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Abstract
Aim: Complex oceanographic features have historically caused difficulty in under-
standing gene flow in marine taxa. Here, we evaluate the impact of potential phylo-
geographic barriers to gene flow and assess demography and evolutionary history 
of a coral reef goby species complex. Specifically, we test how the Amazon River 
outflow and ocean currents impact gene flow.
Location: Western Atlantic.
Taxon: The bridled goby (Coryphopterus glaucofraenum) and sand-canyon goby 
(C. venezuelae) species complex.
Methods: We used mitochondrial DNA and 2,401 genomic SNPs to investigate evo-
lutionary history and test hypotheses of how major barriers impact species-level dif-
ferentiation. We used clustering algorithms and pairwise FST to assess population 
differentiation caused by minor barriers within and among regions. Finally, we tested 
alternate hypotheses of demographic history via coalescent simulations to determine 
the most plausible spread across the Western Atlantic.
Results: We found two unique clades of C. glaucofraenum along the Brazilian coast 
and the oceanic island Atol das Rocas (AR) that are more closely related to C. venzue-
lae. Further genetic structure within the Caribbean and separately along the Brazilian 
coast led to at least two distinct populations in each Province. Coalescent simulations 
indicated that an ancestral population of C. venezuelae split from C. glaucofraenum in 
the Caribbean, dispersed to Brazil, then spread to AR.
Main conclusions: Species-level genetic differentiation has resulted from the Amazon 
River outflow and isolation of AR. Population differentiation within the Caribbean 
matched previous studies indicating an east-west pattern of divergence. Brazilian 
population differentiation was impacted by the cold-water upwelling filter at Cabo 
Frio. Overall, this research highlights how barriers to gene flow impact speciation and 
genetic structure within western Atlantic gobies and provides insight into the role 
oceanographic features have in the speciation process of fishes.
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1  | INTRODUC TION

Gene flow is an important biological process that can lead to ge-
netic homogenization of populations and prevent taxon divergence 
(Tigano & Friesen, 2016). Although marine systems exhibit few ob-
vious biogeographic barriers, at least four major factors are known 
to impact among-population isolation throughout the oceanic realm. 
First, life-history characteristics such as spawning modes influence 
overall dispersal potential such that demersal spawners typically ex-
hibit greater genetic structure than pelagic spawners (e.g. Floeter 
et al., 2008). Second, currents can also act as barriers that prevent 
larval dispersal (Gaylord & Gaines, 2000), and lead to genetic iso-
lation (e.g. Huyghe & Kochzius, 2018; Santos et al., 2006). Third, 
freshwater and sediment outflow from rivers can create nearly im-
passable biogeographic barriers to some taxa (Rocha, 2003). Fourth, 
genetic isolation can result among populations living in geographi-
cally isolated habitats, such as oceanic islands (Dias et al., 2019).

The western Atlantic is characterized by several biogeographic 
barriers and is thus divided into Caribbean and Brazilian biogeo-
graphic provinces (Floeter et al., 2008). At the largest scale, marked 
differences in species composition between the Caribbean and 
Brazilian provinces have been attributed to the Amazon River out-
flow which acts as an ecological barrier to gene flow (Briggs & Bowen, 
2012; Rocha, 2003). At finer spatial scales, genetic patterns show an 
east-west division within the Caribbean and isolation of the Bahamas 
that are likely due to ocean currents (DeBiasse et al., 2016; Foster 
et al., 2012; Jackson et al., 2014; Taylor & Hellberg, 2006). Within 
the Brazilian province, genetic structure among populations of deca-
pods, photosynthetic dinoflagellates and fish has been attributed to 
the Southern Equatorial Current (SEC) and Cabo Frio barriers result-
ing in northern, central and southern clusters (Boschi, 2000; Picciani 
et al., 2016; Santos et al., 2006).

Species with lower dispersal potential (i.e. demersal spawners) 
are model species to evaluate the impact of biogeographic barriers 
throughout the western Atlantic. Two sister species, the bridled goby 
(Coryphopterus glaucofraenum Gill 1863) and the sand-canyon goby 
(C. venezuelae Cervigón 1966), are small (<55 mm), benthic fishes 
that lay demersal eggs in nests on sandy patches near coral reefs 
which they defend (Forrester et al., 2010). Both C. glaucofraenum and 
C. venezuelae occur throughout the Caribbean while C. glaucofrae-
num extends to southern Brazil (Robins & Ray 1986). Early studies of 
C. glaucofraenum described subtle morphological variation in bone 
and ray counts as well as coloration among western Atlantic popula-
tions (Böhlke & Robins, 1960). Subsequent studies elevated multiple 
subspecies of C. glaucofraenum to full species designation, including 
C. venezuelae, based on genetic and morphological characteristics 
(Baldwin et al., 2009). However, morphology is often similar be-
tween species within Coryphopterus, particularly larval morphology, 
which commonly leads to misidentification. Because most gobies are 
demersal spawners and often demonstrate significant genetic struc-
ture across their geographic range (Milá et al., 2017), it is likely that 
whole-range genetic sampling can facilitate taxonomic differentia-
tion between closely related, sympatric species.

