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Genetic diversity assessment for the
vulnerable migratory cownose ray
Rhinoptera bonasus (Myliobatiformes:
Rhinopteridae) from the southwestern
Atlantic Ocean
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Rhinoptera bonasus is a bento-pelagic and highly migratory species occurring
from southern United States to northern Argentina. Due to overfishing effects,
R. bonasus is currently at risk, classified by the IUCN Red List as vulnerable.
Considering the lack of molecular data available for R. bonasus, this study aimed
to describe the genetic variability and population structure of specimens sampled
from three Brazilian coast ecoregions (Amazon ecoregion, Pard; Northeastern
ecoregion, Pernambuco and Southeastern ecoregion, Rio de Janeiro, Sio Paulo
and Santa Catarina), through five polymorphic microsatellite markers. Here testing
the panmixia hypothesis for Brazilian ecoregions and test natal philopathy. A total
of 69 analyzed specimens revealed individual and significant genetic differentiation
between the sampled locations. ¢, (0.12), PCA, DAPC and Bayesian analyses of
the genetic population structure revealed at least two distinct genetic R. bonasus
groupings. IBD tests were significant, indicating a correlation between genetic and
geographical distance among populations, which can be explained by reproductive
philopatric behavior. Philopatric behavior associated with R. bonasus mobility may
influence the differentiation values observed for all loci in the investigated samples.
Keywords:  Conservation, Conservation Endangered
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Genetic diversity of Rhinoptera bonasus in Brazil

Rhinoptera bonasus é uma espécie bento-peligica e altamente migratoria, que
ocorre do sul dos Estados Unidos ao norte da Argentina. Devido aos efeitos da
sobrepesca, R. bonasus estd atualmente em risco, classificada pela Lista Vermelha
da IUCN como vulnerivel. Considerando a falta de dados moleculares disponiveis
para R. bonasus, este estudo teve como objetivo descrever a variabilidade genética
e estrutura populacional de espécimes amostrados em trés ecorregides do litoral
brasileiro (Ecorregiﬁo Amazonica, Pard; Ecorregido Nordeste, Pernambuco e
Ecorregiio Sudeste, Rio de Janeiro, Sio Paulo e Santa Catarina), por meio de cinco
marcadores microssatélites polimérficos. Assim, testaremos as hipdteses de panmixia
e filopatria natal. Um total de 69 espécimes analisados revelou diferenciagio genética
individual e significativa entre os locais amostrados. As anilises de @ (0,12), PCA,
DAPC e Bayesiana revelaram pelo menos dois agrupamentos genéticos distintos de
R. bonasus. Os testes de IBD foram significativos, indicando uma correlagio entre a
distincia genética e geogréfica entre as populagdes, o que pode ser explicado pelo
comportamento filopétrico reprodutivo. O comportamento filopatrico associado 2
mobilidade de R. bonasus pode influenciar os valores de diferenciagio observados
para todos os loci nas amostras investigadas.

Palavras-chave: Conservagio, Espécie em perigo, Filopatria, Genética da
conservacgao, Microssatélite.

INTRODUCTION

Sharks and rays are overexploited by overfishing, due to unsustainable fishing activities
aimed at obtaining the meat and fins of these animals. Furthermore, due to their
K-selected life history strategy, such as late sexual maturity, low fertility, slow growth
and prolonged gestation (Dulvy e al., 2014), several species will sufter population
declines in the near future. In addition, several species are categorized as under high
threat or facing extinction according to the International Union for the Conservation
of Nature (IUCN) red list of threatened species (I[UCN, 2021).

Myliobatiformes form one of the largest batoid groups, comprising 12 families, six
subfamilies and 64 genera, totaling about 242 species (Fricke ef al., 2021). This group
exhibits a worldwide distribution, inhabiting both marine and freshwater environments
(Dulvy et al., 2014). Among this group, cownose rays (Rhinopteridae Family) display
benthopelagic habits, inhabiting both continental shelves, the vicinity of offshore
islands and bays and estuaries (Fisher ef al., 2013). These rays are migratory, presenting
significant dispersion and a wide distribution in temperate and tropical regions, usually
occupying coastal areas (Collins ef al., 2008; Goodman et al.,, 2011; Ogburn et al., 2018).

