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In the Tropical Eastern Pacific dolphinfish (TEP) Corypahena hippurus is part of commercial, recreational, and artisanal fisheries and is also caught incidentally by the tuna purse-seine and longline fisheries. Defining the existence of differenced populations in exploited species for being considered independent management units is crucial for conservation plans. However, there is a great uncertainty about the species population genetic structure across the TEP. To investigate it and to identify possible management units for conservation purposes this study was carried out, based on two SNPs datasets of 3867 and 3220 SNPs for young of the year (YOY) and adult individuals, respectively, obtained through NGS protocols. Sampling covered the species’ range distribution in the Tropical Eastern Pacific and was structured into YOY and adult individuals in order to discard the effects of migrating individuals into sampled locations. Our results revealed slight but significant differences among locations occupying the latitudinal limits of the species distribution at transitional areas between tropical and subtropical waters. These areas are characterized by strong seasonal variations in sea surface temperature and limit the prevalence of populations in these extremes. Genetic differences also seem to be related to spatial separation of locations as the northernmost (Los Cabos) and southernmost (Peru) locations including a set of oceanic samples, showed the highest levels of genetic differentiation. Whereas were detected barriers to gene flow among spatially separated locations for YOY individuals probably related to site fidelity, clear limitations to gene flow between Mexico and Central America locations were observed probably related to oceanic circulation in the area. Design management strategies in countries where the dolphinfish is explored is of primary interest to preserve genetic resources. It is necessary to define the existence of genetic differences of populations for species that are highly dependent on environmental factors limiting its distributional range as is the case of the dolphinfish.
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1 Introduction

The dolphinfish (Coryphaena hippurus, Linnaeus, 1758) is a highly migratory epipelagic predator, distributed worldwide in tropical and subtropical waters, in temperatures above 19°C (Palko et al., 1982; Farrell et al., 2014). It is known as dorado in most Latin American countries, but it is also commonly called mahi mahi, perico, doradilla, lampuga, and palometa (Aires-da-Silva et al., 2014). The dolphinfish has a high growth rate during the first year of life, and maximum longevity has been estimated at 4 years; in addition, the species has an early maturity (50% maturity at 0.5–1 years of age), multiple spawning along the year, and high fecundity (Beardsley, 1967; Oxenford and Hunte, 1983; Uchiyama et al., 1986; Alejo-Plata et al., 2011).

In the Tropical Eastern Pacific (TEP), dolphinfish is part of commercial, recreational, and artisanal fisheries and is also caught incidentally (as bycatch) by tuna purse-seine and longline fisheries. The Food and Agriculture Organization of the United Nations (FAO) reported that during the period 2010–2019, the average annual catch of dorado worldwide was 105,754 t. During this period, Peru remained in first place for landings of this species and, together with Ecuador, contributed to more than 56% of total catches (FAO, 2020). In these countries, most of the dolphinfish landings come from artisanal longline fisheries. As a consequence, two exploratory stock assessments, potential reference points, and harvest control rules for dolphinfish in the southern Pacific Ocean have been carried out (Aires-da-Silva et al., 2016; Valero et al., 2019; Roa-Ureta et al., 2021). Moreover, in the 101st Inter-American Tropical Tuna Commission (IATTC) meeting, a resolution to conduct a stock assessment in 2026 has been adopted (IATTC, 2022). Although several countries in the Eastern Pacific, from Mexico to Chile, have access to this resource, there is a lack of an integrated regional management plan for the dolphinfish due to the great uncertainty about the status of its populations. Scientific knowledge about the number of management stocks or fishing units (subpopulations) is of vital importance for the countries involved to establish a sustainable management strategy to ensure resource viability.

Fishery management strategies determine the identification of “fish units” to guarantee the sustainable use of a stock, making it possible to obtain abundance projections closely related to the real situation of the resource. These units are usually determined based on morphology, catch data, and prospective studies in spawning areas including genetic studies. Most pelagic species, including dolphinfish, are thought to lack differentiated populations (subpopulations) due to the high capability to disperse from their natal site and because of the lack of physical and/or geographical barriers in the marine realm. Dispersal capability increases possibilities for gene flow, resulting in genetic homogeneity between spatially separated populations. In addition, life history features of dolphinfish, such as fast growth, high fecundity, and short generational times, result in large population sizes that are consistent with the absence of genetic structure (Grant and Bowen, 1998). As a consequence, for pelagic species, the effect of gene drift on populations is counteracted by their large effective population sizes (Ely et al., 2005).