Here, we sampled across a broad geographic scale and employed 
mtDNA sequence data and thousands of single nucleotide polymor-
phisms (SNPs) to test if species- or population-level differences were 
present within C. glaucofraenum and C. venezuelae. We hypothesized 
that the Amazon River outflow and the isolation of the Brazilian oceanic 
reefs would create unique genetic clades indicative of species-level 
genetic divergence among populations on either side of these major 
barriers. Second, we hypothesized that minor barriers in both the 
Caribbean and Brazilian provinces would promote population struc-
ture such that populations within the eastern or western Caribbean 
would be more genetically similar to each other than populations com-
pared across the Caribbean. Similarly, we hypothesized that coastal 
Brazilian populations would be separated into three genetic clusters 
based on the SEC and Cabo Frio barriers. Finally, we used coalescent 
simulations to test how dispersal occurred across these barriers.

2  | MATERIAL S AND METHODS

2.1 | COI sequence analyses

We collected 112 individuals of C. glaucofraenum across the Brazilian 
coast and supplemented these with 94 individuals of C. glaucofraenum 
and C. venezuelae from the Caribbean through GenBank (Figure 1, 
Table 1). Tissue and fin clips from field capture were placed in 95% 
ethanol and frozen for long-term storage. We extracted genomic 
DNA using a Serapure bead protocol (Rohland & Reich, 2012) and 
amplified a 690 bp alignment of the COI gene with FishF1 and 
FishR1 primers using slight modifications (i.e. annealing temp was 
35 s at 53°C) from Ward et al. (2005). PCR products were sent to 
Eurofins Genomics for sequencing. We verified chromatographs by 
eye using Sequencher version 5.1 (Gene Codes, Ann Arbor, MI, USA). 
Sequences were then trimmed and aligned with GenBank samples 
using mega version 7 (Kumar et al., 2016) followed by file formatting 
for each analysis using PgDSPiDer (Lischer & Excoffier, 2012).

In order to determine the evolutionary relationships among lin-
eages, we performed a Bayesian phylogenetic analysis using BeaSt2 
(Bouckaert et al., 2014) with the HKY + G model of evolution as de-
termined in PartitionFinder (Lanfear et al., 2012). We used a related 
species, C. tortugae, as an outgroup and performed four independent 
runs of 100 million generations each with samples being taken every 
10,000 generations. Each run was checked in tracer version 1.6 
(Bouckaert et al., 2014) to ensure effective sample sizes (ESS) were 
≥200 for each parameter. LogcomBiner version 2.4.7 (Bouckaert 
et al., 2014) was used to discard 10% burnin for each run and com-
bine a subset of trees from each run for a total of 9,000 tree states. 
Using this combined file, we used treeannotator to create a 50% ma-
jority-rule consensus tree which was viewed in Figtree version 1.4.2 
(Rambaut, 2016). We considered Bayesian posterior support values 
>0.95 to be indicative of highly supported nodes. We also created 
a TCS (Clement et al., 2000) haplotype network in PoPart (Leigh 
& Bryant, 2015) to visualize the distribution of haplotypes among 
clades and populations.
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F I G U R E  1   Western Atlantic map of populations of C. glaucofraenum and C. venezuelae used in this study. All sampling points include 
COI data while circles with dots indicate that SNPs were also used. Haplotype network represents COI data with shading that illustrates 
populations. Dashed lines with numbers indicate the number of inferred mutations between lineages and the three unique haplotypes 
circled within C. venezuelae show individuals collected from Venezuela [Colour figure can be viewed at wileyonlinelibrary.com]
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2.2 | COI population genetic analyses

We first summarized basic genetic diversity estimates. In arLequin 
version 3.5.2 (Excoffier & Lisher, 2010), we estimated pairwise 
distance (FST) with 20,000 permutations and the Tamura and Nei 
(1993) substitution model (HKY + G substitution model was not 
available in arLequin). Within each clade, we expected populations 
within an area to be more similar to each other than populations 
across a barrier. Thus, we compared pairwise distance in C. glau-
cofraenum between populations within the east (USVI, PR, VEN, 
CUR) and west (FL, BLZ, PA) Caribbean to pairwise distance be-
tween east-west population pairs using a student's t test. Sparse 
population sampling prohibited a similar analysis for C. venezuelae. 

To evaluate whether barriers impact population connectivity in 
Brazil, we also tested whether C. glaucofraenum populations within 
northern, central or southern Brazil were more similar to each 
other than population pairs across these regions using a Wilcoxon 
rank-sum test.

