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A B S T R A C T   

Marine species that are widely distributed in the Tropical Eastern Pacific (TEP) has served as a model for 
studying biogeographic patterns resulting from the effects of intraregional habitat discontinuities and oceano-
graphic processes on the diversification and evolution of cryptobenthic reef fishes. Tomicodon petersii, a clingfish 
(Gobiesocidae) endemic to the TEP, is found on very shallow rocky reefs from central Mexico to northern Peru, 
and in the Cocos and Galapagos islands. We evaluated the effect of likely biogeographic barriers in different parts 
of the TEP on the diversification process of this species. We used one mitochondrial and three nuclear DNA 
markers from 112 individuals collected across the distribution range of T. petersii. Our phylogenetic results 
showed the samples constituted a monophyletic group, with three well-supported, allopatric subgroups: in the 
Mexican province, the Panamic province (from El Salvador to Ecuador), and the Galapagos Islands. The split 
between the Mexican and more southerly clades was estimated to occur at the end of the Miocene ca. 5.74 Mya, 
and the subsequent cladogenetic event separating the Galapagos population from the Panamic population at the 
junction of the Pliocene and Pleistocene, ca. 2.85 Mya. The species tree, Bayesian species delimitation tests 
(BPP), STACEY, and substantial genetic distances separating these three populations indicate that these three 
independent evolutionary units likely include two unnamed species. The cladogenetic events that promoted the 
formation of those genetically differentiated groups are consistent with disruptive effects on gene flow of habitat 
discontinuities and oceanographic processes along the mainland shoreline in the TEP and of ocean-island 
isolation, in conjunction with the species intrinsic life-history characteristics.   
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1. Introduction 

Molecular protocols have been widely used not only for the analysis 
of evolutionary relationships between species but also the identification 
of undescribed cryptobenthic reef fishes that initially were not recog-
nized by traditional morphological approaches (Baldwin et al., 2011; 
Victor, 2013, 2015; Conway et al., 2014; Winterbottom et al., 2014; Li 
et al., 2020). Due to the difficulty of identifying cryptobenthic reef 
fishes, which often show little morphological differentiation, studies 
focused on analyzing relationships at the population level frequently 
end up becoming phylogenetic studies that reveal relationships at the 
species level and result in the identification of undescribed lineages 
(Dias et al., 2019; Sandoval-Huerta et al., 2019; Hoban and Williams, 
2020). Research that addresses these population components from a 
phylogenetic perspective is becoming more common, not only among 
tropical reef fishes but also in coastal and freshwater fishes (e.g. Men-
nesson et al., 2018; Rodríguez-Rey et al., 2018; Sudasinghe et al., 2020). 

The Tropical Eastern Pacific (TEP) biogeographic region comprises 
the continental shore stretching from the southern Baja California 
peninsula, through the Gulf of California, and south to northern Peru, 
and includes the Revillagigedo and Galapagos Archipelagos and, the 
isolated ocean islands of Clipperton, Cocos, and Malpelo (Robertson and 
Cramer, 2009). Based on geographic patterns of endemism of crypto-
benthic reef fishes (mainly the members of one speciose family), Hast-
ings (2000) recognized four biogeographic provinces within the TEP: 
Cortez, Mexican, Panamic, and Galapagos Islands, leaving the status of 
the other oceanic islands unresolved. Later, Robertson and Cramer 
(2009) examined the distributions of a much broader taxonomic and 
ecological range of resident shore fishes in the TEP, and proposed three 
biogeographic provinces, based on overall faunal similarities: Cortez, 
Panamic, and Insular, with the last including all the oceanic islands. 
These provinces are also characterized by differing oceanographic pro-
cesses, temperature and salinity gradients, as well as large discontinu-
ities of habitat that act as boundaries between them that limit the 
distributions of many species (Briggs and Bowen, 2012). 

For cryptobenthic species that are restricted to rocky-reef habitats, 
large discontinuities in this habitat in the TEP are thought to represent 
important geographical barriers to the movement and distribution of 
reef organisms (Hastings, 2000). In that region such discontinuities on 
the continental shore include the Sinaloa Gap, a 370 km wide expanse of 
sandy shoreline in the southeast Gulf of California and the 750 km wide 
Central American Gap (CAG), a stretch of sand and mud shores between 
southern Mexico and El Salvador. Those gaps are known to limit genetic 
exchange between populations in some reef fishes (Riginos and Nach-
man, 2001; Craig et al., 2006; Piñeros et al., 2019), which is consistent 
with them acting as limits to biogeographic provinces in the TEP 
(Hastings, 2000). Effects of such habitat-discontinuity gaps in the TEP 
on genetic flow also have been found among reef-dependent barnacles, 
holothurians and corals as well as fishes (Meyers et al., 2013; Prieto-Rios 
et al., 2014; Marchant et al., 2015; Lequeux et al., 2018; Sandoval- 
Huerta et al., 2019). However, the biogeography of cryptobenthic ma-
rine species also is influenced by factors such as oceanographic condi-
tions and temperature patterns, which can also impact their distribution 
and limit connectivity between populations (Sandoval-Huerta et al., 
2019). Oceanographic conditions in the TEP are strongly influenced by 
the topography of the American continent, and regional circulation is 
characterized by zonal equatorial current systems, permanent eddies, 
multiple large seasonal upwelling systems, and areas of warm surface 
waters with low-salinity, which overlay a strong, shallow thermocline 
(Kessler, 2006; Fiedler and Lavín, 2017). This environmental complexity 
and dynamism and the existence of widely dispersed and isolated 
oceanic islands and archipelagos make the TEP a very useful model for 
studying factors that affect evolutionary processes in marine shore 
organisms. 

One of the most cryptic and poorly studied groups of reef fishes in the 
neotropics is the family Gobiesocidae, commonly known as clingfishes. 

These are small fishes in which the pelvic fins are modified to form a 
sucking disc that allows many species to attach to rocks in wave-swept 
intertidal areas, in shallow reef habitats, and, in some cases, rock- 
cobble in coastal streams. Due to their small size, cryptic coloration, 
and behavior, members of this group are difficult to observe, collect, and 
study (Brandl et al., 2018). Members of the family, which includes 182 
valid species in 51 genera (Conway et al., 2020), are distributed 
worldwide in tropical and temperate areas, in both marine and fresh-
water habitats. Conway et al. (2020) investigated phylogenetic re-
lationships of this family. They recognized nine subfamilies, with the 
subfamily Gobiesocinae (Acyrtops, Acyrtus, Arcos, Derillissus, Gobiesox, 
Rimicola, Sicyases, and Tomicodon) being restricted to the New World. In 
addition, one monotypic genus (Gymnoscyphus), that likely is a member 
of the apparently circumglobal subfamily Protogobiesocinae, is found in 
the Caribbean. In the TEP three genera are known, Arcos, Gobiesox, and 
Tomicodon, and 32 marine species, all of them endemic to the region. 
Sicyases is a temperate genus from the southeast Pacific, well outside the 
TEP. 

The study species Tomicodon petersii (Garman, 1875), known as the 
hourglass clingfish, is widely distributed throughout most of the TEP, 
where it is one of the more common species of clingfishes. It reaches a 
maximum size of 4.6 cm (total length) and lives on rocky shores at 
depths shallower than 5 m (Hastings and Dominici-Arosemena, 2010; 
Robertson and Allen, 2015). According to Briggs (1955), the distribu-
tional range of this species extends from Huatulco, Oaxaca, in southern 
Mexico to the Lobos de Tierra, an inshore island in northern Peru, and 
includes the Galapagos Islands. However, this clingfish also has been 
found as far north as the Tres Marias islands in the southeast corner of 
the Gulf of California and at Isla del Coco (Hastings and Dominici- 
Arosemena, 2010). This large distribution range, its ecologically 
cryptic behavior, and its restriction to very shallow rocky-reef habitats 
make Tomicodon petersii a good model for testing the role of the proposed 
biogeographic barriers within the TEP on diversification and evolution 
of cryptobenthic TEP reef fishes that have similar levels of habitat 
specialization. In this study, we used one mitochondrial and three nu-
clear DNA markers to examine relationships among members of a large 
sample of 112 individuals from sites spanning most of the species dis-
tribution range except Isla del Coco, and the Tres Marias and Lobos 
islands. This research aimed to i) assess whether geographically struc-
tured populations of T. petersii exist that have distributions that correlate 
with those of oceanographic processes and of habitat discontinuities 
between biogeographic provinces and between the mainland and the 
oceanic islands; ii) elucidate the evolutionary history of T. petersii; and 
iii) examine any taxonomic implications of the results. 

2. Materials and methods 

2.1. Sample collection 

We obtained tissue samples of 112 individuals of T. petersii from 31 
localities between central Mexico and southern Ecuador, near to the 
northern and southern limits of its distributional range, plus the Gal-
apagos Islands (Table S1 and Fig. 1). We also conducted an exhaustive 
sampling effort throughout the Gulf of California north of the Tres 
Marias Islands (Fig. S1), where T. petersii has been reported (Robertson 
and Allen, 2015). Tomicodon petersii is morphologically similar to and 
often confused with T. boehlkei Briggs, 1955 and T. zebra (Jordan and 
Gilbert, 1882), which inhabit the Gulf of California. Briggs (1955) sug-
gested that those two species represent a sister-group of T. petersii, with 
the range of T. zebra extensively overlapping the northern part of the 
range of T. petersii. As a result of this extensive sampling effort in those 
areas and the potential for misidentification we conclude that T. petersii 
is not present in the Gulf of California further north than the Tres Marias 
Islands. Samples were collected using a clove oil solution as an anes-
thetic (Fernandes et al., 2017) and hand nets, in rocky intertidal pools 
and shallow rocky reefs (0–5 m deep) following the protocol of Torres- 
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Hernández et al., (2016). We obtained fin clips from each fish and stored 
them in absolute ethanol, with long term storage at − 75 ◦C. The whole- 
specimen vouchers were fixed in formalin and preserved in 70% ethanol. 
Tissue samples and voucher specimens were deposited in the fish 
collection of the Universidad Michoacana de San Nicolas de Hidalgo 
(CPUM), Mexico (SEMARNAT MICH.PEC-227-07-09). 

