than any of the major islands of the Eastern PRB. Furthemore, Mona has emerged more 

recently (Mio-Pliocene, Frank et al. 1998) than the Puerto Rico Bank itself (late Eocene, Heatwole et 

al. 1981). This comparison suggests that island age or elevation do not explain sufficiently the 

observed differences in diversity across this system, and enhances the idea that diversity patterns 

might actually reflect differences in the exposure of each area to the Quaternary sea-level oscillations. 

 

Area vs. connectivity effects of sea-level oscillations 

Given the large area of the Eastern PRB during most of the Quaternary (Fig. 2), as well as the 

multiple opportunities for population isolation on separate islands during high sea-level periods, there 

are no obvious reasons to think that the frequency of population splitting (Fig. 1a) has been 

particularly low across the Eastern PRB. In that sense, the low species diversity and shallow 

divergences across the Eastern PRB are more likely attributable to processes related to the long-term 

maintenance of divergence, rather than the drivers of divergence per se (Futuyma 1987; Dynesius and 
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Jansson 2014). Although not a formal test per se of the area hypothesis, we note that there are two 

divergent Amphiacusta lineages that have persisted in situ over long evolutionary time on Mona 

Island (Fig. 3; Figs. S3; S4), which is very similar in size to the majority of the present-day Virgin 

Islands (Table S7). This circumstantial observation is consistent with the hypothesis that the size of 

the Eastern PRB islands during high sea-level periods does not appear to be a limiting factor for 

population persistence. 

It is inherently difficult to test the role of extinction in structuring patterns of genetic variation 

(i.e., to distinguish between incipient divergence frequently wiped out by increased population 

extinction due to small island size during high sea-level periods, Fig. 1b, versus by increased gene 

flow due to island merging during low sea-levels, Fig. 1c), and therefore we cannot rule out its 

potential contribution. However, the current genetic diversity patterns do not show any particular 

signature of frequent extinction in the Eastern PRB, as both Western and Eastern populations have 

very similar genetic diversity (Table S3), in contrast to the significantly lower genetic diversity of 

A.sanctaecrucis on the island of Anegada, a flat and low atoll that may have been subject to frequent 

extinctions (Papadopoulou and Knowles 2015a). On the contrary, there is a clear signature of higher 

gene flow among the Eastern PRB populations, as suggested by the lower FST values and the strong fit 

to a model of Isolation-by-Distance in A. sanctaecrucis (Fig. 4), as well as by the lack of spatial 

separation of rare genetic variants in this species (Fig. 5c, left panel), which is also reflected in higher 

estimated migration rates based on the Site Frequency Spectrum (Table 4). Rare genetic variants are 

expected to be spatially restricted if dispersal and gene flow are limited (Slatkin 1985; Barton and 

Slatkin 1986), as seen in most Western PRB populations of A. lares and A. pronauta (Fig. 5a and 5b, 

left column). Given that the spatial distribution of alleles reflects demographic processes since 

mutation (Slatkin 1985; Gompert et al. 2014), the lack of spatial separation of the rare (presumably 

younger) alleles in Eastern PRB A. sanctaecrucis (Fig. 5c, left panel) points towards recent gene flow.  

The regional differences in recent migration appears rather surprising given the current sea-

barriers separating the populations of A. sanctaecrucis, in contrast to the Western PRB populations of 
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A. lares and A. pronauta that have been continuously connected by land, especially considering that 

all three species are ecologically similar and presumably have uniform inherent dispersal capabilities 

(i.e., all are flightless ground crickets with very limited overwater dispersal propensity, pretty uniform 

morphologically and associated with wet tropical forest, Oneal et al. 2010). Interestingly, this 

observation also appears compatible with the phylogeographic structure of the frog Eleutherodactylus 

antillensis, which shows shallow divergence and high gene flow across the Eastern PRB islands and 

the Eastern side of the Western PRB (Barker et al. 2012). 

What could explain the higher gene flow across the repeatedly fragmented Eastern PRB in 

comparison to the continuously emerged and undisrupted Western PRB? One potential hypothesis 

could relate to the differences in temporal and spatial habitat stability between the two areas. It has 

been shown both theoretically and empirically that dispersal is favored in spatially and temporally 

variable habitats (McPeek and Holt 1992; Denno et al. 1996; Dynesius and Jansson 2000; Ribera and 

Vogler 2000) or under increased rates of patch destruction (Friedenberg 2003), as a mean of tracking 

patches of favorable habitat and escaping from deteriorating local conditions (for a review see Ronce 

2007). In other words, the highly dynamic landscape of the Eastern PRB, subjected to regular local 

extinctions and therefore variable population densities through space, may select for overall higher 

dispersal rates through time in comparison to the comparatively more static landscape of the Western 

PRB, where ecological space is continuously saturated. Even though this scenario is inherently 

difficult to test and we cannot rule out other alternative hypotheses, it is consistent with the 

observation that genomic divergence appears ephemeral across the dynamic sea-barriers formed 

repeatedly along the Eastern PRB.  