2.3 | SNP generation and filtering

A reduced-sample SNP dataset was generated using 103 total in-
dividuals from 16 populations across the range of both C. glaucof-
raenum and C. venezuelae including three individuals of C. tortugae 
as an outgroup (Figure 1, Table 1). Genomic DNA was converted 

TA B L E  1   Collection location and genetic diversity estimates for COI and SNP datasets with standard deviation in parentheses. 
Populations with < 5 samples were not included in estimates of genetic diversity. Distinct clades are in bold and summarized with individuals 
from all populations. Population clusters are italicized. Number of samples (N); number of haplotypes (Nh); haplotype diversity (h); nucleotide 
diversity (π); number of effective alleles (Na); observed heterozygosity (HO); unbiased expected heterozygosity (uHe)

Cytochrome oxidase I SNPs

Location N Nh h π N Na HO uHE

Caribbean Overall
(C. venezuelae)

39 19 0.897 (0.032) 5.74 × 10–3 (0.42 × 10–3) 11 1.150 0.077 0.096

Bahamas (CVEN BHS) 3 3 — — — — — —

Belize (CVEN BLZ) 8 6 0.929 (0.084) 4.25 × 10–3 (0.73 × 10–3) 5 1.131 0.078 0.090

Panama (CVEN PA) 5 4 0.900 (0.161) 5.05 × 10–3 (1.38 × 10–3) — — — —

Venezuela (CVEN 
VEN)

13 4 0.423 (0.164) 0.83 × 10–3 (0.36 × 10–3) — — — —

Curaçao (CVEN CUR) 10 7 0.911 (0.077) 3.0 × 10–3 (0.62 × 10–3) 6 1.136 0.075 0.091

Caribbean Overall
(C. glaucofraenum)

55 19 0.660 (0.074) 2.50 × 10–3 (0.48 × 10–3) 20 1.206 0.098 0.128

Florida (FL) 6 3 0.600 (0.215) 1.65 × 10–3 (0.74 × 10–3) 5 1.183 0.109 0.124

US Virgin Islands 
(USVI)

5 3 0.700 (0.218) 4.28 × 10–3 (1.25 × 10–3) — — — —

Puerto Rico (PR) 2 2 — — — — — —

Belize (BLZ) 17 7 0.596 (0.139) 1.74 × 10–3 (0.60 × 10–3) 7 1.188 0.098 0.121

Panama (PA) 16 3 0.425 (0.133) 0.95 × 10–3 (0.38 × 10–3) 8 1.196 0.092 0.126

Venezuela (VEN) 9 5 0.806 (0.120) 2.75 × 10–3 (0.88 × 10–3) — — — —

Atol das Rocas (AR) 9 5 0.861 (0.087) 3.37 × 10–3 (1.0 × 10–3) 2 — — —

Brazil Overall 103 31 0.698 (0.0003) 2.34 × 10–3 (0.27 × 10–3) 55 1.162 0.081 0.102

North Brazil 18 1.156 0.085 0.100

Ceará (CE) 4 2 — — 1 — — —

Rio Grande de Norte 
(RN)

9 6 0.833 (0.127) 2.77 × 10–3 (0.75 × 10–3) 9 1.157 0.096 0.102

Pernambuco (PE) 15 7 0.819 (0.082) 2.44 × 10–3 (0.48 × 10–3) 8 1.150 0.075 0.098

Central Brazil 22 1.158 0.081 0.100

Bahia (BA) 15 6 0.705 (0.114) 2.65 × 10–3 (0.53 × 10–3) 6 1.141 0.059 0.094

Abrolhos (ABR) 12 9 0.909 (0.079) 2.92 × 10–3 (0.66 × 10–3) 9 1.157 0.089 0.102

Espirito Santo (ES) 18 10 0.869 (0.059) 3.53 × 10–3 (0.40 × 10–3) 7 1.151 0.089 0.099

South Brazil 15 1.140 0.080 0.096

Rio de Janeiro (RJ) 14 2 0.143 (0.119) 0.51 × 10–3 (0.20 × 10–3) 8 1.148 0.077 0.096