2.2. DNA extraction, PCR, sequencing and alignment 

Total genomic DNA was extracted using the phenol-chloroform 
protocol (Sambrook and Russell, 2001) for samples from 112 Tomico-
don petersii individuals. We amplified the mitochondrial (mtDNA) Cy-
tochrome Oxidase sub-unit 1 gene (cox1); and three nuclear (nDNA) loci 
that were used in a previous study of TEP clingfishes (Conway et al., 
2017): (1) cardiac muscle myosin heavy chain 6 alpha (Myh6), (2) SH3 
and PX domain-containing 3 gene (Sh3Px3), and (3) glycosyltransferase 
(Glyt). Polymerase Chain Reactions (PCRs) were performed in a total 
volume of 12.5 μl with 1.25 μl buffer (buffer Tris-HCL 10X with MgCl2), 
0.3125 μl MgCl2 (50 mM), 0.5 μl of each primer (10 mM), 0.5 μl of 

dNTPs (10 mM), 0.125 U/μl of Taq DNA polymerase (Invitrogen) and 1 
μl (20–60 ng) of DNA template. Information about the primers and the 
PCR thermocycling conditions can be seen in Table S2 and Li et al., 
(2007). The resulting amplifications were purified with ExoSAP-IT (USB 
Corp. Cleveland, OH, USA) and sequenced by Macrogen Inc. (Seoul, 
South Korea). We edited and aligned all the sequences using the chro-
matograms with the software MEGA v7.0.2 (Kumar et al., 2016). For 
sequences of Myh6 and Glyt nDNA, heterozygotic individuals were 
identified through point mutations, and the alleles were obtained using 
the PHASE algorithm v.2.0 (Stephens and Donnelly, 2003) with the 
software DNAsp v.5.10 (Librado and Rozas, 2009). For Myh6 and Glyt 
we used the allele datasets for haplotype networks, AMOVA, pairwise 
fixation indices and uncorrected pairwise genetic distances analyses. 
The recombination of nuclear loci was evaluated with the pairwise ho-
moplasy index (PHI) test as implemented in Splitstree v.4.14.8 (Huson 
and Bryant, 2006). We calculated the numbers of variable sites and 
parsimoniously informative sites in the mtDNA and nDNA datasets using 
the software DNAsp v5.10 (Librado and Rozas, 2009). 

All unique sequences were deposited in GenBank (Table S1). To 

Fig. 1. Sampling locations of Tomicodon petersii in the Tropical Eastern Pacific. Pooling of samples in biogeographic provinces followed the biogeographic scheme of 
Hastings (2000) are shown in the box. Number codes correspond to locations listed in Table S1. The colors of sampling sites correspond to the clade and haplogroups 
in Figs. 2 and 3. Light blue represents the Tropical Eastern Pacific (TEP). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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determine which substitution model best fit the molecular data, we used 
PartitionFinder v.1.1.0 (Lanfear et al., 2012), based on the Akaike in-
formation criterion (AIC). The little published information available 
about phylogenetic relationships of species within the genus Tomicodon 
(Conway et al., 2017, 2020), does not include data from T. petersii. 
Therefore, to test the monophyly of our T. petersii samples we also 
sequenced 123 specimens from another species of Tomicodon from the 
wider Caribbean and the TEP. From BOLD SYSTEMS we obtained five 
cox1 sequences from two Caribbean species of Tomicodon. We also 
retrieved from GenBank 23 sequences of the cox1 gene from 12 species 
of Tomicodon from the Caribbean and TEP, and six species of other 
genera of gobiesocids and blenniids used as outgroups to conduct the 
phylogenetic analyses (Table S3). For nuclear phylogenetic analyses we 
used various GenBank sequences: 11 of Myh6, 11 of Sh3Px3, and eight of 
Glyt from eight species of Tomicodon, and three species of other genera of 
gobiesocids as outgroups (Table S3). To estimate divergence times, we 
used three individuals of T. petersii for all the genes (cox1, Myh6, Sh3Px3 
and Glyt), four individuals of the TEP species Gobiesox adustus (Torres- 
Hernández unpublish data), plus data on eight species of Tomicodon 
from the Caribbean and TEP, and on 18 species of other genera of 
gobiesocids that we obtained from GenBank (Table S3). 

2.3. Phylogenetic analysis and haplotype networks 

To test the monophyly of our T. petersii samples, and evaluate re-
lationships within T. petersii, we performed a phylogenetic analysis using 
a Maximum Likelihood (ML) approach and Bayesian Inference (BI) for 
individual cox1 sequences and also for those concatenated with nDNA 
sequences for all individuals of all 15 species of Tomicodon for which 
such information is available. The ML analysis was performed with the 
RaxMLGUI v2.0 software (Edler et al., 2019) using the Generalized Time 
Reversible substitution model (GTR) with gamma distribution and 
invariable sites, and 1000 replicates to obtain bootstrap support. The BI 
analysis was performed in the MrBayes v3.2.6 program (Ronquist et al., 
2012), in the CIPRES Science Gateway v.3.3 portal (Miller et al., 2015). 
Two independent runs were carried out with four Markov Chain Monte 
Carlo (MCMC) processes and 200 million generations, with subsampling 
every 100 generations. The convergence of chains was evaluated using 
effective sample sizes (ESS) > 200 for all parameters in Tracer v1.6 
(Rambaut et al., 2013) and discarding the initial 25% of the samples as 
burn-in. The resulting trees from these two independent runs were 
visualized with FigTree v1.4.2 (Rambaut, 2014). We included the 
clingfishes Gobiesox adustus, G. pinniger, G. daedaleus, and Arcos eryth-
rops, and the blenniids Entomacrodus nigricans, and Ophioblennius atlan-
ticus (current status: valid as O. maclurrei) as outgroups, following 
Conway et al., (2017) (Fig. 2). For the concatenated nDNA dataset we 
performed an ML analysis, using procedures described above, for the BI 
analysis (procedures described above) we used 100 million generations 
with subsampling every 1000 generations. 

To elucidate the spatial intra-specific relationships of Tomicodon 
petersii, we constructed a haplotype network for each locus (cox1, Myh6, 
Sh3Px3 and Gylt) using the software HaploView v4.2 (Barrett et al., 
2005). The network reconstruction was based on the tree obtained by 
Maximum Likelihood using a quick bootstrap sampling method of 1000 
replicates, with an equivalent evolutive model obtained previously, in 
the Mega v7.0.2 program (Kumar et al., 2016). 

2.4. Genetic structure and genetic distances 

To examine genetic differentiation at different hierarchical levels, as 
well as geographical patterns of subdivision of T. petersii populations 
across its range we conducted a hierarchical analysis of molecular 
variance (AMOVA), using three arrangements of the samples, as follows: 
1) the entire mainland vs the Galapagos; 2) two groups one to the north 
of CAG and the other to the south (i.e. Mexican province vs Panamic 
province + Galapagos islands); and 3) three groups according with the 

TEP biogeographic provinces sensu Hastings (2000) (i.e. Mexican 
province vs Panamic province vs the Galapagos Islands). We calculate 
the uncorrected, pairwise genetic distances (Dp) and pairwise fixation 
indices (ΦST; applying a Bonferroni correction for multiple comparisons 
(Rice, 1989) to the p-values), for all loci among the five haplogroups 
recovered with mtDNA, and by Hastings (2000) biogeographic prov-
inces. The ΦST and AMOVAs were performed using the software Arle-
quin v3.5.1.2 (Excoffier and Lischer, 2010), with a significance level of 
α = 0.05 and 10,000 random permutations. Dp were calculated in MEGA 
v7.0.2 software (Kumar et al., 2016). 

2.5. Species delimitation and divergence-time analyses 

Due to variation in the phylogenetic signal of individual genes, we 
assessed different evolutionary scenarios for T. petersii by constructing a 
multi-locus species tree under a coalescent model in *BEAST (StarBeast) 
v.1.8. This method assumes that genealogical discordance between gene 
trees is due to incomplete lineage sorting and deals with this conflict by 
estimating each gene tree individually, then uses importance sampling 
to infer the species tree (Heled and Drummond, 2010). We tested three 
speciation scenarios involving two genetic clusters or species (clade I =
Mexican province / clade II = Galapagos + Panamic provinces), three 
genetic clusters (Mexican/ Galapagos/ Panamic provinces), and the five 
genetic haplogroups recovered in the haplotype networks. Due to 
possible discrepancies in the mutational rate along the different 
branches in the clades, we used a lognormal relaxed-clock model. For 
the species-tree and population-size models, the Yule-model species-tree 
and constant species-tree population size were used as prior parameters 
(Yang and Rannala, 2010). The analysis was carried out using an MCMC 
chain of 200 million generations, sampled every 1000 generations. The 
convergence of the chain was evaluated using a suitable effective sample 
size (ESS) > 200 for all parameters in Tracer v.1.6 (Rambaut et al., 
2013). The resulting tree was constructed using the TreeAnotator v.1.7.5 
(Drummond et al., 2012), and visualized in FigTree v.1.4.2 (Rambaut, 
2014). Analyses were run in CIPRES Science Gateway v.3.3 (Miller et al., 
2015). 

To test species-delimitation hypotheses for each of the three sce-
narios considered in the species-tree analyses described above, we took a 
multispecies, coalescent, model-based approach using two methods; the 
program Bayesian Phylogenetics and Phylogeography (BPP) v.3.1 
(Yang, 2015) and the package called Species Tree and Classification 
Estimation, Yarely (STACEY) v.1.2.5 (Jones, 2017) for BEAST v.2.0.6 
(Bouckaert et al., 2019). The BPP method uses a multispecies coalescent 
model to compare the posterior probabilities of different species- 
delimitation models and accommodates lineage sorting due to ances-
tral polymorphisms (Yang and Rannala, 2010). The program generates 
posterior probabilities (PP) of species assignments and indicates 
whether two or more previously defined lineages are differentiated from 
each other (Pinacho-Pinacho et al., 2018). We used the Yule-model 
species tree generated by the analysis described above as a guide tree. 
The following parameters were specified: a) a fixed guide tree; b) a 
Dirichlet distribution (α = 2) to account for variation in mutation rates 
among loci; and c), an inverse-gamma prior (IG) was used to specify the 
population size parameter θ and root-age τ0 of the species tree in order 
to discern how effective ancestral population size and divergence 
influenced the results. That tree analysis considered three different 
scenarios: 1) large ancestral population sizes and deep divergence 
among species, using G (α = 1, β = 10) as prior for θ, and G (α = 1, β =
10) as prior for τ; 2) small ancestral population sizes and recent diver-
gence among species, G (α = 2, β = 2000) as prior for θ, and G (α = 2, β 
= 2000) as prior for τ; and 3) large ancestral population sizes, G (α = 1, 
β = 10) as prior for θ and relatively recent divergence among species, G 
(α = 2, β = 2000) as prior for τ (Pinacho-Pinacho et al., 2018). We ran 
MCMC for 50,000 generations from different starting seeds, with a burn- 
in period of 5,000 using both algorithms 0 and 1. The fine-turning we 
employed was the parameter ε = 2 for algorithm 0 and estimated 
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heredity (α = 4, β = 4). The convergence of chains was verified by an 
effective sample size using Tracer v1.6 (Rambaut et al., 2013). STACEY 
analysis incorporates a model for the per-branch population parameters 
that is simpler than the one in *Beast, also incorporates the birth-death- 
collapse model and does not use a pre-defined species entity (Jones, 
2017). We used the same data and evolutionary models as those used in 
*Beast, and with the input file created using BEAUTi as suggested in the 
STACEY manual. We performed four analyses, related to: 1) the defi-
nition of localities by country as six minimal clusters (i.e., individuals 
supposed to be from the same population or species), 2) the hypothesis 
of five clusters according to the haplogroups formation in cox1, 3) three 
clusters (biogeographic provinces) and 4) two clusters (two main clades 
found in phylogenetics analyses). We implemented a Yule Model to es-
timate the species tree and an uncorrelated lognormal relaxed clock, 
with ploidy equal to 0.5 for mtDNA and 2 for nDNA with the priors: 
CollapseHeight = 0.0001; CollapseWeight = 0.5 using a beta prior (α =
1.0, β = 1.0); bdcGrowthRate = lognormal (M = 4.6, S = 2.0); pop- 
PriorScale = lognormal (M = − 7, S = 2); relativeDeathRate = uniform 
(-0.5, 0.5). We ran the STACEY model for 200 million generations and 
sampled parameters every 1000 generations. Tracer v.1.6 (Rambaut 
et al., 2013) was used to verify convergence, and ESS values > 200 and 
SpeciesDelimitationAnalyser (Jones et al., 2015) was used to process the 
log files and to examine the clusters of species assignments. 