Until now, genetic studies for dolphinfish in the TEP are based on mitochondrial and nuclear DNA microsatellite data and have not been conclusive in defining genetic differentiation but coincide in showing high levels of genetic variation (Díaz-Jaimes et al., 2006; Rocha-Olivares et al., 2006; Tripp-Valdez et al., 2010). However, evidence for differences between populations in the northern and southern boundaries of the species distributional range of the eastern Pacific has been detected based on microsatellite loci (Ochoa-Zavala et al., 2022). Accordingly, tagging studies in the TEP have revealed limited movements of dolphinfish individuals, suggesting the existence of regional differences related to thermal habitat utilization and displacement over time (Perle et al., 2020). Tagged individuals on the west coast of Baja California and the coast of Oaxaca remained within the region where they were tagged. However, latitudinal movements of tagged individuals from Baja California were detected, while tagged individuals off Oaxaca showed longitudinal movements. Dolphinfish is capable of performing latitudinal movements seasonally, although it is limited by physical changes in oceanic conditions (majorly sea surface temperature) (Zúñiga-Flores et al., 2008; Martínez-Rincón et al., 2015; Torrejón-Magallanes et al., 2019). Similarly, abundance peaks occur differentially across the eastern Pacific during the austral and boreal summer months, whereas on the coasts of Mexico, an abundance peak occurs during September–November. In South America waters (off the coasts of Ecuador and Peru), the highest abundance occurs during October–April (Zúñiga-Flores et al., 2008; Martínez-Ortiz et al., 2015). This may cause differentiated reproductive units for populations located in waters of both hemispheres and hence population divergence by considering the limited movements of individuals. In this context, populations inhabiting the extremes of the species range and located in transitional areas may experiment with expansion–contraction cycles due to seasonal changes in oceanographic conditions driving differences among populations, as was confirmed by Ochoa-Zavala et al. (2022). Accordingly, determining the role of the oceanographic dynamics in demographic processes at the species boundaries in promoting differentiated populations may add relevant information for species conservation in these areas.

Next-generation sequencing (NGS) protocols offer the opportunity to obtain thousands of single-nucleotide polymorphisms (SNPs; Crawford and Oleksiak, 2016; Salas et al., 2019). Such markers are particularly useful for population genetic studies in pelagic species characterized by displaying large effective population sizes that require a significant number of loci to assess low levels of population genetic structure, as is usually reported in these species (Ely et al., 2005). The adequacy of using genome-wide SNP markers in C. hippurus was pointed out in a genomic study where more than 3,000 SNPs in populations from the Mediterranean were used (Maroso et al., 2016). The main results revealed differences in the frequency of heterozygous genotypes between females and males and a weak genetic differentiation based on outlier loci between the western Mediterranean and the Atlantic, which could be related to differences in oceanographic conditions between these areas (Maroso et al., 2016; Maggio et al., 2019).

Therefore, studying highly mobile fish species requires sampling designs capable of recovering the genetic signal of individuals in their sites of origin and considering differential dispersal capabilities between sexes (Phillips et al., 2021). Particularly for the dolphinfish, our experience led us to favor a structured sampling based on different age classes (young of the year [YOY] and adults) to determine the existence of patterns of population differences and interpret them properly. Also, the use of more efficient approaches based on the application of NGS allows the massive sequencing of a large number of DNA segments in parallel with a high coverage across the genome as compared with traditional Sanger sequencing approaches (Hemmer-Hansen et al., 2014; Crawford and Oleksiak, 2016). It makes it possible to obtain more reliable results in detecting subtle genetic differences and to test the existence of population differentiation and its relationship with evolutionary and ecological processes. The identification of genetically discrete populations across the species distribution range would add relevant information for delineating regional management plans to achieve sustainable fisheries. Moreover, understanding the influence of environmental factors on delineating genetic patterns would serve to prioritize the conservation of vulnerable or key populations isolated by oceanographic barriers or demographic processes.




2 Materials and methods



2.1 Sample collection

A total of 270 individuals of dolphinfish (159 adult and 111 young of the year individuals) were collected from nine localities in the Eastern Pacific (Table 1; Figure 1; Supplementary Table 1). Adult individuals were categorized based on furcal length higher than 70 cm, while YOY individuals ranged from 30 to 69 cm. Samples were obtained from 1) the northernmost locality at the distributional species limits (Cabo San Lucas [CSL] in Mexico), 2) the southern limits of its range (Paita [PAI]) and Pucusana [PUC] in Peru), and 3) the central part of the Tropical Eastern Pacific, where the species is more abundant (Bahía Banderas [BAB] and Puerto Ángel [PAO] in Mexico, Puntarenas [PUN] in Costa Rica, and Santa Rosa [SRO] in Ecuador). We also included Oceanic (OCE) samples, which were used as a reference of spatially separated localities from the usually recorded species distribution in coastal areas from the TEP. Note that for these four areas, only adult and/or YOY individuals were included (Table 1). The muscle tissue from each specimen was preserved in 96% ethanol until DNA extraction. Total genomic DNA was isolated using the phenol–chloroform protocol (Hillis et al., 1996) and rehydrated in 50–100 μL of TE buffer.


Table 1 | Sampling locations for YOY and adult individuals collected in the Tropical Eastern Pacific.






Figure 1 | Sampling locations for young of the year (YOY) (pink diamonds) and adult (green circles) individuals of Coryphaena hippurus in the Tropical Eastern Pacific. Localities: Cabo San Lucas (CSL), Bahía Banderas (BAB), Puerto Ángel (PAO), Puntarenas (PUN), Oceanic (OCE), Santa Rosa (SRO), Paita (PAI), and Pucusana (PUC).