Santa Catarina (SC) 16 3 0.342 (0.140) 0.64 × 10–3 (0.28 × 10–3) 7 1.149 0.075 0.097
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into nextRAD genotyping-by-sequencing libraries (SNPsaurus, 
LLC) as in Russello et al. (2015). The nextRAD libraries were se-
quenced on an Illumina HiSeq 4,000 with one lane of single-end 
150 bp reads (University of Oregon). After de novo assembly and 
initial filtering, there were 9,003 SNPs. Following additional locus 
filtration for 10x coverage, 20% missing data and HWE, samples 
were thinned to include only one SNP per fragment resulting in 
a final dataset of 2,401 SNPs (Table S1). Detailed information on 
the standard SNPsaurus SNP generation and filtering can be found 
in Supplemental Document 1. To identify loci under selection, we 
used the program Bayescan v.2.1 (Foll & Gaggiotti, 2008) using 
default parameters for a neutral model: 100,000 iterations and 
10 prior odds. The maximum allowable false discovery rate (FDR) 
was set to 0.05. We ran Bayescan within each putative species 
(i.e. Brazilian C. glaucofraenum (with southern Brazil versus central 
and northern Brazil); C. venezualae and Caribbean C. glaucofrae-
num; see Results). All outlier loci were removed from downstream 
analyses.

2.4 | SNP phylogenetic analyses

To estimate evolutionary relationships among species, we first 
utilized a Bayesian approach in mrBayeS version 3.2.6 (Ronquist & 
Huelsenbeck, 2003) through the Cipres Science Gateway (Miller 
et al. 2010). Two independent runs were performed with four 
chains for a total of 30 million generations with sampling taken 
every 10,000 generations and a 25% burnin. Using jmoDeLteSt2 ver-
sion 2.1.10 (Darriba et al., 2012), the GTR + G model of evolution 
was used based on the corrected Akaike's Information Criterion 
(AICc). Due to the large amount of missing data in some samples 
(see Results), each clade was constrained to monophyly in order 
to accurately assess the relationships among species. Constraining 
these taxa is justified based on the strong support of the COI data-
set (see Results). Additionally, we performed a maximum likelihood 
analysis in raxmL (Stamatakis, 2014) using concatenated loci and 
a correction bias due to using all variable sites (Lewis, 2001). Here, 
only two samples from AR with large amounts of missing data were 
constrained while all other taxa were not. Both trees were visualized 
and modified in Figtree.

2.5 | SNP population genetic analyses

To obtain a comprehensive understanding of the genetic diversity 
present, we first summarized basic genetic diversity metrics for pop-
ulations for the SNP dataset. To evaluate population structure within 
clades identified in the phylogenetic analysis, a Bayesian clustering 
analysis was performed within each clade and without population 
location priors in Structure (Pritchard et al., 2000). Here, we per-
formed 10 runs for each population (K) up to the maximum number 
of populations within each clade using a 50,000-replicate burnin and 
500,000 replicates for each run. The Evanno ΔK method (Evanno 

et al., 2005) was used in StructureharveSter (Earl & VonHoldt, 2012) 
to determine the most likely value for K. After initial runs were com-
plete, we checked for substructure by rerunning Structure within 
genetic clusters using the same parameters. Because Structure re-
sults were ambiguous for Brazil C. glaucofraenum populations (see 
Results), we further assessed population structure among these pop-
ulations via a Discriminant Analysis of Principal Components (DAPC) 
using the R package ‘adegenet’ v.2.1.2 (Jombart et al., 2010). Unlike 
Structure, DAPC is free of model-based assumptions and aims to 
maximize variance between groups while minimizing variance within 
groups. The data were transformed into principal components (PCs) 
in order to decrease the number of variables and reduce comput-
ing time. After choosing the minimum number of PCs necessary to 
describe the variation in the data, we selected the optimal number 
of discriminant functions (DFs) to describe the number of clusters.

To determine population differentiation, we estimated pair-
wise FST among populations using the pairwise distance approach 
in arLequin following the same approach as with COI data. We then 
compared levels of FST between population pairs from the same 
area to estimates of FST between population pairs from different re-
gions along the Brazilian coast using a student's t test. Specifically, 
we tested to see if populations within northern, central or southern 
Brazil were more similar to each other than population pairs from 
different areas of Brazil. Additionally, Brazilian populations were 
tested for isolation by distance (IBD) to see if populations were dis-
persal limited using genePoP (Rousset, 2008). Other regions had too 
few populations to make similar comparisons.

Lastly, we tested four of the most plausible alternative hypoth-
eses of the demographic history of these lineages (Figure 2). Model 
1 posits a common ancestral population that gave rise to all three 
lineages simultaneously. Model 2 illustrates a dispersal event from 
the Caribbean to a collective Brazil/AR ancestral population which 
later diverged. Model 3 hypothesizes a sequence of dispersal events 
from the Caribbean to the Brazilian coast, and from Brazil to AR. 
Model 4 allows us to test an alternative sequence of dispersal events 
such that dispersal occurred from the Caribbean to AR first, then to 
the Brazilian coast. Overall, the first model serves as a null hypoth-
esis and the other three models are potential scenarios given what 
we know about the Caribbean serving as a hotbed of speciation 
spreading diversity to other Atlantic regions (Lima et al., 2005; Rocha 
et al., 2005). To evaluate between these models, we used coalescent 
simulations in the program FaStSimcoaL2 version 2.3.0.3 (Excoffier 
et al., 2013). We first converted the variant call format (VCF) file con-
taining all the SNPs to FaStSimcoaL2 format following Liu et al. (2018). 
This gave us the observed site frequency spectrum (SFS). Because we 
did not have an outgroup, we used a folded SFS showing minor allele 
frequencies. With FaStSimcoaL2 we ran 10 independent runs of each 
model, with each run containing 5,000 simulations and 20 expecta-
tion-conditional maximization (ECM) cycles. Of the 10 independent 
runs, we chose the run with the least distance between observed and 
expected maximum likelihood to be used in AIC model selection. AIC 
compared the four models and selected the model with the highest 
likelihood of obtaining the observed site frequency spectrum.
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3  | RESULTS