Because the fossil record of Gobiesocidae is limited (Schwarzhans, 
et al., 2017) we used three secondary calibrations used on the Gobie-
socidae family analysis performed by Conway et al. (2017) to estimate 
divergence times among the main genetic groups found in T. petersii. The 
first calibration was derived from divergence time estimates obtained by 
Near et al., (2013) that are relevant to the family Gobiesocidae (mean 
23.1 Mya, 95% HPD 16.8–30.0 Mya). The other two were obtained from 
the origin of the freshwater clade of Gobiesox (2 in Fig. S3; mean 14.3 
Mya; 95% HPD 6.8–20.8 Mya), and from the cladogenetic event 
resulting in Gobiesox daedaleus and Pherallodiscus funebris (3 in Fig. S3; 
mean 5.8 Mya; 95% HPD 8.9–3.1 Mya) (for more details see Conway 
et al., 2017). The analysis was carried out in BEAST v.2.0.6 (Bouckaert 
et al., 2019) using a four-loci dataset, and the evolutionary model GTR 
+ I + G for cox1, TN93 + I + G for Myh6, GTR + I + G for Sh3Px3, and 
GTR + G for Glyt, and using four gamma categories for all cases. To take 
into account heterogeneity in evolutionary rates among lineages we 
chose a relaxed uncorrelated molecular clock (Drummond et al., 2006), 
with two independent runs of 200 million generations and sampling 
every 10,000 generations. We used Tracer v1.6 (Rambaut et al., 2013) to 
confirm ESS > 200 and the runs were combined with LogCombiner 
v.2.6.3. The final tree was obtained with TreeAnnotator v.2.6.0 and 25% 
of the trees were discarded as burn-in and visualized in FigTree v.1.4.2 
(Rambaut, 2014). This analysis was carried out in CIPRES Science 
Gateway v.3.3 (Miller et al., 2015). We used three individuals repre-
senting the three genetic groups of T. petersii for all the genes (cox1, 
Myh6, Sh3Px3 and Glyt), eight species of Tomicodon, four individuals of 
G. adustus (Torres-Hernández unpublish data), 13 species of Gobiesox, 
and the other gobiesocids Arcos erythrops, Acyrtus lanthanum, Acyrtops 
beryllimus, Rimicola muscarum, and Sicyases sangineus (Table S3). 

3. Results 

3.1. Sequences 

We obtained sequences of cox1 (465 base pairs; bp) from 112 in-
dividuals of T. petersii collected throughout the great majority of this 
species’ distributional range (Fig. 1). We also obtained 123 sequences of 
individuals of six species of Tomicodon from the TEP and three sequences 
of two species of Tomicodon from Caribbean (Table S1). Further, we 
included in the analyses cox1 sequences of 12 species of Tomicodon from 
the tropical Caribbean and TEP obtained from BOLD (five) and GenBank 
(23). Finally, single sequences of species from the two outgroups were 
included: four species in the other two genera of TEP clingfishes - 

Gobiesox adustus, G. pinniger, G. daedaleus, and Arcos erythrops- and two 
wider-Caribbean blenniids - Entomacrodus nigricans, and Ophioblennius 
atlanticus (current status: valid as O. maclurrei). Our final database 
comprised 272 sequences for cox1 (Table S3). 

The cox1 dataset of T. petersii has 118 variable sites and 101 parsi-
moniously informative sites. Due to the existence of lower variation in 
nuclear markers we sequenced a subset of the T. petersii samples for the 
three nuclear loci, which included representatives from all three 
geographic provinces and phylogenetic clades. Those included 61 sam-
ples for the Myh6 gene consisting of 766 bp showing 30 variable sites 
and 28 parsimoniously informative sites; 59 sequences of Sh3Px3 gene 
consisting of 756 bp having 14 variable sites and nine parsimoniously 
informative sites, and 62 sequences of Gylt consisting of 851 bp showing 
50 variable sites and 45 parsimoniously informative sites. Our final 
concatenated nuclear database comprised 52 sequences of T. petersii, a 
single sequence of each of eight species of Tomicodon from the Caribbean 
and TEP, and of each of three species of gobiesocids that acted as out-
groups G. mexicanus, G. daedaleus and Arcos erythrops (Table S3, Fig. S3). 
We found no statistically significant evidence of recombination in any of 
the nuclear loci (Myh6, p = 0.17; Sh3Px3, p = 1.0; Gylt, p = 0.22). The 
best fit model obtained for each locus was: TRN + I + G (cox1), GTR + I 
+ G (Myh6), TVM + I + G (Sh3Px3), and TRN + G (Gylt). 

3.2. Phylogenetic analysis and haplotype networks 

We recovered the genus Tomicodon as a monophyletic group with 
high support in the cox1 BI analysis (PP = 1), but with low support in the 
ML analysis. Our general phylogenetic results for Tomicodon genus show 
a lack of support in the majority of the nodes, except for the BI for 
samples from the Caribbean (Fig. 2). 

We recovered all our T. petersii samples as a highly supported 
monophyletic group with BI approach for both cox1 and the concate-
nated nuclear loci (PP = 1.0). Whereas with ML approach the mono-
phyly is no supported for cox1 (MLB = 72%, value not shown in the 
figure) and is highly supported for nuclear loci (MLB = 100%) (Figs. 2 
and S2). The first clade included all samples from Mexico, while the 
second was composed of all samples from the Panamic province plus the 
Galapagos Islands. For cox1, clade II split into two supported subclades 
(PP = 1.0 and MLB = 86%), one comprising the Galapagos Islands 
samples and the second all samples from the Panamic province (Fig. 2). 

The haplotype network obtained for cox1 shows five geographically 
structured haplogroups (Fig. 3). Haplogroup 1 (Hg1) includes all 14 
samples from the Mexican province (Clade I in Fig. 2), separated by 58 
mutational steps from the nearest haplogroup (Hg3). Haplogroup 2 
(Hg2), which included all 7 samples from the Galapagos Islands plus one 
sample from Costa Rica, was separated by 42 mutational steps from the 
third haplogroup (Hg3). Hg3 comprised all 22 samples from mainland 
Ecuador and two of 23 samples from Panama and was separated by eight 
mutational steps from the fourth haplogroup (Hg4). Hg4 included all 15 
individuals from El Salvador, 28 out of 31 samples from Costa Rica and 
two of 23 from Panama. The central and most common haplotype in Hg4 
is distributed in those three countries. Haplogroup 5 (Hg5) comprised 19 
of 23 samples from Panama plus two of 31 samples from Costa Rica and 
is separated by three mutational steps from Hg4. 

The three nuclear loci showed clear segregation of the Mexican 
samples (Hg1 in the cox1 network), which are separated by 4–16 mu-
tation steps from individuals from the Panamic province and the Gal-
apagos Islands. For both the Myh6 and Gylt networks, the Galapagos 
samples displayed multiple unique haplotypes: two in Myh6 and seven 
in Gylt (Fig. 3b, d). In the Myh6 gene loci, two of out seven samples from 
the Mexican province were shared with the Panamic province, but not 
the Galapagos Islands (Fig. 3b). The Sh3Px3 gene showed a mix of 
haplotypes in non-Mexican samples, with no segregation of Galapagos 
samples from Panamic province samples (Fig. 3c). The Gylt gene showed 
multiple unique and geographically arranged haplotypes among the 
continental Ecuador and Galapagos samples, whereas fish from El 
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Salvador, Costa Rica and Panama shared haplotypes without any 
geographic segregation. 

3.3. Genetic structure and genetic distances 

The pairwise tests of genetic differentiation (ΦST) among the five 
cox1 mtDNA haplogroups produced ΦST values between 0.54 and 0.94, 
with all comparisons being statistically significant. The highest value 
was observed between Mexico (Hg1) vs continental Ecuador (Hg3) 
(Table 1). All comparations between biogeographic provinces for cox1 
are high and statistically significant: ΦST = 0.92 Panamic vs Galapagos, 
ΦST = 0.86 Mexican vs Panamic, and ΦST = 0.79 Panamic vs Galapagos 
(Table 2). For nuclear loci the ΦST values for the five haplogroups ranged 
between 0.18 and 0.70 for Myh6, 0 and 0.94 for Sh3Px3, and 0.05 and 
0.95 for Gylt. All 10 pairwise comparisons for Gylt were statistically 
significant, as were eight of 10 for Myh6, but only five of 10 for Sh3Px3 
(Table 1). The highest values for the nuclear loci were observed between 
Mexico (Hg1) vs El Salvador + Costa Rica + Panama (Hg4) for Myh6, 
and Mexico (Hg1) vs continental Ecuador (Hg3) for Sh3Px3 and Gylt. The 
values of ΦST for nuclear loci from the three different biogeographic 
provinces are all statistically significant. The highest values were for the 
comparison Mexican vs Panamic provinces (Myh6 = 0.69, Sh3Px3 =
0.91, Gylt = 0.92), and the lowest for Panamic vs Galapagos provinces 
(Myh6 = 0.42, Sh3Px3 = 0.32, Gylt = 0.42) (Table 2). 

In general, AMOVA analyses for mtDNA and nDNA markers found the 
highest genetic variation among groups, with almost all comparisons 
being statistically significant except for ΦCT in the arrangement main-
land/ Galapagos for all loci, and for the arrangement of three groups for 
Myh6 and Sh3Px3 (Table 3). With cox1, the arrangement of three groups 

(Mexican/ Galapagos/ Panamic provinces) showed the highest value of 
ΦCT (0.82; p < 0.05), representing 81.63% of the variation among 
groups. For the nuclear loci the highest values of ΦCT were for the two- 
genetic-groups arrangement (Mexican/ Galapagos + Panamic) (ΦCT =

0.61, Myh6; ΦCT = 0.79, Sh3Px3; ΦCT = 0.77, Gylt), as is evident from 
the high percentages of variation among groups (Myh6 = 61.03%, 
Sh3Px3 = 78.55%, Gylt = 77.01%), all of which were statistically sig-
nificant (p < 0.05) (Table 3). 