2.2 3RAD library protocol and SNP calling

Genomic libraries were processed following the 3RAD protocol from Bayona-Vásquez et al. (2019). In short, DNA from 270 samples was normalized to 20 ng/μL and fragmented using enzymes ClaI, BamHI, and MspI (BioLabs® Inc., Boston, MA, USA). Specific adapters for ClaI and BamHI enzymes were ligated to digested products, and the third enzyme (MspI) was used to eliminate adapter dimers and chimeras. Ligated products from each sample were purified using Sera-Mag Speed-Beads (Cytiva, Marlborough, MA, USA) and re-suspended in 20 μL of TE 1× buffer (IDT™, Integrated DNA Technologies, Coralville, IA, USA). In the elaboration of complete full-length libraries, ligated products were amplified with the primers iTru5 and iTru7 (IDT™, Integrated DNA Technologies) using 14 cycles of PCR (Bayona-Vásquez et al., 2019; Glenn et al., 2019). PCR products were purified and pooled in equimolar concentrations, generating three individual pools. Pools were size selected at a range of 500 bp ± 12% in Georgia Genomics Facility, Athens, GA. Selected fragments were amplified through a final PCR with P5 and P7 primers (Glenn et al., 2019), quantified with Qubit, and sequenced in two independent lanes in an Illumina HiSeq 2500 platform at the Oklahoma Medical Research Foundation (Oklahoma City, OK) to obtain high-quality paired-end (2 × 150) data.

The analysis process for data generated by RAD protocols could be divided into three main steps: 1) data cleaning, 2) assembly, and 3) SNP calling. For cleaning data, the paired-end reads were demultiplexed for each individual removing sequences with low quality; internal adapters were checked, and reads were trimmed to 139 bp, using procees_radtags module implemented in Stacks 2.2 (Catchen et al., 2013; Rochette et al., 2019). For assembly, the denovo_map.pl pipeline in stacks 2.2 was used (Rochette et al., 2019), which is recommended when there is no availability of a reference genome. The optimization parameters m (amount of minimum reads to form an allele), M (minimum number of mismatches among alleles to form locus), and n (minimum number of alleles to generate a catalog of locus) were defined following the recommendations of Paris et al. (2017); the details are presented in Supplementary Tables S2 and S3. Finally, the gstacks module was used for SNP calling using the default model (marukilow). Additionally, in the populations module, loci with a minimum allele frequency of 0.01 were retained, with a maximum observed heterozygosity of 0.70, to exclude paralogues and one SNP per locus to avoid linkage disequilibrium. In addition, the minimum percentage of individuals within a site required to define a locus (-r) was 80, and the minimum number of populations required to keep a loci (-p) was 5. The software VCFtools (Danecek et al., 2011) and PLINK v 1.09 (Purcell et al., 2007) were used to filter the SNPs, allowing 10% of missing data (Supplementary Table S4). Additionally, monomorphic and polymorphic sites were obtained using DNASP v.6 (Rozas et al., 2017).




2.3 Population genomic analyses

Analyses for genomic data were conducted for the full data set but also for samples separated into YOY and adult individuals. This was to ensure recovery of the genetic signal of individuals in their site of origin by sampling YOY individuals and for comparisons with adult individuals that most probably have moved from their place of origin.

To determine the presence of outlier loci (OLs) in our data, the multivariate (PCAdapt) and Bayesian (BayeScan) approaches were used. The principal component (PC) analysis (PCA) method considers loci under selection with a value of false recovery rate (FDR) equal to 0.01 in PCAdapt v.4.0.2 (Privé et al., 2020). The Bayesian approach in BayeScan v.2.1 (Foll and Gaggiotti, 2008) was used with the default settings, consisting of 20 pilot runs with 5,000 interactions, a burn-in of 50,000 steps, and sampling every 5,000 generations considering a thinning interval of 10. Finally, a data set with outlier loci for both methods was obtained for further analyses. Genetic diversity was assessed in terms of observed (Ho) and expected (Hs) heterozygosity, and allelic richness (Ar) was assessed using the “hierfstat” R package (Goudet and Jombart, 2020).

The number of clusters for genetically related individuals of dolphinfish was determined based on different approaches. First, discriminant analysis of principal components (DAPC) was performed using the “adegenet” package in R (R Core Team, 2022). In this multivariate statistical approach, the data were first transformed using a PCA, and subsequently, clusters were identified using discriminant analysis (DA). Genetic clusters cannot be defined using the K-means algorithm (Supplementary Figure S1) because the find.clusters function does not reliably work when FST is<0.1(Miller et al., 2020). DAPC was implemented using the number of sampling localities as prior (pre-defined), and groups were identified based on the differentiation pattern among localities via discriminant analysis (Jombart and Collins, 2015). After cross-validation, an optimization procedure to identify the number of principal components to be retained through discriminant analysis was performed using 90 and 120 PCs for YOY and adult individuals, respectively.

Second, individual ancestry was estimated from SNP data sets through admixture. This procedure involves the use of maximum likelihood estimates on data from multiple loci to estimate individual ancestry within the population being considered. To determine the most optimal number of populations (K), a cross-validation procedure was undertaken with hypothetical admixture runs from K = 1 to K = 10. Optimal partitioning of the population was achieved at the lowest cross-validation error.

Estimates of FST between pairs of populations were obtained using Arlequin. The significance level for multiple testing was adjusted using the Benjamini and Yekutieli (2001) correction (B-Y), as proposed by Narum (2006), by dividing the critical value of α by the sum of the number of tests according to the following formula:

	

Finally, different hypotheses of population subdivision were evaluated through an analysis of molecular variance (AMOVA) for each category (YOY and adult individuals) based on 10,000 permutations, allowing 25% of missing data using Arlequin 5.1 (Excoffier and Lischer, 2010). Samples were pooled into groups following the results from the DAPC for both YOY and adult individuals. Adult individuals most probably have left the site where they were born when they were collected, whereas YOY individuals were still found in their natal site (see Results). Alternatively, groups were tested considering the oceanographic regionalization of the Tropical Eastern Pacific as defined by Fiedler and Lavín (2017). Hence, localities were grouped into 1) OCE, 2) Northern and Central Eastern Pacific (CSL+BAB+PAO+PUN), and 3) Southeastern Pacific (SRO+PAI+PUC), the boundaries limiting the Eastern Tropical Pacific beyond the Southern Equatorial Current. These areas differ greatly in major environmental conditions such as temperature and the existence of upwelling areas according to Wilkinson et al. (2009).