3.1 | COI sequence analyses

We found four highly supported monophyletic clades with all four 
highly divergent from one another (Figure 3). While the basal node 

showed poor support, most other nodes exhibited high support (> 
0.95 posterior support). Even though Brazil and AR (both "C. glauco-
fraenum") are close in proximity, these results show strong support 
to suggest that C. glaucofraenum from Brazil and AR are more closely 
related to C. venezuelae than either clade is to Caribbean C. glauco-
fraenum. Moreover, per cent sequence divergence among the four 

F I G U R E  2   Alternative demographic 
models of C. glaucofraenum and C. 
venezuelae tested using FaStSimcoaL2. 
Model 1 illustrates a vicariant event 
splitting all three lineages simultaneously. 
Model 2 shows dispersal of C. venezuelae 
from the Caribbean followed by a 
vicariant event which splits AR and Brazil. 
Model 3 illustrates dispersal to Brazil first, 
then from Brazil to AR. Model 4 tests the 
opposite dispersal, i.e. from the Caribbean 
to AR, then AR to Brazil [Colour figure can 
be viewed at wileyonlinelibrary.com]

F I G U R E  3   Bayesian phylogeny of C. 
glaucofraenum and C. venezuelae using 
COI from BeaSt2 with clades coloured to 
represent collection sites. Black circles 
represent a posterior value of 1 and 
any posterior support values > 0.75 are 
shown at nodes. There is strong support 
(0.99) to show that AR C. glaucofraenum 
and Brazil C. glaucofraenum both share 
a more recent common ancestor with C. 
venezuelae than either do with Caribbean 
C. glaucofraenum [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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primary clades ranged from 6.58% (between C. venezuelae and AR 
C. glaucofraenum) to 13.29% (between Caribbean C. glaucofraenum 
and Brazil C. glaucofraenum; Table S2). Within C. venezuelae, individu-
als collected from Venezuela showed strong support for monophyly 
despite having diverged <1% from the rest of the Caribbean C. ven-
ezuelae samples. The haplotype network revealed that none of the 
74 haplotypes were shared among clades and a minimum of 27 (AR 
C. glaucofraenum -C. venezuelae) and a maximum of 45 mutations (C. 
venezuelae-Caribbean C. glaucofraenum and AR C. glaucofraenum-C. 
glaucofraenum) connected haplotypes between clades (Figure 1). 
The overall star-shape configuration of the haplotype network sug-
gests Brazil C. glaucofraenum and Caribbean C. glaucofraenum have 
undergone a recent expansion. As with the phylogeny above, the 
haplotype network showed that within C. venezuelae, the Venezuela 
population was isolated from any other Caribbean population. In 
contrast, Brazilian haplotypes were evenly distributed among areas 
with no structure detected across barriers.

3.2 | COI population genetic analyses

Basic genetic diversity estimates are summarized in Table 1. Most 
FST estimates among populations in different clades were signifi-
cantly high (>0.91; Table 2). Conversely, populations within clades 
shared more gene flow as indicated by their smaller FST estimates. 
Populations of Caribbean C. glaucofraenum were more similar if they 
were in the same area (i.e. within east or within west Caribbean) as 
opposed to populations from different areas (i.e. east versus. west 
comparisons; t = −2.44, df = 13, p = 0.01). Populations of both C. 
glaucofraenum and C. venezuelae from Venezuela were highly iso-
lated from all Caribbean populations, including strong isolation 
from nearby Curaçao (FST = 0.75). In contrast, most other Caribbean 
populations were genetically similar despite much longer distances 
between sites (FST = 0 – 0.20). In Brazil, the only populations that 
demonstrated significant levels of differentiation were Santa 
Catarina and Espírito Santo. Brazilian populations in the same area 
(north, central or south) were not significantly different from one 
another based on FST estimates (Wilcoxon rank-sum test; W = 50.5, 
p-value = 0.11).