For cox1, the uncorrected genetic distance (Dp) values were highest 
(13.2% to 12%) for Mexico (Hg1) vs the other haplogroups, intermediate 
(8.8% to 9.2%) for the Galapagos vs the Panamic haplogroups, and 
lowest (1.8%) between Hg4 vs Hg5 (Table 1). The Dp values for 
biogeographic provinces comparisons were 13.1% for Mexican vs Gal-
apagos provinces, 12.5% for Mexican vs Panamic provinces, and 8.3% 
for Panamic vs Galapagos (Table 2). The nuclear loci showed the same 
pattern, with the highest Dp values for Mexico vs the other haplogroups, 
ranging from 2% to 1.9% in Myh6, from 2.3% to 1.9% in Gylt, and from 
1% to 0.9% in Sh3Px3 (Table 1). In contrast, the Dp values for all three 
nuclear loci ranged from 0.8% to 0% between the various non-Mexican 
haplogroups (Table 1). For nuclear loci the values of Dp between 
biogeographic provinces are relatively high in some cases: Myh6 = 1.9% 
for Mexican vs Panamic and Gylt = 2.2% for Mexican vs Galapagos 
comparisons, and 1.0% for Mexican vs Galapagos in Sh3Px3. The lowest 
values were for Panamic vs Galapagos provinces (Myh6 = 0.5%, Sh3Px3 
= 0.2%, Gylt = 0.7%) (Table 2). 

3.4. Species-delimitation and divergence-time analyses 

The species-tree hypotheses of two (clade I = Mexican province / 

Fig. 2. Bayesian Inference (BI) phylogeny of the genus Tomicodon based on cox1 (mtDNA). Numbers (n1/n2) on the branches correspond to Bayesian posterior 
probabilities (PP), followed by maximum likelihood bootstrap (MLB) values. Unsupported values are represented with a dash (PP < 0.95 and MLB < 80%). The colors 
of the groups of T. petersii correspond to those in Figs. 1 and 3. All samples available were included in tree construction; the tree was collapsed in FigTree v1.4.2 
software. Country origins of samples are coded in terminals as: SAL = El Salvador, CR = Costa Rica, PAN = Panama. Distribution abbreviations: Tropical Eastern 
Pacific (TEP) and Caribbean (C). 
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clade II = Galapagos + Panamic provinces) and three genetic groups 
(clade I = Mexican province / clade II = Galapagos / clade II = Panamic 
province) (Figs. 4 and S4a) were strongly supported with a high poste-
rior probability of PP = 1 in both cases. In contrast, the hypothesis of five 
independent genetic groups was not supported (Fig. S4b). The BPP 
analysis supported the independence of two, three, and five genetic 
groups with a PP = 1 (Figs. 4 and S4). Results from STACEY for the 
global test, where we defined localities by country as six minimal clus-
ters showed low support PP = 0.93, whereas three combinations of five 
clusters obtained the rest of the frequency. The second scenario that we 
tested the hypothesis of five clusters (haplogroups) showed a PP = 0.99, 
whereas the combinations of four clusters (grouping Hg4 and Hg5, Hg3 
and Hg4, Hg3 and Hg5) obtained the rest to the frequency. The bioge-
ography provinces and min clades hypotheses showed a PP = 1.0. 

The molecular-clock analysis places the divergence between clade I 
(Mexican province) and clade II (Panamic province + Galapagos 
Islands) during the Late Miocene – Early Pliocene, at ca. 5.74 (95% HPD: 
3.24–8.47 Mya). Within clade II, the segregation of the Galapagos 
Islands vs Panamic province samples is dated at ca. 2.85 Mya (95% HPD: 
1.39–4.53 Mya), during the Late Pliocene and Early Pleistocene (Figs. 4, 
S3). 

4. Discussion 

This is the first time that the species T. absitus, T. chilensis, and 
T. petersii have been included in molecular phylogenetic analysis of the 
genus Tomicodon (see Conway et al., 2014, 2017, 2020). The results of 
the phylogenetic analysis of this genus using cox1 showed most of the 
early diverged groups with low support (Fig. 2). This could be related to 
the use of a single mitochondrial locus with a relatively high mutation 
rate, such as occurs in cox1 and makes it an unsuitable candidate for 
reconstructing basal relationships among clades (Miya and Nishida, 
2000; Fontaneto and Jondelius, 2011; Duchêne et al., 2011). However, 
some relationships were supported in the BI, including T. briggsi and 
T. cryptus (both Caribbean species) as a sister group of the rest of 
Tomicodon species (PP = 1), with the remainder of the Caribbean species 
recovered as a monophyletic group (PP = 1). Although the relationships 
for most of the species from the TEP were not resolved, the high support 
(PP = 1, MLB = 91%; Fig. 2) for a sister relationship between T. boehlkei 
and T. myersi (both TEP) was in agreement with that found by Conway 
et al., (2017, 2020). In the present study the results do not support 
T. boehlkei and T. zebra (both TEP) as sister species of T. petersii (Fig. 2), 
which was previously proposed by Briggs (1955). For the concatenated 
nuclear loci (nDNA) dataset T. myersi (TEP) appears as sister of the rest 
of Tomicodon species (PP = 1, MLB = 100%). For that same concatenated 
nuclear loci the Caribbean species of Tomicodon were also recovered as 

Fig. 3. Haplotype networks for mitochondrial (cox1) and nuclear (Myh6, Sh3Px3 and Gylt) loci for Tomicodon petersii samples. The size of the circles represents the 
frequency of the haplotype (scale in lower left corner of figure), and colors correspond to the country where the sample were collected as show in Fig. 1. The small 
black points and numbers enclosed in circles represent mutational steps. 
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monophyletic (PP = 1) and more closely related to T. petersii than to 
other TEP species (PP = 1) (Fig. S2). However, these results must to be 
viewed with caution due to the low number of species (eight from the 
Caribbean, seven from the TEP) included in this analysis. Hence, 
phylogenetic relationships within the genus Tomicodon are still uncer-
tain, and more expansive studies involving both mtDNA and nDNA loci 
will be needed to generate a more accurate phylogenetic hypothesis. At 
the population level, other TEP species in addition to T. petersii show the 
formation of highly differentiated (Dp > 5%) and geographically 
structured groups, including T. absitus from Clarion vs Socorro islands in 
the Revillagigedo Archipelago, and T. zebra from Baja California Sur vs 
central Mexico (Fig. 2). 

The results in the BI and ML analyses for mitochondrial and nuclear 
loci support T. petersii as a monophyletic group (Figs. 2 and S2). Within 
T. petersii, the species-tree coalescent-based approach, which allows the 
modelling of incomplete lineage sorting and ancestral polymorphism 
(Heled and Drummond, 2010), strongly supports the existence of both 
two and three monophyletic groups (PP = 1, Figs. 4 and S4a), but not of 
five monophyletic groups (Fig. S4b). However, BPP and STACEY 
coalescent-based approaches support the two, three and five, mono-
phyletic groups hypotheses (Figs. 4 and S4), but not the six cluster an-
alyses in STACEY. It is known that multispecies coalescent methods such 
as BPP may detect population-level structure rather than speciation and 
overestimate the number of lineages, including not only true species but 
also population structure that represents incipient divergence (Jackson 
et al., 2017; Sukumaran and Knowles, 2017; Petzold and Hassanin, 
2020). Also, the sharing of haplotypes between Panamic haplogroups 
Hg3, Hg4 and Hg5 in all genes (Fig. 3) indicate either some genetic 
connectivity (Sandoval-Huerta et al., 2019) or recent divergence time 
between populations (Betancourt-Resendes et al., 2019). When this is 
taken into consideration, we interpret the five monophyletic groups 
hypotheses as a putative case of species overestimation, albeit with 
incipient structuring of genetic groups among the Panamic populations 
(El Salvador, Costa Rica, Panama and continental Ecuador) that corre-
sponds to the haplogroups in the cox1 network (Fig. 3a), and is sup-
ported by the ΦST results (Table 1). The existence of three subgroups 
within the Panamic province indicates that microevolutionary processes 
have shaped the evolutionary history of T. petersii in different parts of 
this large (~3,000 km of coastline) province. 

On the other hand, the hypotheses of two (clade I and clade II) and 
three (Mexican, Panamic and Galapagos) genetic groups are well sup-
ported by the species tree, BPP and STACEY analyses. Further, the 
combination of high values of genetic differentiation (significant ΦST, 
and Dp > 8%, Table 2), the AMOVA results for the most variable genes 
(cox1 and Gylt; Table 3) and the intraspecific phylogenetic relationships 
that are supported by the BI analysis (e.g. Mexican vs Panamic vs Gal-
apagos samples, see Figs. 2 and 3) support the hypothesis of three well- 
differentiated, biogeographically discrete genetic groups. Accordingly, 
taking into consideration previous biogeographic information, and an 
integrative and conservative approach we support the hypothesis of 
three putative species, corresponding to (1) the mainland Mexican 
province, (2) the mainland Panamic province, and (3) the oceanic Gal-
apagos Islands. 

Discrepancies in the degree of genetic structure found between 
mtDNA and nDNA loci described here, are of a type that commonly occur 
between populations of the same species and closely related species 
(Jang-Liaw et al., 2019; Palmerín-Serrano et al., 2020). These differ-
ences can be attributed to a combination of the lower mutation rate and 
higher effective population sizes found with nDNA. Genetic drift that 
produces divergence between isolated populations seems to occur 
several times more slowly with nDNA than with mtDNA (Hare, 2001; 
Larmuseau et al., 2010). Such effects can be observed in our results with 
nDNA. Sh3Px3, which has the slowest mutation rate of the three nDNA 
loci used shows a lack of clear separation between groups as compared 
to the other two nDNA genes. Hence, the most probable explanation for 
the differences in our results with mtDNA and nDNA is that they reflect 

Table 1 
Uncorrected genetic distance values (Dp, %) below the diagonal and pairwise 
genetic differentiation values (ΦST) above the diagonal between the five hap-
logroups for the four loci. * p < 0.005, after Bonferroni correction. Abbrevia-
tions: SAL = El Salvador, CR = Costa Rica, PAN = Panama.    

Hg1 
Mexico 

Hg2 
Galapagos 

Hg3 
Ecuador 

Hg4 
SAL, 
CR, 
PAN 

Hg5 
CR, 
PAN 

cox1 

Hg1 
Mexico  

0.91* 0.94* 0.93* 0.92* 

Hg2 
Galapagos 

13.2%  0.92* 0.90* 0.88* 

Hg3 
Ecuador 

12.0% 9.1%  0.77* 0.73* 

Hg4 SAL, 
CR, PAN 

12.4% 9.2% 2.9%  0.54* 

Hg5 CR, 
PAN 

13.0% 8.8% 2.6% 1.8%   

Myh6 

Hg1 
Mexico  

0.64* 0.53 0.70* 0.65* 

Hg2 
Galapagos 

1.9%  0.29 0.54* 0.67* 

Hg3 
Ecuador 

2.0% 0.4%  0.31* 0.35* 

Hg4 SAL, 
CR, PAN 

1.9% 0.5% 0.6%  0.18* 

Hg5 CR, 
PAN 

1.9% 0.5% 0.6% 0.3%   

Sh3Px3 

Hg1 
Mexico  

0.91* 0.94* 0.86* 0.87* 

Hg2 
Galapagos 

1.0%  0.00 0.56 0.25 

Hg3 
Ecuador 

1.0% 0.0%  0.63* 0.41 

Hg4 SAL, 
CR, PAN 

0.9% 0.3% 0.3%  0.16 

Hg5 CR, 
PAN 

0.9% 0.2% 0.2% 0.1%   

Gylt 

Hg1 
Mexico  

0.92* 0.95* 0.81* 0.84* 

Hg2 
Galapagos 

2.2%  0.67* 0.45* 0.49* 

Hg3 
Ecuador 

1.9% 0.4%  0.30* 0.28* 

Hg4 SAL, 
CR, PAN 

2.3% 0.8% 0.5%  0.05* 

Hg5 CR, 
PAN 

2.2% 0.8% 0.4% 0.6%   

Table 2 
Uncorrected genetic values (Dp, %) below the diagonal and pairwise genetic 
differentiation values (ΦST) above the diagonal between biogeographic prov-
inces for the four loci referred to in Table 1. * p < 0.005, after Bonferroni 
correction.   

