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Abstract 

In marine environments, barriers to dispersal can be challenging to identify because they are often cryptic. 
Unlike terrestrial environments, where a mountain chain that is visible can physically separate two 
populations of animals, vast masses of water in the ocean make it challenging to pinpoint these barriers. 
Therefore, the impact of these barriers on the formation of new species in the ocean is still not well 
understood. While most marine populations have long been considered to be well connected via long-
distance dispersal, molecular ecology studies are increasingly unveiling inconspicuous barriers that 
promote population divergence and ultimately speciation. The advent of genomic techniques that allow the 
generation of data for thousands of genes has provided an unprecedented opportunity to uncover marine 
barriers that were previously invisible using more rudimentary tools. This, in turn, has opened new avenues 
for understanding of how barriers to dispersal affect population connectivity in the marine environment. 
The overarching goal of my dissertation is to use genome-wide data to look for genetic patterns that 
correspond to such barriers, and to test for their effect at short-, intermediate- and long-term evolutionary 
scales, going through a continuum from micro- to macro-evolution, in a time span from thousands to 
millions of years. 

 At the short-scale, I examined two controversial cases of species delimitation. Species delimitation 
is a major question in biology and is essential for adequate management of organismal diversity. The first 
challenging case involves the red snappers in the Western Atlantic. Red snappers have been traditionally 
recognized as two separate species based on morphology: Lutjanus campechanus (northern red snapper) 
and L. purpureus (southern red snapper). However, recent genetic studies using few molecular markers 
failed to delineate these nominal species, lumping the northern and southern populations into a single 
species (L. campechanus). To evaluate if the populations of these fish represent one or two species, my 
project applied ca. 40,000 genome-wide markers of 178 individuals collected throughout the range of the 
two species and population and species delimitation analyses. Overall, my results supported the isolation 
and differentiation of these species, a result that confirmed the morphology-based delimitation scenario, 
highlighting the benefits of using genome-wide data in complex cases of species delimitation (Chapter I, 
published in Proc. Roy. Soc. B in 2019). 

The second study case involves a species complex of silverside fishes (Chirostoma humboltianum group: 
Atherinidae) in the Central Mexico plateau. The humboltianum group represents a taxonomically-
controversial species complex where previous morphological and molecular studies based on a few genes 
produced conflicting species delineation scenarios. I applied an integrative approach that considered 
multiple lines of evidence to investigate the species numbers and boundaries comprising this contentious 
group. I used ca. 33,000 molecular markers for 77 individuals representing the nine nominal species in the 
group, spanning their distribution range in the central Mexico plateau, in combination with morphologic 
and ecologic information. My findings are inconsistent with the morphospecies and ecological delimitation 
scenarios, identifying three to four species. This study provides an atypical example in which genome-wide 
analyses delineate fewer species than previously recognized on the basis of  morphological data alone. It 
also highlights the influence of geologic history as a main driver of speciation in the group (Chapter II, 
published in BMC Eco. Evol. B in 2022). 
 
 At the intermediate- scale, I evaluated the influence of historical (e.g., geophysical events) and 
contemporary barriers (e.g., habitat gaps) hindering genetic flow among populations by studying the spatio-
temporal phylogenetic concordance of co-distributed lineages. For this study, I investigated the comparative 
phylogeography of labrisomid blennies in the genus Malacoctenus. I generated data for ca. 28K genome-
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wide markers that were sequenced from over 500 individuals collected from 38 locations, representing 23 
(out of 25) species of Malacoctenus. With this dataset, I assessed the effect of recognized historical (e.g., 
the rising of the Isthmus of Panama) and contemporary barriers (e.g., sandy gaps) in the Tropical Eastern 
Pacific (TEP) and the Tropical Atlantic (TA) biogeographic realms. These blennies represent an ideal 
system to test the effect of such barriers as they are strongly associated with rocky habitats and coral reefs. 
Therefore, subtle habitat disruptions may lead to genetic isolation. At the micro-evolutionary scale, the 
observed population structure patterns identified the Sinaloan and Central American breaks as the major 
breaks in the TEP; and the Bahamas and Eastern Caribbean breaks as key barriers disrupting connectivity 
in the TA. All in all, the effect of these breaks varies across species, suggesting that species-specific traits 
(e.g., habitat preference), also greatly influence their dispersal capabilities. My study identified five 
instances where marine barriers promoted the diversification of independent evolutionary lineages that 
could potentially represent species complexes. Some of them supported by evidence of population 
differentiation from previous morphological analyses as well as by my geometric morphometric analyses. 
Major environmental variables driving population differentiation in the TEP are depth, temperature, 
chlorophyll a altogether with spatial components, while in the TA suspended particle matter also influences 
diversification.  

 At the long-term scale, my results suggest that depth is a primary driver of speciation in the TEP, 
leading to niche divergence between tide pool- and reef-associated clades. In contrast, in the TA, patterns 
of environmental association appeared more intricate, where depth, temperature, chlorophyll a and physical 
features significantly contributing to speciation in this region. Finally, our time-calibrated analyses at 
macroevolutionary scales elucidated an Eastern Atlantic origin of the clade followed by an east-to-west 
dispersal. Although the historical break attributed to the rise of the Isthmus of Panama had a substantial 
influence on the evolutionary history of the genus, our analyses demonstrate that it did not triggered 
synchronous cladogenetic events. In summary, by using a combination of population genomics, 
comparative phylogeography, phylogenomics, seascape genomics, and geometric morphometric 
approaches, this study highlights major contemporary and historical barriers hindering population 
connectivity in the TEP and TA biogeographic regions, enhancing our understanding of the forces and 
processes generating new species in marine systems (Chapter III, to be submitted for publication). 

All in all, my thesis highlights that the use of genome-wide data provides unprecedented resolution 
to unveil patterns of genetic structure, commonly unraveling cryptic diversity, and the opportunity to 
address species delimitation problems. By uncovering the spatio-temporal genetic patterns of fishes along 
the evolutionary continuum, my dissertation provides novel insights into the evolutionary and 
biogeographic history of marine and freshwater Neotropical fishes. Overall, my dissertation not only helps 
to understand the evolutionary history of the species under study, but more generally, elucidate factors 
driving evolutionary process in the marine realm, ranging from population-level scales, to speciation, to 
higher level relationships among groups. 
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Chapter 1 
 
Genomics overrules mitochondrial 
DNA, siding with morphology on a 
controversial case of species 
delimitation 
 

Published in Proceedings of the Royal Society B (http://dx.doi.org/10.1098/rspb.2018.2924) 

Carmen del R. Pedraza-Marrón*, Raimundo Silva, Jonathan Deeds, Steven M. Van Belleghem, 
Alicia Mastretta-Yanes, Omar Domínguez-Domínguez, Rafael A. Rivero-Vega, Loretta Lutackas, 
Debra Murie, Daryl Parkyn, Lew Bullock, Kristin Foss, Humberto Ortiz-Zuazaga, Juan Narváez-
Barandica, Arturo Acero, Grazielle Gomes, Ricardo Betancur-R.* 

(*) equal contribution 

 

1.1 Abstract 
Species delimitation is a major quest in biology and is essential for adequate management of the 
organismal diversity. A challenging example comprises the fish species of red snappers in the 
Western Atlantic. Red snappers have been traditionally recognized as two separate species based 
on morphology: Lutjanus campechanus (northern red snapper) and L. purpureus (southern red 
snapper). Recent genetic studies using mitochondrial markers, however, failed to delineate these 
nominal species, leading to the current lumping of the northern and southern populations into a 
single species (L. campechanus). This decision carries broad implications for conservation and 
management as red snappers have been commercially over-exploited across the Western Atlantic 
and are currently listed as vulnerable. To address this conflict, we examine genome-wide data 
collected throughout the range of the two species. Population genomics, phylogenetic and 
coalescent analyses favor the existence of two independent evolutionary lineages, a result that con- 
firms the morphology-based delimitation scenario in agreement with conventional taxonomy. 
Despite finding evidence of introgression in geo- graphically neighboring populations in northern 
South America, our genomic analyses strongly support isolation and differentiation of these 
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species, suggesting that the northern and southern red snappers should be treated as distinct 
taxonomic entities. 

 

1.2 Introduction 
Delimitation of species—the basic unit of biological diversity—is of great interest across many 
fields in biology. The adoption of molecular information for species delimitation analyses has 
unveiled cryptic diversity across several taxa [1,2]. Initial approximations that integrated genetic 
markers, such as mitochondrial DNA (mtDNA) or scant nuclear DNA (nDNA) fragments, into 
traditional taxonomy provided greater resolution for a broad array of groups [1], from marine 
corals and fishes [3,4] to terrestrial fungi and mammals [5,6]. Mitochondrial and single nuclear 
markers, however, are not always efficient tools [7 – 9], and can at times fail to discriminate species 
correctly [10]. This is exemplified by the often incongruent genealogies inferred from different 
genetic loci that identify conflicting histories [11], which can ultimately arise from incomplete 
lineage sorting (ILS) or introgression [7,9,12] and reveal the history of the genes examined rather 
than that of the species [13]. Although mtDNA markers, widely used in molecular barcoding, have 
proven powerful at detecting cryptic species (e.g. fishes [3,14]), there are few examples in natural 
populations where mitochondrial-based approaches conflict with both conventional taxonomy and 
genomic inferences (e.g. sharks [15], lampreys [16], caddisflies [17]; see [18] for a review). 
Recently, the advent of high-throughput sequencing technologies has facilitated the generation of 
large-scale datasets with thousands of markers for high resolution of shallow evolutionary 
inferences [19], further allowing the elucidation of complex speciation scenarios (e.g. [17,20,21]). 
Uncovering signals of population and species differentiation with genome- wide molecular 
information is now becoming mainstream [2,22] and permits the rigorous validation of 
relationships that were previously inferred from single or few genetic loci. 

Here, we address a controversial case of species delimitation of red snappers (Teleostei: 
Lutjanidae) in the Western Atlantic (WA) where mtDNA has delimited fewer species than initially 
documented. For over a century, two allopatric species of red snappers have been recognized on 
the basis of morphological and meristic traits, including number of scales in the lateral line (or 
scale counts in rows above and below the lateral line) and modal differences in anal fin ray counts 
[23]. The northern red snapper, Lutjanus campechanus (Poey, 1860), is distributed along the US 
East coast and the Gulf of Mexico; the southern red snapper, Lutjanus purpureus (Poey, 1866), 
occurs in the Caribbean Sea and southwards through northeastern Brazil. Recent attempts to 
investigate population genetic structure and to evaluate the degree of similarity of red snappers 
using mtDNA sequences [24,25] failed, however, to discriminate the nominal species as 
independent evolutionary groups. These studies have ultimately suggested that the northern and 
southern red snappers constitute a single species (L. campechanus) that exhibits phenotypic 
variability throughout the WA. This decision has been recently adopted by several taxonomic 
authorities [26,27], carrying down- stream repercussions for conservation and fisheries 
management. The conflicting morphological and mitochondrial evidence has raised a controversial 
case of species delimitation where an accurate taxonomic demarcation is of particular concern, as 
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red snappers have been widely overfished and are currently listed as vulnerable by the IUCN Red 
List of Threatened Species [28]. 

Using genome-wide markers generated via RAD sequencing approaches, we test the 
discordance between the mtDNA- and morphology-based hypotheses that has led to a continuing 
conflict of species delimitation in WA red snappers. We show that southern and northern red 
snappers represent two independent evolutionary lineages that should be recognized as distinct 
species. We highlight the importance of using genomic approaches to reconcile complex species 
delimitation scenarios where different lines of evidence conflict. 

 

1.3 Materials and methods 
Sampling 

We examined a total of 178 red snapper individuals (105 of L. campechanus and 73 of L. 
purpureus) collected from 15 locations across the WA (figure 1.1; Appendix A, table S1). 
Georeferenced data are available for most sampling sites; for others, the approximate location was 
inferred by interpreting collecting site descriptions. We also attempted to acquire specimens that 
would fill the sampling gap through the Caribbean Islands or intermediate populations in Central 
America. Although we actively searched for over 2 years in two key Caribbean locations (Puerto 
Rico and San Andre´s Island, Colombia), all surveys were unsuccessful (see details in Appendix 
A, figure S1). Given the apparent scarcity of the species in the region, other Caribbean locations 
were also ineffectively probed for samples through networking efforts. To emphasize the low 
abundance of red snappers in many Caribbean localities, we generated a map with total records for 
both species using reports available from FishNet (www.fishnet2.net) and the Ocean 
Biogeographic Information System (OBIS) (www.iobis.org) (Appendix A, figure S1). 

Molecular protocols, mitochondrial data and SNP genotyping 

All individuals examined were sequenced using restriction-digest-associated DNA sequencing 
(RADseq) approaches by applying the double-digest (ddRADseq) protocol of Peterson et al. [29]. 
This technique allows for the low cost discovery and genotyping of thousands of genetic markers 
and is particularly useful for non-model organisms [30]. In order to compare the population 
structure using genome-wide RADseq markers to that obtained with mtDNA (e.g. as in previous 
studies [24,25]), a subset of 83 samples was barcoded using the mtDNA gene cytochrome-c 
oxidase subunit I (COI) following standard protocols [31] (Appendix A, table S2). Additional 
mtDNA sequences for COI and D-loop were downloaded from available data on NCBI (Appendix 
A, table S3). ddRADseq data were processed using several packages, including STACKS v1.49 
[32], FASTQC v0.11.5 (www.bioinformatics.babraham.ac.uk/pro-jects/fastqc/), TASSEL v5.2.43 
[33], and VCFTOOLS v0.1.15 [34]. Different combinations of assembly parameters were first 
tested on a subset of 30 samples (following [35]) in STACKS. Final locus assembly was performed 
using a minimum of five raw reads required to form a stack, and allowing a maximum of two 
mismatches between stacks and three mismatches between loci of different individuals. Loci with 
a minimum allele frequency of 0.05 and a maximum observed heterozygosity of 0.70 were further 
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excluded as potential paralogues. The sensitivity of results to number of individuals and missing 
data was also evaluated by applying a variety of filters. Four datasets that contained between 21 
431 and 55 795 loci were first selected based on loci present in multiple predetermined numbers 
of populations (p) and percentage of individuals (r) ( p11r50, p12r50, p9r60 and p8r60). A second 
filter (‘min. sites’) was applied after removing individuals with different thresholds for missing 
sites (0.75, 0.50, 0.25 and 0.05). These filters resulted in 20 datasets (Appendix A, table S4), of 
which six were further selected according to the amount of missing data (9 – 46%), number of 
individuals present (44 – 155), number of SNPs (15 112 – 42 406), and number of populations (8 
– 15). Additional details on molecular protocols for de novo assembly of RAD loci are given in 
the Appendix A. 

Phylogenetic and coalescent analyses 

A phylogenetic network was computed based on 15 112 SNPs with the Neighbor-Net algorithm 
in SPLITSTREE v4.14.6 (www.splitstree.org). Phylogenetic reconstruction was performed in a 
maximum-likelihood (ML) framework using the software RAxML v8 [36]. Trees were inferred 
for the six SNP datasets selected in the previous step. All invariant sites were removed from the 
matrices using the R package phrynomics (https://github.com/bbanbury/phrynomics/). Two 
alternative ML ana- lyses were performed: one in which heterozygous alleles were collapsed using 
ambiguity (IUPAC) codes, and another using concatenated variants (extracted in order of 
appearance from the VCF file). No major differences were found between trees reconstructed from 
these variants and only the latter trees are reported. To account for acquisition biases inherent to 
SNP datasets [37], we used the GTR + I model with ascertainment bias correction (ASC) in 
RAxML. Nodal support was assessed in RAxML using 100 rapid bootstrap replicates. For the 
mitochondrial matrix, haplotype networks of 654 bp COI and 858 bp D-loop were constructed 
using the TCS Network available in POPART [38]. The COI sequences were aligned using 
available references of L. campechanus and L. purpureus from GenBank (accession no. EU752115 
and EU752118). 

We also assessed the fit of the two alternative scenarios of species delimitation in WA red 
snappers in a coalescent frame- work. We used the Bayes factor delimitation (BFD*) method 
implemented for genome-wide SNP data [39] in the programs SNAPP v1.3.0 [40] and BEAST2 
v2.4.1 [41]. To reduce computational burden, we first applied additional filters to the p12r50 
dataset (with 15 112 SNPs from 15 populations; see above) by retaining both loci and individuals 
from each population with the lowest proportions of missing data. Three subsets with 58 – 108 
individuals and 149 – 957 loci were assembled (see Appendix A). To set up priors and MCMC 
runs, we carefully followed the guidelines outlined in the BFD* tutorial by A. Leaché 
(http://www.beast2.org/bfd/). Because the scenarios tested contained fewer than three species-tree 
nodes (e.g. for one species the leaf node is also the root node), we removed all tree operators from 
the analyses (R. Bouckaert 2019, personal communication). Finally, we compared the marginal 
likelihood estimates for the alternative scenarios using Bayes factors. 

Population structure analyses 
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Principal component analyses (PCAs) were first computed on allele frequencies using TASSEL 
v5.2.43 [33]. The analyses for p12r50 and p8r60 matrices were performed with three different 
proportions of ‘min. sites’ (0.75, 0.25 and 0.5), and figures were plotted using the R [42] package 
ggplot [43]. The p12r50 matrix was selected for downstream analyses, as this dataset captures the 
genetic information of 155 individuals from all 15 populations while maximizing population 
discrimination. Next, the fastStructure v1.0 [44] package, a Bayesian clustering method, was used 
for inferring population structure. The number of population clusters was evaluated by running 
multiple values of K (1 – 18) using a logistic prior. The best-fitting model complexity was selected 
with the chooseK.py routine and the resulting K value was re-run through fastStructure 25 times 
with multiple random seeds to identify the five highest values of the log-marginal likelihood 
(LLBO). Final plots were constructed using disruct.py, available from fastStructure. Lastly, Weir 
and Cockerham FST values were estimated using the R package hierfstat [45] using 100 bootstrap 
replicates. Because large amounts of loci with missing data can deviate true values of summary 
statistics [46], we calculated FST values from two datasets: (i) p12r50-155, as previously selected; 
and (ii) p12r50-89, excluding three populations with few represented loci. FST values were plotted 
as heatmaps using the R package gplots [47]. 

Isolation by distance 

Limited dispersal capabilities in panmictic populations often result in a correlation between 
geographical distance and genetic differentiation among populations—a process termed isolation- 
by-distance (IBD) [48]. To test whether the red snapper populations follow a pattern of IBD, we 
performed a Mantel test using a correlation and a major axis correction [49,50] between Weir and 
Cockerham FST values among populations and their corresponding geographical distances 
(including 15 populations). Geographical distances were calculated via the least cost path (LCP) 
distance over seawater using the R package marmap [51]. We constrained the LCP to depth values 
between 10 and 190 m, which constitute the depth range of suitable habitat for red snappers [26]. 
Because these species can also disperse through oceanic currents during their pelagic larval phase, 
additional mantel tests were conducted using Euclidean geo- graphical distances (computed with 
the R package adegenet [52]). Results of Mantel tests were not affected by the use of LCP or 
Euclidean distances; therefore, only the former results are reported (figure 1.1f ). 

Hybridization 

In order to test for ongoing hybridization between the two species, we used the R package gghybrid 
to estimate the hybrid index (HI)—a measure of genetic admixture within individuals [53]. The 
gghybrid package uses a Bayesian algorithm on bi-allelic genomic data to calculate the proportion 
of allele copies coming from parental reference sets [54] while applying a logit- logistic model for 
the genomic cline curve [54,55]. We ran HI estimations using 10 000 MCMC iterations and 
estimated posterior probability values after a 5000 iteration burnin. We selected the northernmost 
populations of L. campechanus (Florida and Apalachicola) and the southernmost populations of 
L. purpureus (Fortaleza and Salvador) as parental references in order to reduce the probability of 
gene exchange between major lineages. By selecting populations with a low probability of contact, 
the analysis focuses on loci that are highly differentiated in the parental reference populations. 
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1.4 Results 
In agreement with previous studies [24,25], our mtDNA haplotype networks fail to delimit the 
nominal species as distinct haplogroups (figure 1.1a,b). The COI network shows an intermingling 
of L. campechanus and L. purpureus (figure 1.1a), whereas the D-loop network identifies one 
haplogroup formed solely by L. purpureus individuals and another where haplotypes of L. 
campechanus are nested within the L. purpureus populations (figure 1.1b). Similarly, the mtDNA 
COI tree lacks resolution and reveals no geographical segregation of individuals based on unique 
haplotypes (figure 1.2a). By contrast, trees inferred with genome-wide RADseq data (15 112–42 
406 loci) consistently resolve two divergent and well supported reciprocally monophyletic groups 
(bootstrap support = 100%) that match the established species boundaries for L. campechanus and 
L. purpureus (figures 1.1e and 1.2a). There is no apparent pattern of geographical segregation 
within each clade, as individuals are not clustered in the SNP-based trees by populations/locations. 
Coalescent-based analyses using the BFD* method also provide overwhelming support in favor of 
the two species delimitation scenario (Bayes fac	tors for two versus one species 2310.28 – 22 
356.22; see details in Appendix A, table S5). A list of diagnostic SNPs differentiating populations 
of L. campechanus from L. purpureus, which can be used for barcoding purposes, is given in the 
Appendix A, table S6. 

Population structure results based on fastStructure analyses of SNP data delimit the 
northern and southern lineages as separate units (figure 1.1c,d ), with a best-fitting model 
supporting two meta-populations (K = 2). Although there have been recent concerns that structure 
analyses tend to be biased in favor of K = 2 [56], we note that our K scheme is consistent with the 
results inferred using multiple lines of evidence (figures 1.1e and 2; Appendix A, table S5). In the 
PCAs of RAD loci, the first principal component accounts for 21 – 27% of the variation and is 
congruent with the separation of L. campechanus from L. purpureus (figure 2b; Appendix A, figure 
S3). The second principal component represents 1 – 6% of the genetic variation, resulting in 
scattered populations on a cline that unveils fine-scale patterns of population structure according 
to geography (e.g. Veracruz-Tuxpan and Alabama-Louisiana define slope extremes of L. 
campechanus; the same is true for Guajira and Fortaleza in L. purpureus). While results using the 
42406 SNPs matrix (figure 1.2b; Appendix A, figure S3d–f ) show a much clearer species 
demarcation relative to the 15 112 SNPs matrix (figure 1.2b; Appendix A, figure S3a–c), PCAs 
overall identify the same clustering patterns regardless of the number of SNPs analyzed. Main 
variations on the observed genetic groups were influenced by the number of individuals contained 
(‘min. sites’ filter) in each PCA analysis, where PCAs generated with ‘min. site 0.05’ superimpose 
populations from both species that contained the highest amount of missing data (e.g. Yucatán; 
figure 1.2b; Appendix A, figure S3a). These results emphasize that missing data can bias the results 
obtained with large RADseq datasets [57]. 

Weir and Cockerham FST values are substantially lower at intra- versus inter-specific levels 
(Appendix A, figure S4). Lutjanus campechanus shows genetic differences between 0.0010 and 
0.0119 in Tabasco- Veracruz and Veracruz-Apalachicola respectively, whereas L. purpureus 
presents a range of FST values from 0 in Fortaleza-Salvador and 0.0588 in Fortaleza-La Guajira. 
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Figure 1.1 Genetic structure of WA red snappers. The northern red snapper (Lutjanus campechanus; red) and 
the southern red snapper (Lutjanus purpureus; green) are recognized as two separate species by conventional 
taxonomy on the basis of morphological characters. Consistent with previous studies, haplotype networks based 
on mitochondrial DNA sequences lack discriminatory power at the species level (a, COI; b, D-loop). However, 
a Bayesian structure analysis using 15,112 genome-wide SNPs identifies two main genetic clusters (K = 2) that 
are concordant with the traditional taxonomic delineations. Average admixture proportions were calculated for 
either (c) populations or (d) individuals (each structure bar representing the probability of assignment to each 
cluster). These results are congruent with (e) the estimated phylogenetic network (see additional trees in Fig. 
1.2). (f) Correction of Mantel correlogram between Weir and Cockerham FST values versus least cost path 
geographic distances provide little support for a model of isolation by distance for intraspecific comparisons. 
Population information, descriptions, and abbreviations are given in Table S1 (Appendix A). 
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Figure 1.2 (a) Phylogenetic and (b) principal component analyses (PCAs). Phylogenetic trees and PCAs based 
on ~15,000-42,000 SNPs resolve two well-differentiated clusters that are congruent with the morphology-based 
hypothesis. These results are largely consistent regardless of the number of individuals or loci analyzed. As in 
previous studies, a phylogenetic tree based on mtDNA (a; COI sequences) fails to identify genetic structure that 
aligns with the recognized species boundaries. Trees and PCAs plots are color-coded according to their 
geographic location in map. Abbreviations in map correspond to locality information given in Appendix A 
Table S1; see also Appendix A Fig. S3 for additional details on PCAs. 
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Negative and zero FST values were common across adjacent populations for both species, 
suggesting higher genetic differences at intra- rather than inter-population scales (i.e. individuals 
from adjacent locations may form a panmictic population [58,59]). By contrast, interspecific 
comparisons show substantially higher FST values, varying from 0.1240 among geographically 
closer populations (Veracruz-Nueva Esparta) to 0.3406 among the more distant comparisons 
(Fortaleza-Apalachicola). 

Results of Mantel tests are marginally significant when the northern and southern lineages 
are each analyzed in isolation (p = 0.06 for L. campechanus; p = 0.02 for L. purpureus; Appendix 
A, figure S5a,b). No substantial association between genetic and geographical distances (IBD), 
however, is detected for Euclidean nor LCP distances, as the points do not form continuous linear 
plots (figure 1.1f; Appendix A, figure S5c,d). Admixture plots from fastStructure reveal 
introgression (figure 1.1c,d ) at geographically neighboring populations between the two species 
in northern South America. This result is further confirmed with the hybrid index estimated with 
gghybrid (Appendix A, figure S6), which identifies admixture in geographically inter- mediate 
populations in Colombia (La Guajira), Venezuela (Nueva Esparta), and to some extent Brazil 
(Amapá). By contrast, none of the populations of L. campechanus reveal signs of ongoing 
introgression. Taken together, these results indicate a pattern of unidirectional interspecific 
introgression in L. purpureus from L. campechanus. 

 

1.5 Discussion 
Species delimitation 

Western Atlantic red snappers represent two commercially important species whose taxonomic 
status has been recently challenged. Described on the basis of morphological and meristic traits 
[23], Lutjanus campechanus and L. purpureus were recently considered to be conspecific based 
on assessments of genetic structure that examined mitochondrial DNA sequences and failed to 
delineate the formerly recognized species boundaries [24,25]. Despite finding concordant results 
with previous studies based on expanded mitochondrial COI and D-loop sequences (figures 1.1a,b 
and 1.2a), genome-wide analyses implementing SNP data (approx. 15 000 – 42 000) identify 
remarkable genetic divergences between the northern and southern red snappers. These results are 
supported by structure analyses (figure 1.1c,d,f ), phylogenetic inferences (figures 1e and 2a), 
coalescent tests (Appendix A, table S5), PCAs (figure 1.2b), and geographical patterns of 
population abundances (from FishNet and OBIS; Appendix A, figure S1b), all of which are in 
agreement with the morphospecies delimitation and are largely robust to the number of individuals, 
SNPs, or missing data included in each of the data matrices analyzed. The mito-nuclear 
discordance observed for WA red snappers can be the result of mitochondrial introgression or 
incipient sorting of mitochondrial haplotypes—the most likely biological sources of genealogical 
incongruence among recently diverged species [9]. Notably, a recent unpublished study that 
compared the otolith shape among different populations and species of WA red snappers using 
geometric morphometric approaches also identified well-differentiated and non-overlapping 
clusters that are consistent with the evolutionary units delineated here using genomic data [60]. 
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While Mantel tests and correlogram analyses indicate that intraspecific populations 
separated by vast geographical distances have a smaller likelihood of gene flow, our analyses find 
tenuous support for a pattern of intraspecific IBD (figure 1.1f; Appendix A, figure S5). We find 
evidence, however, of ongoing interspecific hybridization (figure 1.1c,d) through circulating gene 
flow across geographically neighboring locations in northern South America (figure 1.1c,d; 
Appendix A, figure S6). Interspecific hybridization is not rare across sister species of marine fishes 
(e.g. Haemulon maculicauda and H. flaviguttatum [61]) and could also lead to mito-nuclear 
discordance via genetic introgression [18]. In the face of introgression, genetic structure is 
expected to reflect geographical patterns, particularly when sister species pairs become 
geographically isolated and subsequently come into secondary contact [17,61]. In this case, 
geographical patterns appear to support secondary admixture over incomplete lineage sorting 
(ILS), where ongoing hybridization leads to nuclear introgression [17,18]. 

Remarkably, the apparent direction of the aforementioned introgression (north to south) 
runs counter to the progression of marine currents in the Greater Caribbean (south to north). 
Although a northward route seems more plausible than the reverse, this is not entirely unexpected 
in light of the complex patterns of connectivity in the Greater Caribbean [62,63]. For instance, the 
progression of the lionfish invasion in the area has taken place southwards, from Florida to South 
America [64]. An alternative explanation to the observed pattern is that genetic structure reflects 
the maintenance of ancestral polymorphisms (ILS), possibly as a result of the recent divergence of 
the species. This interpretation, however, seems unfeasible considering that cline analyses 
(gghybrid) account for ancestral shared polymorphisms by focusing on loci that are highly 
differentiated in the parental reference populations. Another possibility involves secondary contact 
after divergence between the two species, at a time when L. campechanus co-occurred in the south, 
and either southern L. campechanus populations are now extinct or they have been diluted into a 
dominant L. purpureus genetic and demographic background. All these possibilities remain to be 
explored in greater depth using demographic and migration tests. 

Although we were unable to examine samples from the western and northern Caribbean 
region (Appendix A, figure S1), this does not necessarily represent a caveat in our study. The 
scarcity of records over time in the Bahamian, Eastern Caribbean, Greater Antilles, and 
Southwestern Caribbean marine ecoregions (regionalization according to [65]; Appendix A, figure 
S1) suggest that the populations of red snappers are not completely established, possibly formed 
by vagrant individuals. This, in fact, reflects and actual gap in the connectivity of the two species 
that reinforces our observations and emphasizes a regional discontinuity pattern. Notwithstanding 
a worst-case scenario with well-established intermediate populations in the Caribbean and a 
smooth cline of admixture between the northern and southern lineages, the vast genomic 
divergences observed between these lineages provide strong evidence for the delimitation of two 
discrete taxonomic units. For instance, while low gen- etic differentiation values were estimated 
intraspecifically despite great geographical distances, the closest interspecific locations sampled 
feature high genetic divergences. Populations of L. purpureus from Nueva Esparta and São 
Salvador da Bahia are separated by an FST of 0.04 and an LCP of 4819 km; L. campechanus from 
Campeche and Florida have an FST of 0.003 and an LCP of 2953 km. These results are congruent 
with observed values proposing panmictic within- species populations [59,66]. Conversely, the 
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corresponding interspecific values between Puerto de Tuxpan (northern red snapper) and La 
Guajira (southern red snapper) are 0.18 and 4847 km, respectively (Appendix A, figure S4a). 

It is important to note that we are not splitting species here based on genetic differences 
alone (e.g. [6]). Instead, we are testing the morphological and mitochondrial hypotheses in light of 
analyses based on thousands of genetic markers, with the former setting a century-long precedent 
on the validation of two species. In our present scheme, finding the cline between the two lineages 
would be difficult, as the lack of samples from intermediate locations precludes the determination 
of accurate geographical boundaries and the extent of the hybrid zone. Novel approaches allow the 
delimitation of species in the presence of gene flow [67]; however, these require gene trees as 
input, which is unfeasible using SNP data. Therefore, although we cannot confidently assert that 
these populations represent two valid species under the Biological Species Concept (BSC), they 
do represent two well-defined entities that match the Phylogenetic Species Concept (PSC)—the 
most commonly used criterion to delimit species in ichthyology [3]. Given that similar 
controversies exist about the specific taxonomic status of other living and extinct organisms (e.g. 
Neanderthal and Denisovan hominids [68]), debating whether these lineages fail to match 
particular aspects of species concepts can be a difficult and possibly futile endeavour. As Darwin 
notes: ‘.. .to discuss if they are rightly called species or varieties, before any definition of these 
terms has been generally accepted, is vainly to beat the air’ [69, p. 49]. 

Conservation Implications 

Red snappers represent some of the most economically important commercial and 
recreational fisheries in the Western Atlantic (WA), generating estimated annual revenues of over 
USD $27 million in the US alone [70]. Such fishing pressures have had an adverse effect on their 
populations, leading to heavily overfished stocks [71]. Delimitation of their species boundaries is 
imperative as the IUCN only lists the northern red snapper as Vulnerable (the southern red snapper 
has not been evaluated) [28]. Generally, an accurate evaluation of species—in particular 
commercially important and threatened species—represents the basic scientific knowledge 
required to determine conservation status that is assessed by international conservation 
organizations including the IUCN and the Food and Agriculture Organization of the United 
Nations (FAO), as natural species do not follow political delimitations. Even though the northern 
and southern stocks are managed by different legal entities, it is crucial to include genetic 
information as a baseline for planned stock enhancement [72] in multiple countries. Finally, correct 
delimitation of species also has implications for the enforcement of seafood mislabeling given that 
only L. campechanus has been traditionally allowed to use the US market name ‘red snapper’; 
other species labelled as red snapper, including L. purpureus, are considered misbranded [73]. 

 

1.6 Conclusion 
Our genome-wide analyses provided a strong signal of genetic differentiation among the northern 
and southern red snappers in the Western Atlantic, reconciling a long-standing conflict of species 
delimitation between mtDNA and morphology (figure 1.3). These results highlight the importance 
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of using powerful markers for addressing complex species delineation problems, particularly with 
organisms that rely on accurate recognition of species boundaries to inform their conservation 
status. We conclude that the two red snappers should be managed as separate taxonomic units. Our 
findings further emphasize the importance of implementing genomic approaches to settle species 
delimitation disagreements, where more conventional methods that lack discerning power may 
lead to the underestimation of biological diversity. These results ultimately align with observations 
from recent studies [15,16], which recommend that taxonomic decisions should strive to be 
conservative when based on single locus inferences, as those can be affected by incomplete lineage 
sorting or introgression in recent speciation events. 
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Chapter 2 
 
Genome-wide species delimitation 
analyses of a silverside fish species 
complex in central Mexico indicate 
taxonomic over-splitting 
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Victor Julio Piñeros*, Carmen del R. Pedraza-Marrón*, Isaí Betancourt-Resendes, Nancy 
Calderón-Cortés, Ricardo Betancur-R and Omar Domínguez-Domínguez 

(*) equal contribution 

 

2.1 Abstract 
Delimitation of species in the speciation continuum is a complex task, as the process of species 
origination is not generally an instantaneous event. The use of genome-wide data provides 
unprecedented resolution to address convoluted species delimitation cases, commonly unraveling 
cryptic diversity. However, because genome-wide approaches based on the multispecies 
coalescent model are known to confound population structure with species boundaries, often 
resulting in taxonomic over-splitting, it has become increasingly evident that species delimitation 
research must consider multiple lines of evidence. In this study, we used phylogenomic, population 
genomic, and coalescent-based species delimitation approaches, in the light of morphologic and 
ecologic information, to investigate species numbers and boundaries comprising the 
“humboltianum group” (Atherinidae)—a taxonomically controversial species complex where 
previous morphological and mitochondrial studies produced conflicting species delineation 
scenarios. We generated ddRADseq data for 77 individuals representing the nine nominal species 
in the group, spanning their distribution range in the central Mexico plateau. Our results conflict 
with the morphospecies and ecological delimitation scenarios, identifying four independently 
evolving lineages organized in three geographically cohesive clades: (i) chapalae and sphyraena 
groups in Lake Chapala, (ii) estor group in Lakes Pátzcuaro and Zirahuén, and (iii) humboltianum 
sensu stricto group in Lake Zacapu and Lerma river system. All in all, our study provides an 
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atypical example where genome-wide analyses delineate fewer species than previously recognized 
on the basis of morphology. It also highlights the influence of the geologic history of the Chapala-
Lerma hydrological system in driving allopatric speciation in the humboltianum group. 

 

2.2 Introduction 
Species delimitation, the task of delineating species boundaries, is a core aim in biology, 
fundamental not only for understanding the extent of the organismal diversity but also for 
conservation and management planning of threatened or overexploited species. Delimiting species 
is difficult as speciation is usually not an instantaneous event, where a diffuse zone between 
populations and species exists—the speciation continuum [1]. Species delimitation inference then 
becomes particularly challenging in recently diverged or closely related species where 
differentiating population-level structure from distinct species is challenging [2]. 