The cownose ray Rhinoptera bonasus (Mitchill, 1815) is a highly mobile, batoid ray
that occurs in temperate and tropical coastal waters from the New England in the
United States to northern Argentina (Last ef al., 2016). Females reach sexual maturity
between seven and eight years old, and males, between six and seven, with a gestation
period lasting from 11 to 12 months, followed by the birth of one embryo a year (Fisher
et al., 2013; Fisher et al., 2014). Ogburn et al. (2018) using acoustic telemetry to track
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tagged in female and male of R. bonasus in US Atlantic coast, detected movements
migratory between summer pupping and mating habitats in estuaries, with strong
philopatry behavior.

Rhinoptera bonasus is currently categorized as vulnerable (VU) (Carlson ef al., 2020a)
by the IUCN red list, as it undergoes significant fishing pressures, often captured as
bycatch in trawling fisheries (beach seine, simple and double trawling) and gillnets
(Fisher et al., 2013), however, due to the high morphological similarity with the
vulnerable Brazilian cownose ray Rhinoptera brasiliensis Miiller, 1836 (Carlson ef al.,
2020b), as a result, fishing indices off the coast of Brazil may be flawed.

Notably, despite the wide geographic distribution of R. bonasus, a lack of information
concerning the genetic population diversity of this species is noted. Effective conservation
of threatened species requires accurate taxonomic classification, information on their
life histories, distribution and genetic diversity information (Moyle et al., 2013), which
is paramount for the development of regulatory programs assisting in the recovery of
endangered species (Sellas er al., 2015).

In this context, considering the significant deficiency of molecular data available
for R. bonasus, the present study aimed to describe the genetic diversity of this species,
for three Brazilian ecoregions, the Amazon (Pard — PA), Northeastern (Pernambuco
— PE) and Southeastern (Rio de Janeiro — RJ; Sdo Paulo — SP and Santa Catarina —
SC) ecorregions, through five microsatellite nuclear markers, thereby, testing the (1)
panmixia hypothesis for Brazilian ecoregions and (2) test the in order to assess the natal
philopatry potential of the species in the southwestern Atlantic Ocean.

MATERIAL AND METHODS

The specimens analyzed in this study were obtained by professional fishers or donation
from other researchers from five states of Brazil, defined for ecoregions based in
Spalding ef al. (2007) and Bernardino e al. (2015), South Western Atlantic region, from
Amazonic ecoregion (Pard — PA), Northeastern ecoregion (Pernambuco — PE), and
Southeastern ecoregion (Rio de Janeiro — R], Sio Paulo — SP and Santa Catarina — SC)
(Fig. 1). The samples collected by artisanal fishers, a small fragment of muscle tissue
was removed from each individual and preserved in of muscle tissue (~1.0 cm?) were
extracted and deposited in the collection of the UNESP Laboratory of Fish Biology and
Genetics (LBGP) in Botucatu, Sio Paulo, Brazil and preserved in 96% ethanol at -18°C
(Tab. S1).

Total DNA was extracted from muscle tissues following the protocol proposed
by Ivanova et al. (2006). Polymerase Chain Reactions (PCR) were performed in a
thermocycler (Applied Biosystems) following the protocol proposed by McDowell,
Fisher (2013). Fragment analysis was performed using an ABI 3130X1 Genetic Analyzer
sequencer (Applied Biosystems™), and genotyping was done with the program
Genemapper v. 4.0 (Applied Biosystems, Foster City CA, USA).

The polymorphism information content (PIC) was obtained by the CERVUS v3.0
program (Marshall ef al., 1998). Analyzes for estimating the observed heterozygosity
(H,), expected heterozygosity (H,), number of alleles per locus (A), number of private
alleles (Ap), inbreeding coefficient (F,), total genetic diversity (F,,) and the Hardy-
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FIGURE 1 | Map of sampling sites of Rhinoptera bonasus in the Brazilian coast. South Western Atlantic
region, from Amazonic ecoregion (Para — PA), Northeastern ecoregion (Pernambuco - PE), and
Southeastern ecoregion (Rio de Janeiro — RJ, Sdo Paulo — SP and Santa Catarina — SC). Numbers in
parenthesis indicate number of samples. Red markers illustrate nursery regions described for rays

species (Yokota, Lessa, 2006; Feitosa et al., 2017; Rangel et al., 2018; Silva, Vianna, 2018).

Weinberg Equilibrium (HWE) were performed using the GENEALEX v6.5 (Peakall,
Smouse, 2012). We calculated the same estimates average (number of alleles and number
of private alleles per locus), using rarefaction in order to account for differences in
sample size using the HP-Rare program (Kalinowski, 2005).