The software Estimated Effective Migration Surfaces (EEMS) (Petkova et al., 2016) was used to estimate effective migration rates in a geographical context in terms of genetic dissimilarities produced by an equilibrium between gene flow and genetic drift to detect migrating corridors/potential barriers to gene flow. This method builds a triangular grid representing the habitat and each sample, its migration rate is assigned to a cell, and migration corridors and/or potential barriers to gene flow are identified through Voronoi tessellations (Petkova et al., 2016). A visual representation was obtained in colored plots with the average migration rates obtained through its posterior distribution.

Estimates of effective population size were obtained per location and identified groups using Ne-estimator software (Do et al., 2014) with the linkage disequilibrium method and considering a critical allele frequency value of PCRIT = 0.05. The upper and lower bounds of 95% confidence intervals (CIs) for estimates of Ne, to reduce the bias associated with the estimation of CI when using linkage disequilibrium, were obtained using the jackknife procedure implemented as recommended by Waples and Do (2010).





3 Results



3.1 Bioinformatic analyses

From the 270 dolphinfish individuals analyzed, 407,728 SNPs were obtained. After data filtering, allowing 10% of missing data, allele frequencies above 99%, and individuals with 40% of missing genotypes and retaining one random SNP per locus as recommended by Pearman et al. (2022), a total of 3,867 and 3,220 SNPs for YOY and adult individuals were retained, respectively (Supplementary Table S4), with an average coverage of loci between 25x and 30x (Supplementary Figure S2). In addition, no monomorphic SNPs were recovered, and different numbers of alleles were observed between YOY and adult individuals, which is usual for aquatic migratory species (Kelson et al., 2020). However, a detailed evaluation of this last result may be necessary, which is out of the scope of the present study. All individuals having SNPs were double-checked for inconsistencies. After filtering missing data were recovered using both methods, 56 OLs for adult individuals and 98 for YOY individuals, none of the OLs were found to be shared between the two age classes (highest values of FST obtained using BayeScan in Supplementary Table S5).




3.2 Gene diversity

Considering all data sets (270 individuals), gene diversity was similar across locations; the mean observed heterozygosity was 0.114 ranging from 0.109 to 0.124, while the mean expected heterozygosity was 0.125 ranging from 0.122 to 0.130 (Figure 2). Mean allelic richness was also similar with a mean of 1.25 and values ranging from 1.11 to 1.27. Similar estimates of gene diversity were observed when data were analyzed by age classes (data not shown). When using de novo assembly, it is recommended to keep one SNP per locus (which was made in the filter step) in order to diminish possible linked loci. However, to be sure that the data used did not have a bias due to linkage disequilibrium values of the association index (rd) estimated, this index is recommended when using genomic data since this method is not affected by the number of loci (Agapow and Burt, 2001). Values of rd resulted in very low estimations but were statistically significant for both YOY and adult individuals (rd = 0.000709; p = 0.001; and rd = 0.000448; p = 0.01, respectively). When testing for deviations from the Hardy–Weinberg (HW) expectations using the whole data set, significant deviations were observed for 239 and 236 loci for adult and YOY individuals, respectively. It is recommended to remove loci with HW deviations when using parametric approaches such as FST estimates (Pearman et al., 2022). However, estimates of FST and AMOVAs when removing loci with HW deviations remained similar to estimates when using the total set of loci (data not shown).




Figure 2 | Estimates of genetic diversity and inbreeding coefficient from (A) young of the year (YOY) and (B) adult individuals. Diamonds and points indicate the mean value for each location. For inbreeding coefficient, bars indicate the 95% confidence interval.






3.3 Population genetic divergence



3.3.1 YOY individuals

The DAPC based on 90 PCs that explained 80% of the variation suggested four groups: 1) Oceanic, 2) Cabo San Lucas, 3) Bahía Banderas + Puntarenas, and 4) Santa Rosa + Paita (Figure 3). The AMOVA, considering the groups defined by the DAPC (Table 2), resulted in low and non-significant differences among groups (FCT = 0.0002; p = 0.409).




Figure 3 | Clustering analysis of young of the year (YOY) individuals. (A) Scatterplot obtained from discriminant analysis of principal components (DAPC) using adegenet. Sample locations are shown as different colors, with dots representing individuals and ellipses representing 90% of variance. (B) DAPC bar plot showing the probabilities of assignment of individuals (along the y-axis) to the different pre-defined locations. (C) Admixture plot showing the ancestry of YOY samples. Individuals are represented by vertical lines partitioned into colored segments proportional to the ancestral components of the individual genome. Scheme colors are the same as in DAPC.




Table 2 | Hierarchical AMOVA using 3,867 SNPs for YOY individuals with localities pooled into regions following the results from DAPC (A) and groups based on the oceanographic regions (B) defined by Fiedler and Talley (2006).