The use of large-scale genotyping techniques provides an opportunity to generate robust 
datasets to address species delimitation conundrums with unprecedented resolution, allowing the 
detection of fine-scale genetic structure [3, 4]. Coupled with species delimitation approaches under 
the multispecies coalescent (MSC) model, genome-wide data provide considerable statistical 
power to identify recently differentiated boundaries [4]. However, the MSC model has been 
recently questioned as it can confound population structure with putative species, often leading to 
overestimating species diversity [4–6]. Thus, the implementation of MSC analyses should be 
combined with other approaches, such as phylogenomic and population genomic methods (e.g., 
multivariate, assignment, and genetic differentiation analyses), in conjunction with other lines of 
evidence (e.g., biogeographic, ecological, or life-history), confers a robust framework to study 
species delimitation [7]. 

New World silverside fishes in the Chirostoma humboldtianum species complex 
(Atherinopsidae; hereafter referred to as the humboldtianum group), distributed in central Mexico, 
are of high economic and cultural importance since pre-Hispanic times [8]. Currently, Chirostoma 
species are considered one of the most important fishery resources in the region, where they have 
been severely overexploited [8, 9].  

The humboldtianum complex represents an interesting system to address problematic 
species boundary delimitation as their nominal species have been subjected to taxonomic 
controversies, with varying numbers of species recognized based on morphologic [10] or 
molecular [11] data. This group is geographically restricted to the lacustrine environments of the 
central Mexico plateau occurring mainly in Lakes Chapala, Pátzcuaro, Zirahuén, and Zacapu [10] 
(Fig. 2.1)–an area comprising roughly 1716.5 km2 [12, 13]–making it feasible to address species 
delimitation by examining the extent of species diversity based on samples collected across their 
distribution range. Nine nominal species have been described based on morphological, 
osteological, meristic, and allozyme data: C. chapalae, C. lucius, C. promelas, C. sphyraena, and 
C. consocium from Lake Chapala; C. grandocule, and C. patzcuaro from Lake Pátzcuaro; C. 
humboldtianum sensu stricto from Lake Zacapu and the Lerma River System; and two subspecies 
for C. estor, C. e. estor, and C. e. copandaro from Lakes Pátzcuaro and Zirahuén respectively [10, 
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14–17] (Fig. 2.1). While a molecular study using one mitochondrial marker (NADH 
dehydrogenase subunit 2; ND2) failed to identify support for the monophyly of each of the nine 
nominal species, and also to resolve the phylogenetic relationships within the species complex 
[18], a recent phylogeographic study based on two mitochondrial (cytochrome b; Cytb and a 
fragment of the hypervariable control region; D-loop) and one nuclear (first intron of the S7 
ribosomal protein; S7) markers identified five haplogroups, indicating that the diversity in this 
species complex is overestimated [11]. The genetic structure recovered by such haplogroups is 
largely clustered by lakes, suggesting that diversification in this group is the result of historical 
geological and hydrographic processes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ecological divergence has also been suggested as a speciation driver in this group given 
the high morphological disparity across traits related to different habitat regimes [18, 19]. For 
instance, ecotypes (‘peces blancos’ and ‘charales’; 117–300 mm and 70–142 mm standard length 
SL respectively) based on the size of the species could coexist by feeding on preys of different 
sizes [10]. Betancourt-Resendes et al. [11] observed intra-lacustrine patterns of evolution in Lakes 
Chapala and Pátzcuaro (two well-differentiated genetic groups within the Lake Chapala over five 
morphospecies, and two genetic groups in Lake Pátzcuaro over three morphospecies), suggesting 

Figure 2.1 (a) Sampling localities of the humboldtianum group across the central Mexico plateau: Lake Chapala, 
Lake Zacapu, Lake Zirahuén, Lake Pátzcuaro, Tepuxtepec Dam, Trinidad Fabela Dam Basins CHA, Chapala; 
ZIR, Zirahuén; PAT, Pátzcuaro; ZAC, Zacapu; ALE, Alto Lerma; BLE, Bajo Lerma; MLE, Medio Lerma [126]. 
(b) Location of central Mexico plateau in Mexico. 
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that these lineages probably evolved through ecological speciation. Although no strong evidence 
of segregation of the nominal species by trophic specialization has been reported, these patterns 
remain to be evaluated [14, 20, 21]. The discrepancy in the recognition of nine morphological 
versus five mitochondrial species, together with the economic importance and critical conservation 
status of these species, highlight the necessity of an accurate estimation of species boundaries in 
this group. 

Here, we used double-digest restriction site-associated DNA (ddRAD) sequencing to 
generate genome-wide single nucleotide polymorphism (SNP) data from all nine nominal species 
in the humboldtianum group, sampled throughout their distribution range. We also considered 
previous studies to interpret the observed genetic structure in the light of multiple lines of evidence. 
By generating the most comprehensive molecular dataset for this group, coupled with 
morphological and ecological lines of evidence, this study aims to: (i) test whether the 
morphospecies or ecotypes are concordant with the genomic groupings, (ii) investigate the number 
and boundaries of species in the humboldtianum group, (iii) examine the evolutionary processes 
driving the divergence in this species complex, and (iv) discuss conservation implications in light 
of the proposed species boundaries and their observed genetic structure. Ultimately, our study adds 
to the growing body of work addressing complex species delimitation scenarios with genomic 
data, while providing critical information to guide conservation and management efforts in the 
humboldtianum group. 

 

2.3 Materials and Methods 
Sample collections 

Our research is a follow-up study of a recently published phylogeographic analysis of the 
humboldtianum group based on two mitochondrial genes, cytochrome b (Cytb); and a fragment of 
the hypervariable control region (D-loop); and one nuclear locus, the first intron of the S7 
ribosomal protein gene (S7) [11]. We carefully selected 77 individuals representing the nine 
nominal species of the humboldtianum group and the genetic diversity observed by Betancourt-
Resendes et al. [11] to build a genomic dataset. We added  two individuals of Chirostoma jordani, 
and one of Chirostoma attenuatum as outgroups. We collected the samples in 2014–2018 with the 
help of local fishermen, followed the ethical capture methods and regulations approved by the 
Official Mexican Norm NOM-032-SAG/PESC-2015 and NOM-036-SAG/PESC-2015 for fishing 
in the lakes of central Mexico. Voucher specimens were preserved in 70% ethanol. Our sampling 
spans six localities, which together cover the range of distribution of the humboldtianum group in 
the central Mexico plateau (Table S1, Fig. 2.1). We sampled fin clips, preserved them in 95% 
ethanol, and stored them at -76°C. We deposited tissue and voucher at the fish collection of the 
Universidad Michoacana de San Nicolás de Hidalgo (UMSNH), Mexico. 

Molecular protocols, de novo assembly, and SNP genotyping 

We extracted high-molecular-weight DNA using the Qiagen DNeasy Blood and Tissue kit 
(Qiagen, Inc.) following the manufacturer’s protocol. We prepared the ddRAD sequencing 
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libraries at the Sequencing and Genotyping Facility (SGF) at the University of Puerto Rico-Río 
Piedras (UPR-RP), following the protocol of Peterson et al. [91]. We used the PstI and MseI 
restriction enzymes with a size selection window of 300–600 bp. We sequenced ddRADseq 
libraries in two lanes of Illumina HiSeq 4000 PE 100 bp at the Knapp Center of Biomedical 
Discovery (KCBD) Genomics Facility, University of Chicago. 

We verified the quality of the raw reads using the software FastQC v0.11.5 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). We demultiplexed the sequenced 
libraries and removed the restriction sites using the process_radtags.pl script implemented in 
Stacks v2.4 [92, 93]. We trimmed all demultiplexed reads to 86 bp after removal of the restriction 
site overhangs. We then applied a second quality filter using a Phred score of 33, producing a total 
of 3.5x108 reads that we retained. We deposited all demultiplexed raw reads in GenBank (NCBI) 
(accession no. SAMN26725252–SAMN26725331, SRA BioProject PRJNA816865). 

 As there is no Chirostoma genome that we could use as a reference, we conducted a de 
novo assembly of putative loci using Stacks. To select the assembly parameters that best-fit the 
data, we first performed an exploratory analysis using default parameters. We then used a subset 
of 15 samples, formed by the individuals of each nominal species with the highest coverage to 
conduct a second assembly by applying different combinations of parameters as reported by 
Mastretta-Yanes et al. [94], Paris et al. [95], and Pedraza-Marrón et al. [96]. Details of the protocol 
for the de novo assembly are given in the Appendix B (SM, Fig. S11-S13). We conducted the final 
locus assembly using a minimum of five raw reads required to form a stack (m = 5), with a 
maximum of four mismatches between stacks (M = 4), and five mismatches between loci of 
different individuals (n = 5). 

SNP filtering and database selection 

SNP filtering parameters play an important role in the number of recovered loci and the inferred 
degree of genetic differentiation [97, 98]. We thus implemented a series of exhaustive steps to 
select the final SNP loci that were included in further analyses (Fig. S14). (Step 1) We filtered 
biallelic loci according to the number of individuals, populations, and nominal species (Table S2). 
We selected four databases that ranged between ~1000 and ~105000 SNPs to apply further filters. 
(Step 2) We removed low-frequency alleles and potential paralogous loci using a minor allele 
frequency (maf) of 0.01 and 0.05. (Step 3) We selected sites with different tolerance thresholds for 
missing data (0.05, 0.25, 0.50, and 0.75). (Step 4) We removed individuals with various cutoffs of 
missing data (0.05–0.99). Collectively, these filters produced 24 additional datasets, with 150–
33800 SNP loci, 0.3–49% of missing data, and 37–80 individuals representing 4–9 morphospecies. 
(Step 5, Table S3). We then selected 19 (out of the 24) matrices to assess the robustness of our 
analyses to differences in numbers of individuals (37–72), nominal species (4–9), SNPs (~2k–
~33k), and proportions of missing data (0.3–49%). The matrices generated during this step were 
further used to evaluate the sensitivity of the analyses to the exclusion of nominal species with 
high levels of missing data (see SM). For more exhaustive analyses, we also selected five (out of 
the 24) datasets with a final set of 72 individuals representing the nine morphospecies: A-
33716snps (33716 SNPs, 15.7% missing data), B-10517snps (10517 SNPs, 7.7% missing data), 
C-4821snps (4821 SNPs, 12.3% missing data), D-3564snps (3564 SNPs, 10.4% missing data), and 
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E-1887snps (1887 SNPs, 12.4% missing data). (Step 6) Finally, to conduct FST outlier analyses 
(see section 2.7), the five matrices (A–E) from previous step were partitioned into all, neutral, and 
outlier loci, for a total of 15 databases. For details refer to the SM (see also Fig. S14). 

Multivariate analyses 

To determine the number of genetic clusters within the humboldtianum group, we conducted a 
principal component analysis (PCA)—designed to identify genetic groups through eigenvector 
decomposition of allele frequencies [99]—using matrices A–E with all, neutral, and outlier SNP 
loci. In addition, to identify de novo structure, we conducted an assessment of a priori designations 
using a discriminant analysis of principal components (DAPC). DAPC combines discriminant 
(DA) with principal component (PC) analyses to maximize genetic variance among groups while 
minimizing within-group variance [100, 101]. We selected the a priori groups by configuring the 
nine nominal Chirostoma morphospecies. We assessed the most likely number of clusters (k = 1–
9) using the find.clusters function within the adegenet v2.1.1. package [102] by selecting the k 
model with the lowest Bayesian Information Criterion (BIC) score. We calculated the number of 
PCs to be retained using the dapcCross validation function, which is based on the highest 
successful assignment that presented the lowest mean squared error [100]. 

Genomic structure and genomic differentiation analyses 

To evaluate the number of genetic clusters within the humboldtianum group, we analyzed the final 
matrices (A–E) with all, neutral, and outlier loci under a maximum-likelihood framework using 
the software ADMIXTURE v1.3.0 [103]. This program estimates the proportion of the ancestral 
population (Q estimates) for each individual to calculate the number of genetic clusters (k) under 
a cross-validation procedure, where lower values represent the optimal number of populations 
[104]. All analyses were run with k values ranging from 1 to 12, which represent the nine nominal 
morphospecies described for the group, the sub-species from Zirahuen Lake, C. e. copandaro, and 
two additional genomic groups that could be possible detected in the hypothetical case of have a 
higher number of population clusters. To further assess population clustering, we conducted 
admixture analyses within Chapala and Pátzcuaro-Zirahuén lakes, corresponding to clade I and 
clade III, respectively (see Results). The analysis for Chapala lake sample (n=41) was run with of  
k values ranging from 1 to 5, which represent the five morphospecies of humboltianum group 
described in this lake. The analysis for Pátzcuaro-Zirahuén lakes sample (n=24) was run with k 
values ranging from 1 to 4, which represent the three morphospecies of humboltianum group 
present described in Pátzcuaro lake, plus the subspecies from Zirahuen lake C. e. copandaro. We 
plotted all cross-validation and Q estimates using the ggplot2 [105] and pophelper [106] packages 
in R studio. 

 We computed analyses of pairwise FST comparisons to test the genetic differentiation 
among groups using the D-3564snps-all_loci matrix. We selected this matrix as it showed the 
general patterns observed with other matrices, but also as it had the highest percentage of variation 
explained in the multivariate analyses (see Results). We examined four alternative species 
delimitation schemes: i) nine morphospecies (morphological-based hypothesis; sensu Barbour, 
[10]), ii) five mtDNA haplogroups (mtDNA-based hypothesis; sensu Betancourt-Resendes et al. 
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[11]), iii) four genomic clusters (k = 4) observed with the DAPC analyses (see Results), and iv) 
three clusters detected by the admixture analyses (k = 3) (see Results). To further test whether an 
agreement between species’ body size and trophic speciation exists [10], we calculated pairwise 
FST comparisons among ecotypes by lake (‘peces blancos’ vs. ‘charales’). Details on ecotype 
discrimination are provided in the SM. We calculated these analyses in ARLEQUIN v3.5.1.2 
[107], and significance was determined using 10000 permutations and a Bonferroni correction 
[108] to adjust p values for these calculations (significant levels of α are provided in Tables S4–
S8). 

Phylogenetic analyses 

We estimated phylogenetic trees under a maximum likelihood (ML) framework using the software 
IQ-TREE v2.0.6 [109]. We conducted phylogenetic inference for the five matrices (A–E) 
including all, neutral, and outlier SNP loci, and using C. jordani as the outgroup. All analyses used 
the GTR model with gamma distribution and the ascertainment bias correction (ASC) to account 
for acquisition discrepancies related to SNP datasets. We estimated branch support using IQ-
TREE’s ultrafast bootstrap algorithm (UFBoot) with 500 replicates [110]. 

To evaluate patterns of incongruent evolutionary histories between mitochondrial and 
nuclear loci—mitonuclear discordance—we used the sequence data of two mitochondrial genes 
(cytochrome b or Cytb, and a fragment of the hypervariable control region, D-loop) from 
Betancourt-Resendes et al. [11]. Using the GTR model in IQtree as explained above, we estimated 
ML mtDNA trees for each gene separately and also for the concatenated mtDNA matrix. We 
extracted tips shared between the mtDNA trees and our ddRADseq (D-3482snps-neutral_loci 
matrix) using the keep.tip function implemented in the R package phytools [111]. 

Multispecies coalescent analyses 

We inferred a multi-coalescent species tree for the D-3482snps-neutral_loci matrix using the 
SNAPP v1.3.0 plug-in [112] implemented in BEAST2 v2.6.3 [113]. SNAPP allows the inference 
of a species tree from unlinked SNP data while bypassing gene tree inference [112]. For this 
analysis we used two chains of 30 million steps, sampling every 500 trees, with a burn-in of 10%. 
We set default priors for coalescent and mutation rates, as well as ancestral population size 
parameters. We visualized all results in the software Tracer v1.7 [114] to confirm that the analyses 
had converged, reached stationary, and that all effective sample sizes (ESS) were higher than 200. 
Lastly, we summarized the conflict of posterior distribution trees into the species tree using 
DENSITREE v2.01 [115]. 

To test the previously outlined species delimitation scenarios (i–iv) in a coalescent 
framework, we applied the Bayes Factor Delimitation (BFD*) approach [116] using SNAPP and 
BEAST2. To overcome computational burden, we generated three subsets encompassing the nine 
morphospecies with 39–59 individuals and 411–1102 SNP loci that were generated from the D-
3482snps-neutral_loci matrix (see SM). With BFD* candidate species delimitation scenarios are 
evaluated according to the marginal likelihood estimates (MLE). The different scenarios are then 
compared using Bayes Factors (BF) [117], estimated by subtracting MLE values for two models 
and multiplying the difference by two (BF=2*(MLE1-MLE2)). As only two models are compared 
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at the time, we evaluated all possible combinations among the species delimitation scenarios (see 
Table 1 and SM). To set up the priors and MCMC runs, we followed the recommendations 
provided in the BFD* manual [118]. The speciation rate (λ), which represents the birth-rate on the 
Yule tree prior, was set to follow a gamma distribution with α = 2 and β = 200. 

Genetic diversity, effective population size (Ne), and FST outlier analyses 

We estimated the genomic diversity of the humboldtianum group considering the four species 
delimitation scenarios outlined above. We did not test a scheme that included ecotypes as we did 
not find any support for this hypothesis (see Results). We used GenAlEx v6.5 software [119] to 
calculate the observed (Ho) and expected (He) heterozygosity for each cluster using D-3482snps-
neutral_loci matrix. Additionally, we evaluated the effective population size (Ne) of each species 
delimitation scenario by estimating the linkage disequilibrium [83], heterozygote-excess [120], 
and molecular co-ancestry values [121] with the software NeEstimator v2 [122].  

To detect loci with high levels of genetic differentiation, we examined the A–E matrices 
formed by all SNP loci under a Bayesian framework using the program BayeScan [123]. In this 
analysis, FST coefficients are decomposed into a population-specific component (β) shared by all 
loci, and a locus-specific component (α) shared by all populations. When a locus-specific 
component is necessary to explain the data, selection is assumed to play a role at that locus [123]. 
To reduce the risk of false positives without reducing the power to detect loci evolving under 
selection, we set the default parameters and priors for a neutral model according to the total number 
of SNP loci in each matrix (100 for matrices with > 1000 loci, and 1000 for matrices with > 10000 
loci) [124]. Statistical significance for outlier loci was assumed if q values £ 0.05. To determine 
the strength and direction of selection, we estimated the a parameter, where a positive value 
suggests diversifying selection and a negative value indicates balancing or purifying selection 
[124]. Lastly, to identify the approximate genomic region within which the outlier loci occur, we 
searched the consensus stack sequences on the NCBI server 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) using the Blastn algorithm. To choose the most similar 
candidate sequence, we used an e-value threshold lower than 0.05, a maximum target sequence of 
5000 to retain all the hits possible, and a sequence similarity above 75% to filter among the retained 
sequences. We ran all R analyses using R studio v1.2.1335 and R v4.1.1 [125]. 

 

2.4 Results 
ddRADseq assembly and datasets 

We obtained ~3.6X108 sequence raw reads, of which ~3.5X108 (97.6%) passed quality filters. On 
average, there were ca. 2 million reads per sample. The de novo assembly using a combination of 
m5M4n5 parameters generated 275533 putative loci with an average coverage of 16.1 per sample. 
After filtering for missing data and different maf thresholds, we generated five final matrices (A–
E), which varied from 1887-33716 SNPs and 7.7–15.77% of missing data. These final matrices 
were also filtered to contain neutral-only and outlier loci, ranging from 1795–33346 and 82–370 
SNP loci respectively. For more information, refer to the Methods section and the Appendix B. 
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Multivariate analyses 

The PCAs performed to evaluate the robustness of the genomic results consistently identified four 
genomic groups regardless of the number of SNPs (1887–33716), individuals (37–72), 
morphospecies (4–9), or missing data (0.3–52.1%) included in each of the matrices (Fig. S1). The 
PCAs including either all or neutral-only SNP loci (matrices A–E) also recovered four genomic 
groups, which align with the geography of the central Mexico plateau, but not with a delineation 
according to the previously recognized morphospecies. The first group (humboldtianum sensu 
stricto group hereafter) clustered samples from Lake Zacapu, Tepuxtepec, and Trinidad Fabela 
dams. The second group (estor group hereafter) included individuals of C. e. estor, C. e. 
copandaro, C. grandocule, and C. patzcuaro from Lakes Pátzcuaro and Zirahuén. The third group 
(chapalae group hereafter) is composed of samples of C. chapalae, C. consocium, C. lucius, and 
C. promelas, from Lake Chapala. Finally, the fourth group (sphyraena group hereafter) is formed 
by C. sphyraena, also from Lake Chapala. The first principal component accounted for 24.76–
33.51% of the genetic variation and is congruent with the separation of estor and humboldtianum 
sensu stricto from chapalae and sphyraena groups. The second principal component represented 
6.37–7.47% of the genetic variation, resulting in the clear segregation of the humboldtianum sensu 
stricto group (Fig. 2.2a and S2). 

While the results of the PCAs estimated using outlier SNP loci did not produce a clear 
demarcation relative to matrices considering all and neutral-only SNPs, these analyses mostly 
resulted in the same clustering patterns except in two instances (matrices D and E) where the 
chapalae and sphyraena groups clustered together. The first two principal components of the 
PCAs calculated with outlier SNPs accounted for 20.32–86.58% of the genomic variation 
explained. Overall, PCAs generated with just outlier (82–370) SNP loci delineated between three 
and four genomic clusters, superimposing populations from chapalae with sphyraena groups (Fig. 
2.2a and S2). 

 Scatter plots of the DAPC analyses produced results similar those based on PCA. In 
general, the first two discriminant axes identified the same four genomic clusters (BIC: k=4) (Fig. 
2.2b, S3 and S4), retaining 9–12 PCs that represent 48.5–57.7% of the cumulative variance. The 
DAPC analyses estimated using the outlier loci (matrices C, D and E) also identified three genomic 
clusters (BIC: k=3) where chapalae and sphyraena form a single group (Fig. 2.2b, S3 and S4). 

Genomic structure and genomic differentiation analyses 

Admixture assignment results of the SNP loci (matrices A–E) considering all, neutral-only, and 
outlier loci identified three genomic clusters (k = 3) as the best-fit model (Fig. S5), each 
corresponding to the major groups (humboldtianum sensu stricto, estor, and chapalae-sphyraena) 
obtained with PCA and DAPC analyses using the outlier SNP loci (Fig. 2.2c and S6). As in 
previous analyses, the admixture results did not delineate morphospecies boundaries. 

All individuals of the humboldtianum sensu stricto group collected from artificial dams 
(three from Tepuxtepec and one from Trinidad Fabela) had strong admixture with the chapalae 
group (0.11–0.45), whereas chapalae and estor groups produced rather low values of shared 
genetic information (<0.10). While there were higher levels of individual admixture between 
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humboldtianum sensu stricto and chapalae groups when fewer SNP loci were analyzed, a higher 
number of outlier SNP loci (99–370) identified more admixture between the three groups than 
those considering fewer outlier SNPs (82–92) (Fig. 2.2c and S6). 

 Intralake admixture analyses within Lake Chapala found no evidence of finer genetic 
structure, as the best-fit model supported a scenario represented by a single metapopulation (k = 
1, Fig. S7), clustering all individuals of the sphyraena and chapalae groups. Genetic structure was 
not observed within the Pátzcuaro-Zirahuén lakes either (k=1). In general, the observed genetic 
structure based on intra-lake admixture analyses disagreed with both morphospecies and ecotypes 
(“peces blancos” vs. “charales”) (Fig. S7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Multivariate and admixture results based on all, neutral, and outlier SNP loci from the matrix D 
(3564-snps loci), which explain the highest percentage of explained variation in the analyzes. (a) Principal 
component analyses (PCAs), and (b) Discriminant analyses of principal components (DAPCs) consistently 
recovered four genomic groups (k=4) with all and neutral loci that are in agreement with geographic patterns 
but not with the previously recognized morphospecies: humboldtianum sensu stricto group (blue), from Lake 
Zacapu; estor group (green) from Lakes Patzcuaro and Zirahuén; chapalae group (red), from Lake Chapala; 
and C. sphyraena group (yellow), also from Lake Chapala. Outlier loci resolved three groups (k=3) where 
chapalae and sphyraena groups clustered together. Morphospecies are color-coded according to the genomic 
groups observed. In PCAs scatterplots the point clustering groups are delimited by convex hulls. In DAPC 
scatterplots, the point clustering groups are inside their 95% inertia ellipses, and the lines connect points to the 
mean value for each group. The eigenvalue bar plots are showing in the upper right of each figure. (c) Admixture 
assignment analyses estimated using all, neutral, and outlier SNPs consistently identified three well-
differentiated clusters (k = 3). Each bar represents the probability of assignment to each cluster. Genomic 
clusters are color-coded as blue, humboldtianum sensu stricto, green, estor group; orange, chapalae-sphyraena 
group. CHA, Lake Chapala; TEP, Tepuxtepec Dam; TRI, Trinidad Fabela Dam; PAT, Lake Pátzcuaro; ZIR, 
Lake Zirahuén. 
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 Pairwise FST comparisons were much higher and statistically more significant at inter-
lacustrine than at intra-lacustrine levels, reflecting a strong correlation between genetic structure 
and geography (Tables S4–S7). Pairwise FST values between the nine morphospecies varied from 
0.023–0.256 and were mostly significant (p values < 0.0012, α = 0.0014) at inter-lacustrine 
comparisons, with the exception of C. chapalae which showed no significant differentiation with 
the rest of the morphospecies. By contrast, comparisons among sympatric morphospecies from 
Lakes Chapala and Pátzcuaro yield negative non-significant values (FST = -0.317–-0.012, p values 
> 0.029), except for C. sphyraena, which was significantly different than the rest (Table S4). A 
greater genetic differentiation was found between the five mtDNA haplogroups (0.050–0.246), 
where the majority of the pairwise comparisons were significantly different (p values < 0.0001, α 
= 0.005), except for comparisons between subspecies C. e. estor and C. e. copandaro (p value = 
0.05; Table S5). FST values between DAPC clusters were significant and varied from 0.04–0.248 
(p values < 0.0001, α = 0.0083; Table S6); the three genomic groups detected by the admixture 
analyses also resulted in significant FST values (0.120–0.217, p values < 0.0001, α = 0.017; Table 
S7). Finally, the genetic structure between ‘peces blancos’ and ‘charales’ ecotypes (-0.005–0.001) 
was not significant in any of the intra-lacustrine comparisons (p values = 0.01–0.027, α = 0.005; 
Table S8). 

Phylogenetic analyses 

Phylogenetic inferences in a ML framework based on matrices A, C, D and E of all and neutral 
SNP loci resolved three highly supported clades (ultrafast bootstrap or UFBoot = 90–99%; Figs. 
2.3a and S8), which are largely in agreement with the results from admixture analyses. Matrix B 
resolve well Clades I and III, but Clade II was paraphyletic (Fig. S8). Clade I clustered species 
within chapalae and sphyraena groups from Lake Chapala (UFBoot = 83–95%); clade II is formed 
by the humboldtianum sensu stricto group from Lake Zacapu and dams (UFBoot = 73–100%); and 
clade III is represented by the estor group from Lakes Pátzcuaro and Zirahuén (UFBoot = 100%). 
Samples of C. sphyraena and the subspecies C. e. copandaro were resolved as monophyletic 
within clade I (UFBoot = 80–100%) and clade III (UFBoot = 94–97%), respectively. While the 
phylogenetic trees obtained with outlier loci datasets showed less resolution than those using the 
complete matrix, these different analyses resolved the reciprocal monophyly between Clade I and 
Clades II-III, except in matrix A, where Clade I was paraphyletic. Also, the relationship between 
Clade II and III was more problematic: in some cases, these clades recovered the reciprocal 
monophyly between both clades (matrices A and C), but in the other cases, they were paraphyletic 
(databases B, D, and E) (Fig. S8).  

Tree inference based on mitochondrial data failed to resolve the groups identified with our 
genome-wide RADseq analyses, a case of mitonuclear discordance between both datasets results 
(Figs. 2.3c and S9). However, similar to the ddRADseq phylogenies, analyses of the mitochondrial 
genealogies and a phylogeny estimated using the concatenated matrix did not delineate any clear 
monophyletic groups according to morphospecies boundaries. Although some groupings 
comprised of neighboring localities were resolved with the mtDNA trees, resulting clades from 
these trees are not cohesively clustered by geography. The Cytb genealogy resolved the monophyly 
of C. sphyraena, a result that is in agreement with the RADseq phylogeny and previous studies 
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[11]. However, these relationships were not resolved with confidence (UFBoot < 95%). Overall, 
none of the phylogenetic hypotheses were concordant with the morphospecies or ecotypes 
proposed within the humboldtianum group (Figs. 2.3 and S9). 

Multispecies coalescent analyses 

The species tree estimated with SNAPP also evidenced the three geographically cohesive clades 
(I, II, and III; Fig. 2.3b). Coalescent-based species delimitation analyses using the BFD* method 
selected species delimitation scenarios of four and five species as the top-ranked models with the 
highest MLE values (MLE = -30568.17 and -21025.86–-11910.25 respectively; Table 1). The 
main difference of the models of four and five species relies on the subspecies C. e. copandaro 
from Lake Zirahuén forming a different group from C. e. estor and the sympatric species in Lake 
Pátzcuaro. Overall, the fact that the Bayes factors analyses supported models of four (subset 1 and 
3) and five species (subset 2) is decisive compared with nine species that reflects the current 
taxonomy (BF = 295.56, 507.42, and 850.28 respectively; Table 1) and when compared to the 
alternative models of three species (BF = 158.53, 504.88 and 660.41 respectively; Table 1). 

Genetic diversity and effective population size (Ne) analyses 

The genomic diversity of the humboldtianum group is summarized in Table 2. The observed and 
expected heterozygosity (Ho and He) across different lineages was 0.097–0.136 and 0.084–0.139, 
respectively. All lineages distributed within Lake Chapala revealed higher genetic diversity (Ho = 
0.123–0.138) than those in the Lakes Zacapu and Pátzcuaro-Zirahuén (Ho = 0.100–0.126) (Table 
2). The values of Ne estimator (HetExcessNe and CoancentryNe) across different lineages was 
7.2–317 and 2.2–31 respectively (Table 2). The higher Ne values varied of location among the 
species delimitation from Chapala lake lineages to Patzcuaro-Zirahuen lake lineages (Table 2). 
Values of LDNe estimator were infinite with exception of  chapalae-sphyraena group (86.9), while 
C. humboldtianum sensu stricto obtained infinite values in LDNe and HetExcessNe estimators 
(Table 2). 

FST loci outlier analysis 

A total of 410 outlier loci (1.1% of the total analyzed, Fig. S10) were compared to GenBank entries 
using BLAST-n. In summary, 116 sequences did not have a match, while the remaining 294 
(71.7%) loci matched fish sequences (E-value = 4E-42–2E-02), including protein-coding genes 
(26%) (Table S9). Out of these coding regions, we identified genes related to a wide array of 
biological functions such as genes implicated in immune responses (kpna3: Nothobranchius 
furzeri, GenBank accession number XM_015966110.1; bcl11b: Cheilinus undulates, 
XM_041804421.1; trim59: Megalops cyprinoides, XM_036537431.1; NLR family CARD domain-
containing protein 3-like: Acanthophagus latus, XM_037091148.1), sensory systems (or132-1: 
Danio rerio, DQ306116.1; sws2a and rh2-1: Lucania goodei, MT850055.1; and lws2: Monopterus 
albus, XM_020592984.1), growth (cand1: Poecilia formosa, XM_007569621.2; and sgta: 
Archocentrus centrarchus, XM_030727116.1), and skeletal-muscle system (neb: Gymnodraco 
acuticeps, XM_034221710.1; and ttn: Fundulus heteroclitusi, XM_036135404.1) (Table S9). 
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Fig. 2.3 The ML phylogenetic tree based on 3564 SNP loci (a) recovered three well-differentiated clades: clade I 
formed by species in Lake Chapala, clade II represented by species from Lake Zacapu and dams, and clade III 
composed by species in Lakes Pátzcuaro and Zirahuén. We observed C. sphyraena as a monophyletic group within 
clade I, and the subspecies C. e. copandaro from Lake Zirahuén as a differentiated cluster within clade III. 
Although the multi-coalescent species tree considering circa 3400 neutral SNPs (b) recovered the main genomic 
clusters as the rest of the genetic structure analyses and the ML phylogenetic inferences, it did not present any 
intra-lake divergences. (c) The phylogenetic inference based on mtDNA (Cytb and D-loop) failed to delineate 
reciprocal monophyletic groups as the ones estimated using the ddRADseq data (3564 SNP loci). The analyses of 
the genome-wide datasets clearly recovered well-differentiated clusters that are in agreement with the geography 
of the central Mexico plateau. However, none of our phylogenetic inferences showed concordance with the 
morphospecies nor ecotypes recognized within the humboltianum group. Numbers on branches of the main clades 
indicate bootstrap values. 
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Table 2.1 Results of bayes factor delimitation (BFD*) analyses for the humboldtianum group using three SNPs 
subsets (ranging from 39–59 individuals, and 411–1102 SNP loci). Bayes factor (BF) calculations are estimated 
against the model with the best marginal-likelihood estimate (Model 1). Positive BF values indicate support for 
model 1 (the best model). Overall, these analyses support a species delimitation scenario between four and five 
species, rejecting the nine morphospecies scheme. 

Model Species 
number 

Subset 1 
39 ind./411 SNPs 

Subset 2 
39 ind./1102 SNPs 

Subset 3 
59 ind./458 SNPs 

MLE BF MLE BF MLE BF 
current 

morpho-
species 

9 -12058.03 295.56 -30993.31 850.28 -21279.57 507.42 

mtDNA 
haplogroups 

5 -11910.25 NA -30600.16 63.98 -21025.86 NA 

DAPC 
groups 

4 -11927.68 34.85 -30568.17 NA -21161.43 271.14 

Admixture 
groups 

3 -11989.52 158.53 -30898.37 660.41 -21278.3 504.88 

MLE: marginal likelihood estimates. Bold values correspond to the best model selected by the analysis. NA 
correspond to not applied, and its associated marginal likelihood is in bold. 0 < BF < 2, non-significant; 2 <BF < 
6, positive evidence; 6 < BF < 10, strong support; BF > 10, decisive support. 
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Table 2.2 Genomic diversity of 3482 neutral SNPs loci estimates for the humboldtianum group, under each species 
delimitation hypothesis examined in this study (i–iv). 

 N HO (SD) HE (SD) F (SD) LDNe 
95% CIs 

HetExcessNe 
95% CIs 

CoancestryNe 
95% CIs 

Morphospecies        
C. chapalae 1 - - - - - - 

C. consocium 4 0.14 4e-4 0.11 3e-3 -0.23 8e-3 infinite 8.9 10.9 
C. lucius 7 0.13 4e-4 0.11 3e-3 -0.14 7e-3 infinite 12.6 6 

C. promelas 5 0.12 4e-4 0.10 3e-3 -0.22 9e-3 infinite infinite 31 
C. sphyraena 24 0.14 4e-4 0.12 3e-3 -0.08 5e-3 infinite 8.9 2.2 

C. humboldtianum 7 0.15 4e-4 0.12 3e-3 -0.06 7e-3 infinite infinite 3 
C. estor 15 0.10 4e-4 0.10 3e-3 -0.04 7e-3 infinite 244 3.6 

C. grandocule 6 0.10 4e-4 0.08 3e-3 -0.17 8e-3 infinite 10.6 7.2 
C. patzcuaro 3 0.11 4e-4 0.09 3e-3 -0.30 9e-3 infinite 7.2 infinite 

5 mtDNA 
haplogroups 

       

C. chapalae 17 0.13 3e-3 0.14 3e-3 0.08 7e-3 infinite 24.7 4.5 
C. sphyraena 24 0.14 4e-3 0.12 3e-3 -0.08 5e-3  infinite 8.9 2.2 

C. humboldtianum 7 0.13 3e-3 0.12 3e-3 -0.06 7e-3 infinite infinite 3 
C. e. estor 16 0.10 4e-3 0.10 3e-3 -0.04 7e-3 infinite 10.8 4.4 

C. e. copandaro 8 0.10 4e-3 0.11 3e-3 0.08 1e-2 infinite 8.9 5.4 
4 multivariate 
DAPC clusters 

       

C. chapalae 
groupa 17 0.13 3e-3 0.14 2e-3 0.08 7e-3 infinite 24.7 4.5 

C. sphyraena 24 0.14 4e-3 0.12 3e-3 -0.08 5e-3 infinite 8.9 2.2 
C. humboldtianum 

sensu stricto 7 0.13 3e-3 0.12 3e-3 -0.06 7e-3 infinite infinite 3 

C. estor groupb 24 0.10 3e-3 0.10 3e-3 0.10 8e-3 infinite 106.4 4.4 
Admixture 

clusters (K=3) 
       

C. chapalae-
sphyraena groups 41 0.14 4e-3 0.14 8e-3 0.09 6 e-3 86.9 317 4.2 

C. humboldtianum 
sensu stricto group 7 0.13 3e-3 0.12 3e-3 -0.06 7e-3 infinite infinite 3 

C. estor group 24 0.10 3e-3 0.10 3e-3 0.10 8e-3 infinite 106.4 4.4 
N number of individuals analyzed per group, observed (HO) and expected (HE) heterozygosity, fixation index 
coefficient (F), linkage disequilibrium effective (LDNe), heterozygote-excess (HetExcessNe), and molecular 
coancestry (CoancestryNe) population size estimators. SD= standard deviation; CI= confidence intervals. The grey 
shading in the cells indicates the highest values of genetic diversity. aC. chapalae group conformed by C. chapalae, 
C. consocium, C. lucius, and C. promelas. bC. estor group represented by C. e. estor, C. e. copandaro, C. 
grandocule, and C. patzcuaro. 
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2.5 Discussion 
In this study, we used ~1,800 to ~33,000 SNPs to test the morphological- (nine nominal species) 
and mtDNA-based (five haplogroups) hypotheses to elucidate the number and boundaries of 
species in the humboldtianum group. Our results consistently identified four independently 
evolving lineages organized in three well-differentiated clades: chapalae-sphyraena in Lake 
Chapala, humboldtianum sensu stricto in Lake Zacapu and dams, and estor in Lakes Pátzcuaro 
and Zirahuén. The genomic clusters obtained were not in agreement with the morphospecies 
scenario but rather with biogeographic concordance reflecting ancient isolation events in central 
Mexico. This scenario suggests that the geologic history of the Lerma-Chapala hydrologic system 
has played a major role in driving divergence in this species complex. Our analyses also revealed 
an intra-lake cladogenetic event where C. sphyraena (‘pez blanco’) is distinguished from its 
sympatric counterparts (‘peces blancos’ and ‘charales’) in Lake Chapala. Although body size in 
Chirostoma species in Lake Chapala has been suggested as a promoter of ecological niche 
partitioning for this species complex [10, 21], we did not find evidence of genetic structure related 
to the ‘peces blancos’ and ‘charales’ ecotypes. 