 

Cycles of island fission-fusion: “species pump” or “species vacuum”? 

Incipient genomic divergence of Amphiacusta lineages across the dynamic sea-barriers of the 

Eastern PRB is ephemeral, which contradicts the notion that repeated cycles of island fission-fusion 

act as “species pump” (Heaney 1985; Brown and Diesmos 2009; Ali and Aitchison 2014). In fact, in 
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the case of the PRB, it appears as if the island connectivity cycles impede, rather than promote 

population divergence and speciation. Is this a more general property of island systems exposed to 

cycles of fission-fusion or is it specific to this system? An important feature of the Eastern PRB is that 

islands are separated by very shallow waters (19–25 m), hence periods of island connections during 

the Quaternary have been much longer than periods of island isolation (Papadopoulou and Knowles 

2015a). In that sense, conclusions from this system are not directly applicable to other archipelagos 

where islands have been separated for longer periods during the Quaternary (e.g., the Cycladic plateau 

in the Eastern Mediterranean; see Papadopoulou and Knowles 2015b), as the periodicity of isolation 

and connection in relation to the speciation duration of focal organisms may dictate different 

evolutionary outcomes (see also Gillespie and Roderick 2014; Knowles and Massatti 2016). Even 

though evolutionary responses to cycles of island fission-fusion might be mediated by such 

archipelago-specific characteristics, as well as by taxon-specific traits (Papadopoulou and Knowles 

2015b; 2016), similar conclusions regarding the role of island connectivity cycles as impediment to 

speciation, have been recently reached from macroecological analyses of island floras, where past 

island connectivity appears negatively correlated with species diversity and endemism (Weigelt et al. 

2016). Although such correlations do not provide a direct link with the underlying processes, they 

contribute to a growing body of evidence suggesting that at least for certain organisms and island 

systems the cycles of island fission-fusion may actually act as a “species vacuum” (as opposed to a 

“species pump”), which periodically wipes out incipient divergence and hinders in situ diversification. 

Such opposing responses to the cycles of island fission-fusion (“species pump” vs. “species 

vacuum”) might be predicted under different sets of conditions related to the potential for dispersal 

during low sea levels and for speciation during high sea-level periods (Ali and Aitchison 2014). 

Dispersal ability is indeed a key trait mediating taxon-specific responses to island connectivity cycles, 

but other ecological and life-history traits might also be involved (Sukumaran et al. 2016), which are 

additionally moderated by archipelago-specific characteristics (Papadopoulou and Knowles 2015b). 

Further empirical studies combining micro- and macroevolutionary perspectives with modeling 

approaches for generating species-specific predictions under biologically informed hypotheses (see 
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He et al. 2013; Massatti and Knowles 2016; Papadopoulou and Knowles 2016) may allow to explore 

further the parameter space and identify specific combinations of archipelago characteristics (e.g., 

tempo of island connections, island area, topographic relief, bathymetry) and taxon-specific traits 

(e.g., dispersal ability, habitat/area requirements, speciation duration or traits related to ecological 

adaptation) where the “species pump” mechanism indeed operates. 

 

Conclusions 

Combining a micro- and a macroevolutionary perspective is necessary to gain an understanding 

on how the Quaternary cycles of island fission-fusion and shifting island area have shaped island 

biodiversity. By conducting comparisons of population and species divergence between closely 

related and ecogically similar taxa diversifying in situ in two adjacent areas of the Puerto Rico Bank 

that have been differentially exposed to sea-level oscillations, we show that under certain conditions 

the repeated changes in island area and connectivity may cause genomic divergence to be ephemeral, 

thus suggesting an opposing effect to the once hypothesized “species pump” action of oscillating sea 

levels. Further empirical and simulation studies are needed in order to identify certain archipelago 

characteristics and taxon-specific traits that may lead to different evolutionary outcomes, as well as to 

distinguish the presumably contrasting effects of shifting island area vs. island connectivity as drivers 

of diversification. Our approach highlights how consideration of the underlying microevolutionary 

processes is critical to current efforts for developing Quaternary-sensitive models of island 

biogeography and more broadly to studies of island diversification. 
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TABLES 

 

Table 1: Island area and elevation of the Western and Eastern Puerto Rico Bank and the adjacent 

island of Mona and corresponding species diversity of Amphiacusta on each of the three island 
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regions. Area, total island area emerged at current sea levels; Area LGM, hypothesized area at the Last 

Glacial Maximum as approximated based on Digital Elevation Models for Puerto Rico and the Virgin 

Islands (Taylor et al. 2008; Grothe et al. 2012) and considering a 120m drop of sea-level; Elevation, 

highest present-day peak; Sp, number of Amphiacusta species; SpE, number of Amphiacusta species 

endemic to this area; PD, phylogenetic diversity (Faith 1992) estimated based on the SNAPP species 

tree analysis. 