Province Mexican Panamic Galapagos 

cox1 
Mexican  0.86* 0.92* 
Panamic 12.5%  0.79* 

Galapagos 13.1% 8.3%   

Myh6 
Mexican  0.69* 0.64* 
Panamic 1.9%  0.42* 

Galapagos 1.9% 0.5%   

Sh3Px3 
Mexican  0.84* 0.91* 
Panamic 0.9%  0.32* 

Galapagos 1.0% 0.2%   

Gylt 
Mexican  0.80* 0.92* 
Panamic 2.2%  0.42* 

Galapagos 2.2% 0.7%   
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incomplete lineage sorting in nDNA (Ford et al., 2019; He et al., 2019; 
Neves et al., 2020). 

4.1. Environmental processes, clingfish larval biology and geographically 
segregated clades in Tomicodon petersii 

The results presented here support the existence of two main clades 
within T. petersii with a large genetic distance separating them (Dp 
12.5% to 13.1% in cox1 and 0.9% to 2.2% in nDNA; Table 2): one 
restricted to the Mexican province, and the other distributed south of the 
CAG, spanning the Panamic province and Galapagos Islands. The sepa-
ration event between those clades occurred during the Late Miocene and 
Early Pliocene, ca. 5.74 Mya (95% HPD: 3.24–8.47 Mya) (Fig. 4). The 
species-tree, BPP and STACEY analyses support the hypothesis that these 
two clades represent independent species. The cladogenic event that 
promoted that separation may be related to geological events that pro-
duced changes in the climate and ocean-current patterns that likely 
shaped the evolution and distribution of many marine species (Jacobs 
et al., 2004; Vargas et al., 2008; Shen et al., 2011). The most prominent 

geological event during the Miocene and Pliocene was the closure of the 
Central American Seaway, which is thought to have produced significant 
global climate and oceanographic changes (Kameo and Sato, 2000; 
Lessios, 2008). The extinction of several fish taxa in the North Atlantic 
and on the west coast of South America have been attributed to such 
changes in the marine environment (Jacobs et al., 2004). For some rocky 
intertidal species (particularly the numerous species of Blenniiformes), 
spatially variable changes in sea temperatures during the early Pliocene 
may have promoted vicariant processes that separated previously 
continuous populations of species into divergent allopatric clades, 
resulting ultimately in speciation (Stepien, 1992; Stepien et al., 1997; 
Lin and Hastings, 2013). Tropical species may have a lower capacity for 
temperature acclimation than their temperate counterparts, and tropical 
rocky-shore organisms may currently live and reproduce at close to their 
thermal limits (Mora and Ospína, 2001; Vinagre et al., 2016; Ávila et al., 
2020). Effects like these may be important for species, such as cling-
fishes, with specialized habitat requirements (Gibson, 1982; Distche 
et al., 2017) particularly for species living in intertidal areas. 

Geological studies have shown that, historically, soft-bottom and 

Table 3 
Hierarchical analyses of molecular variance (AMOVA) for Tomicodon petersii testing three clusters: mainland + Galapagos samples; Mexican province and Galapagos +
Panamic provinces; and Mexican province, Galapagos, Panamic province. * p < 0.05.  

Loci Groups Arrangement Among groups Among population within groups With populations ΦCT ΦST ΦSC    

% of variation    

cox1 
2 Mainland / Island 49.09 41.18 9.73 0.49 0.90* 0.81* 
2 Mexican / Galapagos + Panamic 75.73 17.02 7.25 0.76* 0.93* 0.70* 
3 Mexican / Galapagos / Panamic 81.63 10.31 8.06 0.82* 0.92* 0.56*  

Myh6 
2 Mainland / Island 6.78 53.16 40.06 0.07 0.60* 0.57* 
2 Mexican / Galapagos + Panamic 61.03 10.49 28.48 0.61* 0.72* 0.27* 
3 Mexican / Galapagos / Panamic 53.47 8.53 38 0.53 0.62* 0.18*  

Sh3Px3 
2 Mainland / Island − 17.31 84.75 32.56 − 0.17 0.67* 0.72* 
2 Mexican / Galapagos + Panamic 78.55 9.88 11.57 0.79* 0.88* 0.46* 
3 Mexican / Galapagos / Panamic 69.71 13.5 16.79 0.70 0.83* 0.45*  

Gylt 
2 Mainland / Island 0.13 62.93 36.94 0.00 0.63* 0.63* 
2 Mexican / Galapagos + Panamic 77.01 6.39 16.59 0.77* 0.83* 0.28* 
3 Mexican / Galapagos / Panamic 72.49 4.03 23.48 0.72* 0.77* 0.15*  

Fig. 4. Result tree for the most supported species-tree analysis for the concatenated dataset. The numbers on nodes represent the value of mean estimated divergence 
time (in Mya), with the 95% confidence interval in parentheses. The numbers above the branches represent the posterior probabilities of the species-tree analysis. The 
numbers below the branches represent posterior probabilities of different combinations of BPP, respectively. We applied different combinations of BPP priors: 1) θ =
(α = 1, β = 10), τ = (α = 1, β = 10); 2) θ = (α = 2, β = 2000), τ = (α = 2, β = 2000) and, 3) θ = (α = 1, β = 10), τ = (α = 2, β = 2000). Country origins of samples were 
coded in terminals as: SAL = El Salvador, CR = Costa Rica, PAN = Panama, ECU = continental Ecuador. 
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estuarine shorelines predominated in the Costa Rica-Panama area 
shortly before the closure of the Isthmus of Panama (Coates et al., 1992; 
ÓDea et al., 2007). Such habitats could have isolated T. petersii pop-
ulations in both sides of an ancestral CAG before the final closure of that 
Isthmus, < 3 Mya. In conjunction with the changes derived from the 
closure of the Central American Seaway, the presence and persistence of 
the CAG separating two areas with extensive rocky shores, which 
currently is ~750 km wide, has had an important influence on the 
maintenance of the genetic differentiation between the Mexican and 
Panamic populations of T. petersii. The efficiency of the CAG as a 
biogeographic barrier limiting the dispersal for reef fishes previously has 
been questioned due to inconsistent patterns in the geographic distri-
butions of many species tied to rocky-shore habitats (Craig et al., 2006; 
Robertson and Cramer, 2009; Briggs and Bowen, 2012; Palmerín- 
Serrano et al., 2020). However, evidence has accumulated that CAG 
conditions are effective for some species, including not only fishes 
(Chaenopsidae - Hastings, 2000; Gobiidae - Sandoval-Huerta et al., 
2019; Apogonidae - Piñeros et al., 2019) but also Cirripedia (Pitombo 
and Burton, 2007), and, as we have shown here, gobiesocids. 

The action of the CAG as a barrier likely is affected not only by the 
lack of shoreline rocky reefs, but also by coastal oceanographic pro-
cesses in that area. In the Gulf of Tehuantepec, at the northern end of the 
CAG, the surface circulation is characterized by a large seasonal up-
welling system with associated offshore current jets and a permanent 
anticyclonic eddy (the Tehuantepec Bowl) (see Trasviña et al., 1999; 
Rodríguez-Rubio et al., 2003; Kessler, 2006; Fiedler and Lavín, 2017). 
Upwelling systems like the Tehuantepec system influence dispersal 
patterns by producing offshore transport of pelagic larvae of many or-
ganisms, including fishes (Ayala-Duval et al., 1996; Adams and Flierl, 
2010; López-Chávez et al., 2012) and crustaceans (Färber-Lorda 
et al.,1994), effectively reducing connectivity across the CAG. The CAG 
and associated oceanographic phenomena have had a strong influence 
on genetic differentiation of some shore fishes (Springer, 1959; Hastings, 
2000; Pedraza-Marrón, 2014; Sandoval-Huerta et al., 2019; Piñeros 
et al., 2019), as well as crustaceans (Valles-Jimenez et al., 2004; 
Marchant et al., 2015), intertidal barnacles (Meyers et al., 2013), ho-
lothurians (Prieto-Rios et al., 2014) and corals (Lequeux et al., 2018). 
Together the results of these genetic studies show that the effectiveness 
of the CAG as a zoogeographic barrier evidently is higher than some-
times thought. 

In addition to the oceanographic factors and habitat discontinuities, 
biological characteristics of individual species are important de-
terminants of the isolation of populations. The pelagic larvae duration 
(PLD) and larval behavior of species likely have strong effects on 
dispersal distances. The larval duration of Tomicodon rupestris from the 
Caribbean has been determined to be about 25 days (Benjamin Victor 
pers. com. to DRR Nov 5, 2020), while for temperate species in other 
genera of clingfishes it ranges from 13 to 14 days (Beldade et al., 2007) 
to 24 days (Contreras et al., 2013). Larval clingfishes have been found at 
various stages of development near the rocky reefs of the Gulf of Cali-
fornia (Brogan, 1994) and in similar situations elsewhere (Contreras et 
al 2013), which indicates that they remain in the general vicinity of their 
natal reefs. Moreover, larval clingfishes have slow swimming speeds that 
decrease as the settlement stage approaches (Faria and Gonçalves, 
2010). These behaviors would tend to promote recruitment in the gen-
eral areas where they were produced, limiting distant connectivity 
(Contreras et al., 2013) and enhancing genetic differentiation of 
geographically distinct populations of species like T. petersii. 