Herein, the use of genome-wide data provided an unprecedented resolution that had not been 
achieved using scant genes to test species delimitation scenarios within the humboldtianum group 
[11, 18]. While species delimitation studies examining thousands of genetic loci often unveil 
cryptic diversity [22–25], our study represents one of the few cases where the use of genome-wide 
SNP data and MSC approaches provide evidence of taxonomic over-splitting [2, 5, 26]. Recently,  
it has been recently recognized that the MSC model can potentially confound population structure 
with species boundaries—particularly when major sampling gaps near the range of distribution 
exist—, leading to an over-estimation of the number of species due to the high statistical power of 
genome-wide data [4–6]. However, in this study by evaluating our analyses in a framework that 
examines all nominal species in the humboldtianum group from across their distribution ranges in 
the Lerma-Chapala hydrologic system, and under the light of morphological and ecological lines 
of evidence, we overcome these caveats and provide a robust analysis to assess the number of 
species within the humboldtianum group and also to examine the group’s evolutionary history. 

Inter-lacustrine divergences 

Our results suggest that vicariance events during the Pleistocene influenced the early divergence 
within the humboltianum group. Speciation within this group appear to be strongly related to the 
complex geologic history of volcanism, tectonism, and climatic events that promoted the 
connection and disconnection of the Lerma-Chapala hydrological system, and surrounding 
tributaries—including several lakes and paleolakes such as Chapala, Cuitzeo, Zacapu, Pátzcuaro, 
and Zirahuén [10]. 

Although our phylogenetic results are somewhat incongruent with those previously 
estimated by Betancourt-Resendes et al. [11] among the genetic groups (chapalae, sphyraena, 
estor, and humboldtianum sensu stricto groups), their divergence time analyses provide a rough 
estimate of the timing of divergence in the group, placing the origin of independent evolutionary 
lineages within the humboldtianum group during the Pleistocene <1 Ma (0.58–0.13 Ma). There are 
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two main biogeographic processes that are synchronous and congruent with the observed genetic 
patterns recovered in this study, for which we suggest that these events played an important role 
as the main drivers of diversification in the humboldtianum group. First, the allopatric 
fragmentation of clade I (Lake Chapala) from II-III (Lake Zacapu-Lakes Pátzcuaro and Zirahuén) 
may correspond to a biogeographical barrier promoted by the geologic activity of the Penjamillo 
Graben and the formation of the Tarascan corridor, which started much earlier during the Late 
Miocene–Early Pliocene [27, 28]. These geological events separated the ancient corridors between 
the paleo Lerma-Chapala system and the Cuitzeo paleolake plus adjacent tributaries that connected 
Lakes Zacapu, Pátzcuaro, and Zirahuén [10, 29]. The separation of these hydrologic regions 
experienced its highest peak during the Early Pleistocene [29], where severe climatic fluctuations 
promoted a series of connection and disconnection events of small water bodies, with the last dry 
episode starting ca. 0.12 Ma [10, 29]. The second biogeographic event is the fragmentation of the 
ancestral Villa Morelos and Chucandiro-Huaniqueo corridors, also during the Pleistocene. This 
episode, promoted by the geologic activity of the Northeast-Southwest fault system ca. 0.7 to 0.5 
Ma, separated Lake Zacapu from Lakes Cuitzeo-Pátzcuaro-Zirahuén [30, 31], correlating with the 
genetic patterns of divergence between clade II (Lake Zacapu) and III (Lakes Pátzcuaro and 
Zirahuén). 

The same cladogenetic patterns, in agreement with the aforementioned biogeographic 
events, have been observed in goodeid freshwater species endemic to central Mexico, including 
the divergence between the sister species Skiffia multipunctata and S. lermae and the split of the 
Allotoca diazi complex from A. zacapuensis, although the diversification events do not appear to 
have occurred in synchrony [32–35]. 

Intra-lacustrine divergences 

Our genome-wide data revealed the presence of two genetic clusters in Lake Chapala (sphyraena 
and chapalae groups), as suggested by Betancourt-Resendes et al. [11] using mitochondrial 
sequences. The evolutionary processes segregating these populations seem to be related to 
ecological speciation—divergent specializations promoted by ecological opportunity following 
reproductive isolation [36, 37]—which represents one of the major drivers of sympatric evolution 
in lakes [36, 38, 39]. The most iconic examples of ecological speciation are depicted by South 
American [40–42] and African cichlids [43, 44], and sticklebacks [45, 46], where patterns of 
morphological divergence are associated with trophic partitioning. For example, preference for 
soft mobile (e.g., copepods) compared to hard sessile preys (e.g., gastropods) can lead to disruptive 
selection on skull morphology and body shape [47], where body size can be crucial to succeed in 
the related foraging mode (e.g., benthic vs. limnetic in Gasterosteus spp; [48, 49]). 

 In the case of species of the humboldtianum group occurring within the Lake Chapala (C. 
sphyraena, C. promelas, C. consocium, and C. lucius), several hypotheses of ecological speciation 
suggest the coexistence of ecotypes in agreement with a differentiation of morphological traits 
(e.g., jaw shape, head length, oral gape, and gill raker structure) related to feeding habitats [10, 
50], or an ecological partition in correlation to the body size of the species (larger ‘peces blancos’ 
vs smaller ‘charales’) [10, 16, 21]. However, no strong evidence showing clear patterns of 
differentiation between morphospecies or ecotypes has been documented to date [21]. 
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Herein, we evaluated the hypothesis from [10] that differentiation in body length would 
allow the co-occurrence of different species as they feed on distinct prey sizes. Although signals 
of trophic specialization separating ‘peces blancos’ and ‘charales’ have been documented by 
Mercado-Silva et al. [21] for three species in Lake Chapala, no analysis conducted here (PCAs, 
DAPCs, inter- and intra-lake admixture, and phylogenetic trees; Figs. 2.2–2.3, and S1–S9) provide 
support for a scenario of diversification related to body size. However, our multivariate and FST 
analyses (Figs. 2.2a, 2.2b, S1, S2, S4 and Tables S4-S6) clearly demonstrate that the sphyraena 
group—the only entity previously resolved as monophyletic based on a scant number of 
mitochondrial and nuclear markers [11]—represents a separate genetic cluster with almost no gene 
flow shared with other members in the chapalae group. Based on this evidence, and the fact that 
C. sphyraena is the most taxonomically differentiated nominal species (particularly at characters 
commonly related to prey preferences; [10]), we hypothesize that C. sphyraena is in its early stages 
of ecological speciation. We note, however, that species-specific habitats are unknown for most of 
the Chirostoma species [21], and thus further ecological studies are necessary to better understand 
the evolutionary history of the chapalae and sphyraena groups. 

Species delimitation and taxonomic implications 

The BFD* species delimitation analyses provided strong support for four- and five-species 
delimitation scenarios (Table 1), while the coalescent-based species tree identified three major 
monophyletic groups (Fig. 2.3b). Recent simulation studies that evaluated the efficiency of MSC 
methods suggest that this model tends to confound population structure with species boundaries 
[4–6]. This becomes particularly problematic in recently-diverged and closely-related species, 
such as the humboldtianum group, where processes promoting differentiation lie at the intersection 
between population structure and species divergence [4], generating gene trees with short branches 
and with multi coalescent histories that make species tree inference challenging [51, 52]. This is 
not the case in the humboldtianum group, a recent species complex that diverged less than 1 Ma 
[11], where the genetic structure detected fewer species than traditional taxonomy. 

The finer genetic structure recovered for the sphyraena group and the sub-species C. e. 
copandaro favor the selection of models of four and five species over a three species scheme. In 
this scenario, under a strict reciprocal monophyly criterion, none of the C. sphyraena or the  sub-
species C. e. copandaro lineages would represent a species (phylogenetic species concept, PSC; 
[1]). However, our intra-lake admixture analyses suggest that there is no gene structure among 
sphyraena and chapalae groups (one of the requirements to be considered a species under the 
biological species concept, BSC; [1]). We estimated the intra-lake admixture analyses with the 
intention to evaluate if including the rest of the humboldtianum group species was covering finer 
genetic structure within each lake. Our results demonstrated that the best model for each lake is 
represented by only one population (Fig. S7). These results, combined with the admixture analyses 
that included all individuals (matrices A-E; Figs. 2.2c and S6), phylogenetic trees (Fig. 2.3a and 
S8), and the species tree (Fig. 2.3b) suggest that sphyraena and chapalae represent the same 
genetic clade where sphyraena is an incipient species, as proposed by the multivariate analyses 
(Figs. 2.2a, 2b, S2, and S4), and pairwise FST (Tables S4-S7). We suggest that subject to further 
evidence (e.g., ecological or ethological), the sphyraena group and the sub-species of C. e. 
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copandaro should not be considered species per se as their ancestral polymorphism has not been 
fully sorted by genetic drift. Hence, taking into account multiple lines of evidence (population 
genomics, phylogenomics, morphology, biogeography, and ecology), we propose that estor, 
humboldtianum, and chapalae groups constitute three well-differentiated species (C. estor, C. 
humboldtianum sensu stricto, and C. chapalae respectively). 

The observed discordance between our genomic analyses, which resolved individuals from 
each lake as monophyletic, and previous studies [11, 18] where clades are not so cohesively 
clustered by geography, suggests that few mitochondrial and nuclear markers do not have 
sufficient statistical power to resolve the phylogenetic relationships of this recently diverged 
group. Here, we demonstrate that the use of thousands of SNP loci collectively provide strong 
power to detect phylogenetic signal while reducing the probability of stochastic error [53], as has 
also been demonstrated in several species of freshwater [46, 54–57] and marine [58–61] fishes. 
Additionally, we observed a discordance between the phylogenetic placement of the three main 
clades—where the phylogeny inferred using mtDNA places individuals from the estor group as 
basal, while the ddRADseq analyses as one of the most recent clades. Such disagreement could be 
related to the characteristics of the type of markers (e.g., matrilineal inheritance) as mitonuclear 
discordance can lead to an inaccurate estimation of the evolutionary history of the species, 
ultimately misguiding species delimitation [62–64]. In this case, the ddRADseq results are 
congruent with the geological events that shaped the lakes of central Mexico. Because of the 
humboldtianum group is restricted to lacustrine environments, our inferences make sense  when 
they are combined with biogeographic information. 

Finally, in all cases, the nine-species model was strongly rejected thus refuting the morphological-
based hypothesis sensu Barbour [10]. Our study represents a rare case where genome-wide data 
evidences an over estimation of species diversity based on morphological characters. The 
delineation of such morphospecies was based on several characters, particularly head and body 
traits, that have been considered as the basis for the current taxonomy in the genus. However, trait 
measurements such as the jaw length, jaw shape, teeth size, number of gill rakers, and body shape 
are subjected to great environmental plasticity related to the species’ trophic ecology and habitat 
characteristics, making it difficult to find diagnostic characters among Chirostoma species [10, 19, 
65]. 

Selection across lakes 

The study of alleles involved in local adaptation can unveil loci responsible for adaptive 
differences among populations. Our analyses of outlier loci detected 294 putative loci under 
selection, of which at least 106 are related to important biological processes (Table S4). For 
example, we detected two SNPs associated with immune response loci (kpna3 and bcl11b genes). 
Previous studies in which loci related to the immune response of trout fish [67] and stickleback 
fishes [68–70] highlight the importance of these loci in the response of fishes to different pathogens 
during cladogenetic events. Thus, it is possible that the selection of loci associated with the 
immune response could be related to exposure to lake-specific pathogens during the colonization 
of new habitats, promoting the local adaptation and divergence of the humboltianum group once 
geographic isolation started. 
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 Other genes detected in this analysis were the or132-1, which is an odor receptor associated 
with the detection of food in the aquatic system [71], and sws2a, lws2a, and rh2-1 genes associated 
with the visual sensors. These findings could be related to the photic environment of each lake: 
whereas Lakes Chapala and Pátzcuaro are shallow eutrophic water bodies with a high sediment 
charge of turbid water [72, 73], Lake Zacapu is a clear-water lake where the light reaches an 
average depth of 4.3 m (up to 11.5 m in some places; [13]). Due to a different photic environment, 
this could affect the planktonic community of each lake, promoting the selection of olfactory and 
visual sensors, which have been identified as important in the diversification in other fishes [74]. 
Finally, loci associated with the skeleton muscle apparatus, as nebulin (neb) and titin (ttn) genes, 
and genes involved in growth hormone regulation, as cullin-associated NEDD8-dissociated 
protein 1 (cand1), and small glutamine-rich tetratricopeptide repeated containing alpha (sgta), 
could also be involved in the phenotypic plasticity of the size of the species of the humboltianum 
group.  

We note that these inferences need to be taken with caution as there is a limited 
performance of FST outlier approaches in non-model organisms to identify candidate genes without 
a reference genome [75], particularly if the demographic history of the species is not modeled 
accurately [76]. Reduced representation genomic libraries that use restriction enzymes to cut the 
DNA may fail to identify key loci as these techniques only capture a small portion of the genome 
[77, 78], while many loci are lost due to low coverage and filtering [66, 79]. Without a reference 
genome, these results are highly sensitive to false positives such as loci linked to sites experiencing 
purifying selection that will present greater variation that can be confounded with local adaptation 
to environmental factors [66]. Thus, the set of candidate genes identified in this study, provides a 
starting point for further targeted research into the operative mechanisms of selection within the 
humboltianum group. 

Genomic diversity, Ne, fishery management and conservation  

Our genome-wide SNP analyses revealed that genomic diversity within the C. humboldtianum 
species complex is low (Table 2). This genomic diversity pattern has been reported in other 
lacustrine fish species such as the Nile tilapia [80] and stickleback fishes [69]. The low 
heterozygosity in freshwater fish species may be related to smaller effective population sizes and 
varying demographic histories involving bottlenecks during the recent colonization of new 
freshwater habitats, or to lake environmental history [69]. The humboldtianum group diverged and 
colonized the lakes of the central Mexico plateau during recent evolutionary times, between 0.58 
to 0.076 Mya [11], and presented sudden demographic expansions from a smaller number of 
founders [81], which may explain their low genetic diversity. Also, these fishes have recently 
decreased demographically due to an over-exploitation of the commercial fishery, which could 
have also influenced the genomic diversity [82]. Although the majority of the results of LDNe and 
HetExcessNe estimators present infinite values indicating the effect of sampling error caused by 
the small sample size (1-24) [83, 84], the Ne values observed for the humboltianum group were 
similar o even smaller to lacustrine fish species such as Amphilophus labiatus and A. citrinellus 
[85], or species that experiment population collapse as Oscorhynchus nerka [86], suggesting a 
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genetic population effect of historical bottleneck and current fishery exploitation on humboltianum 
group. 

 Although in this study we have no evidence of the presence of hybrid individuals in natural 
lakes, as has been previously reported [10, 87]—despite the frequent translocation events 
promoted by the aquaculture policies since 1970 [88, 89]—, we detected some hybrid individuals 
of C. humboldtianum sensu stricto that share genomic information with the sub-clade I from 
Chapala Lake in artificial dams. These hybrids could be the result of introductions of different 
species of the “humboltianum group” into several artificial dams of the region [8, 81, 88], with the 
purpose to promote artisanal fisheries of this economically important resource and improving the 
local economy. However, it would be important to evaluate the effectiveness of the introductions 
in the local fisheries and their impact on natural populations within the humboltianum group. Some 
hybrid individuals may show hybrid vigor and could become better competitors than local species, 
making this practice another factor in the degradation of natural populations [8]. 

Chirostoma species represent a highly important economic and cultural resource since pre-
Hispanic times [8]. However, species in this genus have been heavily overfished, leading to the 
collapse of several populations and severe conservation problems where some species are now 
considered extinct or in danger of extinction across several locations [8, 9]. Currently, the 
humboldtianum group is threatened by several factors, particularly habitat loss, pollution, the 
introduction of exotic species, and overfishing [50]. The decrease of silverside fish populations 
has also caused the collapse of their fisheries, negatively impacting the local fishermen’s 
communities [8]. Another consequence of the over-exploitation of these fishes is the decrease in 
the capture size and the age of maturity size [8, 9]. Thus, the delimitation of operational genomic 
units is critical for fisheries management and conservation plans [8]. Additionally, information on 
the genomic structure and genetic diversity within and between natural populations of the 
humboldtianum group are crucial to understanding their evolutionary ability to cope with 
environmental changes [90]. Herein, our results support the presence of four genomic groups 
within the humboltianum group, distributed in the Lakes Chapala, Pátzcuaro-Zirahuén, and 
Zacapu. We strongly recommend revising management and conservation plans taking into 
consideration this new evidence. 

 

2.6 Conclusions 
Overall, our genome-wide analyses implementing ~2K–~33K SNP loci, under the light of 
morphological and ecological lines of evidence, provided a remarkable resolution to address a 
convoluted case of species delimitation within the humboldtianum group that was not previously 
achieved with the use of fewer markers. We resolved four genomic clusters arranged into three 
geographically cohesive clades (clade I, chapalae, and sphyraena groups from Lake Chapala; 
clade II, humboldtianum sensu stricto group from Lake Zacapu and dams; and clade III, estor 
group from Lakes Pátzcuaro and Zirahuén). These groups are not in agreement with the previously 
described morphospecies nor with the ‘peces blancos’ and ‘charales’ ecotypes, for which we reject 
the morphology-based hypothesis and a scenario of diversification under ecological selection 
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driven by the size of the species. All in all, our results suggest that the main cladogenetic events 
that gave rise to the three clades within the humboldtianum group resulted from allopatric 
processes generated by the complex geologic history of the Lerma-Chapala paleo system, while 
the intra-lake divergence of the sphyraena group could be the product of ecological speciation—a 
hypothesis that needs further investigation. Finally, the low levels of genetic diversity and Ne 
values observed inside each genomic cluster should be considered to address their conservation 
status. It is critical to highlight that lumping the nine morphospecies into three does not imply 
reducing conservation efforts but enforcing the inclusion of molecular information to create 
management strategies and conservation plans. All in all, our study represents a rare case where 
the use of genome-wide data evidence taxonomic over-splitting based on morphological 
information, while it emphasizes that the use of integrative approaches is fundamental to address 
complex species delimitation scenarios. 
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Chapter 3 
 
Beneath the Waves: Depth, 
Temperature, and Spatial Components 
Driving Genetic Differentiation at 
Micro and Macroevolutionary Scales 
in Tropical Blennies 
 

3.1 Abstract 
The study of spatio-temporal phylogenetic concordance of co-distributed lineages—comparative 
phylogeography—provides invaluable insights into understanding the influence of historical (e.g., 
geophysical events) and contemporary barriers (e.g., habitat gaps) promoting population 
divergence and ultimately speciation. Here, we investigated the labrisomid blennies (genus 
Malacoctenus), sequencing ca. 28K SNPs from over 500 individuals representing 23 (92%) 
species, to assess the effect of historical and contemporary barriers in the Tropical Eastern Pacific 
(TEP) and the Tropical Atlantic (TA) biogeographic realms. Given their strong association with 
reefs, subtle habitat disruptions may lead to genetic isolation, providing an ideal system for 
comparative phylogeography. The observed population structure patterns identified the Sinaloan 
and Central American breaks in the TEP; and the Bahamas and Eastern Caribbean breaks in the 
TA, as major barriers. We identified five independent evolutionary lineages, one supported by the 
geometric morphometric analyses. Major seascape genomic features variables promoting 
divergence at the population and interspecies levels included depth, temperature, and physical 
features. Notably, depth appeared as a primary cladogenetic driver in the TEP, leading to niche 
divergence between tide pool- and reef-associated clades. Finally, our time-calibrated analyses 
elucidated an Eastern Atlantic origin of the clade followed by an east-to-west dispersal. The 
Isthmus of Panama influenced the evolutionary history of the genus but cladogenetic events were 
not synchronous. In summary, through an integrative framework that encompasses genomic, 
morphological, and environmental data, this study evaluated the relative contributions of barriers 
in the TEP and TA, as well as other contemporary and historical factors influencing divergence. 
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3.2 Introduction 
Understanding the mechanisms governing diversification and speciation processes in nature is a 
major goal in evolutionary biology. Because microevolutionary processes operating at population 
levels ultimately drive macroevolution (1), the study of patterns and processes generating genetic 
divergences at short-, intermediate-, and long-term evolutionary scales, going through a continuum 
from micro- to macro-evolution is of primary interest. In this context, phylogeography, which 
involves the study of spatial patterns of genetic diversity within populations or among closely 
related species, serves as a bridge between microevolution and broader spatial and temporal 
phylogenetic scales (2). As current geographic structure can potentially reflect past 
phylogeographic history (3), the assessment of barriers to dispersal promoting population 
structure, lineage diversification, and ultimately speciation is likewise crucial to understand the 
evolution of biodiversity. 

Unlike terrestrial environments where visible geographical features like mountain chains 
or rivers can physically isolate animal populations, the vast expanses of water in the ocean are 
subtler, posing greater challenges in identifying such barriers (4, 5). While life history traits of 
marine organisms strongly influences their dispersal capacity (e.g., pelagic larvae can be 
transported large distances via oceanic currents) (6, 7), recent studies utilizing a seascape genomic 
framework provide evidence that seascape composition (ecological variables) and seascape 
configuration (spatial features) may hinder connectivity even in species with high dispersal 
capacities (8, 9). Such environmental variables (e.g., temperature) or oceanographic features (e.g., 
oceanic currents) may limit dispersal capacity. In this scenario, the comparison of phylogeographic 
patterns of co-distributed marine species—comparative phylogeography—provides an 
opportunity to identify historical (e.g., geophysical events) and contemporary (e.g., habitat gaps) 
barriers that restrict gene flow, isolate populations, and ultimately promote speciation in the marine 
realm. 

The last emergence of the Isthmus of Panama during the Pliocene (~2.8 Mya) embodies 
one of the best-known large-scale geophysical events that generated an impassible barrier for 
marine organisms distributed in the Tropical Eastern Pacific (TEP) and the Tropical Atlantic (TA), 
unchaining a series of diversification events in the Neotropics (10). This historical barrier is known 
to have triggered geminate or sister-species pairs on each side of the isthmus (11). At more recent 
scales, several studies have also highlighted habitat gaps within the TEP and the TA as 
contemporary barriers to gene flow (12–15). Furthermore, these habitat gaps are believed to 
delineate the boundaries between biogeographic provinces within the TEP (13). Although the limit 
of biogeographic provinces in the TA relates more to oceanographic processes, biogeographic 
provinces within both regions feature major environmental differences (16–18). Thus, mayor 
connectivity patterns may arise from large-scale environmental variation across biogeographic 
realms. Molecular research investigating intraspecific population structure have identified several 
marine breaks, primarily linked to environmental changes driven by seasonal upwellings, 
oceanographic gyres (14, 15). 

In the TEP, a rocky coast that goes from the Peninsula of Baja California through the north 
of Peru is mainly interrupted in two major geographic stretches characterized by sandy bottoms: 
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the Sinaloan and the Central American Breaks. The large expanse of open ocean between the 
Galápagos Archipelago and the continental shelf, and an oceanographic gyre west of Panama, 
although less effective, have also been suggested to impact connectivity in the region (Fig. 1A). 
In the TA, a wide variety of environments from rocky, coralline reefs, mangroves, and sandy 
shorelines that stretch from the coast of Florida through the Gulf of Mexico and northern South 
America are hypothesized to act as phylogeographic breaks. These include the Bahamas, the Gulf 
of Mexico, the Yucatán Current, the Mona Passage, the Northeastern Colombian Coast, and the 
Western and Eastern Caribbean breaks (13, 19–22) (Fig. 1B). Phylogeographic studies examining 
the influence of these contemporary barriers in the TEP and TA have primarily focused on a limited 
number of species or relied on a scant number of mitochondrial and nuclear markers (8, 14, 23–
26). As a result, many of these studies have failed to identify shared genetic structure patterns, 
which are crucial for understanding the overall impact of dispersal barriers on population 
connectivity in marine environments (e.g., 8, 14, 23–26). 

Comprising 25 species, primarily New World endemics, labrisomid blennies within the 
genus Malacoctenus offer an excellent system for marine phylogeographic analysis in the 
Neotropics. Due to their strong association with rocky habitats and coral reefs, even minor 
disturbances in their habitat can result in genetic isolation. Identifying these species can be quite 
challenging, as traditional taxonomic characteristics used for differentiation often exhibit overlap 
among closely related species. There have been suggestions of concealed cryptic diversity and the 
presence of species complexes within these regions (12, 26). Notwithstanding these challenges, 
Malacoctenus provides an opportunity to investigate the influence of historical factors, such as the 
Isthmus of Panama, and contemporary barriers like the Sinaloan Break, on population divergence 
in the Tropical Eastern Pacific (TEP) and the Tropical Atlantic (TA). 

This study employs a multifaceted approach that integrates population genetics, 
comparative phylogeography, phylogenomics, geometric morphometrics, and seascape genomics. 
It is based on a dataset of thousands of loci obtained through restriction-site-associated DNA 
sequencing (RADseq). The dataset comprises hundreds of individuals, representing 23 out of the 
25 Malacoctenus species, collected from numerous locations across their distribution ranges in the 
TEP and TA regions. With this dataset we aimed to: (i) identify current patterns of population 
structure of co-distributed species and test whether these patterns are concordant with previously-
identified contemporary barriers in the regions; (ii) evaluate whether morphological variation is 
correlated with genetic breaks and population structure analyses; (iii) elucidate major 
environmental variables and spatial components influencing genetic differentiation at both intra- 
and inter-species levels using seascape genomic analyses; and (iv), at broader macroevolutionary 
scales, investigate the biogeographic history and macroevolutionary ecology of the group and 
assess the extent to which cladogenetic events in multiple subclades prompted by the rise of the 
isthmus of Panama have occurred synchronously. Our results ultimately contribute to our 
understanding of the evolutionary history of reef fishes and the forces driving marine connectivity 
and speciation in the marine realm more generally and the Neotropics in particular. 
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3.3 Materials and Methods 
Extended information on the methods used in this study and supplementary information are 
provided in the Appendix C, Materials and Methods. 

Sample collection and genomic data generation 

We generated restriction site associated DNA sequencing (RADseq) data from 506 individuals, 
representing 23 out of the 25 species of Malacoctenus plus an outgroup (Brockius striatus), 
collected across 38 localities in the Tropical Eastern Pacific (TEP) and Tropical Atlantic (TA) (30) 
(Appendix C, Materials and Methods, Fig. S1). High-yield DNA extractions and RADseq libraries 
were prepared at the University of Wisconsin Biotechnology Center (UWBC) by applying the 
double-digest (ddRADseq) protocol of (68), using the enzymes Pstl and Bfal with a size selection 
window of 350–550 bp. ddRADseq libraries were sequenced at Novogene Company Inc. (CA, 
USA) using a partial lane of Illumina NovaSeq 6000 PE150. 

Matrix assembly for evolutionary analyses at different scales 

Because genomic datasets are commonly affected by quality control issues (69), we conducted 
several steps to tackle this, including corroborating taxonomic identification and performing an 
extensive quality assessment of the raw sequences. As we were interested in analyzing the genetic 
structure at both intra- and inter-specific levels, we assembled SNP-loci matrices in two different 
ways. At the microevolutionary scale, we conducted de novo assemblies for each of the 14 species 
across several populations. We used Stacks v2.59 (70), setting a minimum of three raw reads 
required to form a stack (m), allowing a maximum of five mismatches between loci (M), and six 
mismatches between loci of different individuals (n). At the macroevolutionary level, we 
conducted reference-based assemblies for 41 individuals spanning the 23 species of Malacoctenus 
(plus B. striatus) using Stacks and the closest reference genome available (Salarias fasciatus, 
Blenniidae). The resulting matrices at both scales were filtered to contain unlinked, bi-allelic, 
orthologous SNPs using the R packages SNPfiltR (71) and VCFtools v0.1.16 (72). The final SNP 
matrices at the intra-specific level consisted of 4,000–9,000 SNPs and were used to conduct 
population differentiation analyses. At the inter-specific level, matrices ranged between 
approximately 1,700 to 28,000 SNPs and were used for phylogenomic analyses. We also 
assembled a reference-based matrix including all 447 individuals that passed quality filters at the 
intra-species level. From this dataset, we assembled inter-specific matrices including only trans-
isthmic species pairs to evaluate the synchronicity of cladogenetic events triggered by the Isthmus 
of Panama. These matrices included all sites with two to four individuals per species, consisting 
of up to eight individuals and 250K bp as ecoevolity preforms better when utilizing the full data 
set since the model doesn’t require information about linkage among sites (31). To maximize the 
amount of genomic information we also assembled de novo matrices using the same individuals 
selected to represent the trans-isthmic pairs, resulting in over 1000K bp. Finally, seascape genomic 
analyses were conducted using SNP matrices ranging from ca. 4,000 to 6,000 SNPs at the intra-
species level, and ca. 1,500 SNPs at the inter-species level. For more information, refer to the 
Appendix C, Materials and Methods, Fig. S2. 
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Microevolutionary analyses for individually sampled species 

To characterize the genetic structure among populations, we used different genetic clustering 
approaches. First, we evaluated the optimal number of populations (k) by employing a maximum-
likelihood approach with the ADMIXTURE v1.3.0 software (73, 74), and a Bayesian clustering 
method using fastSTRUCTURE (75). Next, we conducted a Discriminant Analysis of Principal 
Components (DPCA) with and without prior population assignment, using the R package adegenet 
(76). We evaluated both scenarios (determining de novo structure versus a priori grouping 
designations) as the sensitivity of the method to misspecifications in population assignment is 
unknown (77). Additionally, we estimated phylogenetic trees using IQ-TREE v2.1.2 (78) to 
represent the evolutionary relationships among individuals and identify evolutionary lineages 
corresponding to the potential breaks evaluated. For species where population differentiation 
approaches yield different hypotheses regarding population structure, we conducted an analysis of 
molecular variance (AMOVA) using the poppr package in R (79). Lastly, to generate a graphical 
representation of the spatial population structure (80), we applied the Estimate Effective Migration 
Surfaces (EEMS) method (github.com/dipetkov/eems), and conducted a spatial Analysis of 
Principal Components (sPCA) using the adegenet R package. We determined the relative strength 
of each break—effectiveness—by estimating the proportion of species affected by a given break. 
A potential break was considered effective when two or more analyses identified population 
structure patterns aligning to that break. For more information on the parameters used to run these 
analyses, refer to the Appendix C, Materials and Methods. 

Phenotypic analyses of body shape 

To quantify morphological disparity at the micro and macroevolutionary levels, we conducted 2D 
geometric morphometric analysis using 16 landmarks and 20 semi-landmarks. At the intra-specific 
level, we analyzed only M. tetranemus and M. triangulatus using a total of 47 and 35 high-quality 
photographs, respectively, taken during field expeditions or retrieved from online museum 
repositories. For M. triangulatus we also used 100 x-rays downloaded from the fish collection 
repository of the Smithsonian National Museum of Natural History (NMNH). At the inter-specific 
level, we used up to ten individuals per species for a total of 89 photographs covering twenty 
species that had high-quality photographs. We digitalized the landmarks and semi-landmarks using 
the package StereoMorph (81), and corrected for distortions, size and position of the different 
specimen images using a generalized Procrustes analysis (GPA). To account for landmark 
accuracy reflecting body-shape disparity, we created four different schemes with different subsets 
of landmarks (Appendix C, Materials and Methods, Fig. S12). We conducted a principal 
components analysis (PCA) using the geomorph (82) R package for each scheme. 

Seascape genomics 

To investigate the relative contribution of spatial distribution, and environmental variables on 
patterns of genetic variation, we conducted redundancy analyses (dbRDA, (83)) using the R 
package vegan (84). These analyses were ran at the intra-species level on the most widely 
distributed species within each biogeographic realm (M. tetranemus in the TEP and M. 
triangulatus in the TA), and at the inter-species level for each respective realm. These analyses 
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were fed with Moran’s eigenvector maps (MEMs) and eight environmental variables (e.g., sea 
surface temperature; Appendix C, Materials and Methods, Table S7) as explanatory variables, and 
principal components representing genomic variation as response variables. MEMs were used to 
describe the seascape configuration and spatial distance among sampling populations and were 
calculated by decomposing in-water distances computed using the marmap R package (85) through 
principal coordinate analysis (PCoA) using the R package adespatial (86). Environmental variables 
were extracted from the Copernicus online data repository (data.marine.copernicus.edu). 

Macroevolutionary analyses, phylogenomic inference and biogeographic 
history 

We estimated a mitochondrial tree using partial sequences of cytochrome oxidase subunit I (COI) 
(645 bp, 70% missing data) from 58 individuals representing 17 Malacoctenus species, and L. 
striatus as an outgroup. This dataset was formed from sequences retrieved from the National 
Center for Biotechnology Information (NCBI) data archive. For phylogenomic analyses, we 
estimated trees using five concatenated SNP-loci matrices, which were comprised of 41 
individuals spanning the most divergent populations (when possible) of the 23 Malacoctenus 
species (plus B. striatus), ranging from 1,800 to 28,000 SNPs (29.1–81.1% of missing data). All 
phylogenetic trees were estimated using IQ-TREE. We also estimated a species tree for each of 
the five matrices under the multispecies coalescent model using SVDquartets implemented in 
PAUP* v4.0 (87). As the phylogenomic estimations were mostly consistent across matrices (see 
Results), we time-calibrated the 28 K species tree under the multispecies coalescent (MSC) model 
using the SNAPP v1.3.0 (88) plug-in, implemented in BEAST2 v2.6.7 (89). We used a secondary 
calibration prior at the root, using the minimum and maximum ages estimated by previous fossil-
calibrated teleost phylogenies for the most recent common ancestor (MRCA) of Malacoctenus and 
Brockius striatus (35–32 Mya; Appendix C, Materials and Methods, Table S1). To generate a time-
calibrated tree with all 447 individuals that passed quality filters, we used secondary calibrations 
extracted from the time-calibrated species tree to estimate divergence times at intra-specific levels 
using RelTime in MEGA v10.1.8 (90, 91). We then grafted all intra-specific level subclades into 
the time-calibrated species tree using the R package ape (92). To test for synchronous divergent 
events unchained by the Isthmus of Panama, we used ecoevolity (31), a full-likelihood Bayesian 
approach that tests models of co-divergence by integrating gene trees with the population histories 
of each species pair from genomic data (31). Finally, to examine the biogeographic history of the 
genus, we inferred ancestral geographic ranges on the time-calibrated species tree with the R 
package BioGeoBEARS (28). We assessed 12 biogeographic models under a maximum likelihood 
framework, implementing a seven-province biogeographic scheme (13, 29, 30) and time slices 
reflecting the final closure of the Isthmus of Panama. For additional information refer to Appendix 
C, Materials and Methods. 