3.3 | SNP filtering

Although 103 individuals were sent out for SNP genotyping, the final 
dataset included 91 samples because 12 were removed due to poor-
quality sequencing. Despite failing to meet the a priori threshold for 
<20% missing data within an individual (Table S1), the two samples 
from AR were maintained in the dataset due to their importance for 
phylogenetic analyses. Locus outlier detection (using Bayescan v.2.1 
(Foll and Gaggiotti, 2008)) revealed zero outlier loci in any of the 
pairwise comparisons (Figure S1), so all loci were retained for down-
stream analyses.

3.4 | SNP phylogenetic analyses

As with the COI tree, the Bayesian SNP tree showed strong support 
for four monophyletic clades (Figure 4). There was high support for 
the overall clade consisting of C. venezuelae, AR C. glaucofraenum and 
Brazil C. glaucofraenum with strong support for AR and Brazil being 
sister taxa. Similarly, C. venezuelae nodes were strongly supported, 
particularly for Belizean individuals, which formed a monophyletic 
clade. In contrast, samples within the Brazilian clade largely con-
sisted of a polytomy. The maximum likelihood analysis was topologi-
cally identical at all major nodes to the Bayesian tree.

3.5 | SNP population genetic analyses

Using the ΔK approach, Bayesian clustering analyses in Structure 
indicated K = 2 in Caribbean C. glaucofraenum, although the split 
does not conform to any location (Figure 5). Similarly, C. venezuelae 
individuals clustered into K = 2, which also did not appear to match 
any known barriers. Two individuals from Curaçao (C. venezuelae) 
were strongly differentiated from the remainder of Caribbean indi-
viduals. Within Brazilian C. glaucofraenum, K = 2 was the most likely 
value, which separates the two southern populations from the re-
mainder of Brazil and coincides with the Cabo Frio barrier. However, 
there was a secondary peak in likelihood that suggested K = 3 was 
nearly equally likely, separating Brazil into north (CE, RN and PE), 
central (BA, ABR and ES) and south (RJ and SC), which corresponds 
to the SEC and Cabo Frio barriers; no other levels of clustering were 
supported in Brazil. The user-generated DAPC found 20 PCs and 
one DF, while the cross-validated analysis had 12 PCs and one DF 
(Figure S2). Both DAPC results corroborated the results of Structure 
with Brazil having a K = 2, splitting the samples into northern-central 
and southern populations.

All pairwise FST estimates between populations from different 
clades ranged from 0.40 to 0.79 and were significant when N > 2 
(Table 2). No FST estimates were significant for AR C. glaucofraenum 
because of the small sample size. However, the smallest FST com-
parisons between clades were found between AR C. glaucofraenum 
and Brazil C. glaucofraenum. Within clades, FST estimates were low 
(0–0.11), but many were still significantly different from zero. In 
Caribbean C. glaucofraenum, all three pairwise comparisons of FST 
were low (0.04), while the only comparison between C. venezuelae 
populations was twice as high (0.09). In Brazil, only populations 
across putative barriers showed a significant difference from zero, 
while populations in the same region were not significantly different. 
In fact, populations across barriers showed significantly higher levels 
of FST than population pairs on the same side of a barrier (t = 4.44, 
df = 19, p < 0.001). Overall, Brazilian populations showed signs of 
limited dispersal based on the positive trend of IBD (Figure S3).

For demographic model selection using coalescent simulations, 
AIC identified Model 3 (Figure 2) as the most likely model (Table 3). 
This model suggested that an ancestral Caribbean population 
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dispersed to mainland Brazil. Once established along the Brazilian 
coast, there was an additional dispersal event to AR.

4  | DISCUSSION

In this study, we were able to demonstrate that C. glaucofraenum 
and C. venezuelae, exhibit significant genetic structure throughout 
the western Atlantic that corresponded to previously described 
biogeographic barriers. We used two informative datasets to find 
incongruence between taxonomy and evolutionary relationships. 
Overall, we identified two novel clades across the Amazon bar-
rier that are indicative of species-level genetic divergence; one 
clade was endemic to the Brazilian coast while the other was re-
stricted to Atol das Rocas (AR) off the northeast coast of Brazil. 
According to our coalescent simulations, a Caribbean population 
of C. venezuelae likely colonized Brazil first, followed by dispersal 
from Brazil to AR. In addition, several population-level barriers 
were found including an east-west Caribbean divide, isolation 
of Venezuela from the rest of the Caribbean, the cold-water up-
welling at Cabo Frio and possibly the weak barrier from the south-
ern equatorial current (SEC). These results are discussed in more 
detail below as they relate to phylogeography of marine taxa in 
the western Atlantic.