4.2. Genetic divergence in the southern part of the TEP 

We found two segregated and well-differentiated populations south 
of the CAG in all analyses for all loci except Sh3Px3. One population is 
distributed throughout the continental Panamic province (El Salvador to 
Ecuador) and the other in the Galapagos Islands. We calculate the 
cladogenetic event that separated those two populations to have 

occurred ca. 2.85 Mya (PHD 95% 1.39–4.53 Mya; Fig. 4), during the Late 
Pliocene and Early Pleistocene. The population of T. petersii in the Ar-
chipelago must have originated from a colonization event from the 
continental population during that period, well after the origin of the 
oldest of the existing islands formed, ~5 Mya, over a hotspot of volca-
nism that is much older (Rassmann, 1997). The Pleistocene was an 
important period in the evolution of various marine species, especially 
in island environments (Palumbi, 1994; Deméré et al., 2003; Lessios, 
2008; Rocha and Bowen, 2008; Miura et al., 2010; Bacon et al., 2015; 
Galván-Quesada et al., 2016; O’Dea et al., 2016; Pinheiro et al., 2017). 
The Galapagos islands, which are isolated by ~900 km of deep water 
from the mainland of the TEP, are subject to the influence of a warm 
currents from the north, cool waters from the south-west and nutrient- 
rich, cold upwelling waters arriving on the western side of the islands 
from the central Pacific (Chavez and Brusca, 1991; Fiedler and Lavín, 
2017). The first two of these current systems could have produced his-
torical dispersal of the larvae of marine species from the American 
mainland to the Galapagos Islands (see Ragaini et al., 2002). During low 
sea-level stands shallow reefs and submerged peaks may become 
exposed, as was likely for some seamounts between the Galapagos 
Islands and the mainland (Geist et al., 2014). Such temporarily exposed 
habitat could have represented stepping stones for dispersal and colo-
nization of shallow-water species between the Archipelago and the 
mainland, and may have been particularly important for an intertidal 
species with limited dispersal capabilities, like T. petersii (Geist et al., 
2014; Pinheiro et al., 2017; Mazzei et al., 2021). This pattern of insular 
Pleistocene evolution seen in the T. petersii clade has been observed in 
other benthic species restricted to shallow waters in islands of relatively 
recent origin off the Atlantic coast of South America (Pinheiro et al., 
2017). Previous studies of other cryptobenthic reef fishes have demon-
strated the isolation of lineages between insular and coastal environ-
ments in both the west Atlantic (Dias et al., 2019) and TEP (Piñeros 
et al., 2019), including another clingfish in the TEP (Torres-Hernández 
et al., 2020). Similar evaluations of the influence of ocean-island isola-
tion, oceanography and historical events in the formation of indepen-
dent lineages and endemic species in the Galapagos Islands have been 
made for other TEP reef fishes and invertebrates (Lessios et al., 1999; 
Grehan, 2001; Edgar et al., 2004; Vargas et al., 2008; Bernardi et al., 
2014; Piñeros et al., 2019; Palmerín-Serrano et al., 2020). 

Tomicodon petersii has a population on Isla del Coco that we did not 
sample. Both that island and the Galapagos have substantial numbers of 
endemic reef fishes, and Isla del Coco has two endemic marine cling-
fishes, Tomicodon vermiculatus and Gobiesox woodsi (Briggs, 1955). The 
Galapagos and Isla del Coco also share some species of insular endemics, 
including another clingfish, Arcos poecilophthalmos. Further, Gobiesox 
adustus, which has an even wider continental range than T. petersii, has a 
population on Isla del Coco that is genetically well differentiated from 
mainland populations in Costa Rica and Ecuador (Torres-Hernández 
et al., 2020). Further investigation is needed to determine the status of 
the populations of T. petersii, not only at Isla del Coco but also the Tres 
Marias islands at the northern end of its distribution, which have some 
local endemic reef fishes, and Lobos de Tierra in Peru to determine 
whether there are other divergent insular lineages in this species. 

4.3. Recent phylogeographic patterns within the Panamic province 

The haplotype network, ΦST and levels of genetic distance demon-
strate the segregation of mainland Panamic-province samples into three 
geographically congruent groups (Fig. 2, Table 1). One group comprises 
all individuals from El Salvador, almost all individuals from Costa Rica, 
and a few from Panama (Hg4 in Fig. 3a). A second group is composed 
mostly of fish from Panama and a few from Costa Rica (Hg5 in Fig. 3a), 
The third group includes all individuals from Ecuador and two from 
Panama (Hg3 in Fig. 3a). For the three nuclear loci, haplotype networks 
also tended to resolve these three groups. Likewise, the ΦST values for 
Myh6 and Gylt, although low, were statistically significant for pairwise 
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comparisons among all three groups, indicating the existence of partly 
isolated, largely allopatric genetic groups. As discussed above, the 
dissimilarity in the degree of differentiation of the three groups between 
the mtDNA and nDNA likely is related to differences in the ability of 
those markers to resolve the divergence signal in different evolutionary 
contexts, i.e., incomplete lineage sorting in nDNA (Buonaccorsi et al., 
2001; Eytan and Helberg, 2010; Larmuseau et al., 2010). 

The segregation of mainland Panamic-province samples into three 
incipiently differentiated, partly allopatric genetic groups may be 
influenced by the effects of two large, strong seasonal upwelling sys-
tems, one of which approximately marks a separation point between 
these three populations, and could have acted as partial temperature 
barriers to connectivity leading to the development of such clades. One 
upwelling system is off Costa Rica and the other in the Panama Bight 
(Kessler, 2006), with the latter marking the geographic junction be-
tween Hg3 and Hg5. Local adaptation to the special environmental 
conditions of the Panama Bight upwelling system may have produced 
genetic divergence in the coral Pocillopora damicornis (D’Croz and Mate, 
2004; Combosch and Vollmer, 2011), and the isolation of a clade of a 
TEP goby that lives on shallow, rocky reefs in that area (Sandoval- 
Huerta et al., 2019). The shore-fish fauna of the Panama/Costa Rica area 
has relatively high diversity, and an abundance of small-range species 
(Mora and Robertson, 2005). Accumulating evidence suggests that ef-
fects on speciation of a major historical upwelling zone in the Panama 
Bight that developed with the closure of the isthmus may have 
contributed to that situation. Although the Costa Rica upwelling does 
not mark such a junction (Hg4 effectively spans it) that upwelling sys-
tem affects a much smaller stretch of coastline than does the Panama 
Bight upwelling system. Hence the Costa Rica upwelling may not limit 
dispersal to the same extent as the Panama Bight upwelling. 

4.4. Taxonomic and conservation implications 

Clingfishes represents a group of fishes that have not been inten-
sively studied in the New World. The only comprehensive taxonomic 
revision of the family was made by Briggs (1955), almost 80 years ago. 
The much more recent development of molecular techniques has pro-
vided important support for the study of the taxonomy and biodiversity 
in marine species, particularly tropical reef fishes, and its inclusion in 
evolutionary studies has often provided evidence for speciation in 
ecologically cryptic species that had previously been undetected. That 
includes studies of clingfishes in the Caribbean (Conway et al., 2014) 
and TEP (Torres-Hernández et al., 2020), blennioids in the Caribbean 
(Baldwin et al., 2011; Victor, 2013, 2015) and the TEP (Pedraza-Marrón, 
2014) and elsewhere in the Pacific (Delrieu-Trottin et al., 2018), TEP 
gobies (Sandoval-Huerta et al., 2019), and neotropical freshwater fishes 
(Bagley et al., 2015). 

The results of the various analyses of data from the different loci used 
here show that there are three well-differentiated evolutionary units 
found in T. petersii (Figs. 2 and 3, Table 2), and provide robust evidence 
for cryptic speciation in T. petersii. The uncorrected genetic distances 
using the mtDNA cox1 gene 8.3% (Panamic province vs Galapagos 
islands groups), 12.5% (Mexico vs Panamic province groups), and 13.1% 
(Mexico vs Galapagos islands) (Table 2); are similar to the genetic dis-
tances reported for well-recognized species of clingfishes in the Western 
Atlantic (8.4% to 13.8%) (Conway et al., 2014) and are higher than 
values found in other cryptobenthic fish species pairs, including the 
gobies Bathygobius (7.2%, 7.6%) (Tornabene et al., 2010), and Trimma 
(10.2%) (Winterbottom et al., 2014) and the labrisomid Malacoctenus 
(3.6–8.2%) (Dias et al., 2019). Genetic-distance estimates for the three 
T. petersii genetic groups also greatly exceed the 2–3% proposed as the 
cutoff for recognition of well-differentiated species of fish using the cox1 
gene (Ward, 2009). Further, the species-tree, BPP and STACEY analyses 
support the recognition of these three putative species. Tomicodon 
petersii (Garman, 1875) was described from Las Perlas Archipelago, 
Panama Bay. Since we include samples from the type locality in the 

analyses, we conclude that the Panamic province clade represents the 
nominal species of this species complex. In Eschmeyer’s Catalog of 
Fishes the only species (n = 2) synonymized (by Briggs, 1955) with 
T. petersii were described from the Panamic province. Hence there are no 
specific names currently available for either the Mexican clade or the 
Galapagos clade of T. petersii. An integrative taxonomic review of all 
three populations that incorporates a thorough morphological analysis 
is needed to elucidate the taxonomic status of these three well- 
differentiated genetic groups. Such a study also needs to incorporate 
molecular and morphological data from other island populations of 
T. petersii: those in the Tres Marias (Mexico), Isla del Coco off Costa Rica 
and Lobos de Tierra off Peru. 

5. Conclusions 

This work is the first study to address the evolutionary history of a 
widely distributed endemic clingfish across almost its entire, large dis-
tribution range that span most of the TEP. We recovered three well- 
differentiated evolutionary units in T. petersii that have geographic 
distributions that correspond to previously recognized biogeographic 
provinces (Mexican, Panamic, and Galapagos) by Hastings (2000) for 
the TEP. The species tree (*Beast), Bayesian species delimitation tests 
(BPP), and STACEY indicate that these independent, allopatric evolu-
tionary units represent putative species, two of them currently unde-
scribed. The study of populations of cryptobenthic species has often 
produced phylogenetic studies of well-differentiated populations, and 
led to the discovery of underestimated cryptic taxonomic diversity 
(Rodríguez-Rey et al., 2018; Dias et al., 2019; Sandoval-Huerta et al., 
2019; Liu et al., 2019; Underwood et al., 2019; Hoban and Williams, 
2020). In T. petersii the cladogenesis of the three allopatric evolutionary 
units seems to be related to a combination of oceanographic processes 
and habitat discontinuities along the continental shore of the TEP, 
ocean-island isolation and the intrinsic ecological characteristics of the 
species. 
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Deep genetic divergence and paraphyly in cryptic species of Mugil fishes 
(Actinopterygii: Mugilidae). Syst. Biodivers. 0, 1-13. https://doi.org/10.1080/ 
14772000.2020.1729892. 
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Appendix A. Supplementary materials 

 

 

Supplementary Figure S1. Sites sampled where no Tomicodon petersii were found in the Gulf of 

California north of the Tres Marias islands.  

 

 



 

Supplementary Figure S2.  Bayesian inference tree of Tomicodon petersii based on concatenated 

nuclear loci (Myh6, Sh3Px3 and Glyt). Numbers on the branches correspond to Bayesian posterior 

probabilities (PP), followed by maximum likelihood boostrap (MLB). Values not supported are 

represented with a dash (PP < 0.95 and MLB < 80%). The colors of the groups correspond to those in 

Figs. 1 and 3. Country origin of samples are coded in terminals as: SA = El Salvador, CR = Costa Rica, 

PA = Panama, EC = continental Ecuador, GA = Galapagos islands. Distribution abbreviations: Tropical 

eastern Pacific (TEP). 