 

3.4 Results 
Population genetic structure and contemporary breaks 
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Extended results are reported in the Appendix C, Supplementary Results. To identify genetic 
patterns corresponding to major contemporary breaks, we conducted population differentiation 
analyses on 14 co-distributed species. We employed a combination of methods including PCA, 
DAPC, phylogenetic trees, ADMIXTURE, fastStructure, EEMS, sPCA, and AMOVA. These 
analyses  utilized matrices that ranged between 4,000 and 9,000 biallelic orthologous unlinked 
SNPs, with 3.7%–11.7% of missing data (see Appendix C, Materials and Methods, Tables S1–S2). 
They enabled us to not only pinpoint marine breaks hindering genetic flow across populations in 
the genus, but also their relative strength or effectiveness, as measured by the proportion of species 
affected by each break (Fig. 3.1). 

In the TEP, major contemporary barriers corresponded to habitat gaps. The Sinaloan Break 
(SB) and Central American Break (CB)—two major portions of sandy and muddy environments 
interrupting the rocky outcroppings in the region—as well as the open ocean between Galápagos 
Archipelago and continental Ecuador (OOGB) (13), appear to influence connectivity at different 
levels across the evaluated species. The SB hinders population connectivity for all four assessed 
species: M. mexicanus, M. tetranemus, M. zacae, and the M. hubbsi-M. polyporosus species 
complex (Fig. 3.1A, Appendix C, Figs. S14–S15, S17–S18). Likewise, the CB acts as a strong 
barrier to dispersal with an effectiveness of 100%, splitting the population structure of M. ebisui 
and M. tetranemus (Fig. 3.1A, Appendix C, Figs. S13 and S17). The OOGB also influences M. 
tetranemus, however, only the DAPC’s PC2 axis (12–13.3%) captured this particular pattern 
(Appendix C, Fig. S17 E and F). Our data also unveiled the Panama gyre (PGB), a marine break 
attributed to environmental conditions unchained by seasonal upwellings (15), disrupting 
connectivity among the populations of M. sudensis (Fig. 3.1A, Appendix C, Fig. S16). 
Additionally, we observed five instances of potential new breaks (PNB), though they were mostly 
idiosyncratic (Fig. 3.1A; see details Appendix C, Supplementary Results, Figs. S13, S16–17, and 
S19). 

In the TA, the Eastern Caribbean Break (ECB) disrupted connectivity for all seven species 
assessed, emerging as the predominant barrier in the region. This was followed by the Bahamas 
Break (BB) and the Gulf of Mexico Break (GMB), which hindered dispersal in five and four out 
of the six species evaluated, respectively (Fig. 3.1B, Appendix C, Figs. S20–S25). The BB affected 
population connectivity in M. erdmani, M. gilli, M.  triangulatus, M. macropus and M. versicolor 
(Fig. 3.1B, Appendix C, Figs. S22–26). Similarly, the GMB affected those species, except for M. 
triangulatus. In this region, we also observed instances where the evaluated marine breaks did not 
have an important effect on population structure. The Western Caribbean Break, which was 
evaluated for six species, seems to influence only the genetic connectivity among the populations 
of M. erdmani, M. gilli, and M.  triangulatus (Fig. 3.1B, Appendix C, Figs. S22–S23 and S25). 
Notably, for M. triangulatus, we identified contrasting genetic structure patterns related to this 
barrier (see Discussion). The Yucatán Current Break (YCB) disrupted connectivity for M. 
erdmani, M. gilli, and M.  triangulatus (Fig. 3.1B, Appendix C, Figs. S22–S23, S25) among the 
seven species evaluated. Two other significant breaks impacting M. triangulatus (the only species 
assessed for these breaks due to taxonomic sampling) were the Mona Passage Break (MPB) and 
the Northeastern Colombian Coast (NECC) (Fig. 3.1B, Appendix C, Figs. S25). In this region, we  
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Figure 3.1 Population structure at the microevolutionary scales, represented by phylogenetic trees and 
fastStructure plots in A) the Tropical Eastern Pacific (TEP) and B) the Tropical Atlantic (TA). The branches of 
phylogenetic trees and the bars beneath fastStructure plots are color-coded according to sampling locations. Icons 
adjacent to sampling locations denote the species collected at each site. FastStructure clusters are rendered in 
grayscale to prevent confusion with sampling localities. Black lines on the maps depict the marine contemporary 
breaks hindering connectivity across the TEP and TA regions, with line thickness reflecting the number of species 
affected and color transparency their relative effectiveness. Matrices at the bottom of each panel represent 
population differentiation (PD) analyses that identified each break for each species. A species was considered 
affected by a break (denoted in green) when over two analyses identified population structure aligning to such 
barrier. Some barriers were untested for specific species due to taxonomic sampling or species distribution, marked 
in light grey on the matrices. Certain breaks, such as the ECB in the TA, and the CB in the TEP, have a strong 
effect on the population structure of the species. In contrast, others, such as the Western Caribbean Break, impact 
fewer co-distributed species. PD analyses further revealed potentially new breaks (PNB), mostly idiosyncratic, 
marked with dashed lines. For instance, PNB11 is evidenced by the population structure of the dusky blenny only. 
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also observed seven PNBs (Fig. 3.1B; see details Appendix C, Supplementary Results, Figs. S20, 
S22–S23, S25). 

All in all, we find that in the TEP region, SB, CB, and OOGB marine breaks define 
boundaries among the Cortez, Mexican, Panamic, and Oceanic Islands biogeographic provinces. 
In the TA region, BB, GMB, and YCB delineate the border between the Northern and Central 
Provinces, whereas the PNB9 barrier, having a mere 0.20% effectiveness, is the sole recognized 
limit; no breaks are found between the Central and Southern provinces 

Body-shape disparity across populations and species 

To investigate whether morphological disparity aligns with population genetic structure analyses, 
we performed a geometric morphometric assessment on the most widespread species within each 
region: M. tetranemus in the TEP, and M. triangulatus in the TA. We digitized a total of 36 
landmarks and semi-landmarks using high quality photographs. For M. triangulatus, we also 
digitized x-rays to maximize the number of sampled localities. Both photographs and x-rays were 
analyzed separately as the type of data influenced the results (Appendix C, Fig. S11). To assess the 
sensitivity of our landmarks to specimen “bending effects” (i.e., preservation artifacts), we built 
four alternative schemes: 1) all landmarks and semi-landmarks, 2) landmarks, 3) head-only, and 
4) anterior body-only (Appendix C, Fig. S12). The results were slightly biased by the bending 
effect (Appendix C, Figs. S28–S30), hence we selected scheme 4 as our final dataset (Fig. 3.2A). 
Malacoctenus tetranemus did not display a clear geographic clustering pattern aligning with any 
marine break (Fig. 3.2B). However, within the M. triangulatus species complex, the PC2 axis 
(10.2%) captured differences in snout elongation that, despite extensive overlapping clusters, align 
with the ECB (Fig. 3.2C). Lastly, to probe the extent of morphological variation at the species 
level, we also conducted these analyses using photographs representing 20 species of 
Malacoctenus. However, species clusters mostly overlapped within the morphospace, offering 
limited evidence of interspecific differentiation in body shape disparity (Fig. 3.2D). 

Environmental drivers of speciation and local adaptation 

To evaluate the relative contribution of sea composition (ecological variables) and sea 
configuration (spatial features) to the genetic differentiation in both regions, we employed 
distance-based redundancy analyses (db-RDA). To this end, we calculated distance-based Moran’s 
eigenvector maps (db-MEMs) using the geographic coordinates of the sampling sites (27). db-
MEMs were used to describe spatial genetic structure, while seven environmental variables 
extracted from Marine Copernicus (http://marine.copernicus.eu/) online data archive were used to 
represent ecological features. At the microevolutionary level, we evaluated M. tetranemus and M. 
triangulatus, while at macroevolutionary scales we incorporated data from 20 species into our 
analyses. Our results suggest that the population structure of M. tetranemus is mainly explained 
by spatial distribution, temperature and different levels of chlorophyll a, while the population 
structure of M. triangulatus is strongly influenced by temperature, suspended particle matter, 
depth, salinity, and spatial composition. Both analyses suggest that the environmental features 
have a great influence (60.9% and 43.6% in M. tetranemus and M. triangulatus, respectively) on 
distribution and connectivity across populations in each species (Fig. 3.3 B and E). At 
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macroevolutionary scales, our analyses suggest that the complex environment in the TEP has 
played a major role in the diversification of the genus, where depth is the main environmental 
variable (Fig. 3.3C). Although depth is also an important feature in the TA, the spatial 
configuration, chlorophyll a , and suspended particle matter have also played an important role in 
speciation (Fig. 3.3F). These analyses suggest that environmental variables are major drivers of 
divergence in these regions (74.1% and 91.2% in the TEP and TA, respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 A) Landmarks scheme (depicted in red) used to conduct geometric morphometric analyses at 
microevolutionary scales for B) M. tetranemus in the TEP, and C) M. triangulatus-M. lianae species complex in 
the TA; and at macroevolutionary scales for D) 20 species of Malacoctenus in both regions. 

 



 
60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Evolutionary and biogeographic history, and the rising of the Panama Isthmus 

For macroevolutionary inferences, we generated five matrices consisting of 1,891–28,144 SNPs, 
selected based on varied levels of missing data (29.1–81.1%), which we used to elucidate the 
evolutionary and biogeographic history of the genus, with an emphasis on examining the 
synchronicity of speciation events triggered by the rise of the Isthmus of Panama (Appendix C, 
Materials and Methods, Table S7). To this end, we estimated the evolutionary relationships among 
the 23 species in the genus, and time-calibrated the 28K SNP tree (Fig. 3.4, Appendix C, Fig. S35–
S36). We then inferred ancestral geographic ranges by using BioGeoBEARS (28). We fed this 
analysis with the current distribution of each species across seven biogeographic provinces (13, 
29, 30) in the TEP and TA regions. 

These analyses place the origin of the genus around 30 Mya in Africa, where M. carrowi 
appears as the earliest-branching lineage (Fig. 3.4A). The best-supported biogeographic model for 
the genus based on seven areas was BayAREA + w (AICc=189.06; Fig. 3.4). Our analyses suggest 
that there was an East to West dispersal event, from Africa to an ancient area that included the 
Greater Caribbean and the Panamic province (event 1; Fig. 3.4C). Approximately ca. 22 Mya 
clade-A became established in the Greater Caribbean region. Around ca. 18 Mya the genus 
dispersed from an ancestral area comprising the Panamic and Central provinces to the north in the 
Pacific (event 2; Fig. 3.4C). Clade B1 emerged within the Cortez-Mexican provinces, eventually 

Figure 3.3 Seascape genomic analyses of Malacoctenus, illustrating main environmental features driving 
divergence at both (A and E) intraspecific and (C and F) interspecific levels in the Tropical Eastern Pacific (A–C) 
and Tropical Atlantic (D–F). Distance-based partial redundancy analysis (db-RDA) show that SST, SSS, SPM, 
spatial composition (MEMs), and depth, are key environmental variables driving population differentiation and 
speciation. 
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leading to the origin of M. zonogaster via dispersal into the Galapagos Archipelago (event 3; Fig. 
3.4C). Clade B2 includes diversification events originated by the final closure of the Isthmus of 
Panama giving rise to a geminate species—i.e., sister species pairs on each side of the isthmus—, 
and the trans-isthmic clade—sister lineages on both sides of the Isthmus of Panama. Just before 
the final closure of the Isthmus, the MRCA of the trans-isthmic clade colonized the Tropical 
Southwestern Atlantic around 3 Mya (event 4; Fig. 3.4C). We used ecoevolity (31) to test whether 
the cladogenetic events between the transisthmic clades occurred synchronously or independently 
as a result of the rise of the Panama Isthmus, finding  that the speciation events triggered by this 
historical barrier were not temporally synchronic (Fig. 3.4 A and B). Based on the divergence time 
estimates, it seems that these speciation events occurred around 5.2 and 7.6 Mya, prior to the final 
closure of the isthmus of Panama, which is estimated to have occurred between 2.8–3.2 Mya (10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. A) A time-calibrated species tree, based on 28K SNPs, illustrates the ancestral range reconstruction 
across the biogeographical provinces of the Tropical Eastern Pacific (TEP) and Tropical Atlantic (TA). Habitat 
preferences are also illustrated next to species presence across biogeographic provinces and realms. B) The 
ecoevolity results indicate that the two speciation events—the transisthmic clade and transisthmic geminate 
species-pair—occurred asynchronously. C) Inferred paths of dispersal and colonization events within the genus. 
D) Biogeographic provinces utilized to reconstruct ancestral range distribution (13, 29, 30). 
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3.5 Discussion 
By integrating genome-wide, morphologic, and ecological data at both micro- and 
macroevolutionary scales, our study was able to assess the effects of previously proposed 
contemporary and historical marine breaks on the diversification and speciation of labrisomid 
blennies in the genus Malacoctenus. We detected consistent patterns of genome-wide signatures 
of genetic structure on codistributed species across the TEP and TA biogeographic regions, which 
allowed us to assess the effectiveness of each contemporary break evaluated and uncover potential 
new ones. Our seascape genomic analyses unveiled a complex interplay between seascape 
composition and seascape configuration features on shaping the distribution of species across both 
regions. When addressing intraspecies dynamics, major environmental variables influencing local 
adaptation included temperature, chlorophyll a levels, and physical oceanographic components. 
At the interspecies level, additional factors identified as speciation drivers included depth and 
suspended particle matter levels. Furthermore, our time-calibrated analyses at macroevolutionary 
scales revealed that the sole African species constitutes the earliest-branching genus-level lineage, 
indicating an east-to-west dispersal of the clade into the Neotropics followed by the origin of 
asynchronous transisthmian clades. 

In the TEP, when considering phylogeographic breaks and provinces, they are mostly 
arranged in a linear fashion, following the geomorphological configuration of the coastline, 
although there are exceptions like oceanic islands, such as the Galápagos Archipelago. In contrast, 
in the TA, there is a greater two-dimensionality that largely stems from the semi-enclosed 
configuration of the Greater Caribbean. While environmental clusters of sampling locations in the 
TEP also coincide with the delimitation of biogeographic provinces, this is not the case in the TA 
(Figs. S31-S32), suggesting a more complex influence of microhabitats and environmental 
features in the area. Notably, major phylogeographic breaks in the TA do not align with established 
biogeographic provinces (17), emphasizing the need for broader comparative phylogeographic 
studies in this region. 

In general, major marine barriers that exhibited high effectiveness values are mostly related 
to habitat gaps, physical oceanographic features and processes (e.g., currents), marked 
environmental changes (e.g., temperature), or a combination of these. The Sinaloan (SB) and 
Central American (CB) breaks in the TEP are recognized as habitat gaps for labrisomid blennies, 
primarily attributed to the absence of significant rocky outcroppings (12, 13). Our study revealed 
that both the SB and the CB exhibit a 100% effectiveness in influencing the population structure 
of labrisomid blennies (Fig. 3.1). While the SB has traditionally been considered to primarily 
impact species with limited dispersal capabilities (29, 32, 33), due to its relatively modest extent 
compared to the CB (approximately 300 km vs. 1000 km, respectively (13)), our findings challenge 
this perspective. Here, we identified four distinct instances of population structure aligned with the 
SB (Fig. 3.1, Figs. S16-17, 19-20). Notably, these results highlight that the SB may play a more 
significant role than previously assumed in shaping connectivity patterns in the region. For 
example, the independent evolutionary lineages observed in the zaca blenny on either side of the 
SB, along with previous meristic differences detected across those populations (12), suggest that 
they could potentially represent new species. The genomic divergences (Fst = 0.14) observed 
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among these lineages are higher as those among recognized sister species separated by the SB, 
such as the species complex including the redside and porous blennies (Fst = 0.11) (Fig. 3.1A, 
Table 10). Population genetic patterns consistent with these habitat gaps have been observed in 
several cryptobenthic fish species. For instance, chaenopsids (34) exhibit such patterns in the SB, 
while in the CB similar trends are evident in clingfishes (24, 25), gobies (15), other conspicuous 
fish species (14), as well as snails (16), oysters (32), and barnacles (35). 

The Panama gyre break (PGB) in the Gulf of Panama (TEP) has been proposed as a mechanism 
for transporting larvae offshore, reducing population connectivity between Las Perlas Archipelago 
and western Panama (36). This gyre, in combination with seasonal upwelling in the area, triggers 
a series of environmental changes, including significantly lower temperatures, decreased oxygen 
levels, and changes in pH, along with an increased nutrient availability (37). These environmental 
factors can collectively form physical and environmental barriers for cryptobenthic fishes (15). 
Our results have revealed evidence of population structure in the fishgod and southern blennies 
(Figs. S13 and S17), which could be attributed to this break. In addition, the open ocean Galápagos 
break (OOGB) serves as a physical barrier in the region (ca. 1000 km from the mainland). Studies 
on TEP faunas have shown that environmental conditions in oceanic islands differ from those in 
the mainland (18, 38). We recovered patterns of population structure consistent with this break in 
the throat-spotted blenny, the most widely distributed species, which inhabits both the mainland 
and the archipelago (Fig. S17). 

In the TA, our study identified multiple marine breaks hindering population connectivity. Major 
barriers included the Eastern Caribbean (ECB) and the Bahamas (BB) breaks, which show 100% 
and 83% effectiveness. The ECB, and the western Caribbean break (WCB), with a 50% 
effectiveness, were proposed based on high-resolution biophysical models and simulations of 
typical larval dispersal distances of reef fish species (10-100km) (22). This suggest that the 
oceanographic processes in the region cause these barriers. In contrast, the BB is attributed to 
different environmental conditions between insular and coastal shelves and the flow of the Gulf 
stream limiting reef fish dispersal (20, 39, 40). West of the BB, the Gulf of Mexico Break (GMB), 
with a 67% effectiveness, is also attributed to ecological differences (41). In addition, the Yucatán 
Current Break (YCB), although less than 50% effective, is influenced by the northward flow of 
the Caribbean Current, which causes cyclonic gyres and mesoscale eddies that enhance larval 
retention (42, 43). Our study also highlights Mona Passage (MPB) and northeastern Colombian 
coast (NECC) breaks as significant barriers for labrisomid blennies. While we only assessed 
populations of the saddled blenny due to taxonomic sampling limitations, it is likely that both 
breaks strongly impact other cryptobenthic fishes. As shown previously, strong currents across the 
deep-sea Mona passage may pose a physical obstacle that some reef fishes cannot overcome (3, 
44, 45). On the other hand, previous studies suggest three major components affecting the NECC: 
the outflow of the Magdalena river, the absence of rocky bottoms east of the Santa Marta massif, 
and a seasonal upwelling near La Guajira, Colombia (20, 46–48). Although large river deltas are 
considered habitat breaks for labrisomid blennies (12), the observed clustering patterns in our 
study do not support the Magdalena River plume hindering population dispersal (Fig. S25). While 
the absence of rocky bottoms may be a contributing factor, the Guajira upwelling is known to play 
a significant role triggering speciation in chaenopsids (48). 
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Our analyses also identified 11 potential new breaks (PNB1-PNB4 in the TEP; PNB5-PNB11 in 
the TA). However, except for PNB3, which affected three species, and PNB4 and PNB7, each of 
which affected two species, these breaks were primarily idiosyncratic, impacting in most cases a 
single species. It is particularly interesting that five of these putative barriers seem to be promoting 
the generation of independent evolutionary lineages (Figs. S17, S19-S20, S23, S25), suggesting 
the presence of putative species complexes with high genomic divergences (Fst = 0.06-0.19, Table 
10). While sampling localities separated by PNB2 and PNB4 exhibit unique environmental 
features (Fig. S32) in the TEP, PNB5-PNB11 in the TA seem to be linked to environmental shifts 
influenced by seasonal upwellings, the direction and intensity of predominant oceanographic 
currents, and gyres (49–51). In this scenario, while our ecological hypothesis suggests that mayor 
connectivity patterns arise from large-scale environmental variation in the TA, here we observe 
that several marine breaks reflect a limited gene flow among populations driven by localized 
environmental variation (e.g. upwellings). 

 Zamudio et al. (2) recently emphasized the importance of incorporating phenotypic 
variation and genetic data into phylogeographic studies to gain a deeper understanding of the 
origins of biodiversity. In this context, a closer examination of phenotypes can help elucidate the 
mechanisms influencing responses of co-distributed species to environmental variations. In this 
study, our geometric morphometric analyses revealed varying degrees of congruence with 
genomic divergences. While they failed to detect morphologic clusters that aligned with the 
genomic groups in the throat-spotted blenny in the TEP (Fig. 3.2B), they showed a partial 
geographic clustering in correspondence with the PNB10 in the TA, separating the saddled and 
Noronha scaly blennies (Fig. 3.2C). Moreover, when these analyses were conducted across 20 
species, there was a lack of species-level clustering in morphospace (Fig. 3.2D). Undetectable 
geographic variation in phenotypes in the presence of phylogeographic structure is generally 
attributed to biological processes such as stabilizing selection or cryptic diversification (2). 
Cryptobenthic reef fishes often lack discernible diagnostic features, as many sympatric species 
exhibit morphological overlap (12, 52). Consequently, the absence of clear morphological 
differences within populations of the throat-spotted blenny (Figs. 3.4B and S28) as well as between 
some species (Figs. 3.4D and S30) may be indicative of cryptic speciation, possibly driven by 
niche conservatism (53–56). In contrast, the presence of both phylogeographic patterns and 
slightly detectable phenotypic variation between the saddled and the Noronha scaly blennies (Figs. 
3.4C and S29) may arise from biological mechanisms like environmental local adaptation or 
divergent sexual selection (2). As expected, these analyses provide less resolution than our 
genomic data, highlighting the limitations of integrating phenotypes into phylogeographic studies. 

Our seascape genomic analyses of the throat-spotted blenny align with ecological 
hypotheses confirming that biogeographical provinces in the TEP exhibit unique seascape 
compositions (Fig. 3.3A-B). Specifically, the Cortez province undergoes significant fluctuations 
in sea surface temperatures across the year. In turn, the Mexican province presents variations in 
average chlorophyll a values and temperature during the hottest months of the year. These data 
suggest that populations on either side of the SB barrier have undergone local adaptation, 
exhibiting different ecological requirements. Noteworthy, changes in temperature and chlorophyll 
a levels are considered to play a pivotal role in ecological diversification within marine ecosystems 
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(57). In contrast, seascape configuration features were responsible for separating populations 
across the Panamic and Galápagos provinces. At the interspecific level, depth was the strongest 
variable promoting speciation in this region (Fig. 3.3C). These results also suggest that labrisomid 
blennies are habitat specific, represented mainly by tide-pool or reef-associated species (Fig. 3.4). 
In this scenario, diversification processes may be related to intertidal species having a higher 
resilience to environmental changes as they are subjected to dramatic fluctuations in temperature, 
salinity and dissolved oxygen levels during daytime (58). 

Genotype association analyses conducted at the intraspecific level on the saddled blenny 
(Fig. 3.3D-E) differentiate the populations of the Gulf of Mexico based on variations in 
temperature during the hottest and coldest months of the year. This observation aligns with 
previous studies suggesting that cooler temperatures during winter affect fish distributions in this 
region (17). These locations are also affected by factors such as sea current velocity and sea 
configuration features, while areas along the coasts of Central America and northern South 
America display distinct levels of suspended particulate matter. The remaining populations are 
primarily segregated by variations in temperature and sea configuration characteristics. At 
interspecific levels, major environmental factors promoting speciation include depth, suspended 
particle matter, chlorophyll a levels, and seascape physical features (Fig. 3.3F). Overall, our 
seascape genomic analyses suggest that environmental associations in the TA are more complex 
than those in the TEP. This aligns with the observation that species distributions in the TEP are 
primarily allopatric, whereas in the TA, there is a significant overlap in species distributions, 
indicating a more dynamic interplay of environmental factors influencing diversification across 
large areas in the region. In the TEP, habitat types are predominantly dominated by reef or tide-
pool environments (13, 18). However, in the TA, several labrisomid blennies are also associated 
to rubble-sandy bottoms or sea grass beds (12, 17). 

At the macroevolutionary level, our ancestral range reconstruction analyses place the origin 
of the genus in the eastern Atlantic around 30 Mya (event 1; Fig. 3.4C). The transatlantic dispersal 
occurred from Cabo Verde, Africa, following an east-to-west trajectory probably linked to the flow 
of oceanic currents (12). While a higher species richness in the Americas might suggest a center 
of origin in this hemisphere (12), our analyses invariably place the African species as the oldest 
lineage in the genus, supporting an east-to-west dispersal. This out-of-Africa pattern of 
colonization of the Caribbean has also been observed in other blennies (54, 59), as well as other 
reef fishes such as porgies (60). Approximately ca. 20-18 Mya, clade-A colonized the Greater 
Caribbean region, initially occupying an ancestral area that consisted of the Panamic and Central 
provinces, before expanding northwards in the Pacific. A similar, albeit more recent, dispersal 
pattern has been observed in the redhead goby (15). Clade B1 settled within the Cortez-Mexican 
provinces, later dispersing into the Galapagos Archipelago (event 3; Fig. 3.4C), while Clade B2 
experienced cladogenetic events triggered by the rise of the Isthmus of Panama, resulting in sister 
lineages on both sides of the Isthmus (Fig. 3.4A), represented by a geminate species pair (TIg) and 
a transisthmian clade (TIc). The formation of the isthmus is considered one of the most significant 
geological events, acting as a historical marine barrier that unchained species diversification 
strongly impacting marine organisms (61). The emergence of the land was a gradual process, 
facilitating the connection and disconnection of the Pacific and Atlantic oceans that culminated 
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with the final rise of the Isthmus of Panama around 2.8 Mya (62). Teleost fishes experienced a 
series of transisthmian splits between 1-23 Mya, peaking around the final stages of Isthmus 
completion ca. 5 Mya (62–64). Assumptions regarding the timing of split divergences across 
marine animal groups suggest that the life history parameters play a pivotal role. For example, 
high intertidal geminate pairs tend to show less genetic differentiation than lower intertidal ones 
(65). Herein, our study recovered strong evidence supporting a non-synchronous divergence 
between the TIc and TIg lineages, even though they possess similar life history traits (Fig. 3.4 
A-B). Lastly, before the final closure of the Isthmus, the most recent common ancestor of the 
transisthmian clade colonized the Tropical Southwestern Atlantic around 3 Mya (event 4; Fig. 
3.4C). This event is supported by other studies on blennies, which suggest a greater connectivity 
between the Caribbean and eastern Atlantic than between the Caribbean and the coasts of Brazil 
(54). Finally, our macroevolutionary analyses also show two major niche divergences in the genus 
(Fig. 3.4A). The first occurred in clade A, when Malacoctenus lineages colonized the Caribbean, 
encountering a wide variety of habitats. The second was observed in subclade B1, when the 
ancestral lineage and its daughter species became restricted to tide-pool environments, triggering 
niche conservatism (66, 67). 

 

3.6 Conclusion 
Our study recovered genomic patterns of population structure in co-distributed species, 
demonstrating the significant impact of marine breaks on the populations of cryptobenthic fishes 
in the TEP and TA. In these biogeographic regions, major contemporary breaks result from 
unsuitable habitat gaps combined with oceanographic processes, including marine currents, 
seasonal upwellings, and gyres, followed by marked environmental changes. In the TEP, the SB 
and CB emerge as major barriers, promoting not only population diversification but also speciation 
processes, representing the distribution limit for several labrisomid blennies. In the TA, the ECB 
and the BB play a crucial role in shaping population connectivity. The discrepancy between 
phylogeographic breaks in cryptobenthic fishes and biogeographic provinces highlights the need 
for further comparative phylogeographic studies, as cryptic species complexes may have been 
overlooked in the assessment of biogeographic patterns. Overall, the effect of these breaks varies 
across species, suggesting that species-specific traits, such as habitat preference, also greatly 
influence their dispersal capabilities. Our study identified five instances where marine breaks led 
to highly differentiated evolutionary lineages that could potentially represent species complexes. 
Some of these genetically distinct groups are supported by evidence of population differentiation 
from previous morphological studies as well as by our geometric morphometric analyses. Our 
seascape genomic analyses highlighted that temperature, chlorophyll α levels, and physical 
features played pivotal roles in driving local adaptation of the throat-spotted blenny in the TEP. 
However, at interspecific levels, depth emerged as the primary driver of speciation within this 
region, leading to niche divergence between tide pool- and reef-associated clades. In contrast, in 
the TA, patterns of environmental association appeared more intricate, with suspended particle 
matter, depth, temperature, and physical features significantly influencing population 
differentiation, with chlorophyll a further contributing to speciation in this region. Finally, our 
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time-calibrated analyses at macroevolutionary scales elucidated an Eastern Atlantic origin of the 
clade followed by an east-to-west dispersal. Although the historical break attributed to the rise of 
the Isthmus of Panama had a substantial influence on the evolutionary history of the genus, our 
analyses demonstrate that it did not triggered synchronous cladogenetic events. Altogether, 
through the integration of approaches from population genomics, comparative phylogeography, 
phylogenomics, seascape genomics, and geometric morphometric analyses, our study has 
identified the primary contemporary and historical drivers of lineage diversification and speciation 
in labrisomid blennies in the TEP and TA, encompassing a spectrum from micro- to 
macroevolution. 
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Appendix A 
 
Supplementary Material for 
Genomics overrules mitochondrial 
DNA, siding with morphology on a 
controversial case of species 
delimitation 
 

 

Extended Materials and Methods 

Supplemental Figures and Tables 

Supplementary References 
 

Data repository: 
datasets are available from Dryad digital repository: https://doi.org/10.5061/dryad.sk61618 

 

Extended Materials and Methods: molecular protocols, mitochondrial data, 
SNP genotyping, and Bayes factor delimitation analyses. 
DNA extractions were performed from fin-clip tissues using Qiagen DNeasy Blood and Tissue kit 
(Qiagen, Inc.), following the manufacturer’s protocol. Library preparation was carried out at the 
Sequencing and Genotyping Facility (SGF) at the University of Puerto Rico – Río Piedras (UPR-
RP). We applied the double-digest RADseq (ddRADseq) protocol using initially described by 
Peterson et al. (2012). This protocol provides the advantage of reducing genome-wide sequences 
to size-selected digested fragments [1]. Restriction enzymes used were PstI and MseI, with a size 
selection window of 300-600 bp. Each library contained up to 20 individuals indexed by a set of 
six base-pairs barcodes in combinatorial schemes, and further sequenced in two Illumina HiSeq 
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4000 lanes using 100 base pair-ended sequencing at the Knapp Center of Biomedical Discovery 
(KCBD) Genomics Facility at the University of Chicago. For COI barcoding, PCR products were 
checked by electrophoresis on 1.8% agarose gels and sequenced in both directions at the SGF at 
the UPR-RP. Accession numbers and additional information are available from Table S2. 

Sequenced libraries were demultiplexed using the process_radtags.pl script as 
implemented in Stacks v1.49 [2]. Raw reads were trimmed to 86 bp after removing restriction 
sites. The quality of raw reads was further verified using FastQC v0.11.5 
(www.bioinformatics.babraham.ac.uk/projects/fastqc/) and selected a Phred score threshold of 33 
for filtering sequencing reads. The total number of raw reads was 1.68 X 109, of which 1.184 X 
109 (~70%) passed quality filters. De novo assembling of putative loci and calling of single 
nucleotide polymorphisms (SNP) was carried out in Stacks using the denovo_map.pl pipeline. 
Selection of assembly parameters that adjusted best to our data was performed based on alternative 
strategies [3] (see below). RAD loci were assembled by applying default settings on all samples 
for a pilot run, which resulted in 4,326,243 putative loci. Different combinations of assembly 
parameters were tested on a subset of 30 samples that were selected on the basis of sequence 
coverage (>40% of all loci represented after a pilot test using the default settings). Combinations 
of parameters were tested as in Mastretta-Yanes [3], including minimum number of raw reads 
required to form a stack (m = 2-15), number of mismatches allowed between stacks (M = 2-10), 
number of mismatches allowed between loci upon catalogue building (n = 0-5), and maximum 
number of stacks allowed per single locus (--max_locus_stacks = 2-6). In all tests, only one 
parameter was changed at a time, while keeping others at their default value (m=3, M=2, n=1, and 
max_locus_stacks = 0; Fig. S2). Results of de novo assembly tests varied from 1 to ~8 million 
putative loci for 30 individuals (Fig. S2). The number of putative RAD loci stop dropping strongly 
after m = 5, suggesting that many low coverage loci are discarded (Fig. S2a). The same pattern is 
observed at M = 2 and n = 3 where values also stop, roughly showing large changes. When only 
polymorphic loci are present in a minimum of 6 populations (80%) and in at least 75% of 
individuals within populations included, values start to stabilize at M = 2 and max_loc_stacks = 3 
(Fig. S2b). Exponential increases are observed from 12,000 to 60,000 SNPs for n = 0. In this case, 
higher values of n reflect an increase in RAD loci as this parameter allows more stacks and loci to 
be collapsed. Final selected parameters were m=5, M=2, n=3. 

Biallelic loci were filtered in the populations pipeline component of Stacks, varying 
population coverage constraints (p = 15-8 and r = 1.0-0.50) and selecting only one SNP per tag to 
avoid linkage between loci. To remove low frequency and paralogous loci, SNPs were further 
filtered using a minimum allele frequency of 0.05 and a maximum observed heterozygosity of 
0.70. Finally, we were interested in evaluating the sensitivity of results to number of individuals 
and missing data. Therefore, four of the previous datasets that contained between 21,431 and 
55,795 loci were selected (p11r50, p12r50, p9r60 and p8r60), and applied a second filter removing 
individuals based on the amount of missing sites (minimum proportion of sites present of 0.75, 
0.50, 0.25 and 0.05) using the program Tassel v5.2.43 [4]. We refer to this threshold as “min. 
sites.” Missing data was measured in the output datasets using VCFtools v0.1.15 [5]. These tests 
resulted in 20 datasets (Table S4), of which six were selected based on the amount of missing data 
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(9–46%), number of individuals present (44–155), number of SNPs (15,112–42,406), and number 
of populations (8–15).  

For the Bayes factor delimitation (BFD*) analyses, additional filters were applied to the p12r50 
dataset (with 15,112 SNPs from 12 populations) by retaining both loci and individuals from each 
population with the lowest proportions of missing data (e.g., using Tassel v5.2.43 [4]). The subsets 
were assembled: subset 1: 58 individuals and 149 loci (each locus is present in at least 55 
individuals); subset 2: 58 individuals and 938 loci (each locus is present in at least 51 individuals); 
subset 3: 108 individuals and 957 loci (each locus is present in at least 85 individuals). The XML 
files for the BFD analyses performed are available from Dryad. 

 

Supplementary Figures and Tables 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. a) map illustrating reports of Lutjanus campechanus and Lutjanus purpureus throughout their range 
and over time; b) heatmap of records of both species. Red stars in (a) indicate localities that were exhaustively but 
unsuccessfully surveyed for samples: 1) San Andrés, Colombia; 2) Puerto Rico.  
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Figure S2. Tests of parameter combinations (following Mastretta-Yanes et al.  [3]).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Principal component analyses of allele frequency data from a matrix based on (a-c) 15,112 SNPs and (d-
f) 42,406 SNPs. 
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Figure S4. Weir and Cockerham estimates of genetic differentiation among populations of L. campechanus and 
L. purpureus, including a) 12 populations (with minimal amount of missing data), and b) 15 populations. 
Populations removed form final analyses in a) are denoted with an asterisk in b). Some calculations in b) appear 
underestimated despite their great geographic isolation, possibly as result of missing data: e.g., Yucatán vs. Salvador, 
FST=0.0499 (1646 loci); Salvador-Campeche FST=0.3165 (4282 loci); Salvador-Florida FST=0.3187 (14102 loci). 
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Figure S5. Mantel test simulations (a,b) and correlograms (c,d) for L. campechanus (red) and L. purpureus 
(green), respectively. Geographic distances reflect Least Cost Paths (LCPs); similar results were obtained using 
Euclidean distances (not shown). 