Admixture analysis resulted in a K = 6 with a clear separation of the three localities, Oceanic, Cabo San Lucas, and Bahía Banderas; an extent of admixture was observed between Puntarenas and Santa Rosa, while Paita appeared isolated (Figure 3), in consistence with the probabilities of assignment of individuals for each different pre-defined group from the DAPC (Figure 3). The DAPC using outlier loci showed no clear separation or clusters for localities containing YOY individuals (Supplementary Figure S3). This lack of resolution is common in species with extremely low levels of population differentiation or recent population divergence (Lawson et al., 2018). As a result, the AMOVA for outlier loci was omitted.

Estimates of pairwise sample FST between locations showed highly significant differences for comparisons between Oceanic samples vs. Cabo San Lucas (FST = 0.011; p = 0.0001) and vs. Santa Rosa (FST = 0.006; p = 0.019), whereas Cabo San Lucas showed differences vs. Santa Rosa (FST = 0.008; p = 0.0007) and vs. Paita (FST = 0.009; p = 0.009) (Table 3). After correcting for multiple testing, all these comparisons remained significant (p = 0.021). When testing the AMOVA considering the groups based on the oceanographic regions (Table 2), the variance among groups was low but statistically significant (FCT = 0.004; p = 0.016). No significant differences for pairwise FST estimates were recovered at any comparison for outlier loci (Supplementary Table S6A), and no differentiation was recovered with the DAPC (Supplementary Figure S3).


Table 3 | Paired FST estimates for localities of dolphinfish in the Tropical Eastern Pacific and Peruvian region (below diagonal) and probabilities of significance (above diagonal) for (A) YOY (3,867) and (B) adult individuals (3,220).



Results from EEMS were consistent in identifying clear barriers to gene flow (Figure 4). The most spatially separated localities (Oceanic, Cabo San Lucas, and Paita) seemed isolated from the rest of the localities supporting the main differences observed for other analyses (AMOVA and DAPC). Cabo San Lucas and the Oceanic samples seemed to be isolated from the rest of the localities. Similarly, Bahía Banderas, a coastal location in Mexico, seemed to have low or no gene flow compared with that from Central America and South America. Peru (Paita) also shared low gene flow with Ecuador (Santa Rosa) and Central America (Puntarenas). This pattern of limited gene flow across the area is probably related to the general oceanography of the eastern Pacific.




Figure 4 | Posterior mean migration rates m (on the log 10 scale) for young of the year (YOY) individuals. Orange colors show potential barriers to gene flow, and blue ones correspond to potential corridors to gene flow.






3.3.2 Adults

The DAPC based on 120 PCs explained 80% of the variation for localities from Mexico (Cabo San Lucas and Puerto Ángel), Central America (Puntarenas), South America (Santa Rosa, Pucusana, and Paita), and Oceanic, using the number of sampling locations as before (Figure 5), which resulted in four groups: 1) Oceanic, 2) Cabo San Lucas + Santa Rosa, 3) Puerto Ángel, and 4) Puntarenas + Paita + Pucusana (Figure 5). The AMOVA considering the above groups (Table 4) resulted in low and statistically non-significant variance among groups (FCT = 0.0016; p = 0.157). The DAPC for outlier loci clearly separated Cabo San Lucas + Oceanic samples from Pucusana; these locations are most spatially separated at the north and south limits of the species distribution (Supplementary Figure S4A). The AMOVA using the identified groups from the DAPC for outlier loci was not statistically significant (FCT = 0.021; p = 0.087) (Supplementary Table S7A).




Figure 5 | Clustering analysis of adult individuals of Coryphaena hippurus. (A) Scatterplot obtained from discriminant analysis of principal components (DAPC) using adegenet. Sample locations are shown as different colors, with dots representing individuals and ellipses representing 90% of variance. (B) DAPC bar plot showing the probabilities of assignment of each individual (along the y-axis) to the different pre-defined locations. (C) Admixture plot showing the ancestry of juvenile samples. Each individual is represented by a vertical line partitioned into colored segments proportional to the ancestral components of the genome of the individual. Scheme colors are the same as in DAPC.




Table 4 | Hierarchical AMOVA using 3,220 SNPs for adult individuals with localities pooled into regions following the results from DAPC (A) and groups based on the oceanographic regions (B) defined by Fiedler and Talley (2006).



The analysis of admixture was consistent with a K = 7, with each location being considered a separate cluster (Figure 5). However, the most differentiated locations were those separated by the DAPC (e.g., Oceanic, Puerto Ángel, Cabo San Lucas, and Santa Rosa) (Figure 5). Admixture for outlier loci resulted in a K = 1, and no differentiated clusters were observed (Supplementary Figure S4C).