 

 

  



 

 

Supplementary Figure S3. Divergence time of the combined data set of four loci (cox1, Myh6, Sh3Px3 

and Gylt) utilizing three calibrations: one (1) derived from Near et al., (2013) and two (2 and 3) derived 

from Conway et al., (2017). The numbers on nodes represent the value of mean estimated divergence 

time (in Mya), with the 95% confidence interval in parentheses. Country origin of samples were coded 

in terminals as: ME = Mexico, CL = Clarion, SAL = El Salvador, CR = Costa Rica, PAN = Panama, 

ECU = continental Ecuador, CO = Isla del Coco. 

 

 

 



 

Supplementary Figure S4. Species tree considering: a) two genetic groups, and b) five genetic groups 

based on the haplogroups recovered with cox1. The numbers above the branches represent the posterior 

probabilities of the species-tree analysis. The numbers below the branches represent posterior 

probabilities of different combinations of BPP, respectively. Different combinations of BPP priors were 

applied: 1) θ = (α = 1, β = 10), τ = (α = 1, β = 10); 2) θ = (α = 2, β = 2000), τ = (α = 2, β = 2000) and, 

3) θ = (α = 1, β = 10), τ = (α = 2, β = 2000). Country origin of samples were coded in terminals as: SAL 

= El Salvador, CR = Costa Rica, PAN = Panama, ECU = continental Ecuador. 



Supplementary Table S1. Sampling information. ID Tissue vouchers at the Colección de Peces de la Universidad Michoacana de San Nicolas de Hidalgo 

(CPUM), and sequence information for the four loci of Tomicodon petersii and other Tomicodon species.  

Specie ID Tissue- CPUM Locality and state or province Country Coordinates 
Access number of GenBank 

cox1 Myh6 Sh3Px3 Gylt 

Tomicodon 

petersii 

52915, 52916 
1 Estero del poblado de Perula, 

Jalisco 

Mexico 

19°35´3.50"N- 

105°08´3.9"W 

MW628353, 

MW628354 
---- ---- ---- 

10747 2 Caletilla, Michoacán 
18°3´3"N- 

102°38´49"W 
MW628355 MW657690 MW645153 MW645090 

13692 
3 Rompeolas de Caleta de 

Campos, Michoacán 

18°4´18.4"N- 

102°45´14.9"W 
MW628356 MW657691 MW645154 MW645091 

19227, 19230 4 Playa Quieta, Guerrero 
17°40´10.84"N- 

101°38´51.91"W 

MW628357, 

MW628358 
MW657692 MW645155 MW645092 

19430 5 Las Gatas, Guerrero 
17°37´19.42"N- 

101°33´6.99"W 
MW628359 ---- MW645156 MW645093 

31381, 31382, 31383, 31384, 
31385 

6 Zona rocosa de Barra de 

Potosí, Guerrero 

17°32´17.66"N- 

101°27´10.3"W 

MW628360-

MW628364 

MW657693-

MW657696 

MW645157-

MW645161 

MW645094-

MW645098 

20489, 20490 
7 Pozas de San Agustinillo, 

Oaxaca 

15°39´50.7"N- 

96°32´50.9"W 

MW628365, 

MW628366 
---- ---- ---- 

23654, 23655, 23656, 23662, 
23663, 23674, 23675 

8 Mizata (pozas), La Libertad 

El Salvador 

13°30´44.6"N- 

89°36´8.5"W 

MW628367-

MW628373 

MW657697-

MW657703 

MW645162-

MW645167 

MW645099-

MW645104 

23801 
9 Los Cóbanos-pozas, 

Sonsonate 

13°31´28"N- 

89°48´22.5"W 
MW628374 MW657704 ---- MW645105 

24250 
10 Playa del Hotel Decameron- 

Los Cobanos, Sonsonate 

13°31´41.2"N- 

89°48´41.81"W 
MW628375 MW657705 MW645168 MW645106 

24454, 24474 
11 Pozas el Faro, Los Cobanos, 

Sonsonate 

13°31´30.58"N- 

89°48´9.11"W 

MW628376-

MW628377 

MW657706, 

MW657707 

MW645169, 

MW645170 

MW645107, 

MW645108 

22589, 22591, 22593, 22595 
12 Las Tunas (pozas), La 

Unión 

13°09´41.5"N- 

87°57´23"W 

MW628378-

MW628381 

MW657708-

MW657711 

MW645171-

MW645173 

MW645109-

MW645112 

64081, 64082, 64084, 64085, 

64443, 64444, 64446, 64447, 

64448, 64449, 64450, 64451 

13 Playa la Isla, Cuajiniquil, 

Guanacaste 

Costa Rica 

10°57´49.92"N- 

85°41´40.73"W 

MW628382-

MW628393 
---- ---- ---- 

64439 

14 Pozas Isla Murciélago, 

frente a sitio Jardín, 

Guanacaste 

10°51´41.51"N -

85°54´43.31"W 
MW628394 ---- ---- ---- 

21663, 21664 
15 Pozas Reserva San Miguel 

de Cabo Blanco, Puntarenas 

9°34´47.6"N- 

85°8´12.9"W 

MW628395, 

MW628396 

MW657712, 

MW657713 

MW645174, 

MW645175 

MW645113, 

MW645114 

46697 
16 Pozas Frente a PN Cabo 

Blanco, Puntarenas 

9°35´55.7"N- 

85°5´5.8"W 
MW628397 ---- ---- ---- 

40057, 40795, 40796, 40802, 
54433 

17 Pozas de marea Montezuma, 

Puntarenas 

9°39´15.58"N- 

85°4´1.45"W 

MW628398-

MW628402 

MW657714-

MW657717 

MW645176-

MW645179 

MW645115-

MW645118 

54468, 54469, 54492 
18 Pozas de marea Punta Judas, 

Puntarenas 

9°31´16.39"N- 

84°32´12.37"W 

MW628403-

MW628405 

MW657718-

MW657720 

MW645180-

MW645182 

MW645119-

MW645121  

40806, 40808, 54447 
19 Pozas de marea 

Dominicalito, Puntarenas 

9°14´16.67"N- 

83°50´52.84"W 

MW628406-

MW628408 

MW657721-

MW657723 
MW645183 

MW645122-

MW645124 



40183, 57201, 57202, 57203 
20 Pozas de marea, Isla del 

Caño, Puntarenas 

8°42´2.38"N- 

83°52´54.13"W 

MW628409-

MW628412 

MW657724-

MW657727 

MW645184-

MW645187 

MW645125-

MW645128 

61186, 61188, 61189, 61190, 

61191, 61192, 61193, 61194, 

61195 

21 Pozas Playa el Estero Santa 

Catalina, Veraguas 

Panama 

7°37´28.82"N- 

81°14´58.54"W 

MW628413-

MW628421 
---- ---- ---- 

22393, 23051, 23052, 23053, 

23076, 23077, 23078, 23079, 

23080, 23082, 23083 

22 Playitas Resort, Pedasí 
7°25´12"N- 

80°10´56.2"W 

MW628422-

MW628432 

MW657728-

MW657735 

MW645188-

MW645195 

MW645129-

MW645136 

23106, 23119 
23 El Ciruelo (pozas de marea), 

Los Santos 

7°25´28.7"N- 

80°8´36"W 

MW628433-

MW628434 
MW657736 

MW645196, 

MW645197 

MW645137, 

MW645138 

61102 24 Isla Perico, Las Perlas 
8°38´55.14"N- 

79°3´39.7"W 
MW628435 ---- ---- ---- 

64551, 64556, 64557 
25 Pozas de marea Puerto 

Cabuyal, Manabí 

Ecuador 

0°18´50"N- 

80°24´57.34"W 

MW628436-

MW628438 
---- ---- ---- 

61202, 61203, 61204, 61205, 
61206 

26 Pozas muelle artesanal de 

San Mateo, Manabí 

0°57´34.51"N- 

80°48´18.78"W 

MW628439-

MW628443 
---- ---- ---- 

61219, 61220, 61221, 61222, 
64506, 64507, 64523 

27 Pozas Liguiqui, Manabí 
1°1´50.63"N- 

80°53´8.99"W 

MW628444-

MW628450 
---- ---- ---- 

26019, 26020, 26021, 26022, 
26023, 26024 

28 Pozas de marea, Isla de la 

Plata, Manabí 

1°16´13.03"N- 

81°3´46.9"W 

MW628451-

MW628456 

MW657737-

MW657742 

MW645198-

MW645203 

MW645139-

MW645144 

57352 29 Playa La Chorrera, Manabí 
0°2´58.1"N- 

80°5´16"W 
MW628457 MW657743 MW645204 MW645145 

25798, 25799, 25800, 25801, 
25802, 25803 

30 El Manglito, Isla San 

Cristóbal, Archipiélago de las 

Galápagos 

0°47´58.86"N- 

89°28´17.03"W 

MW628458-

MW628463 

MW657745-

MW657750 

MW645205-

MW645210 

MW645146-

MW645151 

25789 
31 Bahía Cartago, Isla Isabela, 

Archipiélago de las Galápagos 

0°45´6.9"N- 

90°46´38.5"W 
MW628464 MW657744 MW645211 MW645152 

Tomicodon 

absitus 

42131-42150 

Pozas Playa el Barquito, Isla 

Socorro, Archipiélago 

Revillagigedo 

Mexico 

18°43´53.21"N -

110°57´19.74"W 

MW628185-

MW628204 
---- ---- ---- 

35112, 35114, 35115, 35117, 

35118, 35121, 35122, 35127, 

36924, 36927, 36936, 36942, 

44977, 44979, 44982, 49082, 

57069-57076,57088-57092 

Pozas frente a Base Naval, Isla 

Clarión, Archipiélago 

Revillagigedo 

18°20´36.59"N -

114°43´58.1"W 

MW628205-

MW628233 
---- ---- ---- 

Tomicodon 

myersi 

21049 
El Chileno, Los Cabos, Baja 

California Sur 

22°56´55"N -

109°48´26.14"W 
MW624381 ---- ---- ---- 

13737, 49068-49071, 49073, 

49074, 49079-49081, 49083 

Barco Hundido, Faro de 

Bucerías, Michoacán 

18°21´8.82"N -

103°31´18.71"W 

MW624382- 

MW624392 
---- ---- ---- 

Tomicodon 

chilensis 

17411, 17415 

Muelle antigua empacadora de 

pescado, Isla San Cristóbal, 

Archipiélago de las Galápagos  

 

 