 

 

 

 

 

 

 

 

 

 

Figure S6. Bayesian estimates of the Hybrid index (HI) estimated with gghybrid for each individual in all 
studied populations of L. campechanus, and L. purpureus. Red and blue points represent the parental reference sets 
of L. campechanus (Florida-Apalachicola) and L. purpureus (Fortaleza-Salvador), respectively. Individuals are color-
coded according to their corresponding population. Population codes on the upper left corner correspond to 
abbreviations given in Table S1. Points indicate HI estimated values, where 0.0 denotes pure L. campechanus 
individuals and 1.0 denotes pure L. purpureus individuals; lines represent 95% credibility interval. 
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Table S1. Sampling localities 

 
        

Population 
abbreviation Locality Country Geographic coordinates Number of 

individuals 

Lutjanus campechanus 

FLO West of Florida, Florida USA 27.1666°N -83.3833°W 18 

APA Apalachicola, Florida USA 28.7900°N -85.1635°W 18 

ALA Dauphin Island, Alabama USA 29.7836°N -88.0732°W 18 

LOU Louisiana USA 28.2443°N -91.4573°W 17 

TUX Puerto de Tuxpan, Veracruz Mexico 21.0544°N -97.1926°W 3 

VER Puerto de Veracruz, Veracruz Mexico 19.2802°N -96.0216°W 3 

TAB San Pedro, Tabasco Mexico 18.7480°N -93.1829°W 7 

CAM Champotón, Campeche Mexico 19.4576°N -91.1248°W 9 

YUC Puerto Progreso, Yucatán Mexico 21.6932°N -89.6345°W 12 

Lutjanus purpureus 

GUA Camarones, Guajira Colombia 11.8624°N -72.8027°W 16 

NUE Nueva Esparta Venezuela 11.3417°N -63.8558°W 7 

AMA Amapá Brazil 4.33564°N -50.5537°W 13 

SAO Maranhão, São Luís Brazil 0.2172°N -46.246°W 13 

FOR Ceará, Fortaleza Brazil 2.9071°S -39.1452°W 13 

SAL São Salvador da Bahia, 
Salvador Brazil 13.226°S -38.6245°W 12 
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Table S2. GenBank (NCBI) accession numbers for raw data (Bioproject PRJNA524905) 
and mitochondrial sequences generated. See Table S1 for population abbreviations. 

 

          

Species Sample code Population 
COI  Raw data (ddRAD)  

Accession no. Accession no. 

Lutjanus campechanus 30915-1 FLO - SAMN11038299 

Lutjanus campechanus 30915-10 FLO - SAMN11038300 

Lutjanus campechanus 30915-3 FLO - SAMN11038301 

Lutjanus campechanus 30915-4 FLO - SAMN11038302 

Lutjanus campechanus 30915-5 FLO - SAMN11038303 

Lutjanus campechanus 30915-6 FLO - SAMN11038304 

Lutjanus campechanus 30915-7 FLO - SAMN11038305 

Lutjanus campechanus 30915-8 FLO - SAMN11038306 

Lutjanus campechanus 30915-9 FLO - SAMN11038307 

Lutjanus campechanus 31215-10 FLO - SAMN11038308 

Lutjanus campechanus 31215-11 FLO - SAMN11038309 

Lutjanus campechanus 31215-12 FLO - SAMN11038310 

Lutjanus campechanus 31215-13 FLO - SAMN11038311 

Lutjanus campechanus 31215-14 FLO - SAMN11038312 

Lutjanus campechanus 31215-15 FLO - SAMN11038313 

Lutjanus campechanus 31215-16 FLO - SAMN11038314 

Lutjanus campechanus 31215-17 FLO - SAMN11038315 

Lutjanus campechanus 31215-9 FLO - SAMN11038316 

Lutjanus campechanus ABR169 ALA - SAMN11038317 

Lutjanus campechanus ABR170 ALA       MK534317 SAMN11038318 

Lutjanus campechanus ABR34 ALA - SAMN11038319 

Lutjanus campechanus ABR35 ALA - SAMN11038320 

Lutjanus campechanus ABR55 ALA - SAMN11038321 

Lutjanus campechanus ABR59 ALA - SAMN11038322 

Lutjanus campechanus ABR60 ALA - SAMN11038323 

Lutjanus campechanus ABR82 ALA - SAMN11038324 

Lutjanus campechanus ABR84 ALA - SAMN11038325 

Lutjanus campechanus ES100614HL-20 ALA MK534318 SAMN11038326 

Lutjanus campechanus ES100614HL-76 ALA MK534319 - 
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Lutjanus campechanus ES100614HL-78 ALA - SAMN11038327 

Lutjanus campechanus ES100614HL-82 ALA - SAMN11038328 

Lutjanus campechanus ES100614HL-83 ALA - SAMN11038329 

Lutjanus campechanus ES100614HL-86 ALA - SAMN11038330 

Lutjanus campechanus ES100614HL-87 ALA - SAMN11038331 

Lutjanus campechanus ES100614HL-90 ALA - SAMN11038332 

Lutjanus campechanus ES100614HL-91 ALA - SAMN11038333 

Lutjanus campechanus ES100614HL-94 ALA - SAMN11038334 

Lutjanus campechanus LC424 APA - SAMN11038339 

Lutjanus campechanus LC425 APA - SAMN11038340 

Lutjanus campechanus LC426 APA - SAMN11038341 

Lutjanus campechanus LC427 APA - SAMN11038342 

Lutjanus campechanus LC428 APA - SAMN11038343 

Lutjanus campechanus LC429 APA - SAMN11038344 

Lutjanus campechanus LC430 APA - SAMN11038345 

Lutjanus campechanus LC431 APA - SAMN11038346 

Lutjanus campechanus LC438 APA - SAMN11038347 

Lutjanus campechanus LC447 APA - SAMN11038348 

Lutjanus campechanus LC448 APA - SAMN11038349 

Lutjanus campechanus LC449 APA - SAMN11038350 

Lutjanus campechanus LC450 APA - SAMN11038351 

Lutjanus campechanus LC451 APA - SAMN11038352 

Lutjanus campechanus LC452 APA - SAMN11038353 

Lutjanus campechanus LC453 APA - SAMN11038354 

Lutjanus campechanus LC454 APA - SAMN11038355 

Lutjanus campechanus LC455 APA - SAMN11038356 

Lutjanus campechanus LSU223 LOU - SAMN11038367 

Lutjanus campechanus LSU224 LOU - SAMN11038368 

Lutjanus campechanus LSU226 LOU - SAMN11038369 

Lutjanus campechanus LSU227 LOU - SAMN11038370 

Lutjanus campechanus LSU228 LOU - SAMN11038371 

Lutjanus campechanus LSU229 LOU - SAMN11038372 

Lutjanus campechanus LSU230 LOU - SAMN11038373 

Lutjanus campechanus LSU231 LOU - SAMN11038374 

Lutjanus campechanus LSU268 LOU - SAMN11038375 

Lutjanus campechanus LSU271 LOU - SAMN11038376 
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Lutjanus campechanus LSU272 LOU - SAMN11038377 

Lutjanus campechanus LSU273 LOU - SAMN11038378 

Lutjanus campechanus LSU276 LOU - SAMN11038379 

Lutjanus campechanus LSU278 LOU - SAMN11038380 

Lutjanus campechanus LSU279 LOU - SAMN11038381 

Lutjanus campechanus LSU280 LOU - SAMN11038382 

Lutjanus campechanus LSU281 LOU - SAMN11038383 

Lutjanus campechanus RB1537 CAM       MK534248 - 

Lutjanus campechanus RB1538 CAM       MK534249 - 

Lutjanus campechanus RB1539 CAM       MK534250 - 

Lutjanus campechanus RB1540 CAM       MK534251 - 

Lutjanus campechanus RB1542 CAM       MK534252 - 

Lutjanus campechanus RB1543 CAM       MK534253 - 

Lutjanus campechanus RB1544 CAM       MK534254 - 

Lutjanus campechanus RB1545 CAM       MK534255 - 

Lutjanus campechanus RB1546 CAM       MK534256 - 

Lutjanus campechanus RB1547 CAM       MK534257 - 

Lutjanus campechanus RB1548 CAM       MK534258 - 

Lutjanus campechanus RB1550 CAM       MK534259 - 

Lutjanus campechanus RB1551 CAM       MK534260 - 

Lutjanus campechanus RB1552 CAM       MK534261 - 

Lutjanus campechanus RB1553 CAM       MK534262 - 

Lutjanus campechanus RB1554 CAM       MK534263 - 

Lutjanus campechanus RB1555 CAM       MK534264 SAMN11038434 

Lutjanus campechanus RB1556 CAM       MK534265 SAMN11038435 

Lutjanus campechanus RB1557 CAM       MK534266 - 

Lutjanus campechanus RB1558 CAM       MK534267 SAMN11038436 

Lutjanus campechanus RB1559 CAM       MK534268 - 

Lutjanus campechanus RB1560 CAM       MK534269 - 

Lutjanus campechanus RB1561 CAM       MK534270 SAMN11038437 

Lutjanus campechanus RB1562 CAM       MK534271 SAMN11038438 

Lutjanus campechanus RB1563 CAM       MK534272 - 

Lutjanus campechanus RB1564 CAM       MK534273 - 

Lutjanus campechanus RB1565 CAM       MK534274 - 

Lutjanus campechanus RB1566 CAM       MK534275 - 

Lutjanus campechanus RB1567 CAM       MK534276 SAMN11038439 
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Lutjanus campechanus RB1568 CAM       MK534277 - 

Lutjanus campechanus RB1569 CAM       MK534278 - 

Lutjanus campechanus RB1570 CAM       MK534279 - 

Lutjanus campechanus RB1571 CAM       MK534280 SAMN11038440 

Lutjanus campechanus RB1572 CAM       MK534281 - 

Lutjanus campechanus RB1573 CAM       MK534282 - 

Lutjanus campechanus RB1574 CAM       MK534283 - 

Lutjanus campechanus RB1575 CAM       MK534284 - 

Lutjanus campechanus RB1576 CAM       MK534285 - 

Lutjanus campechanus RB1577 CAM       MK534286 - 

Lutjanus campechanus RB1578 CAM       MK534287 - 

Lutjanus campechanus RB1579 CAM       MK534288 - 

Lutjanus campechanus RB1580 CAM       MK534289 - 

Lutjanus campechanus RB1581 CAM       MK534290 - 

Lutjanus campechanus RB1582 CAM       MK534291 - 

Lutjanus campechanus RB1583 CAM       MK534292 - 

Lutjanus campechanus RB1584 CAM       MK534293 - 

Lutjanus campechanus RB1585 CAM       MK534294 - 

Lutjanus campechanus RB1586 TAB       MK534295 - 

Lutjanus campechanus RB1587 TAB       MK534297 - 

Lutjanus campechanus RB1588 TAB       MK534296 - 

Lutjanus campechanus RB1589 TAB       MK534298 - 

Lutjanus campechanus RB1590 TAB       MK534299 - 

Lutjanus campechanus RB1591 TAB       MK534300 - 

Lutjanus campechanus RB1593 CAM       MK534301 - 

Lutjanus campechanus RB1594 CAM       MK534302 - 

Lutjanus campechanus RB1595 CAM       MK534303 - 

Lutjanus campechanus RB1596 CAM       MK534304 - 

Lutjanus campechanus RB1597 CAM       MK534305 - 

Lutjanus campechanus RB1598 CAM       MK534306 - 

Lutjanus campechanus RB1599 TAB       MK534307 SAMN11038441 

Lutjanus campechanus RB1600 TAB       MK534308 SAMN11038442 

Lutjanus campechanus RB1601 TAB       MK534309 SAMN11038443 

Lutjanus campechanus RB1602 TAB       MK534310 SAMN11038444 

Lutjanus campechanus RB1603 TAB       MK534311 SAMN11038445 

Lutjanus campechanus RB1604 TAB       MK534312 SAMN11038446 
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Lutjanus campechanus RB1605 TAB       MK534313 SAMN11038447 

Lutjanus campechanus RB1606 TUX - SAMN11038448 

Lutjanus campechanus RB1607 TUX - SAMN11038449 

Lutjanus campechanus RB1608 TUX - SAMN11038450 

Lutjanus campechanus RB1609 VER - SAMN11038451 

Lutjanus campechanus RB1610 VER - SAMN11038452 

Lutjanus campechanus RB1611 VER - SAMN11038453 

Lutjanus campechanus RB1637 YUC - SAMN11038454 

Lutjanus campechanus RB1640 YUC - SAMN11038455 

Lutjanus campechanus RB1641 YUC - SAMN11038456 

Lutjanus campechanus RB1642 YUC - SAMN11038457 

Lutjanus campechanus RB1643 YUC - SAMN11038458 

Lutjanus campechanus RB1645 YUC - SAMN11038459 

Lutjanus campechanus RB1646 YUC - SAMN11038460 

Lutjanus campechanus RB1647 YUC - SAMN11038461 

Lutjanus campechanus RB1648 YUC       MK534314 SAMN11038462 

Lutjanus campechanus RB1649 YUC       MK534315 - 

Lutjanus campechanus RB1650 YUC       MK534316 SAMN11038463 

Lutjanus campechanus RB1651 YUC - SAMN11038464 

Lutjanus campechanus RB1652 YUC - SAMN11038465 

Lutjanus campechanus UMSNH41727 CAM - SAMN11038469 

Lutjanus campechanus UMSNH41728 CAM - SAMN11038470 

Lutjanus purpureus GUA001 GUA - SAMN11038335 

Lutjanus purpureus GUA002 GUA - SAMN11038336 

Lutjanus purpureus GUA003 GUA - SAMN11038337 

Lutjanus purpureus GUA004 GUA - SAMN11038338 

Lutjanus purpureus LP1 NUE            MK534320 SAMN11038357 

Lutjanus purpureus LP10 GUA - SAMN11038358 

Lutjanus purpureus LP2 VEN - SAMN11038359 

Lutjanus purpureus LP3 NUE            MK534321 SAMN11038360 

Lutjanus purpureus LP4 VEN - SAMN11038361 

Lutjanus purpureus LP5 VEN - SAMN11038362 

Lutjanus purpureus LP6 VEN - SAMN11038363 

Lutjanus purpureus LP7 VEN - SAMN11038364 

Lutjanus purpureus LP8 GUA            MK534322 SAMN11038365 

Lutjanus purpureus LP9 GUA            MK534323 SAMN11038366 
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Lutjanus purpureus RB1432 AMA - SAMN11038384 

Lutjanus purpureus RB1433 AMA - SAMN11038385 

Lutjanus purpureus RB1434 AMA - SAMN11038386 

Lutjanus purpureus RB1436 AMA - SAMN11038387 

Lutjanus purpureus RB1438 AMA - SAMN11038388 

Lutjanus purpureus RB1439 AMA - SAMN11038389 

Lutjanus purpureus RB1442 AMA - SAMN11038390 

Lutjanus purpureus RB1444 AMA - SAMN11038391 

Lutjanus purpureus RB1445 AMA - SAMN11038392 

Lutjanus purpureus RB1446 AMA - SAMN11038393 

Lutjanus purpureus RB1458 AMA - SAMN11038394 

Lutjanus purpureus RB1459 AMA - SAMN11038395 

Lutjanus purpureus RB1460 AMA - SAMN11038396 

Lutjanus purpureus RB1470 FOR - SAMN11038397 

Lutjanus purpureus RB1471 FOR - SAMN11038398 

Lutjanus purpureus RB1473 FOR - SAMN11038399 

Lutjanus purpureus RB1474 FOR - SAMN11038400 

Lutjanus purpureus RB1475 FOR - SAMN11038401 

Lutjanus purpureus RB1476 FOR - SAMN11038402 

Lutjanus purpureus RB1477 FOR - SAMN11038403 

Lutjanus purpureus RB1478 FOR - SAMN11038404 

Lutjanus purpureus RB1479 FOR - SAMN11038405 

Lutjanus purpureus RB1482 FOR - SAMN11038406 

Lutjanus purpureus RB1484 FOR - SAMN11038407 

Lutjanus purpureus RB1490 FOR - SAMN11038408 

Lutjanus purpureus RB1496 SAO - SAMN11038409 

Lutjanus purpureus RB1497 SAO - SAMN11038410 

Lutjanus purpureus RB1498 SAO - SAMN11038411 

Lutjanus purpureus RB1499 SAO - SAMN11038412 

Lutjanus purpureus RB1502 SAO - SAMN11038413 

Lutjanus purpureus RB1503 SAO - SAMN11038414 

Lutjanus purpureus RB1504 SAO - SAMN11038415 

Lutjanus purpureus RB1505 SAO - SAMN11038416 

Lutjanus purpureus RB1507 SAO - SAMN11038417 

Lutjanus purpureus RB1510 SAO - SAMN11038418 

Lutjanus purpureus RB1514 SAO - SAMN11038419 
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Lutjanus purpureus RB1515 SAO - SAMN11038420 

Lutjanus purpureus RB1516 SAO - SAMN11038421 

Lutjanus purpureus RB1520 SAL - SAMN11038422 

Lutjanus purpureus RB1522 SAL - SAMN11038423 

Lutjanus purpureus RB1523 SAL - SAMN11038424 

Lutjanus purpureus RB1524 SAL - SAMN11038425 

Lutjanus purpureus RB1525 SAL - SAMN11038426 

Lutjanus purpureus RB1526 SAL - SAMN11038427 

Lutjanus purpureus RB1527 SAL - SAMN11038428 

Lutjanus purpureus RB1528 SAL - SAMN11038429 

Lutjanus purpureus RB1531 SAL - SAMN11038430 

Lutjanus purpureus RB1532 SAL - SAMN11038431 

Lutjanus purpureus RB1533 SAL - SAMN11038432 

Lutjanus purpureus RB1534 SAL - SAMN11038433 

Lutjanus purpureus UMSNH16756 NUE     MK534325 SAMN11038466 

Lutjanus purpureus UMSNH16996 NUE     MK534324 SAMN11038467 

Lutjanus purpureus UMSNH16997 NUE     MK534326 SAMN11038468 

Lutjanus purpureus VEN001 VEN - SAMN11038471 

Lutjanus purpureus VEN002 VEN - SAMN11038472 

Lutjanus purpureus VEN003 VEN - SAMN11038473 

Lutjanus purpureus VEN004 VEN - SAMN11038474 

Lutjanus purpureus VEN005 VEN - SAMN11038475 

Lutjanus purpureus VEN006 VEN - SAMN11038476 
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Table S3. Accession numbers for sequences mined from GenBank (NCBI). 

 

Organism Region/Location 
information Genetic marker GenBank accession no. 

Lutjanus campechanus Gulf of Mexico and 
Atlantic coast of Florida D-loop AF356750-AF356776 

Lutjanus campechanus US coast COI EU752115 

Lutjanus campechanus Florida COI FJ998466 

Lutjanus campechanus Texas COI HQ162371-HQ162373 

Lutjanus campechanus NA COI JN021303 

Lutjanus campechanus Alabama COI KF461194-KF461195 

Lutjanus campechanus NA COI KX119461-KX119464 

Lutjanus campechanus NA COI KX119465 

Lutjanus campechanus Gulf of Mexico COI MF041054 

Lutjanus campechanus Gulf of Mexico COI MF041257 

Lutjanus campechanus Gulf of Mexico COI MF041562 

Lutjanus campechanus Gulf of Mexico COI MG856504 

Lutjanus campechanus Gulf of Mexico COI MF041450 

Lutjanus purpureus Brazilian coast D-loop KC122929-KC123167 

Lutjanus purpureus NA COI EU752118 

Lutjanus purpureus Brazilian coast COI KJ907265 

Lutjanus purpureus Brazilian coast COI KU313736-KU313755 
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Table S4. Selected output datasets based on alternative population parameters. Missing 
percentage of SNPs ranged between 9 and 46 %, where the inclusion of more individuals was the 
driving factor affecting this value. 

 

Dataset Number of 
Individuals Min. sites Number of 

Populations 
Number 
of loci SNPs 

Missing 
percentage of 
SNPs 

p12r50 

178 0 15 21431 15112 0.43 

*155 0.05 15 21431 15112 0.35 

122 0.25 14 21431 15112 0.2 

108 0.5 13 21431 15112 0.15 

89 0.75 12 21431 15112 0.1 

p11r50 

178 0 15 40210 29798 0.48 

149 0.05 15 40210 29798 0.38 

115 0.25 13 40210 29798 0.23 

97 0.5 12 40210 29798 0.16 

73 0.75 10 40210 29798 0.1 

p9r60 

178 0 15 30138 21850 0.56 

136 0.05 14 30138 21850 0.43 

97 0.25 11 30138 21850 0.25 

76 0.5 9 30138 21850 0.13 

67 0.75 9 30138 21850 0.1 

p8r60 

178 0 15 55795 42406 0.61 

125 0.05 13 55795 42406 0.46 

81 0.25 9 55795 42406 0.23 

73 0.5 9 55795 42406 0.1 

44 0.75 8 55795 42406 0.09 

p denotes the minimum number of populations where each locus must be present in order to be 
selected; r denotes the minimum percentage of individuals within a population where a locus must be 
present to be selected. *final selected matrixes used in downstream analyses. 
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Table S5. Results of Bayes factor delimitation (BFD*) analyses for WA red snappers using 
three SNP datasets. BF values were estimated with three subsets assembled from 12 populations 
(filtered from the p12r50 dataset). Positive BF values (calculated as 2 x (MLE of base model - 
MLE of alternative model)) indicate in all cases overwhelming support in favor of the traditional, 
two-species delimitation (base) model (BF scale: 0 < BF < 2, non-significant; 2 < BF < 6, positive 
evidence; 6 < BF < 10, strong support; BF > 10, decisive support; [6]. MLE: marginal likelihood 
estimates. 

            

  Individuals SNPs 
MLE – 2 species (base – 
traditional taxonomy) 

MLE – 1 species 
(alternative – mtDNA) BF 

Subset 1 58 149 -6,537.45 -7,692.59 2,310.28 

Subset 2 58 938 -40,948.80 -47,287.26 12,676.92 

Subset 3 108 957 -67285.99 -78,464.10 22,356.22 
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Table S6. List of character transformations (SNPs) that differentiate populations of L. 
campechanus from L. purpureus. Alignment site indicates the position of the diagnostic SNP in 
the concatenated nexus file (available from Dryad). Although there are no unambiguous SNPs 
differentiating all individuals of L. campechanus from L. purpureus, a combination of SNP sites 
can be used for diagnostic purposes; for instance, by designing PCR primers from the flanking 
sites in the nexus and fasta files provided.  

        

Alignment site Character state 
transformation 

Alignment site Character state 
transformation 

1059 C --> T 836965 A --> G 

41919 G --> A 850906 A --> C 

45777 C --> T 886936 G --> C 

53139 C --> A 975574 A --> C 

68641 C --> T 987321 T --> C 

88992 G --> A 1041916 A --> G 

207540 A --> G 1144840 T --> C 

214748 T --> C 1192851 C --> T 

239812 C --> T 1198134 T --> G 

248229 G --> A 1202462 C --> T 

257027 G --> A 1228440 G --> A 

270080 C --> T 1248434 G --> A 

270830 G --> A 1274734 C --> T 

288972 G --> A 1278851 A --> G 

328042 G --> A 1283521 C --> G 

459746 C --> T 1317037 G --> A 

510028 G --> T 1358528 G --> C 

521086 C --> T 1379595 G --> T 

532482 C --> T 1387126 C --> A 

629127 G --> A 1510047 G --> T 

644504 A --> G 1534354 T --> C 

648340 T --> G 1600837 A --> C 

668691 T --> C 1638177 T --> G 

681224 T --> C 1697315 A --> G 
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690051 G --> A 1772989 C --> T 

769005 A --> C 1805758 T --> C 

833330 C --> T     
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Appendix B 
 
Supplementary Material for Genome-
wide species delimitation analyses of a 
silverside fish species complex in 
central Mexico indicate taxonomic 
over-splitting 
 

 

Supporting Methods 

Supplementary Figures 

Supplementary References 

 

Supporting Methods:  

Molecular protocols and SNP genotyping. 

We extracted DNA from fin clips of 77 individuals of the nine nominal species of the 
humboldtianum group (sensu Barbour 1973), using the Qiagen DNeasy Blood and Tissue kit 
(Qiagen, Inc.) following the manufacturer's protocol. We also included two specimens of 
Chirostoma jordani and one of Chirostoma attenuatum as outgroups. We prepared the ddRADseq 
libraries at the Sequencing and Genotyping Facility (SGF) at the University of Puerto Rico - Río 
Piedras (UPR-RP) using the protocol of Peterson et al. (2012). To this end, we used the restriction 
enzymes PstI and MseI, and a size selection window of 300–600 bp. We included 20 individuals 
per library using a set of six base-pairs barcodes in combinatorial schemes to index each individual. 
We sequenced the resulting libraries in one Illumina HiSeq 4000 lane using 100 base pair-ended 
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sequencing at the Knapp Center of Biomedical Discovery (KCBD) Genomics Facility at the 
University of Chicago. 

We checked the quality of a total of 358,591,878 raw reads with FASTQ 0.11.5 
(www.bioinformatics.babraham.ac.uk/projects/fastqc). We used the process_radtags pipeline 
available in Stacks v2.4 [3, 4] to demultiplex our ddRADseq libraries. We applied a quality control 
Phred score of 33 to filter demultiplexed reads and trimmed the sequences to 86 bp after removing 
the enzyme's overhangs. We used a total of 349,891,799 reads that passed the filters (97.6%) to 
assemble putative loci. 

We conducted a de novo assembly pilot run using denovo.pl program and default 
parameters in Stacks on all 80 individuals. As the selection of key parameters for de novo assembly 
(m = minimum raw reads required to form a stack, M = maximum mismatches between stacks, and 
n = mismatches between loci of different individuals) greatly influences the quality and formation 
of putative loci [5], we selected a subset of 15 samples (including individuals of each nominal 
species that presented the highest coverage values) to optimize the assembly parameters that best 
fit our data. We followed a combination of the protocols used by Mastretta-Yanes et al. (2015), 
Paris et al. (2017), and Del Pedraza-Marrón et al. (2019), by varying one parameter at the time (m 
= 2–6, M = 0–6, and n = 0–11). We observed a common pattern of RADseq data in which higher 
values of m increased the average sample coverage (Figure S1) but decreased the number of 
putative loci (Figure S2). Overall, increasing m from three to six produced a lower number of 
putative loci. Based on these results, we selected a value of five, as higher values could exclude 
true alleles, underestimating the number of heterozygous loci in the dataset [6]. Finally, we 
assessed the variation of putative loci while constraining the selection to genetic information 
available of the individuals in a population (r =40, 60, and 80) (Figure S3). After a maximum of 
four mismatches between stacks (M = 4) and five mismatches between loci of different individuals 
(n = 5), the number of putative loci stops dropping drastically. Therefore, we selected a final 
combination of m5M4n5 to perform the de novo assembly on the 80 individuals. 

Given the lack of a reference genome that guided the loci assembly, we conducted a series 
of quality filter steps to form the final datasets used in further analyses (Figure S4).  

Step 1. We filtered biallelic loci using Stacks according to the number of populations (p = 
minimum populations), individuals (r = minimum percentage of individuals in a population), and 
samples (R = minimum percentage of samples overall), selecting only the first single nucleotide 
polymorphism (SNP) per tag to avoid linkage between loci. We calculated the percentage of 
missing data for each dataset (Table S2) with VCFtools v0.1.15 [8], after which we selected four 
databases (pop_r80, pop10_r80, R80, and R85; Table S2) that included between ~1000 and 
~105000 SNPs loci and 9.3 - 48.9% of missing data.  

Step 2. To exclude low-frequency alleles and potential paralogous loci we removed sites 
with a minor allele frequency (maf) of 0.01 and 0.05. We created databases with two different maf 
thresholds as the selected cutoff can affect the population structure estimated by model-based (e.g., 
admixture) or multivariate approaches (e.g., PCA) [9]. 
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Step 3. To remove sites with different tolerance for missing data we applied the ‘min. sites’ 
filter (0.05, 0.25, 0.50, and 0.75). 

Step 4. We implemented the taxa ‘min. sites’ filter to remove individuals with different 
thresholds for missing data (0.05–0.99). 

All these filters resulted in 24 datasets ranging among 1,887–33,882 SNP loci, 0.3–48% of 
missing data, 31–72 individuals, and four to nine species of the humboldtianum group (Table S3). 
All filters described in steps two to four were conducted using the software Tassel 5 v20210210 
[10]. We removed five samples (CPUM_35317 and CPUM_35306 of C. consocium; 
CPUM_35300 and CPUM_35305 of C. lucius; and CPUM_10617 of C. estor) from the analyses 
because preliminary results showed their genotypes mixed with C. jordani (a Chirostoma species 
that does not form part of the humboldtianum group), presumably representing hybrid individuals. 
Additionally, we did not consider the individual of C. attenuatum (outgroup) for further analyses 
due to the bad quality of the genomic data recovered for that individual.  

Step 5. To test the robustness of our data we conducted preliminary analyses based on 19 
databases (Table S3) varying among 37–72 individuals, 4–9 nominal species, and ~2 k to ~37 k 
SNP loci (Figure S5). Our preliminary results were consistent regarding the number of nominal 
species included. Hence, we kept the 72 individuals representing the nine morphospecies of the 
humboldtianum group across the sampled localities. 

Then we selected five matrices generated with different combinations of maf thresholds, 
missing data (from 7.7–15.77%), and the number of SNP loci (between 1,887 and 33,716 loci), 
hereafter referred to as A-33716snps, B-10517snps, C-4821snps, D-3564snps, and E-1887snps 
matrices. 

Step 6. Finally, to estimate FST outlier analyses (see section 2.7), we separated the five 
matrices (A–E) by all, neutral-only, and outlier loci for a total of 15 databases that were used in 
downstream analyses (Figure S4). Neutral-only matrices ranged between 1,795–33,346 SNPs, 
while the outlier matrices contained 82–370 SNPs. 

Characterization of ecotypes. 
Chirostoma species in central Mexico have been categorized as ‘peces blancos’ or ‘charales’ 
ecotypes [1]. We considered the nominal species C. chapalae, C. consocium, C. grandocule, and 
C. patzcuaro as ‘charales’, while C. sphyraena, C. lucius, C. promelas, C. humboldtianum sensu 
stricto, and both subspecies of C. estor were categorized as ‘peces blancos’. The main character 
used to discriminate between both ecotypes is the standard-length SL of the individuals during 
their adult phase (117–300 mm, 70–142 mm SL, respectively; see also Mercado-Silva et al., 2015). 
Additional morphological (e.g., jaw length, head length, snout shape, anal fin length, snout 
pigmentation, and size of the teeth) and meristic (number of pre-dorsal scales, number of lateral-
line scales, number of gill rakers) traits are also used for the correct taxonomic identification and 
discrimination of ecotypes [1, 11]. Herein, all individuals were carefully identified using the 
morphological diagnostic characters suggested by Betancourt-Resendes et al. (2020).  
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Bayes factor delimitation analyses (BFD*). 
We applied additional filters to the matrix D-3482snps-neutral_loci by retaining individuals from 
each of the nine morphospecies and low levels of missing data. The subsets assembled were: subset 
1, comprising 39 individuals, 411 SNP loci, and 7.2% of missing data; subset 2, 39 individuals, 
1102 SNP loci, and 9.1% of missing data; and subset 3, 59 individuals, 548 SNP loci, and 7.9% of 
missing data. We calculated Bayes factor (BF) values as 2 x (MLE of model 1  - MLE of model 
2) and followed the framework provided by Kass & Raftery (1995) to assess the support of the 
candidate models. Because of the BF comparisons only address two models at the time (model 1 
vs. an alternative model represented by model 2), we evaluated all possible combinations among 
the species delimitation scenarios. First, we considered the current taxonomy that includes nine 
morphospecies as model 1 (model 1 = nine morphospecies vs. the alternative models of three, four, 
and five species). To set up the priors and MCMC runs, we followed the recommendations 
provided by Leaché and Bouckaert (2018), where we set the birth-rate on the Yule tree prior (λ) 
to a gamma distribution with α = 2 and β = 200. 
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Figure S1. Principal Components Analyses 19 matrices with different numbers of SNPs loci, missing data, 
individuals, and species of the humboldtianum group. 
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Figure S2. Principal component analyses (PCAs) based on all, neutral, and outlier SNP loci from matrices A, B, C, 
and E. PCAs estimated using all and neutral SNPs (~2k–33k) consistently recovered four genomic groups that are in 
agreement with geographic patterns but not with the previously recognized morphospecies; these are delimited with 
convex hulls: humboldtianum sensu stricto group (blue), from Lake Zacapu; estor group (green) from Lakes Patzcuaro 
and Zirahuén; chapalae group (red), from Lake Chapala; and C. sphyraena group (yellow), also from Lake Chapala. 
PCA analyses based on ~100–400 SNPs also resolved four genomic groups in matrices A and B, and in matrices C 
and E, chapalae and sphyraena groups clustered together. Morphospecies are color-coded according to the genomic 
groups observed. 
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Figure S3. Plots of Bayesian Information Criterion (BIC) vs. number of clusters (k) of DAPC analyses for all, 
neutral, and outlier SNP loci from matrices A-E. 
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Figure S4. Discriminant analyses of principal components (DAPCs) estimated using ca. 1800–33700 SNPs resolve 
four well-differentiated clusters. DAPCs based on outlier SNPs recover three to four groups. These results are largely 
consistent across analyses based on matrices A, B, C, and E (a–d), and are also concordant with the PCA analyses. In 
neither case, the observed genomic clusters do correspond to the morphology-based species delimitation scenario. 
Morphospecies are color-coded according to the genomic clusters recovered: blue, humboldtianum sensu stricto, 
green, estor group; red, chapalae group; yellow, C. sphyraena. 
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Figure S5. Plots of cross-validation error of each k (number of clusters) analyzed in Admixture analyses for all, 
neutral, and outlier SNP loci from matrices A- E. The cross-validation procedure was performed with the folds value 
= 5 (the default), a block relaxation algorithm as point estimation method, and the point estimation terminated with 
the objective function delta  < 0.0001. 
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Figure S6. Admixture assignment analyses estimated using ca. 80–33700 neutral and outlier SNPs consistently 
identified three well-differentiated clusters (k = 3) using matrices A, B, C, and E (a–d). Outlier SNPs show an increased 
intermingling of individuals among clusters compared with analyses based on all or neutral loci. Each bar represents 
the probability of assignment to each cluster. Genomic clusters are color-coded as blue, humboldtianum sensu stricto, 
green, estor group; orange, chapalae-sphyraena group. CHA, Lake Chapala; TEP, Tepuxtepec Dam; TRI, Trinidad 
Fabela Dam; PAT, Lake Pátzcuaro; ZIR, Lake Zirahuén.  
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Figure S7. Admixture assignment analyses estimated using ca. 33700 SNP loci a) in Chapala Lake, and b) within 
Lakes Pátzcuaro-Zirahuén. 
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Figure S8. Phylogenetic trees of ca. 1800–33700 SNP loci of the humboldtianum group estimated under a maximum 
likelihood framework in IQ-TREE. Phylogenetic trees were estimated using all (~1900–33700), neutral-only (~1800–
33300), and outlier (~80–350) SNPs. Individuals are color-coded by genetic clusters according to Fig. 2. 
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Figure S9. Mitochondrial trees (left) and ddRADseq phylogeny (right) of the humboldtianum group. The tips in the 
RADseq inferences were pruned to include the same individuals present in the mitochondrial trees. 
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Figure S10. FST versus log10-transformed posterior odds (PO) values for the global outlier detection calculated in 
BayeScan. The analyses were estimated considering the nine morphospecies and (A) 33716 SNPs, where the vertical 
line represent the FDR threshold of q=0.037; (B) 10157 SNPs, q=0.040; (C) 4821 SNPs, q=0.025; (D) 3564 SNPs, 
q=0.034; and (E) 1887 SNPs, q=0.015. 
 

 

 

 

 

 

 

 

Figure S11. Mean coverage of the subset with 15 samples using different values of the minimum raw reads required 
to form a stack (m1–m6). 
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Figure S12. Putative loci at different combinations of de novo assembly parameters: m, minimum reads required to 
form a stack; M, allowed SNPs in a stack required to form a putative locus in an individual; n, allowed SNPs in a stack 
required to form a locus in the population. Each parameter was changed one at the time (m = 2–6, M = 0–6, and n = 
0–11) while keeping the others at default values (m3M2n1). 

 

 

 

 

 

 

 

 

Figure S13. Genotyped loci and variant sites using a constraint on the number of minimum individuals in a population 
required to have that locus (r = 40, 60, and 80) based on different cutoff, as follow: (A) minimum raw reads required 
to form a stack (m = 2–6), (B) maximum mismatches allowed between stacks of the same individual (M = 0–6), and 
(C) mismatches allowed between loci of different individuals (n = 0–11). 
 