Island Region Area Area LGM Elevation Sp(SpE) PD  

Western PRB  9,104 ~12,600 1,338 4(3) 0.173 

Eastern PRB (~500) ~7,700 523 2(1) 0.002 

Mona 55.8 ~120 92 2(2) 0.065 

 

 

Table 2: Geographic information and total number of sequenced individuals per population for each 

of the seven Amphiacusta species.  

 

Species 

Island 

Region Locality Code Coordinates 

Ind

s 

A. lares West PRB Guilarte, Puerto Rico GUI 

 18°6'34.86"N,  

66°44'51.63"W 9 

  West PRB Lares, Puerto Rico LAR 

18°17'12.34"N,  

66°51'2.27"W 10 

  West PRB 

Susua Reserve (Yauco), Puerto 

Rico SRY 

18°2' 25.20"N, 66°54' 

32.67"W 9 

A. pronauta West PRB Maricao, Puerto Rico MAR 

18°11'10.33"N,  

67°4'31.58"W 8 

  West PRB Patillas, Puerto Rico PAT 18°6'4.70"N,  66°2'27.19"W 7 

  West PRB Cerro de las Pinas, Puerto Rico PIN 18°9'7.85"N,  66°5'7.59"W 4 

  West PRB El Yunque, Puerto Rico YUN 

18°17'24.65"N, 

65°47'53.35"W 3 
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A. 

sanctaecrucis East PRB Villa Fulladosa, Culebra CUV 

18°18'5.47"N, 

65°17'41.15"W 5 

  East PRB Flaminco Beach, Culebra CUF 

18°19'36.66"N, 65°18' 

59.17"W 5 

  East PRB St. Thomas STT 

18°21'48.00"N, 

64°58'27.00"W 8 

  East PRB Tortola TOR 

18°24'3.00"N, 

64°39'40.00"W 10 

  East PRB Virgin Gorda Peak VGP 

18°28'40.00"N, 

64°24'12.00"W 10 

A. 

viequesense East PRB Monte Pirata, Vieques VIM 

18°5'34.91"N,  

65°33'9.73"W 6 

  East PRB Vieques beach, Vieques VIB 

18°5'58.01"N,  

65°34'19.08"W 4 

  West PRB San Juan Beach, Puerto Rico SAJ 

18°27' 14.19"N, 65°58' 

13.16"W 4 

A. tijicohniae West PRB Guanica, Puerto Rico GUA 

17°57'11.49"N,  

66°53'1.97"W 3 

A. mona Mona Cueva de Doña Geña 

CDG

1 

18°5'40.74"N, 

67°54'12.84"W 1 

  Mona 

Jail/Cave at Sardinera Beach 

Camp JCS 

18°5'5.71"N,  

67°56'25.60"W  3 

   Mona 
Spiny Road at Sardinera Beach 

Camp SRS 

18°5'25.85"N, 

67°56'16.16"W 3 

A. sp 2 Mona Cueva de Doña Geña 

CDG

2 

18°5'40.74"N, 

67°54'12.84"W 2 

  Mona Middle High Desert 

MH

D 

18°3'37.23"N, 

67°54'13.89"W 3 

  Mona Pajaros Cave Camp PCC 18°3'51.27"N, 67°52'4.60"W 2 

   Mona Sardinera Beach Camp SBC 

18°5'19.37"N, 

67°56'16.89"W 2 
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Table 3: Intraspecific divergence times (for two divergence events, T1 & T2) and symmetrical 

migration rates (among three population pairs, m1-m3) estimated under an Isolation-with-Migration 

model of three diverging populations in FASTSIMCOAL2, for each of three Amphiacusta species. 

Composite maximum likelihood estimates of divergence times are presented in number of generations 

(i.e., number of years ago, considering one generation per year) and as a function of the effective 

population size in parentheses. 95% confidence intervals on the estimated parameter values are given 

within brackets. See Table S5 for estimated effective population sizes. The number of loci used for 

the calculation of the joint site frequency spectrum for each species is indicated. 

species loci T1 T2 m1 m2 m3 

West PRB        

    A. lares 28,744 

85,143 (0.5N) 

[77,412–97,514] 

220,151 (1.3N) 

[207,163–309,179] 

3x10
-7 

[1.5–3.9x10
-7

] 

6x10
-7

 

[5.2–7.8x10
-7

] 

3.5x10
-6 

[3.1–4.2x10
-6

] 

     

A. pronauta 10,060 

123,819 (0.79N) 

[101,235–173,963] 

155,951 (1N) 