Significant pairwise-sample FST estimates were obtained for nine out of 21 comparisons following a pattern of differences between the Oceanic area and locations at both extremes (north and south) of the species distribution in the TEP (Table 3). Differences were observed for the Oceanic locality vs. Cabo San Lucas (FST = 0.013; p = 0.002), Puntarenas (FST = 0.009; p = 0.005), Santa Rosa (FST = 0.008; p = 0.024), Paita (FST = 0.011; p = 0.010), and Pucusana (FST = 0.017; p = 0.001). However, Cabo San Lucas presented differences vs. Puntarenas (FST = 0.005; p = 0.002) and Paita (FST = 0.007; p = 0.006). Additionally, Pucusana showed significant differences with Puntarenas (FST = 0.005; p = 0.003) and Paita (FST = 0.005; p = 0.034). After correcting for multiple testing (p = 0.014), only seven comparisons remained significant, but interestingly, the pattern of differences was maintained in the Peruvian localities (Paita and Pucusana). The AMOVA using the groups based on oceanographic regions according to Fiedler and Talley (2006)—Oceanic, Eastern Central Pacific, and Southeastern Pacific (Table 4)—resulted also in low and nearly significant genetic differentiation among groups (FCT = 0.0018; p = 0.068). Pairwise sample estimates of FST for outlier loci resulted in significant differences only for comparisons between Puerto Ángel and Paita, which was no longer significant after correction for multiple testing (Supplementary Table S6B). The AMOVA applied for outlier loci using the groups based on oceanographic regions resulted in non-significant differences (FCT = 0.002; p = 0.403) (Supplementary Table S7B).

The analysis using EEMS identified potential barriers to gene flow for the most spatially separated locations. Oceanic and Paita–Pucusana samples were isolated from the rest of the locations in coincidence with the pattern observed for juveniles (Figure 6). Similarly, low or null gene flow was observed between Central America (Puntarenas), Mexico (Puerto Ángel), and Cabo San Lucas. Contrastingly, migrating corridors were observed between Central America (Puntarenas) and Ecuador (Santa Rosa), but low or no gene flow was observed from these locations compared with those from Mexico and Peru (Figure 6).




Figure 6 | Posterior mean migration rates m (on the log 10 scale) for adult individuals. The orange colors show potential barriers to gene flow, and blue ones correspond to potential corridors to gene flow.







3.4 Effective population size Ne

For YOY individuals, Puntarenas (Ne = 246.7) and Bahía Banderas (Ne = 233.9) exhibited the highest Ne values with lower but similar estimates for Cabo San Lucas (Table 5). Locations with low sample sizes resulted in infinite values as in the case of the Oceanic samples (n = 10) for adult individuals and Paita (n = 8) for YOY individuals. Ne estimates for adult individuals (Table 5) resulted in similar values except for Santa Rosa and Puntarenas, which showed the highest estimates (220.4 and 179, respectively), followed by Cabo San Lucas (134.4) and Pucusana (131). Puerto Ángel and Paita had the lowest estimates (99.2 and 68.3, respectively). Therefore, populations close to the equator showed the highest estimates in coincidence of the major abundance of dolphinfish in the TEP.


Table 5 | Estimates of effective population size (Ne) of dolphinfish Coryphaena hippurus obtained for YOY (3,867 SNPs) and adult individuals (3,220 SNPs) per locality.



Ne values for locations into groups following the oceanographic regions (Table 6) resulted in similar estimates among regions for YOY (range 109.3–148.3) and adult (range 186.6–241.8) individuals. Overall, estimates were lower for YOY individuals (135.6) than for adult individuals (204.8).


Table 6 | Estimates of effective population size (Ne) of dolphinfish Coryphaena hippurus obtained for YOY (3,867 SNPs) and adult individuals (3,220 SNPs) per group following Fiedler and Talley (2006).







4 Discussion

Overall results show high levels of connectivity across locations in the study area. However, genetic differences were observed for YOY individuals among sites from the northernmost and southernmost areas seemingly related to the spatial separation of locations. This pattern was confirmed also in adult individuals by the significant differences observed between Cabo San Lucas (Northern) and the two Peruvian localities (Southern). Moreover, the Oceanic location presented differences when compared to the shoreline sample sites in the TEP. Additionally, potential corridors were observed for gene flow in tropical latitudes, where the species has a higher abundance for both YOY and adult individuals, while barriers were detected among the northern and southernmost locations. The genetic pattern detected, in particular for YOY individuals, seems to be related to the oceanographic conditions in the Eastern Pacific, especially for populations with a limited species distributional range. Dolphinfish populations are being impacted by commercial fisheries in the area with no regulations (Ochoa-Zavala et al., 2022), and because of this, our study aimed to contribute information to delineate management units for species conservation. In a recent study, low effective population size and signs of inbreeding were found in populations that are under high fishery pressure (Ochoa-Zavala et al., 2022). However, until today, a clear management plan has not been delineated for this species, and considering at least three genetic clusters (Oceanic, Northern, and Southern) in a vast geographic and complex area constitutes the first step toward the implementation of management and conservation plans (Ochoa-Zavala et al., 2022).



