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Temporal genetic monitoring of juvenile 
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The Atlantic goliath grouper, Epinephelus itajara, is Critically Endangered in 
Brazil and relies on mangrove habitats as nurseries. It is extremely vulnerable to 
overfishing; however, long-term genetic assessments remain scarce, leaving a gap 
in our understanding of population dynamics. We assessed the genetic variation 
of 126 juveniles collected in 2013, 2015, 2018, and 2022 using 18 microsatellite 
loci. Thirteen loci were polymorphic, with allele numbers ranging from 3 to 
17. The average observed (Ho) and expected (He) heterozygosity were 0.706 
(0.556–0.897) and 0.710 (0.524–0.890), respectively. There were no significant 
differences in He, FIS, and FST. The effective population size (Ne) was estimated 
at 413.3 (95% CI: 260.8–897.1), suggesting potential risks to the species’ long-
term viability. AMOVA indicated that 99.64 % of total genetic variation 
corresponded to differences within individuals, while the Bayesian clustering 
analysis indicated that all individuals had mixed ancestries. The relatedness 
analysis identified a notable number of sibling relationships, suggesting a 
reduced spawning stock. Our results suggest that due to the species’ long-life 
span, shifts in the population structure and genetic diversity are unlikely to 
be reflected within this sampling period. This highlights the importance of 
continuous monitoring and maintaining the fishing ban to protect the species.
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Relatedness.
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O mero, Epinephelus itajara, está Criticamente Em Perigo no Brasil e depende 
dos habitats de manguezais como berçários. Ele é extremamente vulnerável à 
sobrepesca; no entanto, avaliações genéticas de longo prazo continuam escassas, 
deixando uma lacuna em nossa compreensão das dinâmicas populacionais. 
Avaliamos a variação genética de 126 juvenis coletados em 2013, 2015, 2018 
e 2022, utilizando 18 loci microssatélites. Treze loci foram polimórficos, com 
o número de alelos variando de 3 a 17. Os valores médios de heterozigosidade 
observada (Ho) e esperada (He) foram 0,706 (variação: 0,556–0,897) e 0,710 
(variação: 0,524–0,890), respectivamente. Não houve diferenças significativas 
em He, FIS e FST. O tamanho efetivo da população (Ne) foi estimado em 413,3 (IC 
95%: 260,8–897,1), sugerindo riscos potenciais para a viabilidade a longo prazo da 
espécie. A AMOVA indicou que 99,64% da variação genética total correspondeu 
a diferenças dentro dos indivíduos, enquanto a análise de agrupamento Bayesiana 
indicou que todos os indivíduos apresentaram ancestrais mistos. A análise de 
parentesco identificou um número notável de relações de irmandade, sugerindo 
um estoque reprodutivo reduzido. Nossos resultados sugerem que, devido a 
longa expectativa de vida da espécie, mudanças na estrutura populacional e 
na diversidade genética provavelmente não serão refletidas prontamente neste 
período de amostragem. Isso destaca a importância do monitoramento contínuo 
e da manutenção da proibição da pesca para proteger a espécie.

Palavras-chave: Diversidade genética, Genética populacional de peixes, Loci de 
microssatélites, Parentesco.

INTRODUCTION

The Atlantic goliath grouper, Epinephelus itajara (Lichtenstein, 1822), is the largest 
grouper species in the Atlantic Ocean. They can grow up to 2.5 m in total length 
and weigh 320 kg (Heemstra, Randall, 1993), living up to 37 years (Bullock et al., 
1992). The species inhabits tropical and subtropical waters of the western Atlantic, 
from Florida to southern Brazil, including the Gulf of Mexico and the Caribbean Sea 
(Sadovy, Eklund, 1999; Hostim-Silva et al., 2005) as well as the African coast in the 
Eastern Atlantic, from Senegal to Angola (Bertoncini et al., 2018).