 

 

 

 

2e+05

3e+05

4e+05

m2 m3 m4 m5 m6

Pu
ta

tiv
e 

lo
ci

filter noPop r40 r60 r80
A

250000

300000

350000

400000

M0 M1 M2 M3 M4 M5 M6

B

2e+05

3e+05

4e+05

n0 n3 n6 n9

C



 
108 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S14. Flow chart of the quality control and SNP filtering steps applied to generate the final datasets. 
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Appendix C 
 
Supplementary Material for Beneath 
the Waves: Depth, Temperature, and 
Spatial Components Driving Genetic 
Differentiation at Micro and 
Macroevolutionary Scales in Tropical 
Blennies 
 

 

Extended Methods 

Extended Results 

 

Extended Methods 
Sample collection and genomic data generation 

Taxonomic sampling. We collected 506 individuals from 23 out of the 25 Malacoctenus species 
across 40 localities in the Tropical Eastern Pacific (TEP) and Tropical Atlantic (TA) realms (Fig. 
S1). We also generated genomic data from a Brockius striatus specimen, used as an outgroup for 
phylogenetic analyses (a closer relative of the genus of Malacoctenus (39)). Sampling collections 
were conducted in various localities across Mexico, Ecuador, Costa Rica, Panama, El Salvador, 
Puerto Rico, and Colombia between 2012 and 2017 (Table S1). For population differentiation 
analyses, sampling localities were clustered under the same name using a 1 km ratio, while for 
seascape genomic analyses, sampling locations were considered independently, as each location 
can have unique environmental conditions (Appendix S2). The selection of these localities aimed 
to test a total of eight marine barriers to dispersal, which were proposed as genetic 



 
111 

breaks for marine organisms in these regions by previous studies (Table S2). We collected fin clips 
and voucher specimens and deposited them into the fish collections of the Universidad Michoacana 
de San Nicolás de Hidalgo (UMSNH), the University of Puerto Rico - Río Piedras (UPR-RP), and 
the Sam Noble Oklahoma Museum of Natural History (SNOMNH). We identified each individual 
to the species level using the taxonomic keys for Malacoctenus and Brockius (3). We also retrieved 
samples through collaboration with multiple ichthyological collections from various institutions 
(see Appendix S2). 

 

 

 

 

 

 

Figure S1. Locations sampled for Malacoctenus, including a total of 506 individuals representing 23 species, in the 
Tropical Eastern Pacific (TEP) and the Tropical Atlantic (TA) biogeographic regions, including Africa (which is part 
of TA). Numbers next to each pie chart refer to sampling locations in Table S1. Pie size is proportional to the number 
of individuals per location, where each color represents a species. Black dashed lines indicate contemporary barriers 
that were evaluated, while the historical barrier, the rising of the Isthmus of Panama, is marked in red. 
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Table S1. Sampling localities across the Tropical Eastern Pacific (TEP) and Tropical Atlantic (TA) 
Number 
ID 

Locality 
ID 

Locality name Country Biogeographic 
region 

1 FRA Los Frailes Mexico TEP 
2 TPE El Tepetate Mexico TEP 
3 CED Los Cedros Mexico TEP 
4 STI Santa Inés Mexico TEP 
5 SAC El Sacramento Mexico TEP 
6 PUE Puertecitos Mexico TEP 
7 SER Seri Muerto Mexico TEP 
8 VAL Vallarta Mexico TEP 
9 SAN Santiago Mexico TEP 
10 MIC Michoacán Mexico TEP 
11 ZAC Zacatoso Mexico TEP 
12 AGU Agustinillo Mexico TEP 
13 COB Los Cóbanos El Salvador TEP 
14 CBL Cabo Blanco Costa Rica TEP 
15 PED Pedasí Panama TEP 
16 PER Las Perlas Archipelago Panama TEP 
17 NUQ Nuquí Colombia TEP 
18 ECC Continental Ecuador Ecuador TEP 
19 GAL Galápagos Archipelago Ecuador TEP 
20 BAH The Bahamas The Bahamas TA 
21 FLO Florida USA TA 
22 VER Veracruz Mexico TA 
23 YUC Yucatán Mexico TA 
24 BLZ Belize Belize TA 
25 HON Utila Honduras TA 
26 CAY Cayman Islands United Kingdom TA 
27 AND San Andrés Colombia TA 
28 LIM Limón Costa Rica TA 
29 PAN Panama Panama TA 
30 TAY Tayrona Colombia TA 
31 CUR Curaçao Netherlands TA 
32 MON Mona Island USA TA 
33 PRI Puerto Rico USA TA 
34 VIR Virgin Islands USA TA 
35 DOM Dominica Dominica TA 
36 TRT Trinidad and Tobago Trinidad and Tobago TA 
37 NOR Fernando da Noronha Brazil TA 
38 CVE Cape Verde Cape Verde TA 
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Table S2. Biogeographic breaks tested in Tropical Eastern Pacific (TEP) and Tropical Atlantic (TA) regions 
Biogeographic break Abbreviation Marine organisms that are separated by the break 
Tropical Eastern Pacific 
Sinaloan Break SB Pacific Sierra mackerel (Scomberomorus sierra (40)) 
Central American Break CB Gobies (Elacatinus puncticulatus (7)), snails (Nerita scabricosta and 

N. funiculata (41)) 
Panama Gyre Break PGB Goby (Elacatinus puncticulatus (7)) 
Tropical Atlantic   
Bahamas Break BB Gobies (Elacatinus evelynae (42); Elacatinus louisae (43)) 
Gulf of Mexico Break GMB Lionfish (Pterois volitans and P. miles (6)) 
Yucatán Current Break YCB Haemulon aurolineatum (40) 
Western Caribbean Break WCB Invasive red lionfish (Pterois volitans (44)) 
Eastern Caribbean Break ECB Corals (Orbicella faveolata (45), Madracis auretenra (46))  
Northeastern Colombian 
Coast 

NECC Sea Catfishes (Cathorops mapale/C. wayuu (47))  

Mona Passage Break MPB Gobies (Elacatinus spp (42, 48)), corals (Acropora palmata (49)) 
 

DNA extraction, library preparation, and sequencing. High-quality DNA extractions were 
performed from fin-clip tissues using Qiagen DNeasy mericon 96 QIAcube HT Kit (Qiagen, Inc.) 
at the University of Wisconsin Biotechnology Center (UWBC). We generated data for 506 
individuals representing the 23 Malacoctenus species, and replicates of eight individuals that were 
used to measure the assembly-error rate (see below). Replicates were chosen based on the species 
with fewer individuals to increase the chance of getting a higher final coverage. To identify 
potential instances of cross-contamination, the well positions for each DNA extraction plate were 
carefully chosen to avoid placing individuals of the same species or closely related populations 
consecutively. Double-digest restriction-site associated DNA (ddRADseq) libraries were prepared 
using the protocol of (13), which is appropriate for species with high levels of genetic diversity. 
Libraries were prepared with the restriction enzymes Pstl and Bfal, and a size selection window of 
350-550 bp. The enzyme assessment phase involved the preparation of four double digested 
libraries from a pool of two samples representative of the genus. The enzyme combinations used 
were PstI/MspI, NsiI/MpsI, PstI/BfaI, and NsiI/BfaI. The optimal enzyme combination was 
selected based on the absence of visible repeated regions within the size selection area and the 
success of amplification. Individuals were indexed by a set of dual 10-base-pair barcodes in 
combinatorial schemes. Finally, the RADseq libraries were divided into six pools and sequenced 
at Novogene Company Inc. (CA, USA) using a partial lane of Illumina NovaSeq 6000 PE150 
sequencing (output: 470 GB). 

PE-ddRADseq quality control and filtering. Raw data was checked with FastQC v0.11.15 
(www.bioinformatics.babraham.ac.uk/projects/fastqc/) to assess the average Phred score of each 
nucleotide position, and check for the presence of artifacts such as sequencing adaptors (50). 
Quality filtering and demultiplexing were performed using the process_radtags tool, which is part 
of the Stacks v2.59 (15) pipeline, a package designed to analyze short-reads generated via 
RADseq. Raw sequencing reads were filtered using a Phred score threshold of 33, discarding reads 
with low quality scores (-q), and removing any read with an uncalled base (-c). Demultiplexed raw 
sequences per individual were deposited at NCBI Sequence Read Archive (SRA) 
(www.ncbi.nlm.nih.gov/sra). 
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Species ID quality control. We identified the taxonomic identity of the species using a taxonomic 
key for the species of Malacoctenus (3). We corroborated the taxonomic identification by 
comparing the mitochondrial markers cytochrome oxidase subunit I (COI) and cytochrome b 
(Cytb) of each individual, with reference sequences available at the Barcode of Life Data (BOLD) 
system (www.boldsystems.org) and the NCBI data archive (www.ncbi.nlm.nih.gov). To this end, 
we first compiled a reference file that included all available COI and Cytb information for 
Malacoctenus from these repositories. Then, we mined each molecular marker from the 
demultiplexed raw data of each individual using custom scripts and the software BWA v0.7.17 
(51) and SAMtools v1.11 (52). We retrieved 169 hits (140 bp) for COI for 17 species, and 321 hits 
(141 bp) for Cytb for 18 species (Appendix S2). Despite our efforts to extract the nuclear markers 
rhodopsin (Rhod) and recombination activating protein 1 (Rag1), the hits we recovered were 
uninformative and therefore were excluded from further analyses. To provide a final corroboration 
of the species’ identity and to rule out any potential effects of cross contamination in RADseq 
demultiplexed sequences, we conducted a de novo assembly using default parameters per plate, 
generated matrices that included polymorphic RAD loci found in 25% of the samples and 
estimated a phylogenetic tree (refer to the Locus assembly, and Phylogenetic Inference sections 
for further details). Finally, we carefully inspected any individual that clustered with different 
species in the phylogenetic trees by reviewing field photos and voucher specimens to ensure their 
correct identification. 

 

MATRIX ASSEMBLY FOR EVOLUTIONARY ANALYSES AT DIFFERENT SCALES 

SNP Genotyping. Restriction site-associated DNA sequencing (RADseq) is a next-generation 
sequencing (NGS) technique that uses restriction enzymes to digest DNA into fragments of a 
constant size across the genome (53, 54). Recently, the use of RADseq approaches has become 
increasingly popular in population genomic and phylogeographic studies, as they provide the 
opportunity to genotype thousands of genome-wide markers across many individuals in non-model 
systems at a reasonable cost (55–57). Therefore, RADseq data represents an ideal fit for our study, 
which aims to examine contemporary and historical barriers that have shaped the genetic diversity 
of multiple species across a shared geographic region, at both micro- and macro-evolutionary 
scales. However, this technique is prone to several sources of sequencing error that may affect 
population inferences (58). These sequencing errors may arise from laboratory procedures (e.g., 
library development issues due to degraded DNA) or species-specific genome properties (e.g., 
alleles remain unsampled due to a polymorphism at the enzyme’s cut-site—allele dropout) (58–
61). Additionally, locus assembly from RADseq data is challenging as the selection of main 
parameters that control de novo assembly results in different levels of assembly-related error and 
can greatly influence genomic variation per locus (58, 62). Nonetheless, the proportion of 
artifactual loci can be detected due to errors during the PCR amplification steps (63), while 
parameter optimization and proper filtering (see below) can improve the quality of the recovered 
loci (61). 

In this study, we used a three-step approach to reduce the recovery of false-positive loci 
resulting from bioinformatic assembly-related errors. First, we conducted a parameter optimization 
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test on a subset of individuals to select the parameters that best fit the data, identifying “default”, 
“optimal”, and “recommended” parameter combinations. Second, we measured the assembly-error 
rate on the suggested parameter combinations using replicates. Third, we applied several filters to 
each matrix to reduce missing data, filter paralogs, which are genes related to duplication events 
in the genome, and identify outlier loci (61) (see below for more details). As we were interested in 
analyzing the genetic structure at both intra- and inter-specific levels, we assembled SNP matrices 
in two different ways. The first pipeline aimed to capture the genetic diversity among populations 
for each of the species analyzed, and the second aimed to identify SNPs common to all 23 
Malacoctenus species and L. striatus. In both pipelines, we applied the three-step approach to 
generate the final matrices that were used to conduct population differentiation and phylogenomic 
analyses (Fig. S2). At the macroevolutionary level, we also assembled the data using the closest 
genome available (see below for more details). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Scheme illustrating the pipeline used to produce genomic matrices for analyses. This pipeline 
includes quality control, locus assembly, and SNP filtering steps employed in this study, both at the micro- and 
macroevolutionary scales. 
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Locus assembly at microevolutionary scales 

1) De novo assembly optimization. Assembly of RADseq data in the absence of a reference 
genome is a daunting task, as the parameter values applied greatly influence the level of locus 
polymorphism allowed in each dataset (58, 62). The main parameters that control locus assembly 
and polymorphism within a locus are the minimum depth of coverage (-m), the distance allowed 
between stacks (-M), and the distance allowed between catalog loci (-n) (61, 64). Selecting these 
parameters to high values may collapse loci leading to an artificial effect of higher heterozygosity. 
Conversely, setting them too low may result in a higher proportion of homozygotes being falsely 
produced (58, 62). Therefore, selecting optimal parameters requires a careful balance between 
accommodating genetic variation and sequencing errors, while also being stringent enough to 
reduce false positive or paralogous loci (61). Optimal parameters are study-specific, as the level 
of genetic diversity present in each raw sequencing data varies across taxa, and the amount of 
sequencing error depends on the properties of each dataset (61, 64). To optimize our RADseq data 
assembly, we followed recent recommendations (55, 61, 65) to tackle this using  Stacks. First, we 
conducted an initial de novo assembly of putative loci on the 506 individuals using default values. 
Next, we selected the 15 individuals with the highest coverage after the initial de novo test from 
four Malacoctenus species (M. tetranemus, M. zacae from the TEP, and M. macropus, and M. 
triangulatus from the TA) to represented phylogenetic diversity (based on the mtDNA 
phylogenetic tree, Fig. S37). Because this approach was computationally demanding as some 
individuals had very high coverage values, the assembly of M. zacae was excluded from further 
parametrization tests. For the three remaining species we selected parameter combinations using 
three different methods: 

1.1) Default. We used default values (m3M2n1) from Stacks which are suitable for 
population genomic analyses (62, 66). 

1.2) Optimal. We conducted parameter optimization tests based on (based on 62, 63, 66, 
68). These tests consisted of assembling the data multiple times, varying one parameter at 
the time (-m = 3–6, -M = 2–8, -n = 0–11), while keeping the other parameters fixed at their 
default values (m3M2n1). For each run, we recorded the number of assembled loci, the 
number of polymorphic loci, and the number of SNPs generated (Fig. S3). In addition, we 
collected data on individual coverage while varying the -m parameter (Fig. S4), as setting 
it too high may result on dropping low-coverage alleles, while extremely low values may 
falsely validate sequencing errors as putative loci (61). To account for biological 
differences in polymorphisms and sequencing read depths (68), we varied the minimum 
percentage of individuals in a population required to process a locus (-r = 40, 60, and 80) 
and recorded the amount of putative loci (Fig. S3). Additionally, since -M parameter 
controls the collapsing of alleles from the same locus, increasing this parameter would be 
expected to stabilize the number of loci found, with any newly added polymorphic loci 
representing paralogous loci (62). Therefore, we measured the increment polymorphic loci 
(with -r set to 80) and recorded the corresponding difference in putative loci at each 
increment. We selected values for -m, -M, and -n that resulted in a stable number of putative 
loci, as well as values of -M that yield low numbers of newly recovered loci. Based on 
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these analyses, the combination of parameters -m = 5, -M = 6, and -n = 6 were deemed as 
“optimal”. 

1.3) Recommended. This approach consisted in using the R packages RADstackhelpR  
(https://devonderaad.github.io/RADstackshelpR/index.html) and vcfR (69) to optimize the 
de novo assembly pipeline. These packages offer an easy-to-follow and well-documented 
pipeline that incorporates the recommendations of (61) for selecting optimal parameter 
values. We evaluated each parameter using the same range of values as the optimal step (-
m = 3–6, -M = 2–8, -n = 0–11). We followed the tutorial available at 
devonderaad.github.io/RADstackshelpR, which involved testing the parameters -m, -M, 
and -n in that order. The selected parameter combinations were m4M6n7 for M. tetranemus 
(Fig. S5), m4M5n6 for M. triangulatus (Fig. S6), and m5M8n8 for M. macropus (Fig. S7), 
which will be referred to as “recommended” hereafter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Parameter optimization varying one main parameter at the time for A) M. tetranemus, B) M. 
triangulatus, and C) M. macropus. 
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It is worth noting that gapped alignments (--gapped) were not included in any of the 
parametrization tests. While this flag can potentially increase the number of loci for analysis, it 
also enhances the risk of creating complex and putatively error-containing, loci (61). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. A) coverage of the 15 samples of M. tetranemus, M. triangulatus, and M. macropus during parameter 
optimization. B) polymorphic loci at each increment of the M parameter. 
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Figure S5. Utilization of RADstackshelpR for parameter optimization in M. tetranemus. The recommended 
assembly parameters include: A) setting a minimum of four raw reads required to form a stack (m); B) allowing 
a maximum of six mismatches between loci (M); and C) accommodating seven mismatches between loci of 
different individuals (n). 
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2) Use of replicates to minimize error rates. We assembled de novo eight replicate-pairs using 
the “default”, “optimal”, and “recommended” parameter combinations to generate SNP matrices. 
We filtered each matrix to include only SNPs present in at least 25% of the individuals, reducing 
the amount of missing data. We then estimated phylogenetic trees (see below) for each matrix and 
measured the branch lengths between replicate pairs (Fig. S8A) as a proxy for assembly error. As 
replicate pairs present the same DNA, it is expected that identical genotypes would result in 
minimum differences (58, 62). This process allowed us to examine the extent to which genotypes 
obtained from two replicates of the same individual match, and how the parameters employed in 

Figure S6. Utilization of RADstackshelpR for parameter optimization in M. triangulatus. The recommended 
assembly parameters include: A) setting a minimum of four raw reads required to form a stack (m); B) allowing 
a maximum of five mismatches between loci (M); and C) accommodating six mismatches between loci for 
different individuals (n). 
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de novo SNP calling influence this similarity (70). Finally, we selected the “optimal” parameter 
combination (m3M5n6) as it minimized assembly error (Fig. S8B). Hence, the final de novo 
assemblies of complete datasets per species were performed using a minimum of five raw reads 
required to form a stack (m), allowing a maximum of six mismatches between loci (M), and six 
mismatches between loci of different individuals (n). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. Utilization of RADstackshelpR for parameter optimization in M. macropus. The recommended 
assembly parameters include: A) setting a minimum of five raw reads required to form a stack (m); B) allowing 
a maximum of eight mismatches between loci (M); and C) accommodating eight mismatches between loci of 
different individuals (n). 
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3) SNP Filtering. Because artefacts introduced during library preparation and bioinformatic 
processing of RADseq data may influence downstream population genetic inferences (60, 71), we 
implemented a rigorous SNP filtering pipeline. This involved comparing the effects of different 
filter combinations (e.g., missing data, minor allele frequency [MAF], and coverage) using the R 
packages SNPfiltR (16, 69) and VCFtools v0.1.16 (17) to generate SNP matrices. We generated 
species-specific matrices in Stacks that contained all putative loci (-R 0.00) and selected the first 
SNP of each locus (--write_single_snp), to meet the requirement of unlinked SNPs for some 
population-level analyses, such as Admixture (see below). We used SNPfiltR to retain sites with 
a minimum depth of five and a minimum quality Phred score of 30. We further applied the allele 
balance filter, where values from 0 to 1 represent the ratio of reads showing the reference allele to 
all reads. As RADseq targets specific genomic locations, the data should exhibit an expected allele 
balance near 0.5, for which we filtered our dataset below 0.25 and above 0.75 (16). Next, we 
filtered our dataset to contain sites with a maximum depth of 100 and removed individuals with 
high levels of missing data (>90%), as these represent individuals that were not sequenced well 
(72). We also applied a SNP completeness threshold of 90% and retained only unlinked biallelic 
sites. We removed the sites with a low minor allele frequency (MAF < 0.01) using VCFtools to 
filter out erroneous variant calls and singletons (variants only present in one individual) caused by 
sequencing or alignment errors (60). To filter homeologs, which are paralogs resulting from whole-
genome duplication, we used the R package hierfstat (73) to exclude markers with excessively 
high observed heterozygosity deviations from Hardy-Weinberg proportions (Ho > 0.45 within 
samples) (59). We conducted preliminary analyses with and without applying the Ho filter, 
hereafter referred to as “strict” and “relaxed” filters, respectively. The preliminary results showed 
similar outcomes; however, there were cases where the relaxed filters recover finer patterns of 
population structure, allowing us to evaluate the effects of the breaks at a higher resolution (Fig. 
S9). Therefore, we selected matrices produced using the relaxed filters to conduct further 
population analyses. 

Figure S8. A) Phylogenetic tree depicting replicates. B) Genetic distance among replicates, comparing optimal 
and recommended assemblies.  
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Outlier SNPs detection. To generate matrices containing neutral SNPs, we identified SNPs that 
were potentially under selection by using two different approaches. First, we used BayeScan v2.1 
(74) to apply a Bayesian differentiation-based outlier detection method. This approach calculates 
population-specific FST  coefficients to identify candidate SNPs under selection using alternative 
models that consider and exclude selection (74). We conducted the analyses for 5,000 iterations 
with a burn in of 50,000 steps, following the recommendations in (75) to set the prior odds of 
neutrality parameter (pr_odds) at 10,000 to reduce the possibility of false positives. To determine 
significance, we specified the false discovery rate (FDR) at a q-value of 0.05. This means that 
SNPs with a posterior probability over 0.95 were considered outliers. The second approach 
involved using pcadapt (76) which detects outlier loci based on principal component analysis. This 
method scans the genome-wide data for signatures of positive selection based on patterns of 
differentiation along the major principal components of genetic variation (76). We used the first 
principal component identified by pcadapt, as it separated the populations geographically (see 
Supplementary Results), to detect outlier SNPs that were significantly associated with genetic 
variation correlating with marine barriers of connectivity and thus potentially involved in local 
adaptation. Outliers were identified using a false discovery rate of less than 0.1%, with SNPs 
showing a q-value lower than or equal to 0.05 considered outliers. The number of filtered SNPs at 
each filter-step are presented in Tables S2–S3. We conducted preliminary population genomic 
analyses on M. aurolineatus using matrices containing neutral, outlier, and all SNPs (neutral and 
outlier SNPs combined) (Fig. S10). We observed that the matrices formed by outlier SNPs did not 
possess enough statistical power, while the matrices with only neutral SNPs matrices lacked the 

Figure S9. A) Admixture plot and phylogenetic tree of M. aurolineatus estimated using matrices applying 
relaxed filters. B) Admixture plot and phylogenetic tree of M. aurolineatus estimated using matrices applying 
strict filters. 
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variation required to detect subtle genetic structure. Consequently, we performed all population 
genomic analyses using matrices that included both neutral and outlier SNPs. However, for the 
seascape genomic analyses of M. tetranemus and M. triangulatus, we conducted separate analyses 
using neutral and outlier matrices as we also aimed to identify potential local adaptations (see 
below). 

 

Table S3. Number of SNPs retained after filtering step for the species in the TEP: M. ebisui (Me), M. hubbsi-M. polyporosus 
complex (Mh_spc), M. mexicanus (Mm), M. tetranemus (Mt), M. sudensis (Ms), M. zacae (Mza), and M. zonifer (Mzo). 
Filter Me Mh_spc Mm Mt Ms Mza Mzo 
Stacks catalog 
     --write_single_snp 
     --R 0.00 

163,765 103,148 86,250 229,978 131,178 137,579 61,987 

Depth = 5, qg = 30 121,197 79,251 72,149 169,757 107,523 103,894 52,473 
Allele balance filter 115,436 75,084 66,304 160,818 101,374 99,644 50,275 
Max depth = 100 114,437 73,646 64,421 159,213 100,483 97,893 49,986 
Remove individuals with > 0.9 
% of missing data 
Individuals removed 

113,598 
 
3 

73,646 
 
0 

64,339 
 
2 

159,213 
 
1 

100,303 
 
1 

97,893 
 
0 

49,976 
 
1 

SNP completeness > 0.9 % 7,862 9,580 2,675 11,653 9,863 10,727 6,790 
MAF 0.01 7,862 9,580 2,675 6,226 9,863 10,727 6,790 
HO < 0.45 7,843 9,325 2,665 6,088 9,612 10,549 6,310 

 

Table S4. Number of SNPs retained after filtering step for the species in the TA: M. aurolineatus (Ma), M. boehlkei (Mb), M. 
erdmani (Mer), M. gilli (Mg), M. macropus (Mc), M. triangulatus-M. lianae-M. brunoi complex (Mtr_spc), M. versicolor (Mv). 
Filter Ma Mb Me Mg Mc Mtr_spc Mv 
Stacks catalog 
     --write_single_snp 
     --R 0.00 

133,447 89,098 141,052 149,545 138,123 286,612 67,876 

Depth = 5, qg = 30 103,443 71,627 110,522 117,708 109,857 216,132 54,119 
Allele balance filter 98,654 68,468 105,033 113,009 103,558 205,163 50,963 
Max depth = 100 92,874 64,899 101,994 105,567 99,878 201,594 46,603 
Remove individuals with > 0.9 
% of missing data 
Individuals removed 

92,874 
 
1 

64,433 
 
3 

101,376 
 
3 

99,012 
 
1 

98,535 
 
2 

197,942 46,603 
 
0 

SNP completeness > 0.9 % 5,259 7,596 9,959 3,552 3,376 9,533 7,776 
MAF 0.01 5,258 7,596 9,959 3,552 3,376 4,608 7,776 
HO < 0.45 5,220 7,393 9,888 3,535 3,358 4,583 7,544 

 

We also assembled SNP matrices for species that were collected only in one location, including 
several individuals (M. costaricanus, M. gigas, M. margaritae, and M. zonogaster). For these 
species, the SNP completeness filter was more relaxed (65% in M. gigas). Final SNP matrices 
varied between 3,000 and 40,000 SNPs. 
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Locus assembly at macroevolutionary scales 

At the macroevolutionary scale, we used three different approaches to assemble putative loci: 

1) De novo assembly optimization: We used 41 individuals representing the two most divergent 
individuals (whenever possible) from each of the 23 species of Malacoctenus along with the single 
Brockius striatus individual sequenced, which had the highest coverage values after the initial de 
novo exploratory run conducted during the quality control steps. With this dataset, comprising 24 
species, we assembled the data de novo using the optimal parameter combination (m3M5n6) 
selected for microevolutionary analyses. Additionally, we tried a combination where we relaxed 
the n parameter to eight (m3M5n8), aiming to account for the inclusion of different species at 
macroevolutionary scales. However, this latter combination was computationally intensive and 
failed to produce a final dataset that included all individuals. Consequently, it was discarded from 
further analyses. We then filtered the SNP matrix to include only bi-allelic, unlinked, and 
orthologous SNPs, while applying different missing data thresholds using SNPfiltR (Table S5). 
As this step was also computationally intensive, we were unable to assemble a complete dataset 
using all 447 individuals that passed quality filters. 

Figure S10. Population clustering analyses using A) neutral, B) outlier, and C) neutral and outlier SNPs of M. 
aurolineatus. 
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2) Reference Genome assembly: We assembled the raw reads using the genome of the jewelled 
blenny (Salarias fasciatus, NCBI accession GCA_902148835.1) as reference, as it represents the 
closest available genome with a divergence time estimated around 65 Ma (77, 78). We utilized the 
ref_map.pl wrapper available in Stacks using default values. We aligned the raw reads to the 
reference genome using BWA v0.7.17 (51), while allowing for mismatches and gaps (-B and -O 
parameters, respectively), and controlling for partial alignments (-L). To generate SNP matrices 
containing only bi-allelic, unlinked, and orthologous SNPs, we applied the same set of filters used 
in the de novo assembly at the macroevolutionary level. The final reference assembled matrices 
included between 1,891 and 28,144 SNPs, with 29.1–81.1% of missing data (Table S5). 

3) Quasi de novo approach: Previous studies have demonstrated that generating loci de novo and 
integrating the resulting alignment with a reference genome is more efficient than aligning raw 
data directly to the reference (61). Therefore, we also aligned the consensus sequences of the 
“optimal” de novo assembly catalog loci to the jewelled blenny (Salarias fasciatus) genome using 
the stacks-integrate-alignments option from Stacks. The same SNP filtering steps as before were 
applied, with a SNP completeness of 25% resulting in a matrix of 1025 SNPs (Table S5).  

We conducted preliminary phylogenetic trees for each assembly approach based on SNPs 
present in at least 25% on the individuals (-R) (Fig. 34). We selected the genome reference-based 
assembly because it produced similar amounts of genetic information compared to the de novo and 
quasi de novo assemblies, but had lower proportions of missing data (28.2%, compared to 52.6% 
and 49.7% for the de novo and quasi de novo assemblies, respectively). Although the percentage 
of raw reads that aligned to the reference genome was less than 3% for both the reference-based 
and quasi de novo approaches, the de novo method resulted in significantly more missing data. 
This method also enabled us to assemble a matrix using the 447 individuals, which was 
subsequently used to generate matrices for phylogenomic and seascape genomic analyses (see 
below). 

 

Table S5. Number of SNPs retained using three different approaches to assemble the raw data, and after filtering 
steps for the data set with 49 individuals, including 23 Malacoctenus species and L. striatus as an outgroup. 
Filter De novo Reference-based Quasi De Novo 
Num. Individuals/Species 31/18 41/24 28/24 
Stacks catalog 
     --write_single_snp 
     --R 0.00 

1184687 151434 73973 

Allele balance filter 
Max. depth 100 
SNP completeness > 0.25 % 
SNPs 

 
 
 
1652 

 
 
 
1891 

 
 
 
1025 
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MICROEVOLUTIONARY ANALYSES OF INDIVIDUALLY SAMPLED SPECIES 

Population structure. We evaluated the population structure among sampling locations of 14 
species, for which one to 26 individuals were collected across at least two populations (Appendix 
S1). We performed these analyses at the intra-specific level to detect broader to finer patterns of 
genomic structure. Additionally, we considered M. hubbsi plus M. polyporosus; and M. 
triangulatus plus M. lianae as species complexes (i.e., M. triangulatus complex and M. hubbsi 
complex, respectively) because our analyses identified low genetic divergence within each species 
pair, suggesting taxonomic over splitting. To investigate population clustering, we first conducted 
a discriminant analysis of principal components (DAPC) using the R package adegenet (21). We 
evaluated both de novo structures and a priori groupings, as the effect of group misspecification 
is unknown (22). We then used fastSTRUCTURE v1.0 (20) and ADMIXTURE v1.3.0 (18) 
software to infer population structure. Both methods aim to identify the best value of k, the number 
of populations, based on the same statistical model as STRUCTURE (i.e., independent loci, 
admixture model). However, they implement faster algorithms. While ADMIXTURE uses a 
maximum-likelihood approach to determine a single best-fit population scheme, 
fastSTRUCTURE, a Bayesian clustering method, outputs a range of biologically plausible 
scenarios based on the observed structure (20). To evaluate potential cryptic diversity, we ran both 
analyses with k values ranging from the number of sampling sites plus an additional genomic 
grouping (n + 1). For the fastSTRUCTURE analyses, we applied a logistic prior and used the script 
chooseK.py from fastSTRUCTURE to select the best-fitting model (k). We then re-ran the analyses 
25 times with multiple random starting seeds to identify the five highest values of log-marginal 
likelihood (LLBO). For the ADMIXTURE analyses, we used a cross-validation method to select 
the optimal number of genetic clusters (k), where the lowest rate represents the best-fit model. 
ADMIXTURE was run with fivefold cross-validation rate (--cv = 5) and 2,000 bootstraps (-B = 
2000), allowing precise calculation of the cross-validation rate and estimation of parameter 
standard error. To create final plots and visualize the results of fastSTRUCTURE and 
ADMIXTURE analyses, we used the R package pophelper (79). Finally, we estimated 
phylogenetic trees using the concatenated SNP-loci matrices under a maximum likelihood 
framework in IQtree v2 (23). To account for ascertainment bias, we applied the GTR plus 
ascertainment bias correction model (+ASC). 

 

Spatial patterns of genetic structure. We employed the estimation of effective migration 
surfaces (EEMS) method (25) as a means to visualize the spatial patterns of population genetic 
structure and identify barriers to gene flow. EEMS represents genetic differentiation as a function 
of migration rates, based on an isolation-by-distance model (IBD), and quantifies genetic 
differentiation among geo-referenced samples. By comparing the observed genetic differentiation 
among individuals to expectations under an IBD model, this method identifies areas where 
differentiation exceeds IBD predictions, which correspond to areas of lower migration (barriers to 
gene flow). Conversely, areas where differentiation is less than predicted represent areas of greater 
effective migration (corridors) (25, 80). This method requires a genetic distance matrix of geo-
referenced samples and a distribution polygon of the geographical area. To estimate the genetic 
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dissimilarity matrix, we used the bed2diffs module from EEMS. To delineate the geographical 
polygons illustrating the species’ distribution range, we visualized the geographic coordinates of 
museum and scientific collection records available in the Global Biodiversity Information Facility 
(GBIF, gbif.org) data archive, using QGIS v3.22 software (81). We then used the Google Maps 
API v3 tool (www.birdtheme.org/useful/v3tool.html) to generate the KML files necessary for the 
analyses. We ran EEMS using 200, 300, 450, and 600 demes, repeating the process twice for each 
deme to ensure model convergence using random starting points. We used 10 million MCMC 
burn-in iterations followed by 50 million sampling iterations. We plotted the surfaces of effective 
migration rates (m) and effective diversity (q) resulting from the 600 demes scheme using the R 
package rEEMSplots (25). We also conducted an individual-based spatial principal component 
analysis (sPCA) (82) using the spca function in the adegenet R package to visualize genetically 
distinct clusters. This method is suitable to detect complex or cryptic genetic structures as it does 
not require data to meet Hardy-Weinberg expectations (82). We performed sPCA analyses using 
the georeferenced SNP matrices, retaining one eigenvalue representing a pattern of global 
structure, which correspond to strong genetic similarity between neighbors, and one representing 
local structure, indicating strong genetic dissimilarity between neighbors. 

Finally, for some species, population structure analyses yielded different outcomes 
regarding the number of genomic clusters and patterns of geographical division. In such cases, we 
used an analysis of molecular variance (AMOVA) to evaluate the relative contributions of each 
genomic grouping to genetic variation and to determine which hypothesis has the highest support. 
We conducted AMOVAs using the poppr.amova function within poppr R package (24), with 
variation computed between genomic clusters, between samples within clusters, and within 
samples. To assess statistical significance, we used a randomization test with 9,999 replications 
and the pegas (83) package in R. 

PHENOTYPIC ANALYSES OF BODY SHAPE 

We employed 2D geometric morphometric analysis to 
quantify intra-species body shape diversity and to 
evaluate if there are patterns of geographic clustering 
that correspond to the patterns of genomic structure 
recovered in this study. We also conducted this analysis 
at the inter-species level to evaluate the extend of 
morphological variation across species. A total of 20 
fixed-landmarks and 16 semi-landmarks, commonly 
used in fish morphometric studies at the intra- and inter-
specific levels, were placed to represent variation of 
body shape across localities or species (84–87). These 
data were obtained from high-quality photographs taken 
during field expeditions or retrieved from online 
museum repositories (Appendix S2). In total, we 
examined 101 photographs from 20 species of  
Malacoctenus. At the inter-specific level, we included 

Figure S11. Morphospace of photographs 
(depicted in red circles) and radiographs 
(blue squares) of M. triangulatus. 
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one to ten individuals per species while maximizing representation of different sampled localities 
whenever possible. At the intra-specific level, we analyzed photos of M. tetranemus and M. 
triangulatus (47 and 42, respectively), as those were the only species for which we could obtain 
photos from multiple locations representing their broad geographic ranges. Additionally, we 
retrieved 75 x-rays of M. triangulatus from the fish collection database of the Smithsonian 
National Museum of Natural History (NMNH) (collections.nmnh.si.edu/search/fishes).  

To minimize potential allometric effects, we included only adult specimens in our dataset. 
We digitized the set of landmarks and semi-landmarks using the R package StereoMorph (26). The 
semi-landmarks were placed as curves, and represented by ten equally-spaced points that captured 
the body’s deep profile from the anterior base of the dorsal fin to the posterior end, and from the 
anterior base of the anal fin to the end. To correct for distortions, size, and position of different 
specimen images, we conducted a generalized Procrustes analysis (GPA). We then performed a 
principal component analysis (PCA) using the R package geomorph (27). To minimize digitization 
errors associated with landmarks, all landmarks were consistently positioned by a single 
individual. Nevertheless, in cases of repeated attempts, it is highly likely that each landmark may 
be placed slightly differently compared to its previous positioning. Therefore, to measure the error 
rate of landmark digitization, we digitized five times five individuals from M. tetranemus and M. 
triangulatus. Repeating digitization multiple times on the same photographs allowed us to quantify 
the similarity between digitizations and to calculate measurement error. To this end, we plotted 
the centroid scores along the morphospace (Csize value) to see if repeated measurements of the 
same individual clustered together. As replicates are supposed to represent the same underlying 
value, any variability among them can be attributed to measurement error. Therefore, we 
calculated the coefficient of variation (CV) among replicates as the ratio of the standard deviation 
to the mean value, expressed as percentage. 