4.1 Gene diversity

Gene diversity of dolphinfish in the TEP was lower by half when compared to that of dolphinfish populations from the Mediterranean Sea based on 3,324 SNPs revealed by the 2bRAD protocol (Maroso et al., 2016) and notably lower than estimates obtained using microsatellite data (Tripp-Valdez et al., 2010). Estimation of population genetic parameters obtained from RADseq can vary among protocols due to unequal allele sampling during library preparation (Puritz et al., 2014). Also, usually, RADseq protocols underestimate diversity, as compared to microsatellites (Hodel et al., 2017) due to allele dropout, biasing gene diversity estimates downward due to null alleles, and PCR duplicates (Andrews et al., 2016). PCR duplicates represent a primary source of bias affecting allele frequency estimation, increasing homozygosity and hence gene diversity estimates. For most RAD protocols, no effective controls are implemented to reduce the bias on allele frequency estimation. In the present study, we used an improved RADseq (3RAD) protocol, reducing chimeras and allowing the identification of PCR duplicates (Bayona-Vásquez et al., 2019) using specific indexes for primers iTru5-8N when pooling samples. Therefore, reducing the bias resulting from PCR duplicates in allele frequency estimates increased confidence in our estimates of gene diversity. Moderate levels of heterozygosity (0.64–0.80) were estimated using microsatellite data by Ochoa-Zavala et al. (2022) along with low estimates of effective population size for dolphinfish populations in the eastern Pacific. These results were attributed to reductions in gene diversity due to commercial exploitation in this area where no regulations for quotes exist (Alejo-Plata, 2012; Guzman et al., 2015; Ochoa-Zavala et al., 2022). Reductions in gene diversity resulting from commercial exploitation have been reported for the swordfish Xiphias gladius (Yüncü et al., 2021), a cosmopolitan tropical pelagic species with similar distribution to dolphinfish and also a variety of exploited species, modifying genetic patterns usually observed in the marine realm (Allendorf et al., 2008) including a reduction in effective population size for several marine species (Pinsky and Palumbi, 2014). This may call attention to fishery managers, especially for top predator species that have recently been recognized as valuable fish resources (Pecoraro et al., 2020). Moreover, it has been estimated that fish species subjected to intense fishing pressure have less heterozygosity and low allelic richness.




4.2 Population genetic structure

Differences between the most spatially separated populations localized at the extremes of the species distribution including the Oceanic area were observed, as was previously reported for the species in the TEP based on microsatellite data (Ochoa-Zavala et al., 2022), indicating that individuals, although are able to disperse, may have limited movements at relatively small spatial scale. This pattern was recovered through genomic data for YOY individuals, which seemingly contain the genetic signal in their natal site. Those differences were less apparent for adult individuals that most probably have moved out of the site of origin, a result that is consistent with the limited movements among distant populations.

In the Mexican Pacific, tagging studies from Perle et al. (2020) have shown some extent of movements for dolphinfish individuals but mostly in short distances and were concluded to be related to seasonal surface temperature (SST) changes. In the study, where dolphinfish adult individuals were tagged using conventional and electronic tags for two locations on the coasts of Mexico (Pacific coasts of Baja California and Oaxaca), authors reported that the fish remained within the region in which they were tagged except for six individuals (out of 34 recovered) that moved between these areas. In addition, oceanographic conditions in the TEP impose restrictions on movements for pelagic species since they are highly dependent on sea surface temperature, limiting their distributional range.

As an example, in the case of dolphinfish, poleward range expansions in response to the increase of sea surface temperature have been registered during El Niño events in the Northeastern Pacific with the posterior retraction to the original range (Norton, 1999). This has been registered also for several fish and invertebrate species in the TEP in response to global change (Clarke et al., 2020).

Temperature dependence of pelagic species inhabiting tropical areas is of particular interest, as may promote genetic differences at the species distributional boundaries due to the founder effect experimented on in these areas during seasonal expansion cycles. As the sea surface increases during the summer season, populations at the species boundaries expand to suitable habitats, promoting range expansions, whereas in winter, populations shrink as SST decreases, causing expansion–contraction cycles, leaving a genetic fingerprint in these populations. These seasonal expansion–contraction cycles may result in modifications in allele composition (Buckley et al., 2010). The genetic imprint results from the reproduction of expanding individuals in the colonized areas, which consists of a small representation of the whole population’s gene diversity. Poleward range expansions beyond their usual limits reaching southern California waters in the North Pacific US coasts have been registered as a response to climate change during El Niño events (Norton, 1999).

This pattern has been scarcely explored in marine species especially in those with wide distributions due to the difficulties of sampling species at their range boundaries. In the present study, we were able to cover most of the latitudinal species’ range in the TEP and, using adult and YOY individuals and a panel of 3,000–4,000 SNPs, detected differences among the most separated locations in both latitudinal and longitudinal scales. Previous studies using sequences of mtDNA-ND1 gene did not define differences covering a similar spatial scale in the TEP (Díaz-Jaimes et al., 2006). However, using the same dolphinfish samples and microsatellite data, Ochoa-Zavala et al. (2022) were able, for the first time, to detect this pattern of genetic differences in the eastern Pacific that included genetic differences between populations at the extremes of the species’ range that were associated with oceanographic conditions. The genetic pattern reported is very similar to the one found in the present study, especially for YOY individuals, which could be explained by a combination of limited dispersal and variations in oceanographic conditions.

Demographic processes related to climatic conditions have a main role in defining the genetic architecture of populations (García-de León et al., 2018; Zhang et al., 2020; Knutsen et al., 2022). Extinction and recolonization cycles taking place within the limits of environmental tolerance for tropical marine species may modify the allele frequencies, as, at these extreme conditions, only a few individuals contribute to the gene pool after a reproductive event. Spawning at these boundaries has been reported for other pelagic species such as yellowfin tuna (Schaefer et al., 2007), the swordfish (Claramunt et al., 2009; Guzmán-Rivas et al., 2023), including the dolphinfish. In the area of Los Cabos, mature organisms are recorded throughout the year, being more frequent during the summer and autumn months (Zúñiga-Flores et al., 2011). The biggest reproductive activity reported of the dolphinfish in Peru is during the austral summer, although some authors have reported hydrated oocytes in December, February, and March (Solano-Sare et al., 2008; Solano-Sare et al., 2015; Despacho Viceministerial de Pesca y Acuicultura, 2016).