Linkage disequilibrium was tested between all pairs of loci with 10,000 permutations,
using the GENEPOP 4.2 (Rousset, 2008). Contemporary effective population size
(Ne) was estimated with NeESTIMATOR v2 (Do et al., 2014), using the linkage
disequilibrium-based and the molecular coancestry methods based on the microsatellite
data.

Pairwise F . (Weir, Cockerham, 1984) and R . (Slatkin, 1995; Gemmell er al., 1997)
values were estimated among all populations within species to determine the degree of
genetic differentiation using ARLEQUIN 3.5 (Excoffier, Lischer, 2010). The statistical
significance index was determined by non-parametric testing with 10,000 permutations
(Excoffier, Lischer, 2010). In addition, a hierarchical Analysis of Molecular Variance
(AMOVA) (Excoftier et al., 1992) was conducted to examine the genetic diversity
within and among populations using Arlequin 3.5 (Excoffier, Lischer, 2010) and the
statistical significance was assessed using 10,000 permutations. Eight distinct scenarios
of population structure of Rhinoptera bonasus were tested according to different locations
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analyzed, grouped into scenario one: (SC + SP + R] + PE) vs. (PA), scenario two: (SC +
SP + R]) vs. (PE + PA), scenario three: (SC + SP + R]) vs. PE vs. PA, scenario four: (SC +
SP) vs. R] vs. (PE + PA), scenario five: (SC + SP) vs. R] vs. PE vs. PA, scenario six: SC vs.
(SP + R]) vs. (PE + PA), scenario seven: SC vs. SP vs. R] vs. (PE + PA) and scenario eight:
SC vs. (SP + R]) vs. PE vs. PA.

To summarize the patterns of variation the principal coordinate analysis (PCA) was
also performed using GenAlEx version 6.5 software (Peakall, Smouse, 2012) based on
the matrix of pairwise Nei’s genetic distance (Nei, Takezaki, 1983). A multivariate
approach, Discriminant Analysis of Principal Components (DAPC) (Jombart et al.,
2020) was applied, as implemented in R-package ADEGENET v.2.1 (Jombart ef al.,
2020). The cross-validation function xval-Dapc was used to set the number of principal
components to 50 (Jombart, Ahmed, 2011). Cluster assignments were pre-defined to
correspond to a priori defined collect locations. Bayesian clustering for microsatellites
loci was also used to assess population relatedness and gene flow, using the program
STRUCTURE v 2.3.4 (Pritchard et al., 2000). The Markov chain Monte Carlo (MCMC)
was run for 1 million generations, with an initial burn-in of 10% steps discarded, and 20
interactions of each K and the admixture model. The K values were selected using the
delta K (Evanno ef al., 2005) method described by (Earl, vonHoldt, 2012) in Structure
Harvester (https://taylor0.biolo gy.ucla.edu/structureHarvester/).

Gene flow was estimated by calculating the direction relative migration rate, assuming
asymmetric bidirectional gene flow, using the divMigrate function (Sundqvist ef al.,
2016) of the package diveRsity (Keenan e al., 2013), based on effective number of
migrants (Nm) (Alcala ef al., 2014). The statistical significance of directional migration
was calculated on the basis of 1000 bootstraps.

Contemporary effective population size (Ne) was estimated with NeESTIMATOR
v2 (Do et al.,2014), using the linkage disequilibrium-based and the molecular coancestry
methods based on the microsatellite data. In order to detect recent bottlenecks or
expansions in each population we used the program BOTTLENECK 1.2.02 (Piry er
al., 1999), using two tests: “Sign test” (Cornuet, Luikart, 1996) and the Wilcoxon sign-
rank test” (Luikart ef al., 1998), both based on the Infinite Alleles Model (IAM), Stepwise
Mutation Model (SMM) and Two-Phase Model (TPM), with a P-value < 0.05. Isolation
by distance (IBD) by a Mantel test, was tested by computing the regression of F,/1-F .
on geographic distances and the level of significance determined by performing a test
with ISOLDE in GENEPOP 4.2 (Rousset, 2008) based on 1000 randomization.