4.1 | Phylogeny and taxonomy

Even though each monophyletic clade was strongly supported, the 
relationships among these lineages were discordant between the 
SNP and COI data. The mtDNA suggests AR C. glaucofraenum and 
C. venezuelae are more closely related, but SNP data suggests AR 
C. glaucofraenum and Brazil C. glaucofraenum are more closely re-
lated. Although previous studies of coral reef fishes have suggested 
genetic connections between the Caribbean and AR due to ecologi-
cally similar environments (Lima et al., 2005; Pinheiro et al., 2018; 
Rocha et al., 2005), the relationships determined using SNPs more 
likely represent an accurate representation of the species tree for 
two reasons. First, the proximity of AR and the coast (260 km) rela-
tive to AR and the Caribbean (>2,000 km) should allow more gene 
flow to occur across a short distance. Second and more importantly, 
sampling many genes from across the genome (as was the case with 
the SNP dataset) is likely to infer a more accurate species tree overall 
and resolve homoplasy caused by either introgression or incomplete 
lineage sorting that is likely to occur when analysing only a single 
(mitochondrial) gene (Brito & Edwards, 2009).

We found the closely related Brazilian and AR lineages were 
likely formed as a result of dispersal and subsequent isolation from 
the Amazon River outflow rather than a vicariant event where 
the Amazon River restricted gene flow between a continuous 

F I G U R E  4   Bayesian and ML phylogeny of C. glaucofraenum and C. venezuelae using SNP data. Black, grey and white nodes represent 
posterior probabilities of 1.0, ≥0.95 and ≥ 0.90 respectively. Values above nodes represent bootstrap support from clades found in RAxML 
analysis. Each clade was constrained to monophyly for the MrBayes tree while only the two samples from AR were constrained in the 
RAxML tree. This approach resulted in an identical topology between the two approaches. The ML approach used concatenated loci and a 
correction bias was implemented due to using all variable sites (Lewis, 2001). A GTR + G nucleotide substitution model was implemented 
followed by 1,000 bootstraps for likelihood estimation [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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population. The Amazon River is a well-known ecological barrier for 
many marine taxa and often results in speciation for low dispersal 
organisms like C. glaucofraenum and C. venezuelae (Briggs & Bowen, 
2012; Dias et al., 2019; Floeter et al., 2008). The Amazon River likely 
intermittently restricted gene flow for the past 9 Myr due to fluctu-
ating sea levels that created or prevented dispersal corridors (Hoorn 
et al., 2017; Rocha, 2003). Based on the permeable nature of marine 
barriers, opportunities likely existed for intermittent dispersal across 
the Amazon, followed by periods of minimal gene flow that could re-
sult in speciation. Given that Brazil and AR diverged after Caribbean 
C. glaucofraenum and C. venezuelae split approximately 4.21 Myr 
(Tornabene et al., 2013), this would suggest that the Amazon barrier 

could have impacted divergence between Brazil-AR and C. venezu-
elae. This begs the question, why is AR so differentiated from the 
mainland? Several studies have suggested that endemism is caused 
by ecological differences between coastal and oceanic populations 
(e.g. Rocha, 2003; Rocha et al., 2005). Given that these fish exhibit 
a pattern of isolation-by-distance, it may be a combination of geo-
graphic distance and ecological differences that result in genetic iso-
lation of AR here. Additional morphological and ecological data are 
needed to more thoroughly differentiate these taxa.

4.2 | Caribbean biogeography

There are two synergistic hypotheses to explain why marine biodi-
versity is high in the Caribbean: 1) the Caribbean serves as a cen-
tre of origin for marine speciation in the western Atlantic (Floeter 
et al., 2008) and 2) the Caribbean serves as a centre of accumula-
tion from nearby areas (Bowen et al. 2013; Rocha et al. 2008). In 
the present study, we can deduce that dispersal occurred out of the 
Caribbean to Brazil. The majority of Coryphopterus species occur in 
the Caribbean and only three species exist outside the Caribbean. 
Indeed, the fact that C. venezuelae occur at a depth of 69m below 
sea level (Baldwin & Robertson, 2015) suggests a possible mecha-
nism for dispersing beyond the Amazon River and inhabiting the 

F I G U R E  5   Results from Structure for 
(a) Caribbean C. glaucofraenum (FL, BLZ, 
PA), (b) C. venezeuelae (CVEN BLZ and 
CVEN CUR) and Brazil C. glaucofraenum 
(CE, RN, PE, BA, AB, ES, RJ, SC) for (c) 
K = 2 and (d) K = 3 [Colour figure can be 
viewed at wileyonlinelibrary.com]
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TA B L E  3   Summary of model selection results. Model 3 has the 
highest likelihood and lowest Δi making it the best model of the 
four tested

Model
Max 
log10(Lhoodi)

No. of 
parameters AICi Δi

1 −1714.389 5 3,438.778 1,189.568

2 −1295.332 6 2,602.664 353.454

3 −1119.605 5 2,249.21 0

4 −1136.871 5 2,283.742 34.532

www.wileyonlinelibrary.com
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extensive mesophotic reef systems at the mouth of the Amazon 
River (Francini-Filho et al. 2018).