Colonization–expansion cycles bring expanding individuals under the effects of a mutation-drift process, resulting in changes in their allele frequencies faster than in the areas where the species has the major abundances (e.g., stable warm latitudes). Moreover, as this process can be favored during El Niño events, which promote the species range expansion, it probably results in adaptive selection. However, based on paired FST estimates (Supplementary Table S6), we were unable to detect consistent differences for adaptive loci, although we observed a pattern of differences associated with the spatial separation of locations only for adult individuals in the DAPC, consistent with that observed for neutral loci.

The similitude found with this study based on SNPs and that of Ochoa-Zavala et al. (2022) based on microsatellites and the lack of genetic differences for outliers support the effect of a mutation-drift process acting in the differences observed since microsatellites are mostly neutral. These cycles repeat across generations and may leave a genetic fingerprint in populations in areas where there are species boundaries. Differences caused by adaptation to heterogeneous oceanographic features may correspond to a selection-drift model. These differences can be delayed when genetic drift becomes a major factor in eliminating genetic variants because of colonization–expansion cycles; therefore, the time for selection to act in these areas in changing significantly the allele frequencies may be delayed.




4.3 Effective migration rates and Ne

Clear patterns of barriers and corridors to gene flow were observed for both YOY and adult individuals. For YOY individuals, the most spatially separated locations (Oceanic, Los Cabos, and Paita) appeared isolated from the rest of the locations, supporting the main differences observed for other analyses (AMOVA and DAPC). The general pattern points toward limited gene flow among the most separated localities determined by low-range movements and/or high residence of individuals revealed by tagging studies in the eastern Pacific combined with the oceanic circulation in the TEP. Whereas limited dispersal, especially in YOY individuals, is relevant for the genetic differences detected among spatially separated localities, barriers to gene flow between Mexico and Central America seem to be related to the oceanographic conditions between both areas.

Although tagging studies in the eastern Pacific have registered movements toward northern areas in the Mexican Pacific, those seem not to be so common (Perle et al., 2020). Similarly, a recent study using stable isotope elements (Briones-Hernández et al., 2023) in the eastern Pacific to infer dispersal of dolphinfish individuals found low dispersal for juveniles and higher dispersal in adult individuals, which is congruent with the genetic signal for YOY individuals observed in this study. Interestingly, the individuals used for this and the present study were the same except for Peru samples, highlighting the consistency of our results and pointing to a limited dispersal for juveniles and higher dispersal in adult individuals.

Similarly, oceanography in the TEP is characterized by the convergence of northern (California) and southern (Humboldt) currents at equatorial latitudes, generating a westward superficial and sub-superficial water flow and turbulence in equatorial waters (Fiedler and Talley, 2006; Kessler, 2006). These conditions may promote isolation of populations to the north and south of this convergence considering that larval drift is a major dispersal mechanism for dolphinfish populations. The barrier between oceanic and coastal samples may be related to the limited ability of adult individuals to perform movements toward oceanic areas and/or the high residence of individuals, in particular females, to remain in coastal areas (Solano-Sare et al., 2008; Solano-Sare et al., 2015).

The Ne estimates for both YOY and adult individuals resulted in lower estimates as compared to the microsatellite study of Ochoa-Zavala et al. (2022) based on microsatellites. However, for adult individuals, estimates of Ne showed similar values as those reported for other circumtropical distributed species, the pelagic Galapagos shark Carcharhinus galapagensis (Ne = 200), based on genomic data (Pazmiño et al., 2019). In contrast, our Ne estimates were slightly lower than those of the pelagic manta ray Mobula alfredi (Ne = 375; Venables et al., 2021) and the gray nurse shark Carcharias taurus (Ne = 400; Reid-Anderson et al., 2019). Even though differences in life history between teleost fish and elasmobranch result in determinants on genetic diversity levels for both groups and hence may not be fully comparable, the Galapagos shark is a pelagic species displaying a similar distribution as the dolphinfish and similar biological features as other widely distributed pelagic sharks. Waples et al. (2013) have demonstrated that larger estimates of Ne are possible in species with long ages of maturity and large generational times as in the case of elasmobranch as compared to dolphinfish.

The census size of dolphinfish populations is larger than estimates of Ne obtained here. An approximation of the census size can be obtained by considering the maximum mean catches of 80,000 metric tons for the Southeastern Pacific (Ecuador and Peru). Also considering a mean size of 100 cm for fish caught in the Pacific waters of Panama (Guzman et al., 2015), we can infer a mean weight of 8 kg per individual according to Alejo-Plata et al. (2011). With these data, we can obtain a rough estimate of the census population size of 10,000,000 individuals for the South Pacific. The Ne/Nc ratio following our estimate is 0.2 × 10−5, which is consistent with the ratio estimated for marine species (Hare et al., 2011) and a ratio also congruent with species relying on environmental conditions for reproductive success as in the case of most pelagic species. Therefore, levels of gene diversity seem to be consistent with the expectations for healthy populations subjected to an intensive exploitation regime as in the case of dolphinfish in the Southern Pacific.

Management strategies are needed to preserve the viability of populations in areas where the species is highly impacted through fisheries in the Southeastern Pacific, even more when discrete populations have been identified in the northern and southern limits of the species range and migrating corridors have been detected between neighboring populations, maintaining the links between populations and adequate levels of gene diversity.
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