This iconic species presents biological traits such as being protogynous hermaphrodites 
(Murie et al., 2023), slow growing, late maturing, and long-lived, which makes them 
extremely vulnerable to overfishing (Sadovy, Eklund, 1999). Additionally, the loss of 
mangrove habitats has been linked to declines in Atlantic goliath grouper populations, as 
these areas serve as critical nursery grounds for juveniles (Koenig et al., 2007; Moreno-
Santos et al., 2022). Due to these features, the Atlantic goliath grouper is currently 
categorized as Vulnerable (VU) (IUCN; Bertoncini et al., 2018) by the IUCN Red List, 
and Critically Endangered (CR) in Brazil (ICMBio, 2018). The species is one of the few 
epinephelids that live in brackish water (Lara et al., 2009; Condini et al., 2023, 2024) 
and areas with extensive mangrove development appear to be not only essential but 
critical nursery areas for juveniles, potentially limiting the species distribution (Koenig 
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et al., 2007). The Atlantic goliath grouper life cycle involves movement between 
marine and estuarine habitats. Spawning takes place in marine areas, and the larvae 
are then carried to estuarine regions where they will settle and grow. Upon reaching 
sexual maturity, they migrate to deeper coastal marine environments (Eklund, Schull, 
2001; Hostim-Silva et al., 2018).

Marine fish have complex genetic structures and high genetic connectivity due to 
the environment they inhabit ( Jørgensen et al., 2005). Populations with significant 
genetic diversity can better respond to selection because the favored genotypes are 
more likely to be present (Taboun et al., 2021). Several groups of reef fish, such as the 
Atlantic goliath grouper, demonstrate spawning aggregation behavior that is crucial 
for either promoting long-distance dispersal or limiting exchange among populations 
( Jackson et al., 2014). A considerable number of spawning aggregation sites have been 
identified in Florida (Sadovy, Eklund, 1999; Koenig, Coleman, 2009; Mann et al., 
2009; Koenig et al., 2016, 2017; Malinowski et al., 2019), however, the locations of 
these events along the southwest Atlantic are still little known (Gerhardinger et al., 
2006; Bueno et al., 2016; Giglio et al., 2016). 

The dynamics of adult Atlantic goliath grouper spawning in oceanic environments 
have been investigated along its distribution (Gerhardinger et al., 2006; Mann et al., 
2009; Bueno et al., 2016; Koenig et al., 2017; Malinowski et al., 2019), however, the 
relationships between their reproduction and the number of juveniles present at a 
nursery area, have not been fully clarified. The strong reproduction site fidelity of adult 
Atlantic goliath grouper (Sadovy, Eklund, 1999; Koenig et al., 2007) may contribute to 
population structure, nevertheless, its prolonged pelagic larval phase of 30 to 80 days, 
with an average of 60 days (Lara et al., 2009) may contribute to larval dispersion and gene 
flow (Cowen, Sponaugle, 2009). Therefore, understanding the behavior, biology, and 
genetic diversity of individuals will provide new insights into adult population dynamics. 