RESULTS

A total of 69 Rhinoptera bonasus individuals were genotyped at five microsatellite loci.
No evidence of null alleles was observed. All comparisons indicate that the investigated
loci were not in linkage disequilibrium after global and population-specific analyses (p>
0.05). The five microsatellites were proven suitable for the identification of R. bonasus
polymorphisms, comprising four to 12 alleles, with polymorphic information content
(PIC) ranging from 0.108 to 0.711 and the highest value associated with the Rbon_56
locus (Tab. S$2). Additionally, observed (H,) and expected (H,) heterozygosities
presented average values of 0.336 and 0.382, respectively (Tab. S2), exhibiting the
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lowest value in Rbon_41 (0.110, 0.137) and the highest in Rbon_56 (0.680, 0.733).
Furthermore, the inbreeding coefficients (F,y) for four of the analyzed loci exhibited a
heterozygosity deficit, with the exception of Rbon_52 (-0.048). The mean value for all
loci was of 0.144, p<0.008. The F,, ranged from 0.129 (Rbon_56) to 0.507 (Rbon_30),
and the F_ for all loci was significant, with an average F . = 0.200 (Tab. $2). In addition,
no loci deviated from Hardy—Weinberg equilibrium expectations.

The diversity estimators indicate that the number of alleles per locus (A) are similar
among localities, except for Sio Paulo, which presented the highest value (A = 4.2)
(Tab. 1). In addition, 17 private alleles (Ap) were identified for all sampling areas, most
for the state of Sdo Paulo (Ap = 8), though the estimates average based on rarefaction
were extremely low, the values for a estimate ranged from 1.85 in Pard to 2.22 in
Pernambuco, for the estimative Ap, ranging from 0.08 in Santa Catarina to 0.43 in
Pernambuco.

H, was slightly higher than H | in most localities, indicating a heterozygosity deficit
among the investigated samples. A positive inbreeding coefficient (F,) was observed,
except for Pard, with H, = 0.3916, H, = 0.3830 and F, -0.0465 (Tab. 1). The overall
effective numbers (Ne) estimated for R. bonasus for all sampling sites combined was of 302
(35-), with populations ranging from 1.8 (Santa Catarina) to % (Sdo Paulo) (Tab. 1).

The pairwise F . indicated significant values for both Sio Paulo and Par4 (0.1536) and
Rio de Janeiro and Par4 (0.2788), whereas the pairwise R, did not result in significant
values (Tab. S$3). The pairwise F, and R, indices demonstrated no consistent genetic
structuring concordance among sampling sites. Interestingly, when analyzed F, and
R, pairwise by ecoregions, the results of F . were significant between Amazonic
ecoregion (Pard — PA) and Southeastern ecoregion (Rio de Janeiro — RJ, Sio Paulo — SP
and Santa Catarina — SC) (Tab. S3).

A global AMOVA analysis of the 69 R. bonasus individuals revealed significant genetic
heterogeneity (@ST =0.12; p < 0.05, Tab. S4). A hierarchical AMOVA was performed
considering a hypothetical population grouping, with the variance components
associated with each scenario as the result of the variations observed within populations
(86.64-93.76%), and simulations were conducted with populations grouped in eight
scenarios, revealing a significant genetic variance @ for six scenarios (Tab. S4).

The clustering pattern of the principal component analysis (PCA) based on Nei’s
genetic distance (DA) indicated that the first axis was responsible for 74% of the
molecular data variance, followed by 13% explained by the second axis, where the Par4

TABLE 1 | Genetic diversity indices of the five microsatellite loci for Rhinoptera bonasus. n: number of individuals analyzed, Na: number of

alleles. A: number of alleles per locus and Ap: number of private alleles, in parentheses is the same estimates average based on rarefaction;

H,: observed heterozygosity, H,: expected heterozygosity, F,;: inbreeding coeficiente, Ne: effective population size based on the molecular

coancestry method; 95% CI: Single standard deviation with 95% confidence interval, % PL: percentage of polymorphic loci.