We analyzed photographs and x-rays separately, as preliminary analyses showed that the 
two datasets formed different, almost non-overlapping clusters separated by the PC2 axis in the 
morphospace (Fig. S11). This may be related to the differential ability in distinguishing specific 
characters depending on the image source. For example, the base of the fin rays is easily 
distinguishable in x-rays. Alternatively, it may be related to the condition of the specimen at the 
moment of image capture, as it has been suggested that the type of preservation of the specimen 
influences geometric morphometric analyses, where differences related to the method could be 
confounded with biologically-relevant disparity (86, 88). For instance, photographs were taken 
using fresh specimens, while x-rays were taken from fixed and preserved specimens deposited at 
the NMNH fish collection. As an additional quality control step, we also generated four different 
schemes, each comprising various combinations of landmarks and semi-landmarks. The first 
scheme contained all landmarks and semi-landmarks, while the second scheme solely comprised 
fixed landmarks. In the third scheme, only landmarks located on the head were included, and the 
fourth scheme comprised landmarks positioned on the anterior body (Fig. S12). 
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We selected scheme 4 as landmarks and semi-landmarks placed on the caudal fin showed “bending 
effects” due to specimen preservation artifacts (Fig. S28–S30). 
 

SEASCAPE GENOMICS 

To disentangle the effect of spatial distribution, oceanic currents and environmental variables on 
the patterns of genomic variation in the TEP and GC, we analyzed M. tetranemus and M. 
triangulatus (the most widespread species in the TEP and GC, respectively) under a seascape 
genomics framework. 

Environmental variables. To accurately test the influence of environmental variables and collect 
most of the variables recognized as drivers of population divergence or speciation among fishes 
(89–91), we mined environmental information from the Marine Copernicus online data archive 
(http://marine.copernicus.eu/). We extracted six estimates of sea surface temperature (SST), and 
the mean and standard deviation values for the mass concentration of chlorophyll a in sea water 
(CHL), surface partial pressure of carbon dioxide in sea water (CO2), sea water pH reported on 
total scale (pH), mass concentration of suspended matter in sea water (SPM), sea surface salinity 
(SSS), and sea current velocity (SCV), sampled at monthly intervals over the sampling years 
(2015-2017) (Table S6) using the raster (92) R package. We conducted a principal component 
analysis (PCA) using the environmental matrix containing 18 variables sampled at each sampling 
location using the dudi.pca function in the R package ade4 (93). We retained the first three 

Figure S12. Schemes of landmarks and semi-landmarks used to conduct geometric morphometric analyses. 

http://marine.copernicus.eu/
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principal component (PC) axes to conduct represent environmental seascape variables in the 
dbRDA analyses (see below).  

 

Table S6. Environmental variables retrieved from Marine Copernicus data archive. 
Environmental variable CMEMS product name Spatial 

resolution 
Temporal 
resolution 

Temporal 
extent 

Output variables 
 

Sea surface salinity (SSS) GLOBAL_MULTIYEAR_P
HY_001_030 0.083° monthly 2010-2017 -overall average 

-overall standard deviation 
Sea current velocity (EWV, 
NWV) 

GLOBAL_MULTIYEAR_P
HY_001_030 0.083° monthly 2010-2017 -overall average 

-overall standard deviation 
Chlorophyll a concentration 
(CHL) 

OCEANCOLOUR_GLO_B
GC_L4_MY_009_104 4 km monthly 2010-2017 -overall average 

-overall standard deviation 

Sea water pH (PH) GLOBAL_MULTIYEAR_B
GC_001_029 0.25° monthly 2010-2017 -overall average 

-overall standard deviation 

CO2 in sea water (CO2) GLOBAL_MULTIYEAR_B
GC_001_029 0.25° monthly 2010-2017 -overall average 

-overall standard deviation 
Suspended particulate matter 
(SPM) 

OCEANCOLOUR_GLO_B
GC_L4_MY_001_104 4 km monthly 2010-2017 -overall average 

-overall standard deviation 

Sea surface temperature (SST) GLOBAL_MULTIYEAR_P
HY_001_030 0.083° daily 2010-2017 

-overall average 
-overall standard deviation 
-average of the hottest month 
-average of coldest month 
-st. dev. hottest month 
-st. dev. coldest month 

 

To summarize the patterns of environmental variation at the sampling sites, we employed principal 
component analysis and hierarchical clustering approaches using the prcomp and hclust functions 
from the stats v4 R package. Hierarchical clustering was used to construct a similarity tree, which 
was then visualized to represent the patterns of environmental variation on a map. 

Spatial distribution. As environmental features can directly affect the dispersal capabilities or 
suitable habitat of the species, we evaluated the relative contribution of spatial distribution on 
patterns of genetic variation at multiple scales (94). To this end, we calculated distance-based 
Moran’s eigenvector maps (dbMEMs) to model symmetric processes (e.g., spatial distance) (95). 
dbMEMs use a matrix of pairwise distances of spatial locations to measure the autocorrelation of 
a variable. By computing eigenvectors extracted from the spatial weight matrix, creates 
eigenvector maps that capture the main patterns of the spatial autocorrelation in the data (96). This 
technique can detect multiscale spatial patterns while controlling for spatial correlation in tests of 
y-x relationships and it is suitable to identify complex spatial patterns of autocorrelation (97). To 
create a spatial pairwise matrix, we first calculated geographical distances using the least cost path 
(LCP) distance over seawater with the R package marmap (30), hereafter referred to as ‘in-water 
distances.’ Then, we used the dbmem function in the R package adespatial (31) to calculate MEM 
values. Additionally, we calculated Euclidean geographic distances using the dist function from 
the R package adegenet (21) and calculated MEM variables using Euclidean distances between 
sites. We selected variables contributing to the explained variation in both directions (forward and 
backward) by using ordistep function from the vegan R package, and the model choice is assessed 
using a permutation method. A total of two significant MEMs were kept for each species. We 
calculated the adjusted coefficient of determination (adjusted R2) using the RsquareAdj function 
in vegan to account for the number of observations and degrees of freedom in the model (8, 98). 
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Finally, maps of the MEMs associated with patterns of genomic variation were plotted to visualize 
the spatial patterns using ggmaps R package (99). 

 

Multivariate analyses. We used distance-based redundancy analyses (db-RDA; (28)) to evaluate 
the influence of the spatial distribution, oceanic currents, and environmental variables on the 
population structure of M. tetranemus and M. triangulatus at the intraspecific level, as well as on 
the 23 species analyzed by biogeographic region at the interspecific level. We followed the script 
by Benestan et al., (100). In brief, we calculated Euclidean genomic distances among individuals 
using the dist function from the R package adegenet. The resulting genomic distance matrix was 
considered the response variable, while the explanatory variables included spatial patterns 
estimated using Moran’s eigenvector maps (MEMs, (101)), and 18 environmental variables. We 
conducted a principal coordinate analysis (PCoA) on the Euclidean distances and retained the 
number of PC axes based on the Broken stick model and Kaiser Guttman criterion (eigenvalue of 
axis should be higher than the average of eigenvalue). To account for the earth curvature we used 
the gcd.hf function available in the codep (102) R package. To eliminate multicollinearity among 
variables, we used the variance inflation factor with a threshold of 5. When a strong correlation 
was evidenced, we retained only one of the two variables. We calculated the global db-RDA model 
using the dbrda function available in the ‘vegan' package on the binary genotype variation  on all 
explanatory variables, and calculated the model probability and adjusted coefficient of 
determination (adjusted r2) using the RsquareAdj function in the R package vegan, accounting for 
the number of observations and degrees of freedom in the best-fit model (8, 98). We selected the 
variables contributing to the explained variation by applying a stopping criterion with the 
ordiR2step function in the vegan R package. Biplots were generated using varpart function 
available in the vegan package to represent the association between genetic clusters and selected 
explanatory variables. 

 

MACROEVOLUTIONARY ANALYSES, PHYLOGENOMIC INFERENCE AND 
BIOGEOGRAPHIC HISTORY 

Mitochondrial tree. To estimate a mitochondrial tree, we used the COI sequences previously 
retrieved from the NCBI archive and the BOLD system during the quality control steps. We 
aligned sequences from 68 individuals representing 17 species using Geneious v10 (103) for a 
final alignment of 645 bp. We did not incorporate the COI sequences mined from the raw data 
from the 169 hits recovered from our dataset, as they were short fragments (140 bp) with 
insufficient variation for tree estimation. We inferred this tree using IQtree v2 with Model finder 
using by-codon partitions. 

Phylogenomic inference. We estimated phylogenetic trees based on genomic data using five 
concatenated SNP-loci matrices, each with varying levels of missing data. These matrices 
encompassed 1,891 to 28,144 SNPs obtained from 40 individuals representing the 23 species of 
Malacoctenus, along with the B. striatus outgroup. We used these matrices to estimate 
phylogenetic trees under a ML framework in IQtree v2, employing the GTR+ASC model. Because 
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genes can exhibit unique evolutionary histories attributed to biological phenomena like incomplete 
lineage sorting (ILS), recent criticisms of concatenation methods have emerged. These criticisms 
stem from the concern that concatenation methods might not truly capture the evolutionary history 
of the species under investigation (104, 105). To account for this, we also used the multispecies 
coalescent model (MSC), which conceives the species tree as a collection of gene trees, and has 
been suggested to outperform concatenation methods, while being able to account for biological 
processes such as ILS (106, 107). We applied the SVDquartets plug-in (108) implemented in 
PAUP* v4.0 (32) to estimate species-level phylogenies under the MSC model. SVDquartets uses 
a quartet-based approach, in which the coalescent histories of all possible quartets of species are 
compared in the dataset, selecting the species tree that is consistent with the majority of quartet 
trees. We evaluated 100,000 random quartets, applying a non-parametric bootstrapping of 10,000 
replicates which were used to account for uncertainty in the inferred splits. We estimated a 
majority-rule consensus tree in PAUP* using the reference-based assembled matrix of 28,144 
SNP-loci to maximize the amount of genetic information. Trees were visualized in Figtree v4 
(tree.bio.ed.ac.uk/software/figtree/). 

Time calibration. We time-calibrated the species tree using the multi-species coalescent (MSC) 
model with the SNAPP plug-in implemented in BEAST2 v2.6.7 (34). We prepared the input files 
in XML format generating settings that model the MSC using the script snapp_prep.rb (109). To 
reduce time and computational burden, we enforced the monophyly of the phylogenetic groups 
recovered in our SVDquartets species tree. As this method does not allow for missing data per 
species, and given the high amount of missing data in our macro-evolutionary dataset, we used the 
consensus sequences of each species from our matrix, which included 41 individuals across all 23 
Malacoctenus species and one B. striatus, and was generated using the populations wrap from 
Stacks. We used the custom script select_no_miss_snps.py to select the first SNP of each locus 
that did not have missing data, resulting in a dataset composed by 279 bi-allelic SNP loci.  

 To time-calibrate our species tree, we implemented a secondary calibration prior at the root 
(crown Labrisomini), using the minimum and maximum ages estimated by previous fossil-
calibrated teleost phylogenies for the most recent common ancestor (MRCA) of Malacoctenus 
species and Brockius striatus (Table S7). We specified this age constraint as an uniform-distributed 
calibration, with the upper and lower bounds set to 35 and 32 Ma, respectively. We did not include 
the age estimate for the closure of the Panama Isthmus (3.1–2.8 Ma (110)) as biogeographic node-
age constraint on the transisthmian clade or the geminate species pair to avoid circular inference, 
since our goal was to infer the timeline for the evolution of Malacoctenus, evaluating if the final 
closure of the Isthmus triggered synchronous divergent events. Also, we did not incorporate any 
fossil calibration points in our analyses, as there are is fossil record for Malacoctenus. Also, the 
only fossil of Labrisomini, †Labrisomus pronuchipinnis, from the Messian deposits of the Oran 
region (111), is relatively young and thus uninformative, and its phylogenetic placement is unclear. 
We conducted two replicate analyses, each consisting of 5,000,000 MCMC iterations. We assessed 
chain convergence and stationarity using Tracer v1.5 (112), checking that ESS values were above 
200 for all parameters. After discarding the 10% of each chain as a burn-in, we combined the 
resulting MCMC chains and selected the maximum clade credibility tree using TreeAnnotator 
software from the BEAST2 package. 



 
134 

 

 

Table S7. Ages estimated by previous fossil-calibrated teleost phylogenies for the most recent common 
ancestor (MRCA) of Malacoctenus species and Brockius striatus. 

Reference MRCA of Malacoctenus 
and L. striatus (Ma) Total group age (Ma) Mean crown age (Ma) 

(78) 32.0 24.8 16.3 
(77) 35.3 31.0 19.1 
(113) 35.0 28.7 20.6 
min-max values 32.0–35.0 24.8–31.0 16.3–20.6 

 

Phylogenetic time-calibrated tree with all individuals. To estimate a time-calibrated tree that 
includes all individuals passing our quality filters at the population level (total 447), we followed 
several steps. First, we extracted estimated divergence times from common nodes between the 
previously time-calibrated species tree (which included 23 individuals representing all 23 
Malacoctenus species) and the ML phylogenetic tree (comprising 49 individuals and the 23 
Malacoctenus species). We used these divergence times as secondary calibration points to time 
calibrate our  the ML phylogenetic tree with the software RelTime (114) in MEGA X v10.1.8 (36). 
The resulting time-calibrated tree contained two individuals per species (when possible) and was 
designated as the backbone tree. We then time-calibrated each species subclade using the resulting 
divergence time estimates from our time-calibrated backbone tree as secondary calibration points, 
with all secondary calibration points set to a uniform distribution. Finally, we grafted all intra-
species subclades into the time-calibrated backbone tree using the R package ape (37). The final 
tree portraits the population genetic structure at the micro-evolutionary scale and the macro-
evolutionary relationships across the 23 Malacoctenus species, including 447 individuals. 

Test for synchronous divergent events. We used the software ecoevolity v0.3.2 (12) to test 
whether the cladogenetic events between the geminate species and the transisthmic clade were 
synchronous or independently originated by the rise of the Panama Isthmus. Ecoevolity is a full-
likelihood Bayesian approach that integrates gene trees with the population histories of each 
species pair from genomic data to test models of co-divergence (12). This method uses a Dirichlet 
process prior to assign an unknown number of divergence times to the studied pairs by specifying 
a concentration parameter (a), which determines the probability of the events to be synchronous, 
and base distribution, which acts as a prior on idiosyncratic divergence times (115). We assumed 
that all pairs share the same mutation rate, which we set to 1.0 to scale the effective population 
sizes and time with the mutation rate, therefore representing time in expected substitutions per site 
(115). 

 Although the model implemented in ecoevolity assumes that all genetic characters are 
orthologous, bi-allelic, and un-linked SNPs, simulations that included linked and constant 
characters suggest that this method performs better with their inclusion (12). We conducted the 
analyses using fasta files generated during the genome referenced assembly, including only one to 
four individuals per species pair. Concatenated alignments used for these analyses comprised 
260,297 and 218,442 sites for the species pairs M. tetranemus–M. delalandii and M. mexicanus–
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M. triangulatus, respectively. Additionally, to maximize the amount of genetic information, we 
assembled the loci de novo for each trans-isthmic pair. These data sets comprised 1,022,314 and 
1,042,562 bp for the species pairs M. tetranemus–M. delalandii and M. mexicanus–M. 
triangulatus, respectively. We set the concentration parameter of the Dirichlet process (a = 1), 
while considering the null hypothesis as the pairs diverged independently (116). We set the prior 
on divergences times t ~ Gamma to 10 in order to simulate a slow divergence scenario. We ran 
five MCMCs for 2,000,000 generations, sampling every 2,500 generations. We assessed the 
convergence of the analyses using the pyco-sumchains tool in pycoevolity (115). 

Biogeographic analyses. We inferred ancestral geographic ranges for the genus with 
BioGeoBEARS (9), with our time-calibrated species tree as the input phylogeny. We built a 
presence/absence matrix by coding each species based on the location records retrieved from 
scientific and museum collections available in GBIF data archive. We implemented a 
biogeographic scheme based on seven biogeographic provinces that covered the distribution range 
of the 23 Malacoctenus species. Our biogeographic scheme was based on the provinces proposed 
by (4, 10, 11) to reflect some of the major biogeographical breaks evaluated in this study. Although 
there is controversy around the extent and number of the biogeographic provinces in the TEP 
(117), here we considered the four provinces (4) that represent endemism, distribution, and genetic 
structure of several rocky shore fishes (3). The biogeographic scheme of the TEP was represented 
by four provinces: Cortez (C), Mexican (M), Panamian (P), and Galapagos (G). The province of 
Cortez corresponds to the Gulf of California, the Mexican province includes the coast of Mexico 
from Mazatlán, Sinaloa, to the Isthmus of Tehuantepec in the south, the Panamic province extends 
from the Gulf of Fonseca in Nicaragua to the south of the Gulf of Guayaquil, Peru, and the 
Galapagos Archipelago. For the TA, we used the delimitation suggested by (10), which represents 
the GC and other biogeographic provinces (11) for selected localities outside the GC.  The 
provinces within the GC were suggested based on endemism and diversity patterns of shore reef 
fishes. This scheme considers three major provincial subdivisions that present a distinctive, 
primarily tropical fauna: Northern (N), Central (C), and Southern (S) provinces. The Northern 
province includes the Gulf of Mexico, Florida and southeastern USA; the Central province 
comprises the West Indies, Bermuda, and Central America; and the Southern province includes 
the continental shelf of northern South America. For the localities collected outside the GC, the 
Fernando de Noronha and Atoll das Rocas ecoregion was considered within the Southwestern 
Atlantic, while the only African species (M. carrowi) was sampled from Cape Verde Islands and 
was classified within the West African Transition province (11). 

We evaluated 12 biogeographic models under a maximum likelihood framework that have 
been used in marine fishes (118–120). Such models included dispersal-extinction-cladogenesis 
(DEC), dispersal-vicariance analysis (DIVA), and Bayesian estimation of the biogeographical 
history (BayAREA), each in with a combination two main parameters: the founder-speciation 
event (j), which allows the colonization of an area by a daughter lineage while the splitting-sister 
lineage stays at the ancestral area (121); and the dispersal matrix power exponential (w) parameter, 
which allows the model to adjust the matrices according to the data (122). We used two time slices 
(30–2.8 Ma, and 2.8–0 Ma) to reflect the two main geological events that influenced the 
evolutionary history of the group: the closure of the Panama Isthmus ca. 2.8 Ma (110) and the rise 
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of the Galapagos Archipelago around 0.5-2.5 Ma (123). The connectivity between areas during 
these time slices was determined by coding three dispersal probability categories: 1.0 for well-
connected areas, 0.05 for relatively separated areas, and 0.0001 for widely separated or 
disconnected areas following (119). The maximum range parameter was four areas. For example, 
the connectivity between the Mexican and Central provinces was coded as 1.0 in the first time 
slice (30–2.8 Ma) before the rise of Isthmus of Panama, and as 0.0001 for the second slice (2.8–0 
Ma) after the final closure of the isthmus. Finally, the best-fitting model was selected using Akaike 
Information Criterion scores corrected for small sample size (AICc) values calculated for each 
biogeographic model. 

 

EXTENDED RESULTS 
We generated approximately 3.1 x 109 sequence raw reads, of which ~2.8 x 109 (91.5%) passed 
quality filters, including ca. 6 million reads per sample. At the microevolutionary scale, we 
assembled samples de novo setting a minimum of three raw reads required to form a stack (m), 
allowing a maximum of six mismatches between loci (M), and six mismatches between loci of 
different individuals (n). We generated matrices with 4,000-9,000 biallelic orthologous unlinked 
SNPs (3.7%–11.7% missing data) that were used to identify genetic patterns corresponding to 
major contemporary breaks. 

At the macroevolutionary level, we assembled the raw data of  41 individuals spanning the 
23 Malacoctenus species sequenced along with the outgroup (L. striatus), using the closest 
reference genome available (Salarias fasciatus, Blenniidae). We generated five matrices 
consisting between 1,891 to 28,144 SNPs, which were selected based on varied levels of missing 
data (29.1–81.1%) and were used to conduct phylogenomic analyses. The primary objective at this 
scale was to elucidate the evolutionary and biogeographic history of the genus with an emphasis 
on examining the synchronicity of speciation events triggered by historical barriers. 

 

MICROEVOLUTIONARY ANALYSES FOR INDIVIDUALLY SAMPLED SPECIES 

Population differentiation analyses 

The population clustering approaches yield varying levels of population structure, where PCA and 
DAPC analyses, and phylogenetic trees unveiled finer patterns of population differentiation. 
DAPC analyses without a priori grouping generally recovered the highest grouping scheme 
evaluated, such groups clustered mostly in agreement with PCA and DAPC, with a priori 
grouping, analyses. ADMIXTURE and fastStructure analyses consistently detected similar genetic 
groupings, with few exceptions where ADMIXTURE identified genetic flow among populations 
(e.g., M. versicolor; Fig. S29) or a higher genetic clustering scheme (e.g., M. aurolineatus, k = 9; 
Fig. S23). EEMS plots provided a visual description of the population structure highlighting areas 
of disrupted connectivity, mostly aligning with previously described marine breaks. Contrary, 
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sPCA plots disagreed with other population differentiation analyses. Detailed genomic patterns 
per species are described below and depicted on Figs. S15–S29. 

 

Tropical Eastern Pacific 

M. ebisui. The phylogenetic tree identifies three main lineages: clade A comprises individuals 
from Bahía Santiago (SAN), Agustinillo (AGU), and Zacatoso (ZAC); clade B clusters consists of 
individuals from Cabo Blanco (CBL); and clade C includes individuals from Continental Ecuador 
(ECC) and Nuquí (NUQ) (Fig. S13A). Both fastStructure and ADMIXTURE analyses depict 
similar patterns, suggesting the optimal k scenario consists of three genetic clusters consistent with 
the phylogenetic clades. Both analyses indicate genetic flow from ECC and NUQ to CBL (Fig. 
S13B–C). PCA and DAPC analyses, conducted with and without a priori grouping yielded the 
same genetic clustering pattern. PC1 differentiates the populations of SAN, AGU, and ZAC from 
the rest, accounting for 61.8 to 82.6% of the variation, while PC2 (11.5–35.4%) identifies the CBL 
population as a distinct genetic cluster (Fig. S13D–F). These genetic clusters align with a north to 
south division originated by the Central American Break (CB) and the Panama Gyre Break (PGB). 
The EEMS plot emphasizes an area restricting genetic flow near CBL (Fig. S13G). sPCA analyses 
suggest a division into two main clusters: the first encompassing SAN, AGU, and ZAC; and the 
second comprising ECC, NUQ, and CBL (Fig. S13H). 

M. hubbsi-M. polyporosus species complex. All population differentiation analyses display 
consistent genetic structure patterns, which distinctly separate the Vallarta (VAL) population from 
the others (Fig. S14A–H). The PC1 axis from both PCA and DAPC analyses, estimated with and 
without a priori grouping, delineate these genetic clusters, accounting for 31.4 to 99.5% of the 
variation (Fig. S14D–F). Notably, the barrier highlighted on the EEMS plot aligns with the 
Sinaloan Break (SB; Fig. S14G). 

M. mexicanus. The phylogenetic tree delineates two main clades. Clade A comprises the 
populations from Santa Inés (STI) and Tepetate (TPE). In contrast, Clade B encompasses the 
populations of Vallarta (VAL) and Zacatoso (ZAC) (Fig. S15A). The delineation of these clades 
suggest that the Sinaloan Break (SB) is hindering population connectivity among these lineages. 
Neither the fastStructure nor the ADMIXTURE analyses discern any population structure (k=1, 
Fig. S15B–C). The results of the PCA analyses are consistent with the genetic clusters highlighted 
by the phylogenetic tree. The PC1 axis differentiates STI and TPE from VAL and ZAC, 
representing 12.1% of the genetic variation (Fig. S15A). DAPC analyses, when conducted with a 
priori grouping, display STI and TPE as a distinct cluster separated by PC1 axis (99.8%) from 
ZAC and VAL. In contrast, when DAPC analyses were ran without a priori grouping, they fail to 
detect any genetic structure consistent with the previously observed clusters (Fig. S15E–F). The 
EEMS plot identified an area interrupting genetic flow, coinciding with the Sinaloan Break (Fig. 
S15G). Additionally, sPCA analyses further distinguish the STI and TPE populations from ZAC 
and VAL (Fig. S15H). 

M. sudensis. The phylogenetic tree delineates two major clades: clade A comprises individuals 
from Continental Ecuador (ECC), while clade B is formed by individuals sampled from Cabo 
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Blanco (CBL), Los Cóbanos (COB), Nuquí (NUQ), Pedasí (PED), and Las Perlas Archipelago 
(PER) (Fig. S16A). FastStructure analyses recovered two genetic groups as the primary hypothesis 
for population structure (k=2). The results from ADMIXTURE were marginal, as the best cross-
validation scenario did not distinguish any population structure (k=1); the second-best scenario 
reflected the same population structure (k=2) as that revealed by fastStructure (Fig. S16B–C). The 
PC1 axis of the PCA and DAPC, with a priori grouping, distinguished ECC from the other 
populations (11.8–86.4%). The PC2 axis (0.05–13.5%) revealed further population structrure, 
presenting three genetic groups: CBL and COB, NUQ and PER, and PED (Fig. S16D–E). This 
analysis suggests a potential new break (PNB3) hindering population connectivity south of CBL. 
In contrast, DAPC, calculated without a priori grouping, did differentiate ECC on PC1 (89.7%), 
but did not show a population structure associated with geographical locations (Fig. S16F). EEMS 
plots underscore two primary barriers to genetic flow: the first between PED and PER aligning 
with the Panama Gyre Break (PGB), and the second near NUQ highlighting a potential new break 
(PNB4) (Fig. S16G). sPCA analyses also categorized ECC as a distinct genetic cluster (Fig. S16H). 
AMOVA analyses compared both hypotheses of two and four genetic groupings, finding that the 
majority of genetic differentiation occurred within individuals (75.18–81.40%) (Table S8). We 
observed a moderate level of genetic differentiation between groups (13.67–17.02%), while a low 
percentage of variation was represented among individuals within groups (4.93–7.80%). The 
division into more groups led to a slight decrease in the percentage of variation between groups, 
suggesting higher support for a two-group scenario where the ECC population is significantly 
different from the rest. 

M. tetranemus. The phylogenetic tree identified two main clades: clade A, composed of 
individuals from Continental Ecuador (ECC), and clade B, comprising individuals from the other 
populations. Within clade B, further population structure is evident: subclade B1 includes 
individuals from Michoacán (MIC), Zacatoso (ZAC) and Agustinillo (AGU) populations; 
subclade B2 consists of Cedros (CED), Santa Inés (STI), and Tepetate (TPE) populations; and 
subclade B3 encompasses Cóbanos (COB), Cabo Blanco (CBL), Pedasí (PED), Las Perlas (PER), 
Nuquí (NUQ), and Galápagos Archipelago (GAL) populations, along with some individuals from 
ECC (Fig. S17A). Due to the substantial genetic distance between clade A and clade B, we 
hypothesize that clade B might represent a new species that is hereafter referred to as M. aff. 
tetranemus. Both fastStructure and ADMIXTURE analyses consistently indicated a best k scenario 
of two genetic groupings, with some individuals from M. aff. tetranemus forming group one. 
Further fastStructure and ADMIXTURE analyses using only M. tetranemus revealed additional 
population substructure (k=2) that is congruent with the phylogenetic tree, where subclades B1 
and B2 constituted a genetic grouping distinct from subclade B3 (Fig. S17B–C). PCA’s PC1 
consistently recognized M. aff. tetranemus as a unique group, accounting for 25% of the variation. 
PC2, accounting for 5%, identified two groups that correlate with the fastStructure and 
ADMIXTURE results for M. tetranemus (Fig. S17D). DAPC analyses, both with and without a 
priori groupings for M. tetranemus, discerned four genetic groups: group 1 comprised of GAL; 
group 2 consisting of COB, CBL, PED, PER, NUQ, and ECC; group 3 encompassing MIC, ZAC, 
and AGU; and group 4 made up of CED, STI, and TPE. PC1 differentiated groups 1 and 2 from 3 
and 4, explaining 76.1% to 78.0% of the genetic variation. In contrast, PC2 (12.0–13.3%) 
highlighted a more nuanced genetic structure, differentiating grop 1 from group 2 and group 3 
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from 4 (Fig. S17E–F). The results observed on the DAPC analyses provide support for the 
evaluated marine breaks including the Open Ocean Galapagos Break (OOGB). EEMS plots 
pinpointed three primary areas inhibiting genetic flow, coinciding with the Sinaloan Break (SB), 
the Central American Break (CB) and a region near ECC that represents a potential new break 
(PNB4) (Fig. S17G). The sPCA of M. tetranemus detected two main genetic groups, one 
comprising DAPC’s groups one and two and another including groups 3 and 4 (Fig. S17H). 
AMOVA analyses, calculated comparing the different genetic clustering hypotheses (two, three, 
and four groups in M. tetranemus; Table S8), suggest a consistent pattern in which most of the 
genetic variation is found within individuals, representing a rich genetic diversity (85.55–87.57%). 
Geographic clusters have undergone some degree of significant genetic differentiation (11.27–
11.83%), whereas the genetic differentiation within groups is low indicating that individuals within 
the same geographic group are relatively similar to one another (0.82–3.17%). In this scenario, 
although marginal, the genetic clustering pattern that represented the higher proportion of genetic 
differentiation was the identification of three groups: Gulf of California, Central Mexico, and 
South America-Galapagos. 

M. zacae. The patterns of genetic structure consistently identify two main genetic groups, as 
depicted in Figure S18A–H. The first group consists of Cedros (CED), Los Frailes (FRA), and 
Tepetate (TPE), while the second group comprises Vallarta (VAL), Agustinillo (AGU), and 
Zacatoso (ZAC). The genetic structure represented by these groups aligns with a scenario where 
the Sinaloan Break hinders population connectivity among these populations. Additionally, both 
PCA and DAPC analyses—whether conducted with or without a priori groupings—identified 
these genetic groups on the PC1 axis, which accounts for 48.1 to 99.9% of the total variation. 
Interestingly, the PC2 did not reveal additional genetic patterns, contributing only 0.02–1.1% to 
the variation (Fig. S18D–F). Although PCA’s PC1 only represented 48.1% of the variance, the 
rest of the variation was contained in 26 PC axes, each of them with less than 0.025 %. Notably, 
the barrier emphasized in the EEMS plot also coincides with the Sinaloan Break (Fig. S18G). The 
results from sPCA analyses were also consistent, highlighting the two genetic clusters (Fig. S18H). 

M. zonifer. The phylogenetic tree revealed two main clades: Clade A comprises populations of 
Michoacán (MIC), Santiago (SAN), Vallarta (VAL), and Zacatoso (ZAC), while Clade B is 
represented by individuals from San Agustinillo (AGU) (Fig. S19A). The fastStructure analyses 
delineated two major groups (k=2) that align with clades A and B in the phylogenetic tree (Fig. 
S19B). These patterns of population structure suggest a putative new marine break (PNB2) 
separating the population of AGU. In contrast, ADMIXTURE analyses failed to detect any 
population structure (Fig. S19C). PCA and DAPC analyses, with and without a priori groupings, 
identified AGU as a distinct genetic cluster evidenced by PC1 axis (25.0–93.7%) (Fig. S19D–F). 
The PC2 axis in DAPC analyses, conducted without a priori grouping, further differentiates ZAC 
and MIC from SAN and VAL (Fig. S19E). EEMS plots identified two barriers to genetic flow: 
one positioned between SAN and MIC, and another near AGU (Fig. S19H). The sPCA analyses 
recover two main genetic groups: one composed by AGU and ZAC; and another encompassing 
MIC, SAN, and VAL (Fig. S19H). 
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Tropical Atlantic 

M. aurolineatus. We excluded the Puerto Rican population (PRI) due to an excess of missing data 
(>95%). The phylogenetic tree identified three main clades: clade A comprises Virgin Islands 
(VIR) and Trinidad and Tobago (TRT); clade B includes Curaçao (CUR); and clade C 
encompasses the populations of San Andrés (AND), Belize (BLZ), Bahamas (BAH), Cayman 
Islands (CAY), Panama (PAN), and Yucatán (YUC) (Fig. S20A). The genetic differentiation 
observed in clade B suggests that there may be a putative new break east of CUR (PNB9), while  
within clade C, the monophyletic group containing solely the population of AND also suggests the 
existence of a possible new break in that area (PNB7). FastStructure analysis suggested an optimal 
scenario (k) of three populations: one cluster comprising populations east of the Eastern Caribbean 
Break (ECB), a second cluster including the VIR and TRT, and a third distinct cluster representing 
CUR (Fig. S20B). In contrast, the ADMIXTURE analysis identified k = 9 as the optimal scenario, 
indicating a higher degree of genetic partitioning than FastStructure within the first cluster. This 
analysis revealed genetic flow among the CAY and AND, and the BAH, and YUC and BLZ. 
Notably, the ADMIXTURE analysis also suggested connectivity between VIR and TRT, with 
CUR remaining as an independent group (Fig. S20C). Rather than indicating population structure 
obstructed by the marine breaks under examination, the genetic partitions observed by the 
ADMIXTURE analysis suggest cross-population genetic flow in the TA, with the exception of 
CUR. Despite the DAPC analysis without a priori grouping proposing 11 genetic clusters, the 
DAPC plot aligns with the FastStructure results in revealing population groupings. This genetic 
clustering hypothesis was also confirmed by DAPC with a priori grouping, PCA analysis, and the 
phylogenomic tree. In this scenario, PCA analysis revealed that PC1 segregates the populations of 
TRT, VIR, and CUR (23.6%), while PC2 isolates CUR (12.6%) (Fig. S20D). Both DAPC 
analyses, with and without a priori groupings, emphasize CUR as a distinct cluster on PC1 (61.8–
82.6%), with PC2 (17.6–34.5%) further distinguishing VIR and TRT from the rest (Fig. S20E–F). 
EEMS analysis identified two main areas impeding genetic flow, one corresponding to ECB, and 
the other to the Yucatán Current Break (YCB) (Fig. S20G). However, due to insufficient sample 
size, we could not conclusively confirm the influence of the YCB on the population structure of 
this species. Finally, the sPCA plot supports the delineation of two main clusters, in alignment 
with the ECB (Fig. S20H). 

M. boehlkei. We excluded the populations from Honduras and Puerto Rico due to high levels of 
missing data (>95%). The phylogenomic tree identified the individuals from Virgin Islands (VIR) 
and an independent evolutionary lineage (Fig. S21A). FastStructure and ADMIXTURE analyses 
indicated the best number of populations (k) as three, with similar results pointing to San Andrés 
(AND), and VIR forming two independent clusters each, while Belize (BLZ) and Yucatán (YUC) 
formed the third cluster. These analyses reveal genetic flow from AND to BLZ, suggesting a 
minimal influence from the Western Caribbean Break (WCB) and a significant one from the 
Eastern Caribbean Break (ECB) (Fig. S21B–C). PCA and DAPC analyses corroborated the 
fastStructure and ADMIXTURE findings. PCA analyses show that PC1 distinguishes VIR from 
the other the populations (21.3%), and PC2 (15.2%) suggest a pattern of isolation by distance 
(IBD) among the YUC, BLZ, and AND populations (Fig. S21D). DAPC analyses with a priori 
grouping reflect these patterns, with PC1 (96.3%) separating VIR, and PC2 (3.7%) mirroring the 
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PCA pattern (Fig. S21E). Without a priori grouping, DAPC identified five genetic clusters, with 
their placement on the PCA plot aligning with other analyses (Fig. S21F). EEMS plots suggest a 
barrier that is consistent with the ECB, separating VIR from other populations. YUC, BLZ, and 
AND show a deviation from an IBD pattern (blue shading in Fig. S21G). However, sPCA analyses 
contrastingly group BLZ and YUC, as well as AND and VIR, as distinct genetic units, supporting 
an influence by the WCB but not the ECB (Fig. S21H). 

M. erdmani. The phylogenomic tree recovered five clades, primarily clustered by geographically 
proximate populations. The first clade consists of individuals from Belize (BLZ), Yucatán (YUC), 
and Honduras (HON); the second includes San Andrés (SAN); the third groups individuals from 
the Bahamas (BAH) and Cayman Islands (CAY); the fourth contains BAH; and the fifth joins 
Puerto Rico (PRI) and Dominica (DOM). However, the genetic distance between these clades was 
low (<0.02) (Fig. S22A). Both fastStructure and ADMIXTURE analyses suggest a single 
metapopulation with an optimal k scenario of 1, indicating no apparent population structure (Fig. 
S22B–C).  PCA and DAPC analyses, with and without a priori grouping, show similar results with 
the PC1 axis separating PRI and DOM populations from the rest (34.6–75.1%), and PC2 
distinguishing a finer structure between the populations of BLZ, HON, and YUC from AND, 
BAH, and CAY (18.6–27%) (Fig. S22D–F). These patterns of population suggest that the Bahamas 
Break (BB), Gulf of Mexico Break (GMB), and Yucatán Current Break (YCB) influence the 
population connectivity among BAH, and CAY, and HON, BLZ, and YUC. Meanwhile, the 
Western Caribbean Break (WCB) divides these populations from AND, where a potential new 
break (PNB7), appears to isolate that population. On the other hand, the Eastern Caribbean Break 
(ECB) seems to hinder population connectivity between PRI and DOM versus the rest. EESM 
analyses revealed three barriers hindering genetic flow, the first corresponding to the ECB, YCB 
and another one representing a previously unidentified barrier (PNB11) (Fig. S22G). In contrast 
to previous results, sPCA analyses suggest two primary genetic clusters: PRI, DOM, BAH, and 
AND; and CAY, YUC, BLZ, and HON (Fig. S22H). The results of the AMOVA analyses 
comparing two, three, and four grouping scenarios find the highest proportion of genetic variance 
within individuals (73.29–80.88%; Table S8). The variation between the three geographic groups 
(Eastern Caribbean, Puerto Rico, Dominica) was 17.69%, which was the higher compared to the 
two- and four-grouping scenarios.  