Ecuador 

0°53´36.58"N- 

89°36´40.67"W 

MW628306-

MW628307 
---- ---- ---- 

17644, 17686, 17691, 17708 

Norte de Baltra, el Plantado, 

Isla Baltra, Archipiélago de las 

Galápagos 

0°25´57"N- 

90°15´58.9"W 

MW628308-

MW628311 
---- ---- ---- 

25147, 25148, 25755, 25759, 

25761-25764 

Isla Santa Fé, Archipiélago de 

las Galápagos 

0°44´22.5"N- 

90°18´23.3"W 

MW628312, 

MW628313, 
---- ---- ---- 



MW628317-

MW628322 

25210, 25211 

Playa Los perros, Isla Santa 

Cruz, Archipiélago de las 

Galápagos 

0°45´50.26"N- 

90°18´27.37"W 

MW628314, 

MW628315 
---- ---- ---- 

25394 
Bahía Cartago, Isla Isabela, 

Archipiélago de las Galápagos 

0°45´6.9"N- 

90°46´38.5"W 
MW628316 ---- ---- ---- 

25652 
Boya, Isla Floreana, 

Archipiélago de las Galápagos 

1°13´9.5"N- 

90°25´53.4"W 
MW628323 ---- ---- ---- 

25670 
Corona, Isla Floreana, 

Archipiélago de las Galápagos 

1°13´13.6"N- 

90°25´25.4"W 
MW628324 ---- ---- ---- 

Tomicodon  

zebra 

28504 
Playa Sta. María, Baja 

California Sur 

Mexico 

22°55´52.2"N- 

109°48´53.7"W 
MW624504 ---- ---- ---- 

28574, 28577 
Pozas Los Frailes, Baja 

California Sur 

23°22´25.5"N- 

109°25´59.2"W 

MW624505, 

MW624506 
---- ---- ---- 

56938, 56939, 56942 Playa Careyitos, Jalisco 
19°26´2.12"N- 

105°1´30.88"W 

MW624491, 

MW624492, 

MW624495 

---- ---- ---- 

52882, 52883, 52887, 52888 Isla Cocinas, Jalisco 
19°32´44.91"N- 

105°6´33.49"W 

MW624493, 

MW624501, 

MW624500, 

MW624494 

---- ---- ---- 

8658 El Corralón, Michoacán 
18°4´4.2"N- 

102°44´30.3"W 
MW624478 ---- ---- ---- 

10729 Caletilla, Michoacán 
18°3´3"N- 

102°38´49"W 
MW624479 ---- ---- ---- 

10754, 10758 La Soledad, Michoacán 
18°3´7.8"N- 

102°38´27.65"W 

MW624480, 

MW624481 
---- ---- ---- 

11270 Los Nopales, Michoacán 
18°2´51"N- 

102°37´2"W 
MW624482 ---- ---- ---- 

11424, 11425 Zapote de Tizupan, Michoacán 
18°11´48.2"N- 

103°6´55.8"W 

MW624483, 

MW624484 
---- ---- ---- 

19567, 19568, 48724, 48728, 

48729, 49049, 57289 
Playa larga, Guerrero 

17°37´23.2"N- 

101°30´48.8"W 

MW624485-

MW624489, 

MW624498, 

MW624499 

---- ---- ---- 

30848, 30849 
Zona rocosa de Barra de 

Potosí, Guerrero 

17°32´17.66"N- 

101°27´10.27"W 

MW624496, 

MW624497 
---- ---- ---- 

57185, 57186, 57189 
Pozas de marea Punta cometa, 

Oaxaca 

15°39´32.57"N-

96°33´18.24"W 

MW624490, 

MW624502, 

MW624503 

---- ---- ---- 

Tomicodon 

boehlkei 

37602, 37603, 37625, 57177, 

57178 

Pozas de marea Bahía Kino, 

Sonora 

28°52´34.8"N- 

112°1´59.29"W 

MW624514-

MW624516, 

MW624520, 

MW624521 

---- ---- ---- 

38102 
Playa 1 paseo Isla Tiburón, 

Sonora 

28°52'23.08"N- 

112°2'2.38"W 
MW624517 ---- ---- ---- 



38146, 38150 
Pozas de marea Piedras pintas, 

Sonora 

27°56´17.49"N-

111°5´16.46"W 

MW624518, 

MW624519 
---- ---- ---- 

Tomicodon 

humeralis 
37936, 38615, 38616 Playa La Choya, Sonora Mexico 

31°20'5.78"N- 

113°38'6.69"W 

MW624507-

MW624509 
---- ---- ---- 

Tomicodon 

lavettsmith 
33232 

Intermareal en Playa El 

Secreto, Quintana Roo 
Mexico 

20°46'39.73"N- 

86°38'6.69"W 
MW624527 ---- ---- ---- 

Tomicodon 

sp1 
33309, 33310 

Intermareal en Playa El 

Secreto, Quintana Roo 
Mexico 

20°46'39.73"N- 

86°38'6.69"W 

MW628183, 

MW628184 
---- ---- ---- 

 

Supplementary Table S2. Primers and DNA amplification conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Primers Denaturing Cycles Denaturing Annealing Extension 
Final 

extension 
Reference 

cox1 

(465 pb) 

Fish 1F/1R 94°C-5min 35 94°C-1min 52°C-1min 
72°C-

1min 

72°C-

10min 

Ward et al., 

2005; Ivanova 

et al., 2007 

LCO 1490/ 

HCO 2198 
94°C-4min 35 94°C-30seg 41°C-1min 

72°C-

1min 

72°C-

10min 

Folmer et al., 

1994; Conway 

et al., 2017 

Myh6 

(766 pb) 

Myh6 F459/ 

R1325 

94°C-1min 36 94°C-30seg 

53°C-45seg 

72°C-

45seg 
72°C-5min Li et al., 2007 Gylt 

(851 pb) 

Glyt F559/ 

R1562 
55°C-45seg 

Sh3Px3 

(758 pb) 

Sh3Px3 F461/ 

R1303 
55°C-45seg 



Supplementary Table S3. Information on complementary sequences retrieved from GenBank and Bold System.  

 

Specie Locality and state or province Country Coordinates 
Identification number of GenBank and Bold System 

cox1 Myh6 Sh3Px3 Gylt 

Tomidocon myersi 
El Tule, near Cabo San Lucas, 

Baja California Sur 

Mexico 

22°57.0´N - 

109°46.0´W 
KY656433 KY686119 KY686152 ---- 

T. zebra 
El Tule, near Cabo San Lucas, 

Baja California Sur 

22°57.0´N - 

109°46.0´W 
KY656434 KY686120 KY686153 KY686089 

T. boehlkei 
Punta Chivato, Baja California 

Sur 

27°5.0´N - 

111°59.0´W 
KY65643 KY686117 KY686150 KY686088 

T. humeralis 

Isla Calaveras (near Bahia de 

Los Angeles), Baja California 

Sur 

29°0.0‘N - 

113°30.0´W 

KY656432, 

HQ168639 
KY686118 KY686151 ---- 

Tomicodon sp2 Vitória–Trindade Chain Brasil No date 
KY781525, 

KY781526 
---- ----   

T. lavettsmithi 
Stann Creek District, Dangriga 

Constituency 
Belize 

16°49´32.16"N- 

88°6´1.08"W 

JQ841414, JQ841026, 

JQ841027, JQ841029, 

JQ840732, JQ840733 

MT569754 MT569800 MT569642 

Tomidocon sp3 No date No date No date KY656435 KY686121 KY686154 ---- 

T. australis Vitória–Trindade Chain Brasil No date 

KY781498, 

KY781499, 

KY781500 

---- ---- ---- 

T. reitzae Arnos Vale Beach, Tobago  
Trinidad and 

Tobago 

11°13´36.12"N- 

60°45´50.03"W 

JQ843090, JQ843091, 

KJ616455 
MT569755 MT569801 MT569643 

T. briggsi Dangriga, Stann Creek District  Belize 
16°43´8.4"N- 

87°53´13.2"W 

KJ616454, JQ841838, 

JQ841413 
MT569753 MT569799 MT569641 

T. cryptus Portobelo, Colon Panama 
9°35´60"N- 

79°42´0"W 

BOLD SYSTEMS: 

LIDB086-10, 

LIDM1329-08, 

LIDMA223-10 

---- ---- ---- 

T. rupestris 

Xcalak-Majahual, Quintana 

Roo 
Mexico 

18°16´55.2"N- 

79°42´0"W 

BOLD SYSTEMS: 

MLIII173-08 
---- ---- ---- 

Road shouth Tulum, Quintana 

Roo 
Mexico 

20°10´19.2"N- 

87°26´49.2"W 

BOLD SYSTEMS: 

LIDMA375-10 
---- ---- ---- 

Gobiesox adustus Puerto Vallarta, Jalisco Mexico  
20°37.0´N - 

105°15.0´W 
KY656417 KY686099 KY686132 KY686071 

G. pinniger 

Bahía de Los Angeles: Turtle 

camp N of lighthouse, Baja 

California Sur 

Mexico 
28°58.3´N - 

113°32.8´W 

HQ168638, 

KY656426 
KY686109 KY686142 KY686080 

G. daedaleus Golfo de San Miguel Panama 
8°22.0´N - 

78°16.9´W 
KY656419 KY686101 KY686134 KY686073 

G. mexicanus 
Pacific versant rivers north of 

Gulf of Tehuantepec 
Mexico No date KY656428 KY686111 KY686144 KY686082 

G. barbatulus No date No date No date KY656418 KY686100 KY686133 KY686072 



G. cephalus No date No date No date KY656421 KY686106 KY686136 KY686077 

G. juradoesis Golfo de San Miguel Panama 
8°22.0‘N - 

78°16.9‘W 
KY656423 KY686103 KY686139 KY686075 

G. meandricus No date No date No date KJ616451 KY686104 KY686138 KY686076 

G. nigripinnis No date No date No date KY656422 KY686105 KY686137 ---- 

G. potamius No date No date No date KY656425 KY686108 KY686141 KY686079 

G. punctulatus No date No date No date KY656424 KY686107 KY686140 KY686078 

G. rhessodon 
San Diego Co.: La Jolla, near 

Bird Rock 
United States 

32°51.0‘N - 

117°16.0‘W 
KY656427 KY686110 KY686143 KY686081 

G. strumosus No date No date No date KY656420 KY686102 KY686135 KY686074 

Pherallodiscus 

funebris (= 

Gobiesox funebris) 

Isla Calaveras (near Bahia de 

Los Angeles) 
Mexico 

29°0.0‘N - 

113°30.0‘W 
KY656429 KY686112 KY686145 KY686083 

Arcos erythrops Puerto Vallarta, Jalisco Mexico 
20°37.0´N - 

105°15.0´W 
KY656430 KY686114 KY686148 KY686085 

Acyrtops beryllinus No date No date No date KJ616449 KY686115 KY686147 KY686086 

Acyrtus lanthanum No date No date No date NC_004413 JQ939522 JQ940139 KF139674 

Rimicola muscarum No date No date No date KJ616452 KY686113 KY686146 KY686084 

Sicyases sanguineus No date No date No date KJ616453 KY686116 KY686149 KY686087 

Entomacrodus 

nigricans 
Stann Creek District, Dangriga Belize 

16°46´40.8"N- 

88°7´1.2"W 
JQ840835 KF139990 KF141465 ---- 

Ophioblennius 

atlanticus (status 

valid O. maclurrei) 

No date Barbados No date JQ842259 JX189749 JX189503 JX188810 
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