[147,503–200,146] 

6x10
-7

 

[4.2–8.1x10
-7

] 

5x10
-7

 

[3.8–6.2x10
-7

] 

2.2x10
-6

 

[1.9–2.4x10
-6

] 

East PRB       

A. sanctaecrucis 22,902 

83,577 (0.49N) 

[63,599–113,127] 

110,702 (0.65N) 

[106,954–133,409] 

2.9x10
-6 

[2.5–3.4x10
-6

] 

1.2x10
-6 

[0.9–1.4x10
-6

] 

6.1x10
-6

 

[5.2–6.4x10
-6

] 

 

FIGURE LEGENDS 

 

Figure 1: Predictions for the effects of sea-level oscillations on the speciation process from a 

microevolutionary perspective, and specifically on (a) the three main processes that regulate the 

frequency of completed speciation (sensu (Dynesius and Jansson 2014): the frequency of population 

splitting (shown in green), the rate of local population extinction (shown in red) and the frequency of 

population merging (shown in yellow) due to increased gene flow (redrawn from (Dynesius and 

Jansson 2014). The predictions differ under two proposed hypotheses. If we consider the shifts in 

island area as a main driver of island diversity patterns (MacArthur and Wilson 1963, 1967; 
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Fernández-Palacios et al. 2016; Weigelt et al. 2016), then (b) the rate of population splitting (in green) 

is expected to be higher during low sea-level periods (glacial maxima), while local population 

extinction (in red) and merging due to gene flow (in yellow) is expected to be higher during high sea-

levels (present or last interglacial period, LIG). On the contrary, if we consider the cycles of fusion-

fission as a main driver of island diversity through a “species pump” mechanism (Heaney 1985; Ali 

and Aitchison 2014), then (c) the rate of population splitting (in green) is expected to be higher during 

high sea-levels (interglacial periods). Local population extinction (in red) will also be higher during 

interglacial periods, but merging due to gene flow (in yellow) will be higher during low sea-levels 

(last glacial maxima, LGM).  
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Figure 2: (a) Distribution of seven Amphiacusta species and sampling localities across the Puerto Rico 

Bank (PRB). Dark green areas indicate currently emerged islands, while gray shading represents areas 

that have been periodically emerged and submerged during the Quaternary (up to 120m depth below 

current sea-level, with color varying from dark to light grey at 10m intervals). See Table 1 for full 

locality names. (b) Changes in island area through time since the LGM in the Eastern and Western 

PRB, as approximated by measuring the area of each region at 5m depth invervals in ArcGIS based 

on Digital Elevation Models for Puerto Rico and the Virgin Islands (Taylor et al. 2008; Grothe et al. 

2012) and curves of temporal variation in sea-level during the last glacial cycle from Lambeck & 

Chappell (2001) and Lambeck et al. (2002). 

 

Figure 3: Inter- and intraspecific diversification of Amphiacusta species across the Puerto Rico Bank. 

(a) Population-level tree estimated for seven Amphiacusta species based on 171,528 putatively 

unlinked SNPs analyzed with SVDQUARTETS. Colored circles represent monophyletic groups of 

individuals from the same population following the same color code as in Figure 2. (b) Relative 

intraspecific divergence times for the three Amphiacusta species distributed across the Eastern and 

Western PRB as estimated using FASTSIMCOAL2 under an Isolation-with-Migration model. See Table 
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4 for demographic parameter values and confidence intervals. The software GENGIS (Parks et al. 

2009) was used for plotting the tree against the geographic map of the Puerto Rico Bank. 

 

 

Figure 4: Genetic differentiation (as measured by FST) in three Amphiacusta species presented as a 

function of geographic distance, for the Western PRB (shown in Blue: A. lares and Red: A. pronauta) 

and the Eastern PRB (shown in Light Green: A. sanctaecrucis). There is a significant relationship 

between FST and geographic distance in the Eastern PRB A. sanctaecrucis (Mantel test r=0.92, 

p=0.04) but not in the Western PRB species. 
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Figure 5: Comparisons of population structure based on the distribution of individuals along principal 

component 1 (PC1) and PC2 in three Amphiacusta species based on rare (MAF ≤ 0.05) (left column) 

versus more common polymorphisms (MAF > 0.05) (right column) for the Western PRB taxa (a) A. 

lares, (b) A. pronauta and the Eastern PRB species (c) A. sanctaecrucis. The amount of variation 

explained by PC1 and PC2 in each case is given in parentheses on the corresponding axes and 95% 

inertia ellipses are drawn for each population. Population codes follow those in Figure 2. Note that the 

two A. sanctaecrucis populations from Culebra (CUF and CUV, ~3.5km apart) were pooled into a 

single population (CUL), as they showed very low genetic differentiation and clustered consistently 

together in preliminary analyses. 
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