Within-clade analyses showed distinct patterns of barriers im-
pacting connectivity throughout this study. The Mona Passage 
is typically designated as the boundary between the east and 
west Caribbean, although the precise location of the barrier var-
ies among taxa (DeBiasse et al., 2016; Foster et al., 2012; Taylor & 
Hellberg, 2006). Regarding the present study, we found evidence 
for a similar division among populations of C. glaucofraenum in the 
Caribbean. While this pattern was not clear for C. venezuelae, in-
creased sampling may yield more statistical power to test this barrier. 
The clear demarcation of Venezuela from other Caribbean popula-
tions for both C. glaucofraenum and C. venezuelae, including a nearby 
population in Curaçao (C. venezuelae), has not been observed pre-
viously. However, similar isolation across short distances has been 
found in other parts of the Caribbean due to local currents (Foster 
et al., 2012; Jackson et al., 2014). Strong currents and the thin conti-
nental shelf near Venezuela may lead to larvae that are lost offshore 
resulting in low connectivity for both species near Venezuela (e.g. 
D’Agostini et al., 2015).

4.3 | Brazilian biogeography

In accordance with our prediction, two possible barriers were 
found in Brazil that genetically divide north, central and southern 
Brazil. The weaker of the two barriers separates northern from 
central Brazil and could be caused by two potential mechanisms. 
First, the São Francisco River outflow occurs in the same vicinity 
as the genetic break and has been referenced as a possible bar-
rier for Millepora fire corals and for Symbiodinium dinoflagellates 
in the scleractinian coral Mussismilia hipida (Souza et al., 2017; 
Picciani et al., 2016). Second, the genetic break occurs between 
8° and 13°S and could be due to current bifurcations. D’Agostini 
et al. (2015) found that larvae flowed in opposite directions in dif-
ferent seasons due to variability in the SEC. Although there is no 
information on Coryphopterus spawning in Brazil, multiple spawn-
ing events of C. glaucofraenum can occur over an extended time-
frame which likely overlap with the change in the SEC (Forrester 
et al., 2010).

The more evident barrier was found near Cabo Frio where the 
two southern populations (Rio de Janeiro and Santa Catarina) were 
clearly differentiated from the remaining Brazilian populations. 
Cabo Frio serves as the southern distribution limit for many taxa 
(Spalding et al., 2007) and has been known to cause differentia-
tion in crustaceans and fishes (Boschi, 2000; Machado et al., 2017; 
Santos et al., 2006). Two possible reasons for differentiation across 
the Cabo Frio barrier are 1) ecological differences across the barrier 
and 2) currents that prevent larval dispersal. First, the cold water 
and nutrient upwelling system represents an ecological transition 
from tropical coral reefs northward to warm temperate rocky reefs 
southward (Ferreira et al., 2004; Santos et al., 2006). Marceniuk 
et al. (2019) suggest this ecological transition led to hybridization 

after secondary contact between Orthopristis ruber and O. scapularis. 
Ecological transitions were also suggested to have caused tropical 
and subtropical clades to diverge in Chaetodipterus faber (Machado 
et al., 2017). Second, ocean currents may physically restrict gene 
flow between central and southern populations. There is a tendency 
for the Brazil Current to lose pelagic larvae off the continental shelf 
rather than follow the coastline and maintain connectivity between 
central and southern Brazil (D’Agostini et al., 2015; Endo et al., 
2019). The similarity in biogeographic patterns across many species 
along Brazil is intriguing and warrants further investigation among 
different taxa.

Overall, this study has demonstrated how the biogeography 
of a western Atlantic goby species complex was influenced by ge-
netic connectivity through permeable biogeographic barriers. The 
Amazon River outflow has isolated Brazilian from Caribbean lineages 
while the Brazilian oceanic reef lineage has also diverged from the 
coastal lineage. Furthermore, both COI and SNP datasets provided 
important information regarding barriers to gene flow within re-
gions. The mtDNA dataset provided widespread sampling through-
out the range of both Caribbean species which helped detect the 
east-west Caribbean barrier, whereas the SNP dataset provided 
in-depth information concerning the SEC/São Francisco and Cabo 
Frio barriers in Brazil that were undetectable using a single coarse 
marker. Lastly, coalescent simulations shed light on the processes 
that led to observed phylogeographic patterns. This study provides 
groundwork for future seascape genetics studies to evaluate how 
different oceanographic features impact geneflow among popula-
tions. We suggest additional studies be performed in the western 
Atlantic across taxa to confirm the processes at work with particular 
emphasis along Brazil's coast.
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