_—---“--- 55% CI

Santa Catarina

Sdo Paulo 85
Rio de Janeiro 9
Pernambuco 8
Para 6

2.4 (1.86) 1(0.08) 0.2400 0.3871 0.3953 0.7-3.5 100%
21 4.2.(2.07) 8(0.25) 0.3828 0.4485 0.1333 €] 20—00 100%
14 2,8(2.02) 3(0.29) 0.3784 0.5095 0.2756 13.1 0.0-65.8 80%
17 3,4 (2.22) 3(0.43) 0.4392 0.4676 0.0685 15.6 0.0-78.5 100%
13 2,6 (1.85) 2(0.41) 0.3916 0.3830 -0.0465 5.8 0.0-29.1 80%
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distinctly separated from the other geographic populations (Fig. 2). At least two main
clusters were identified by the DAPC analysis (Fig. 3) and a subdivision was observed.
Individuals from Santa Catarina, Sdo Paulo and Pernambuco were most closely grouped,
while the Rio de Janeiro group was established a little more to one side and the Para
group was more isolated from the other clusters. The structure analysis conducted under
the admixture model and K = 1-6 populations indicated a highest likelihood (In(P)D) in
a population structure of K = 2 (-2113.46+0.079) (Fig. 4).

oR

PC2 (13%)
&
L J

SC’

PC1 (74%)
FIGURE 2 | Principal component analysis (PCA) analysis based on Nei distances using five Rhinoptera
bonasus microsatellite markers. Collection areas: Santa Catarina (SC, red), Sdo Paulo (SP, green), Rio de

Janeiro (RJ, blue), Pernambuco (PE, orange) and Para (PA, black).

PCA eigenvalues DA eigenvalues

FIGURE 3 | Discriminant Analysis of Principal Components (DAPC) scatterplots for the five Rhinoptera bonasus microsatellite genotypes.

Dots represent individuals, whereas coloured ellipses correspond to geographical populations. Collection areas: Santa Catarina (1, red), Sdo

Paulo (2, green), Rio de Janeiro (3, blue), Pernambuco (4, orange) and Para (5, black).
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FIGURE 4 | Bayesian clustering evidenced by STRUCTURE with K = 2. A vertical bar represents

each individual, and the length of each bar indicates the probability of membership in each cluster.

Collection areas: Santa Catarina (SC), Sdo Paulo (SP), Rio de Janeiro (R]), Pernambuco (PE) and Para (PA).
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FIGURE 5 | Contemporary relative migration rates of Rhinoptera bonasus based on number effective
of migrants (Nm) estimated from 5 microsatellite loci, estimated by divMigrate package. The arrows
were weighted according to number of migrant values presented in S5, and arrowheads show the

estimated direction of gene flow. Collection areas: Santa Catarina (1), Sdo Paulo (2), Rio de Janeiro (3),

Pernambuco (4) and Para (5).

Although no significant asymmetries were detected, relative pairwise migration and
gene flow demonstrated a directional connectivity pattern among Santa Catarina, Sio
Paulo, Rio de Janeiro and Pernambuco, except Pard which showed the lowest values
of gene flow, with rates of immigration ranging from 0.026 (Rio de Janeiro) to 0.179
(Sdo Paulo), and rates of emigration ranging from 0.061 (Rio de Janeiro) to 0.185
(Pernambuco) (Fig. 5; Tab. S5).
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The recent population size reduction (bottleneck effect) test demonstrated a significant
excess heterozygosity applying the infinite alleles model (IAM), two-phase model
(TPM) and the stepwise mutation model (SMM), in the Sign test for Pard, indicating the
occurrence of past bottlenecks. Sio Paulo and Pernambuco also presented significant
excess of heterozygosity based on the SMM (Sign test) (Tab. S6). The Mantel test using
the microsatellite data demonstrated a correlation between geographic distance and
fixation index values (R* = 0.1472) with P = 0.001, respectively.

DISCUSSION

The present study assessed the genetic diversity and population genetic structure of
cownose ray Rhinoptera bonasus populations sampled oft the Brazilian coast using five
microsatellite markers. The results show a moderate genetic diversity and a significant
genetic structure was detected, demonstrating the presence of at least two regional
management units, the first comprising Santa Catarina, Sio Paulo, Rio de Janeiro and
Pernambuco and the other, Par, thus rejecting the panmixia hypothesis.

Genetic diversity. The allelic variability level of the evaluated microsatellites in R.
bonasus was of four, at 12 allelles per locus, considered moderate when compared to
another marine ray, Dipturus trachyderma (Kreftt & Stehmann, 1975), which presented
from two to six (Vargas-Caro et al, 2017), and similar to Bathytoshia brevicaudata
(Hutton, 1875), with two, at 15 alleles per locus (Le Port ef al., 2016) and Dipturus
chilensis (Guichenot, 1848), with four, at 10 allelles per locus (Vargas-Caro et al., 2017).
Observed and expected heterozygosity estimates were similar across the four sampling
localities, and all presented lower than expected values. However, the rarefaction is an
approach used to produce comparable estimates of the number of alleles and number
of private alleles in populations with varying sample sizes, if we compare the same
rarefied estimates, the data found in this study are the lowest ever reported for rays.
A proportion of alleles were identified as private alleles (17) across all localities, with
the highest number of private alleles were observed in Sio Paulo (8), thereby, after
rarefaction, the highest value was in Pernambuco.