M. gilli. We excluded the Virgin Islands population (VIR) due to an excess of missing data 
(>95%). The phylogenomic tree identifies two primary clades: clade A, encompassing populations 
from San Andrés (AND), the Bahamas (BAH), Belize (BLZ), Yucatán (YUC), Cayman Islands 
(CAY), and Puerto Rico (PRI); and clade B, comprising Dominica (DOM) and Trinidad and 
Tobago (TRT). These patterns of genetic structure support the influence of a putative new break 
(PNB11) located between DOM and PRI, which hinders population connectivity between such 
clades. Additionally, subclades within clades A and B were clustered by geographic locality, 
following a model of isolation by distance (IBD) (Fig. S23A), where the genetic groups observed 
align with the Eastern Caribbean Break (ECB), the Bahamas Break (BB) and the Gulf of Mexico 
Break (GMB), all of which hinder population connectivity. FastStructure and ADMIXTURE 
analyses echo this finding, suggesting two optimal populations (k), one consisting of DOM and 
TRI, and the second containing the remaining populations, with minimal genetic flow from DOM-
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TRI to PRI (Fig. S23B–C). PCA and DAPC analyses, with and without a priori groupings, 
corroborate this genetic clustering pattern. PC1 distinguishes the populations of DOM and TRI, 
explaining 59.8–78.0% of the variation, while PC2 isolates PRI as a distinct genetic group (0.07–
27.3%) (Fig. S23D–F). Despite DAPC analyses without a priori grouping identifying nine 
independent genetic groups, they clustered on the DAPC plot as per PCA analyses. EEMS analyses 
pinpoint two areas impeding genetic flow across populations, the ECB and an area near to the 
CAY close to the Yucatán Current Break (YCB) (Fig. S23G). sPCA analyses also distinguish the 
populations of DOM and TRI as a unique genetic cluster apart from other populations (Fig. S23H). 
Finally, the AMOVA analyses of the two- and three-grouping scenarios (Table S8) revealed that 
the highest proportion of significant genetic variation (76.57–76.82%) was observed between 
groups. Even though these results were marginal, the highest level of genetic differentiation was 
observed on the three-grouping. On the other hand, the genetic variation between individuals 
within groups was relatively low (4.28–7.93%), indicating that the groups are quite distinct from 
each other. 

M. macropus. The phylogenomic tree revealed two main clades: clade A, encompassing 
populations of Puerto Rico (PRI) and Virgin Islands (VIR), and clade B containing Florida (FLO), 
San Andrés (AND), the Bahamas (BAH), Belize (BLZ), Cayman Islands (CAY), Yucatán (YUC), 
and Panama (PAN) as a distinct subclade (Fig. S24A). FastStructure and ADMIXTURE analyses 
discerned two metapopulations in alignment with the phylogenomic tree, with ADMIXTURE 
pinpointing limited genetic flow from PRI-VIR to BLZ and BAH (Fig. S24B–C). PCA and DAPC 
analyses, both with and without a priori groupings, separated PRI and VIR as a distinct genetic 
cluster on the PC1 axis, accounting for 14.7–71.2% of the variation. However, these analyses 
highlighted nuanced distinctions in the finer structure of populations (Fig. S24D–F). Specifically, 
the PCA’s PC2 axis (0.05%) marked PAN as a unique genetic cluster (Fig. S24D), while the 
DAPC’s PC2 axis (21.0%), with a priori groupings, grouped PAN with the rest of the populations 
but set FLO apart as a unique genetic entity (Fig. S24E). Without a priori groupings, DAPC 
analyses suggested that PAN and FLO were both slightly distinct from the remaining localities 
(Fig. S24F). The genetic structure observed across these analyses corresponds to the influence of 
the Eastern Caribbean Break (ECB), which separates the populations of PRI-VIR from the other 
populations, while the Bahamas and Gulf of Mexico Breaks (BB and GMB respectively) appear 
to isolate the FLO population, and a putative new barrier (PNB8) appears to segregate PAN. EEMS 
plots indicate two barriers to genetic flow, corresponding to the BB and the ECB. sPCA plots echo 
prior findings, depicting PRI and VIR as an independent genetic group (Fig. S24H). Finally, 
AMOVA analyses comparing two- and three-grouping scenarios (with PAN or FLO representing 
the third group) reflect a consistent pattern where a significant proportion of genetic variation 
(25.27–34.27%; Table S8) is found between groups. In the two-grouping scenario, PRI-VIR are 
significantly different and represent the highest portion of genetic variation (34.37%), aligning 
with a strong effect by the ECB. Overall, the largest proportion of genetic variation is found within 
individuals across all scenarios (61.68–71.33%), indicating a high degree of genetic diversity at 
the individual level. 
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M. triangulatus. The phylogenomic tree recovers three main clades. Clade A encompasses three 
subclades: the first consists of Florida (FLO) and Veracruz (VER); the second is made up of Belize 
(BLZ) and Yucatán (YUC); and the third includes Panama (PAN), Limón (LIM), and Tayrona 
(TAY). Clade B also comprises three subclades: the first is represented by San Andrés (AND); the 
second includes individuals from Mona (MON), the Bahamas (BAH), and Cayman Islands (CAY); 
and the third subclade includes Virgin Islands (VIR), Puerto Rico (PRI), Curaçao (CUR), and 
Dominica (DOM). Lastly, clade C showcases three primary subclades: the first represented by 
Trinidad and Tobago (TRT), the second by Fernando da Noronha (NOR), and the third also by 
individuals from TRT (Fig. S25A). FastStructure analyses identified three main clusters of 
populations as the optimal k scenario. The first cluster is comprised of populations from FLO, 
BLZ, VER, YUC, LIM, PAN, TAY, and AND; the second group consists of BAH, CAY, MON, 
PRI, VIR, CUR, and DOM; the third group is made up of TRT and NOR. These analyses identify 
genetic flow from populations in the second group to AND, as well as two individuals from TRT 
that exhibit a shared genetic makeup with the other two genetic groups (Fig. S25B). ADMIXTURE 
analyses recovered a higher genetic partitioning, suggesting a best k scenario of 5 populations. 
Here, the first group identified by fastStructure is further subdivided, with the populations of LIM, 
PAN, TAY, and AND emerging as a separate genetic cluster. The second fastStructure group splits 
into two clusters: CUR and DOM form an independent group, whereas PRI and VIR display 
approximately 50% genetic information shared with DOM and CUR. However, the cross-
validation results from ADMIXTURE were marginal, pointing to k = 6 as another potential 
scenario. Under this framework, AND constitutes its own distinct cluster (Fig. S25C). Both PCA 
and DAPC analyses, conducted with and without a priori groupings, revealed similar patterns in 
which PC1 distinguishes the populations of TRT and NOR from the others, accounting for 18.1 to 
33.9% of the variance (Fig. S25D–F). The PC2 axis in the PCA, accounting for 11.4%, segregates 
four major groups: the first includes populations from FLO, VER, BLZ, and YUC; the second 
contains individuals from LIM, PAN, and TAY; the third is composed of AND, ant the fourth 
encompasses the remaining populations (Fig. S25D). For DAPC’s PC2 (21.4%), estimated with a 
priori groupings, a slightly different partitioning is evident, with only three groups: the first 
comprising FLO and VEN; the second consisting of  YUC, TAY, AND, PAN, and LIM; and the 
third integrated by VIR, PRI, CUR, DOM, and CAY (Fig. S25E). In contrast, DAPC’s PC2 
(11.3%), without a priori groupings, differentiates the TRT and NOR group from the individuals 
from TRT who exhibited admixture patters (Fig. S25F). The EEMS plot highlights several areas 
impeding genetic flow. These areas correspond to previously recognized marine breaks, including 
the Bahamas Break (BB), Yucatán Break (YUC), Western Caribbean Break (WCB), Mona 
Passage Break (MPB), the Eastern Caribbean Break (ECB). These analyses were also in agreement 
with the identification of two potentially new breaks: one between the coast of Honduras-El 
Salvador and Cayman Islands (PNB6), and another between DOM and TRT (PNB10) (Fig. S25G). 
In this scenario, the sPCA analyses similarly identify TRT and NOR as a distinct genetic group 
supporting PNB10 as a potential marine break for this species (Fig. S25H). 

M. versicolor. The phylogenomic tree distinguishes each of the three geographic locations as a 
distinct lineage (Fig. S26A). The fastStructure analyses align with the phylogenomic tree, 
revealing three main genetic clusters (k=3), each corresponding to a specific geographical location 
(Fig. S26B). Conversely, ADMIXTURE’s cross-validation procedure suggests an optimal k 
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scenario of two populations. The first group comprises individuals from the Bahamas (BAH), 
while the second encompasses individuals from Yucatán (YUC). Interestingly, the sole? Puerto 
Rico (PRI) individual sequenced displays genetic admixture from both groups (Fig. S26C). Both 
PCA and DAPC, with and without a priori groupings, also recover three genetic clusters, 
consistent with the geographic locations and the phylogenomic tree (Fig. S26D–F). The PC1 axis 
clearly segregates all clusters, accounting for 43.5 to 64.5% of the overall variation, while the PC2 
axis primarily differentiates the PRI population, representing 14.1 to 36.6% of the variance. The 
EEMS plot highlights an area hindering population connectivity that coincides with the Bahamas 
Break (BB) (Fig. S26G), while the sPCA plot signals YUC population as a unique genetic cluster 
(Fig. S26H). 

M. costaricanus, M. gigas, M. margaritae, and M. zonogaster. For these species, we collected 
several individuals but only in one or two localities across the TEP. We estimated phylogenomic 
trees to evaluate  the degree of genetic disparity (see Supplementary Materials and Methods). As 
expected, the phylogenomic trees failed to recover any significant structure among individuals 
from either a single population (M. costaricanus and M. margaritae) or two geographically 
proximate populations (M. gigas and M. zonogaster) (Fig. S27). 
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Figure S13. Population differentiation analyses on M. ebisui based on 6,786 SNPs. A) Phylogenetic tree, with 
branches are color-coded to match sampling sites in Fig. 3.1. B & C) FastStructure and ADMIXTURE analyses, 
respectively, highlight the best k scenario. Each bar denotes an individual; colors indicate the inferred membership 
of each genomic group. D) Principal component analysis (PCA) where each point represents an individual, color-
coded by their population. E & F) Discriminant analysis of principal components (DAPC), both with and without a 
priori grouping, respectively. G) Model of the estimated effective migration surfaces (EEMS) illustrating the spatial 
structure of the populations. White areas correlate with estimates from an isolation by distance (IBD) model, while 
migration rates (m) above average are in blue, and those below average are in brown. H) Spatial principal component 
analysis (sPCA) illustrate global and local genotype patterns. Each square symbolizes a population, positioned 
according to its spatial coordinates and color-coded based on its genetic cluster. 
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Figure S14. Population differentiation analyses on M. hubbsi-M. polyporosus based on 6,868 SNPs. A) 
Phylogenetic tree, with branches are color-coded to match sampling sites in Fig. 3.1. B & C) FastStructure and 
ADMIXTURE analyses, respectively, highlight the best k scenario. Each bar denotes an individual; colors indicate 
the inferred membership of each genomic group. D) Principal component analysis (PCA) where each point 
represents an individual, color-coded by their population. E & F) Discriminant analysis of principal components 
(DAPC), both with and without a priori grouping, respectively. G) Model of the estimated effective migration 
surfaces (EEMS) illustrating the spatial structure of the populations. White areas correlate with estimates from an 
isolation by distance (IBD) model, while migration rates (m) above average are in blue, and those below average 
are in brown. H) Spatial principal component analysis (sPCA) illustrate global and local genotype patterns. Each 
square symbolizes a population, positioned according to its spatial coordinates and color-coded based on its genetic 
cluster. 
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Figure S15. Population differentiation analyses on M. mexicanus based on 5,374 SNPs. A) Phylogenetic tree, with 
branches are color-coded to match sampling sites in Fig. 3.1. B & C) FastStructure and ADMIXTURE analyses, 
respectively, highlight the best k scenario. Each bar denotes an individual; colors indicate the inferred membership 
of each genomic group. D) Principal component analysis (PCA) where each point represents an individual, color-
coded by their population. E & F) Discriminant analysis of principal components (DAPC), both with and without a 
priori grouping, respectively. G) Model of the estimated effective migration surfaces (EEMS) illustrating the spatial 
structure of the populations. White areas correlate with estimates from an isolation by distance (IBD) model, while 
migration rates (m) above average are in blue, and those below average are in brown. H) Spatial principal component 
analysis (sPCA) illustrate global and local genotype patterns. Each square symbolizes a population, positioned 
according to its spatial coordinates and color-coded based on its genetic cluster. 
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Figure S16. Population differentiation analyses on M. sudensis based on 6,513 SNPs. A) Phylogenetic tree, with 
branches are color-coded to match sampling sites in Fig. 3.1. B & C) FastStructure and ADMIXTURE analyses, 
respectively, highlight the best k scenario. Each bar denotes an individual; colors indicate the inferred membership 
of each genomic group. D) Principal component analysis (PCA) where each point represents an individual, color-
coded by their population. E & F) Discriminant analysis of principal components (DAPC), both with and without a 
priori grouping, respectively. G) Model of the estimated effective migration surfaces (EEMS) illustrating the spatial 
structure of the populations. White areas correlate with estimates from an isolation by distance (IBD) model, while 
migration rates (m) above average are in blue, and those below average are in brown. H) Spatial principal component 
analysis (sPCA) illustrate global and local genotype patterns. Each square symbolizes a population, positioned 
according to its spatial coordinates and color-coded based on its genetic cluster. 
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Figure S17. Population differentiation analyses on M. tetranemus based on 5,996 SNPs. A) Map showing sampling 
sites and the proportion of individuals collected from each. Adjacent to the map is a phylogenetic tree, with branches 
are color-coded to match sampling sites. Dashed lines on the map indicate marine barriers to dispersal evaluated for 
this species. B & C) FastStructure and ADMIXTURE analyses, respectively, highlight the best k scenario. Each bar 
denotes an individual; colors indicate the inferred membership of each genomic group. D) Principal component 
analysis (PCA) where each point represents an individual, color-coded by their population. E & F) Discriminant 
analysis of principal components (DAPC), both with and without a priori grouping, respectively. G) Model of the 
estimated effective migration surfaces (EEMS) illustrating the spatial structure of the populations. White areas 
correlate with estimates from an isolation by distance (IBD) model, while migration rates (m) above average are in 
blue, and those below average are in brown. H) Spatial principal component analysis (sPCA) illustrate global and 
local genotype patterns. Each square symbolizes a population, positioned according to its spatial coordinates and 
color-coded based on its genetic cluster. 
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Figure S18. Population differentiation analyses on M. zacae based on 8,081 SNPs. A) Phylogenetic tree, with 
branches are color-coded to match sampling sites in Fig. 3.1. B & C) FastStructure and ADMIXTURE analyses, 
respectively, highlight the best k scenario. Each bar denotes an individual; colors indicate the inferred membership 
of each genomic group. D) Principal component analysis (PCA) where each point represents an individual, color-
coded by their population. E & F) Discriminant analysis of principal components (DAPC), both with and without a 
priori grouping, respectively. G) Model of the estimated effective migration surfaces (EEMS) illustrating the spatial 
structure of the populations. White areas correlate with estimates from an isolation by distance (IBD) model, while 
migration rates (m) above average are in blue, and those below average are in brown. H) Spatial principal component 
analysis (sPCA) illustrate global and local genotype patterns. Each square symbolizes a population, positioned 
according to its spatial coordinates and color-coded based on its genetic cluster. 



 
151 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S19. Population differentiation analyses on M. zonifer based on 5,028 SNPs. A) Phylogenetic tree, with 
branches are color-coded to match sampling sites in Fig. 3.1. B & C) FastStructure and ADMIXTURE analyses, 
respectively, highlight the best k scenario. Each bar denotes an individual; colors indicate the inferred membership 
of each genomic group. D) Principal component analysis (PCA) where each point represents an individual, color-
coded by their population. E & F) Discriminant analysis of principal components (DAPC), both with and without a 
priori grouping, respectively. G) Model of the estimated effective migration surfaces (EEMS) illustrating the spatial 
structure of the populations. White areas correlate with estimates from an isolation by distance (IBD) model, while 
migration rates (m) above average are in blue, and those below average are in brown. H) Spatial principal component 
analysis (sPCA) illustrate global and local genotype patterns. Each square symbolizes a population, positioned 
according to its spatial coordinates and color-coded based on its genetic cluster. 



 
152 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S20. Population differentiation analyses on M. aurolineatus based on 6,157 SNPs. A) Map showing 
sampling sites and the proportion of individuals collected from each. Adjacent to the map is a phylogenetic tree, 
with branches are color-coded to match sampling sites. Dashed lines on the map indicate marine barriers to dispersal 
evaluated for this species. B & C) FastStructure and ADMIXTURE analyses, respectively, highlight the best k 
scenario. Each bar denotes an individual; colors indicate the inferred membership of each genomic group. D) 
Principal component analysis (PCA) where each point represents an individual, color-coded by their population. E 
& F) Discriminant analysis of principal components (DAPC), both with and without a priori grouping, respectively. 
G) Model of the estimated effective migration surfaces (EEMS) illustrating the spatial structure of the populations. 
White areas correlate with estimates from an isolation by distance (IBD) model, while migration rates (m) above 
average are in blue, and those below average are in brown. H) Spatial principal component analysis (sPCA) illustrate 
global and local genotype patterns. Each square symbolizes a population, positioned according to its spatial 
coordinates and color-coded based on its genetic cluster. 
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Figure S21. Population differentiation analyses on M. boehlkei based on 6,357 SNPs. A) Phylogenetic tree, with 
branches are color-coded to match sampling sites in Fig. 3.1. B & C) FastStructure and ADMIXTURE analyses, 
respectively, highlight the best k scenario. Each bar denotes an individual; colors indicate the inferred membership 
of each genomic group. D) Principal component analysis (PCA) where each point represents an individual, color-
coded by their population. E & F) Discriminant analysis of principal components (DAPC), both with and without a 
priori grouping, respectively. G) Model of the estimated effective migration surfaces (EEMS) illustrating the spatial 
structure of the populations. White areas correlate with estimates from an isolation by distance (IBD) model, while 
migration rates (m) above average are in blue, and those below average are in brown. H) Spatial principal component 
analysis (sPCA) illustrate global and local genotype patterns. Each square symbolizes a population, positioned 
according to its spatial coordinates and color-coded based on its genetic cluster. 
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Figure S22. Population differentiation analyses on M. erdmani based on 6,150 SNPs. A) Phylogenetic tree, with 
branches are color-coded to match sampling sites in Fig. 3.1. B & C) FastStructure and ADMIXTURE analyses, 
respectively, highlight the best k scenario. Each bar denotes an individual; colors indicate the inferred membership 
of each genomic group. D) Principal component analysis (PCA) where each point represents an individual, color-
coded by their population. E & F) Discriminant analysis of principal components (DAPC), both with and without a 
priori grouping, respectively. G) Model of the estimated effective migration surfaces (EEMS) illustrating the spatial 
structure of the populations. White areas correlate with estimates from an isolation by distance (IBD) model, while 
migration rates (m) above average are in blue, and those below average are in brown. H) Spatial principal component 
analysis (sPCA) illustrate global and local genotype patterns. Each square symbolizes a population, positioned 
according to its spatial coordinates and color-coded based on its genetic cluster. 
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Figure S23. Population differentiation analyses on M. gilli based on 6,876 SNPs. A) Phylogenetic tree, with 
branches are color-coded to match sampling sites in Fig. 3.1. B & C) FastStructure and ADMIXTURE analyses, 
respectively, highlight the best k scenario. Each bar denotes an individual; colors indicate the inferred membership 
of each genomic group. D) Principal component analysis (PCA) where each point represents an individual, color-
coded by their population. E & F) Discriminant analysis of principal components (DAPC), both with and without a 
priori grouping, respectively. G) Model of the estimated effective migration surfaces (EEMS) illustrating the spatial 
structure of the populations. White areas correlate with estimates from an isolation by distance (IBD) model, while 
migration rates (m) above average are in blue, and those below average are in brown. H) Spatial principal component 
analysis (sPCA) illustrate global and local genotype patterns. Each square symbolizes a population, positioned 
according to its spatial coordinates and color-coded based on its genetic cluster. 
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Figure S24. Population differentiation analyses on M. macropus based on 5,273 SNPs. A) Phylogenetic tree, with 
branches are color-coded to match sampling sites in Fig. 3.1. B & C) FastStructure and ADMIXTURE analyses, 
respectively, highlight the best k scenario. Each bar denotes an individual; colors indicate the inferred membership 
of each genomic group. D) Principal component analysis (PCA) where each point represents an individual, color-
coded by their population. E & F) Discriminant analysis of principal components (DAPC), both with and without a 
priori grouping, respectively. G) Model of the estimated effective migration surfaces (EEMS) illustrating the spatial 
structure of the populations. White areas correlate with estimates from an isolation by distance (IBD) model, while 
migration rates (m) above average are in blue, and those below average are in brown. H) Spatial principal component 
analysis (sPCA) illustrate global and local genotype patterns. Each square symbolizes a population, positioned 
according to its spatial coordinates and color-coded based on its genetic cluster. 
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Figure S25. Population differentiation analyses on M. triangulatus-M. lianae based on 6,016 SNPs. A) Phylogenetic 
tree, with branches are color-coded to match sampling sites in Fig. 3.1. B & C) FastStructure and ADMIXTURE 
analyses, respectively, highlight the best k scenario. Each bar denotes an individual; colors indicate the inferred 
membership of each genomic group. D) Principal component analysis (PCA) where each point represents an 
individual, color-coded by their population. E & F) Discriminant analysis of principal components (DAPC), both 
with and without a priori grouping, respectively. G) Model of the estimated effective migration surfaces (EEMS) 
illustrating the spatial structure of the populations. White areas correlate with estimates from an isolation by distance 
(IBD) model, while migration rates (m) above average are in blue, and those below average are in brown. H) Spatial 
principal component analysis (sPCA) illustrate global and local genotype patterns. Each square symbolizes a 
population, positioned according to its spatial coordinates and color-coded based on its genetic cluster. 
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Figure S26. Population differentiation analyses on versicolor based on 6,171 SNPs. A) Phylogenetic tree, with 
branches are color-coded to match sampling sites in Fig. 3.1. B & C) FastStructure and ADMIXTURE analyses, 
respectively, highlight the best k scenario. Each bar denotes an individual; colors indicate the inferred membership 
of each genomic group. D) Principal component analysis (PCA) where each point represents an individual, color-
coded by their population. E & F) Discriminant analysis of principal components (DAPC), both with and without a 
priori grouping, respectively. G) Model of the estimated effective migration surfaces (EEMS) illustrating the spatial 
structure of the populations. White areas correlate with estimates from an isolation by distance (IBD) model, while 
migration rates (m) above average are in blue, and those below average are in brown. H) Spatial principal component 
analysis (sPCA) illustrate global and local genotype patterns. Each square symbolizes a population, positioned 
according to its spatial coordinates and color-coded based on its genetic cluster. 
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Table S8.  Hierarchical analysis of molecular variance (AMOVA) partitioning genetic variation according to 
each population clustering hypothesis. Total variance of the observations (Sum sq); proportion of total variance 
explained at each hierarchy (%var); and levels of genetic differentiation sigma (ϕST). Analyses for the species in 
the TEP and TA . 

Source of Variation Source of Variation Sum sq %var ϕST 
M. tetranemus – 2 groups 
Group A: Gulf of California and Mexico 
Group B: Central and South America 

Between groups 1276.90 11.27 0.14* 
Between individuals within groups 3995.99 3.17 0.04* 
Within individuals 11860.74 85.55 0.11* 

M. tetranemus – 3 groups 
Group A: Gulf of California  
Group B: Mexico 
Group C: South America and Galapagos 

Between groups 
Between individuals within groups 
Within individuals 

1738.20 
3534.69 
11860.75 

11.83 
2.12 
86.05 

0.13* 
0.02* 
0.11* 

M. tetranemus – 4 groups 
Group A: Gulf of California  
Group B: Mexico 
Group C: South America 
Group D: Galapagos 

Between groups 
Between individuals within groups 
Within individuals 

2209.72 
3063.17 
11860.75 

11.60 
0.82 
87.57 

0.12* 
0.01 
0.11* 

M. sudensis – 2 groups 
Group A: Continental Ecuador  
Group B: South America 

Between groups 1549.45 17.02 0.24* 
Between individuals within groups 2007.22 7.80 0.09* 
Within individuals 8686.30 75.18 0.17* 

M. sudensis – 4 groups 
Group A: Costa Rica and El Salvador  
Group B: Continental Panama 
Group C: Continental Ecuador 
Group D: Panama Islands and Colombia 

Between groups 
Between individuals within groups 
Within individuals 

2710.92 
845.75 
8686.30 

13.67 
4.93 
81.40 

0.19 
0.05* 
0.13* 

M. erdmani – 2 groups 
Group A: Eastern Caribbean 
Group B: Western Caribbean 

Between groups 
Between individuals within groups 
Within individuals 

720.74 
2033.37 
3843.64 

13.94 
11.16 
74.90 

0.25* 
0.13* 
0.14 

M. erdmani – 3 groups 
Group A: Eastern Caribbean  
Group B: Puerto Rico 
Group C: Dominica 

Between groups 
Between individuals within groups 
Within individuals 

1110.76 
1643.35 
3843.65 

17.69 
9.02 
73.29 

0.26* 
0.11* 
0.17 

M. erdmani – 4 groups 
Group A: Belize, Honduras, Yucatán  
Group B: San Andrés Island 
Group C: Bahamas and Cayman Islands 

 
Between groups 
Between individuals within groups 
Within individuals 

1541.57 
1212.54 
3843.65 

9.14 
9.98 
80.88 

0.19* 
0.11 
0.09 

Figure S27. Phylogenetic trees of M. costaricanus, M. gigas, M. margaritae and  M. zonogaster. 
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Group D: Puerto Rico and Dominica 

M. gilli – 2 groups 
Group A: Eastern Caribbean 
Group B: Dominica and Trinidad and 
Tobago 

Between groups 
Between individuals within groups 
Within individuals 

13696.62 
3674.00 
4214.46 

76.57 
7.93 
15.50 

0.85* 
0.34* 
0.77 

M. gilli – 3 groups 
Group A: Eastern Caribbean  
Group B: Puerto Rico 
Group C: Dominica and Trinidad and 
Tobago 

Between groups 
Between individuals within groups 
Within individuals 

15329.11 
2041.51 
4214.46 

76.82 
4.28 
18.90 

0.81* 
0.18* 
0.77 

M. macropus – 2 groups 
Group A: Eastern Caribbean 
Group B: Western Caribbean 

Between groups 
Between individuals within groups 
Within individuals 

741.99 
1085.89 
2337.99 

34.27 
4.06 
61.68 

0.38* 
0.06* 
0.34 

M. macropus – 3 groups-PAN 
Group A: Eastern Caribbean  
Group B: Western Caribbean 
Group C: Panama 

Between groups 
Between individuals within groups 
Within individuals 

925.71 
1020.89 
2219.27 

25.27 
3.41 
71.33 

0.29* 
0.05 
0.25 

M. macropus – 3 groups-FLO 
Group A: Eastern Caribbean  
Group B: Western Caribbean 
Group C: Florida 

Between groups 
Between individuals within groups 
Within individuals 

923.11 
904.77 
2337.99 

29.31 
3.51 
67.19 

0.33* 
0.05 
0.29 

M. triangulatus-M. lianae – 2 groups 
Group A: M. triangulatus 
Group B: M. triangulatus (TRT) and M. 
lianae 

Between groups 
Between individuals within groups 
Within individuals 

107.55 
46.44 
60.34 

50.18 
21.69 
28.15 

0.72* 
0.44* 
0.50 

M. triangulatus-M. lianae – 3 groups 
Group A: M. triangulatus 
Group B: M. lianae 
Group C: M. triangulatus (TRT) 

Between groups 
Between individuals within groups 
Within individuals 

3033.82 
4018.15 
4344.66 

51.58 
20.57 
27.85 

0.72* 
0.42* 
0.52 

M. triangulatus-M. lianae – 6 groups 
Group A: M. lianae and M. triangulatus 
(TRT) 
Group B: CUR, DOM 
Group C: BAH, CAY, MON, PRI, VIR 
Group D: San Andrés 
Group E: Western Caribbean 
Group F: Gulf of Mexico 

Between groups 
Between individuals within groups 
Within individuals 

5330.07 
1721.90 
4344.66 

44.47 
13.58 
41.95 

0.58* 
0.24* 
0.44* 

M. triangulatus-M. lianae – 9 groups 
Group A: M. lianae  
Group B: M. triangulatus (TRT) 
Group C: TRT hybrids 
Group D: San Andrés 
Group E: BAH, CAY, MON 
Group F: FLO, VER 
Group G: PRI, VIR, DOM, CUR 
Group H: PAN, LIM, TAY 
Group I: BLZ, YUC 

Between groups 
Between individuals within groups 
Within individuals 

6942.46 
906.21 
3547.96 

57.71 
7.26 
35.02 

* 
* 
* 

p < 0.001* 
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PHENOTIPIC ANALYSES OF BODY SHAPE 

 

  

Figure S28. Geometric morphometric analyses of M. tetranemus. A Scheme 1, landmarks and semi-landmarks, 
B) Landmarks only, C) head only, and D) anterior body shape. 
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Figure S29. Geometric morphometric analyses of M. triangulatus. A Scheme 1, landmarks and semi-
landmarks, B) Landmarks only, C) head only, and D) anterior body shape. 
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Figure S30. Geometric morphometric analyses of 20 Malacoctenus species. A Scheme 1, landmarks and semi-
landmarks, B) Landmarks only, C) head only, and D) anterior body shape. 

Figure S31. Error rate of landmark digitization, measured using the centroid size from five replicates for each of 
five individuals of: A) M. tetranemus and B) M. triangulatus. Each plot displays centroid size values and the 
coefficient of variation (CV) for each individual. C and D) depict the morphospaces for M. tetranemus and M. 
triangulatus, respectively.  
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SEASCAPE GENOMICS 

 

 

 

 

 

 

 

 

 

 

 

 

 

MACROEVOLUTIONARY ANALYSES, PHYLOGENOMIC INFERENCE AND 
BIOGEOGRAPHIC HISTORY 

 

Phylogenomic inference and mito-nuclear discordance. Phylogenomic trees estimated using 
matrices assembled from de novo, quasi de novo, and reference-based approaches displayed 
similar phylogenetic relationships, with the exception of M. versicolor. However, the difference 
in the phylogenetic placement of this species—either as the basal lineage of the genus (in de novo, 
and quasi de novo) or as the basal lineage of clade B (reference-based)—is  weakly supported in 
both scenarios (Fig. S34). Due to the large amount of missing data and the computationally 

Figure S32. Environmental clusters of the sampling locations in the Tropical Eastern Pacific. 

Figure S33. Environmental clusters of the sampling locations in the Tropical Atlantic. 
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intensive nature of de novo and quasi de novo methods, phylogenetic inferences were carried out 
using the reference-based assembled matrix at different levels of missing data (see Methods). 

In these phylogenomic trees, M. versicolor is placed as the basal lineage within the 
Malacoctenus genus, except in the 28K SNPs tree (Fig. S35). Unlike the comparison of assembly 
approaches in the previous case, every phylogenetic tree strongly supports this placement. All trees 
identify two main clades. Clade A consists of the species M. aurolineatus, M. gilli, M. erdmani, 
and M. macropus. Clade B1 comprises M. costaricanus, M. polyporosus, M. hubbsi, M. gigas, M. 
zacae, M. zonogaster, M. zonifer, and M. sudensis, while clade B2 includes M. tetranemus, M. 
delalandii, M. margaritae, M. mexicanus, M. triangulatus, M. brunoi, and M. lianae, and M. 
boehlkei as the basal lineage of clade B, except in the 28K SNPs tree. In general, all trees showed 
consistent phylogenetic relationships for clades A and B2. However, within clade B1, a significant 
discrepancy in clade B1 was noted considering the positions of M. gigas, M. zacae, and the M. 
hubbsi species complex. In most instances, M. zacae represents the sister lineage to the M. hubbsi 
species complex. Yet, in the 28K SNPs tree, M. gigas appears as the sister lineage of the M. hubbsi 
species complex. 

All species trees (Fig. S36), estimated using reference-based assembled matrices, identify 
M. versicolor as the basal lineage within the Malacoctenus genus and M. boehlkei as the oldest 
lineage in clade B. Contrary to the findings in phylogenetic trees, the geminate species pair (M. 
tetranemus and M. delalandii) is presented as the basal lineage in clade B1. Nevertheless, we 
consistently observed a pattern where the sister species to the M. hubbsi species complex is either 
M. gigas or M. zacae. Notably, the species tree with the fewest SNPs (1891) showed the most 
discrepancies compared to the other trees. One such discrepancy is where M. aurolineatus, initially 
the basal lineage of M. gilli, M. erdmani, and M. macropus, appears as the sister species to M. gilli. 

 The mitochondrial tree depicts M. boehlkei as the basal lineage of the Malacoctenus genus, 
mirroring the 28K SNPs phylogenomic tree (Fig. S37). Mitochondrial inferences suggest M. 
versicolor is the sister species of M. aurolineatus, though this relationship has low support. 
Minimal genetic variation was observed between M. macropus and M. gilli, which appear as sister 
species. Notably, M. erdmani, the sister species of M. macropus based on phylogenomic 
inferences, was not assessed using mitochondrial data. Despite the low support for relationships 
among the basal lineages, the mitochondrial tree still distinguishes clades B1 and B2. It’s worth 
highlighting that M. gigas represents the sister species of M. zacae, a finding also supported by 
some phylogenomic trees (Fig. S35–S37).  

Test for shared events of divergence. Results from the test of synchronous cladogenetic events 
triggered by the rise of the Isthmus of Panama, conducted using ecoevolity, supported a model 
with no shared divergent events across trans-isthmic clades (Fig. S38). This finding was consistent 
in analyses that included both ca. 200K and more than 1000K bp. These results align with the 
divergence times among trans-isthmic clades estimated in the time-calibrated species tree (Fig. 4). 
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Figure S34. Maximum-likelihood trees estimated with matrices generated by different approaches. A) De novo, 
B) Reference-based, and C) Quasi de novo assemblies. 
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Figure S35. Maximum-likelihood trees estimated with matrices with varying levels of missing data. 
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Figure S36. Species trees based on the multispecies coalescent model, estimated with matrices with varying 
levels of missing data. 
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Figure S37. Maximum-likelihood A) mitochondrial tree based on COI sequences; and B) phylogenomic tree 
based on 28K SNPs estimated using IQtree software. 
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Table 10. Weir and Cockerham’s 1984 Fst estimates among highly independent evolutionary lines identified by 
marine barriers 
Genetic groups Fst value 
Species complexes  
Malacoctenus hubbsi vs Malacoctenus polyporosus (separated by SB; TEP) 0.11 
Malacoctenus triangulatus vs Malacoctenus lianae (separated by PNB10; TA) 0.07 
Independent evolutionary lineages  
Malacoctenus tetranemus vs M. aff. tetranemus (ECC populations) 0.06 
Malacoctenus zacae northern populations vs southern populations (SB) 0.14 
Malacoctenus zonifer northern populations vs southern populations (PNB2) 0.10 
Malacoctenus aurolineatus vs M. aurolineatus from Curacao (PNB9) 0.09 
Malacoctenus gilli west PNB11 vs east PNB11 (TRT-DOM populations) 0.19 

 

 

 

 

 

Figure S38. Results from the test of synchronous cladogenetic events across trans-isthmic pairs using ecoevolity. 
Approximate marginal posterior densities of divergence times for the trans-isthmic geminate pair (TI geminate) 
and the trans-isthmic clade (TI clade) using A) ca. 200K and C) over 1000K bp. Approximate prior (light grey 
bars) and posterior (dark grey bars) probabilities of the number of divergence events are shown in B) ca. 200K 
and D) more than 1000K bp. 
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