Compared to other endangered rays species, the overall effective population size (Ne)
for R. bonasus was modest (302), similar to that reported for the Sawfish smalltooth
sawfish Pristis pectinata Latham, 1794 from the Gulf of Mexico, classified as Critically
Endangered (Carlson er al., 2013), ranging from 250 to 350 (Chapman er al., 2011).
In contrast, Aetobatus narinari (Euphrasen, 1790) from the Gulf of Mexico and coastal
Atlantic waters off the United States, classified as near threatened (Kyne et al., 2006),
presented a high value of 1.893 (Newby er al., 2014). Notwithstanding, the results of
this study should be carefully evaluated, as the sample size at some locations was low
and could affect these estimates. Even so, estimating the Ne of endangered populations
and species is paramount, as loss of genetic diversity is unavoidable in small populations
(Newby er al., 2014).

In this study, although we did not observe a heterozygosity deficit for the Pard
locality (HO =0.3916,H, = 0.3830), the results on population reduction indicate genetic
bottleneck effects for the Para locality in both models used (IAM, TPM and SMM)
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(Tab. 1; Tabs. S2 and S6). However, we carefully emphasize these identified results,
given the low sample size analyzed for this region. Although the genetic variability
of a population is usually measured in terms of average heterozygosity, it is important
to know the number of alleles per locus, as if this number is drastically reduced after
a population goes through a bottleneck, the adaptability of this population may be
limited, even if heterozygosity remains high (Nei, 2005; Poirier ef al., 2019).

Information that corroborates the small number of alleles per locus and the reduction
of heterozygosity by loci observed in this study for the Pard locality (Tab. 1; Tabs. S2
and $6), are also found by Schultz et al. (2008), who identified recent bottleneck effects
for a population of the species Negaprion acutidens (Riippell, 1837) in French Polynesia,
even though there was no deficit in heterozygosity (H, = 0.45, H, = 0.44), but low
allelic diversity. The locations of Sio Paulo and Pernambuco showed significance
for a possible bottleneck effect according to the SMM model, where we observed a
deficit of heterozygosity, number of alleles and polymorphism per loci (Tab. 1; Tabs.
S2 and S6). The excess heterozygosity observed for the Pari locality can be explained
by the possible retention of genetic variability mediated by evolutionary forces, such as
balancing selection, strong enough to contain the effects of drift (Aguilar er al., 2004;
Fisher et al,, 2021).

Population structure. Different studies have been carried out in the last decade
involving biological cownose ray aspects, such as age, growth, reproductive and
migration patterns, along the US Atlantic coast (Fisher e al., 2013; Ogburn ef al., 2018).
Several studies report migrations between summer habitats in estuaries south of Long
Island for breeding and winter habitats along the coast of Florida for feeding, indicating
concentrated ecological interactions in the spring and fall migrations (Ogburn et al.,
2018).

Our results indicate a population structure with significant F. in two pairwise
analyses (p <0.001), between Sdo Paulo and Pard and between Rio de Janeiro and Pari,
with a non-significant pairwise fixation index R, between all sampling areas.

Interestingly, the F-statistics (&, estimates) generated by the AMOVA revealed
significant genetic heterogeneity (p < 0.05), with a significant genetic variation partition
into six group within the eight tested scenarios. The microsatellite population-level
based differentiation and PCA, DAPC, STRUCTURE analyses indicate that a moderate
restricted genetic connectivity is present in the Amazon ecoregion (Para) when compared
to the genetic connectivity observed between the Northeastern (Pernambuco) and
Southeastern (Rio de Janeiro, Sio Paulo and Santa Catarina) ecoregions, indeed, these
data were corroborated by the analysis of gene flow, we observed high levels of gene
flow between Santa Catarina, Sio Paulo, Rio de Janeiro and Pernambuco, but with
low gene flow between Pard and others areas. Furthermore, reinforcing all the analyzes
performed, the F, pairwise analyzed by ecoregion was significant between Amazonic
ecoregion (Pard — PA) and Southeastern ecoregion (Rio de Janeiro — RJ, Sio Paulo — SP
and Santa Catarina — SC.

In general, the combined population-level analyses outcomes suggest the possibility
of ecological, oceanographic, or behavior barrier dispersion strong enough to restrict
the connectivities between the sampling areas. The Brazilian coastline comprises
approximately 8,000 km, featuring different marine ecoregions and boasting of highly
productive and dynamic areas (eg., coral reefs, estuaries, mangrove forests) (Moura
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et al., 2016), which vary from place to place, and may include isolation, upwelling
events conditions, nutrient inputs, freshwater influxes, topography, temperature and
sediment conditions, all of which may exert direct and indirect pressure on marine
species populations.

The values detected by the fixation indices between the analyzed areas can reflect
the different environments that these populations occupy. For example, in the Amazon
ecoregion, where the Amazon River joins the saline waters of the continental shelf, a
plume comprising the low salinity and turbid water masses that persists both temporally
and spatially and extends for many kilometers is noted (Grodsky er al., 2014). The
Northeastern ecoregion is characterized by a semi-arid climate undergping a discreet
freshwater input from local rivers, and exhibiting a topographic barrier close to the
Archipelago of Fernando de Noronha ecoregion and the Sio Pedro and Sio Paulo
islands ecoregion (Castro Filho, Miranda, 1998). The Southeastern ecoregion presents a
heterogeneous environment, with lagoons and a minor archipelago off the coast of Rio
de Janeiro state (Gonzalez-Silveira ef al., 2004), presenting less saline waters due to the
mixing of the Brazil Current with coastal waters, as well as the Cabo Frio Magmatic
Lineament, located in the Cabo Frio area (Zal4n, Oliveira, 2005).

Another hypothesis that could explain the findings reported herein is the fact the
cownose rays exhibit strong behavior philopatry with onsite reproductive fidelity
(Ogburn et al., 2018), as reported in studies concerning for different taxonomic ray
groups (Flowers ef al., 2016), Pristis pristis (Linnaeus, 1758) (Feutry ef al., 2015), A.
narinari (Sellas et al., 2015), B. brevicaudata (Le Port et al., 2016) and Neotrygon kuhlii
(Miiller & Henle, 1841) (Borsa et al., 2012).

Concerning the Brazilian coast, four nursery regions are reported for rays, one for
P, pectinata in the northern region of the Maranhdo Amazon coast (Feitosa ef al., 2017),
another for R. bonasus and 11 other elasmobranch species in the state of Rio Grande
do Norte, in the Brazilian northeast (Yokota, Lessa, 2006), and two nursery regions
in southeastern Brazil, one in Rio de Janeiro, for Gymnura altavela (Linnaeus, 1758)
(Silva, Vianna, 2018) and one in Bertioga, Sio Paulo, for R. bonasus (Rangel et al.,
2018). Therefore, we believe that individuals from Pard may use the Maranhio nursery,
while individuals from Pernambuco may use the Rio Grande do Norte nursery, and
individuals from Santa Catarina, Sio Paulo and Rio de Janeiro, tend to return to the Sio
Paulo nursery or other still unidentified nursery regions for reproduction.

In addition to a restricted genetic connectivity among R. bonasus populations from
the Brazilian coast, the IBD test results suggest that individuals do not disperse over long
distances, similar as observed to some shark species from the Atlantic Ocean, such as the
lemon shark Negaprion brevirostris (Poey, 1868) (Ashe et al., 2015) and the scalloped
hammerhead Sphyrna lewini (Griffith & Smith, 1834) (Pinhal ef al., 2020), in which
reproductive philopatric behavior is used to explain IBD results. Therefore, reproductive
philopatric behavior is probably one of the main factors driving the observed R. bonasus
population subdivision.

The present study indicates that the coastal ray R. bonasus exhibits a significant
genetic differentiation between the sampled locations throughout the Brazilian coast
through microsatellite marker analyses. Knowledge in this regard is important not only
to understand the population structure of the species, but also to determine management
unit conservation activities and the priorities of actions that must be taken for all R.
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bonasus geographic distribution regions. Therefore, future studies should include a

broad sampling effort along the northern coast of Brazil, mainly in the states of Amap4

and Maranhio, in order to shed new light on the philopatry of the Pard R. bonasus

population. Furthermore, the evidence of new genetic stocks is critical to reinforce

conservation polices for this vulnerable species.
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