Microsatellites, also known as single sequence repeats (SSRs), are highly variable 
sequences that have been extensively used in population genetics studies to assess genetic 
diversity (Antoro et al., 2005; Taboun et al., 2021; Wenne, 2023), gene flow (Berry et 
al., 2012; Liu et al., 2016; Snead et al., 2023), temporal population structure (Diaz-
Suarez et al., 2022; Burimski et al., 2024), reproductive success dynamics (Tringali, 
2023), and relatedness (López et al., 2015; Sánchez-Velásquez et al., 2022; Jeannot et 
al., 2024). Temporal genetic analysis has become widely used to assess changes in the 
diversity and population structure of wild fish populations (Østergaard et al., 2003; 
López et al., 2015; Taboun et al., 2021; Burimski et al., 2024). These studies are vital 
for exploited and endangered fish species since they can track genetic diversity changes 
over time (Burimski et al., 2024), investigate the impacts of fishing pressure on genetic 
diversity (Taboun et al., 2021), and inform fisheries management strategies (Petrou et 
al., 2021). Measuring relatedness in wild populations is challenging due to partial or 
lacking pedigree information ( Jeannot et al., 2024), especially for wild populations of 
polygamous species (Nance et al., 2011), such as the Atlantic goliath grouper, which 
forms relatively small spawning aggregations (10 to 100 individuals) (Sadovy, Eklund, 
1999) with individuals migrating up to 500 km (Ellis et al., 2014). In this scenario, half-
sibling relationships are prevalent and although they are less accurate than full-sibling 
or parent-offspring relationships (Melero et al., 2017), they are particularly informative 
for populations with large effective population size (Ne) and polygamous reproductive 
behavior, where full siblings occur at a lower frequency (Wang, Santure, 2009).
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The present study aims to enhance our understanding of the genetic diversity and 
population structure of the Atlantic goliath grouper, particularly focusing on temporal 
variations. Given the absence of previous data, our results provide the first baseline for 
understanding the temporal genetic diversity and population dynamics of the Atlantic 
goliath grouper in the Southwestern Atlantic. Here, we sought to determine whether 
more than one genetically distinct population contributes to the juvenile presence in 
the study area. To achieve this, we monitored the temporal genetic composition of 
juvenile Atlantic goliath grouper using microsatellite loci. We also evaluated the genetic 
diversity of this species and tested the hypothesis of temporal genetic structuring on 
the central Brazilian coast over the course of 10 years. The results herein are crucial, as 
they provide valuable insights for the species into a region where such information is 
currently unavailable.

MATERIAL AND METHODS

Sample collection. This study was conducted in the São Mateus River estuary, within 
the Environmental Protection Area of Conceicão da Barra, on the southeastern Brazilian 
coast (Fig. 1). The study area is located south of the Abrolhos Bank continental shelf, 
habitat with the largest and richest coral reef system in the South Atlantic Ocean (Leão 
et al., 2003; Francini-Filho et al., 2019), being an important habitat for Atlantic goliath 
grouper (Freitas et al., 2015; Zapelini et al., 2017). The region features distinctive 
environments, including well-preserved sandbanks and a vast mangrove forest. The 
dominant vegetation species is the white mangrove, Laguncularia racemosa, followed 
by the red mangrove, Rhizophora mangle (Tognella et al., 2020). These, along with 
distinct physical, morphological, and structural features, such as muddy substrates, 
mangrove roots, and varying depths, make the area a suitable nursery habitat for 
juvenile Atlantic goliath grouper (Moreno-Santos et al., 2022; Condini et al., 2024; 
Damasceno et al., 2025).

A total of 136 juvenile Atlantic goliath grouper were sampled from 2013 to 2022 
(2013, n = 21; 2015, n = 36; 2018, n = 39; 2022, n = 40). Juvenile Atlantic goliath 
grouper were collected using baited blue crab traps, and we also received donations 
from artisanal fishers’ incidental captures using a variety of gears, such as cast nets, gill 
nets, surrounding nets, setlines, and line and hook. To make sure we did not sample 
the same fish over time, we marked each fish with an identification microchip. Samples 
were collected employing a nonlethal method using caudal fin clips, causing minimal 
effects on fish, which were immediately released after sampling procedures. Samples 
were conserved in 96% ethanol and stored at -20 oC.

Microsatellite DNA amplification and genotyping. The genomic DNA was 
isolated from caudal fin samples using the DNeasy® Blood & Tissue Kit according to 
the manufacturer’s protocols (https://www.qiagen.com). Eighteen highly polymorphic 
microsatellite loci originally developed for the Atlantic goliath grouper (Seyoum et 
al., 2013) were used to assess nuclear genetic variation among samples (Tab. 1). The 
forward primer from each locus was 5′-fluorescently labeled with one of the three dyes: 
6-FAM, HEX, and NED (Applied Biosystems). Polymerase chain reaction (PCR) 
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was performed in 25 μl reactions containing 10 to 20 ng/μl of template DNA, 21 μl 
of Platinum PCR Supermix (Applied Biosystems), and 0.6 μM forward and reverse 
primers. For all loci, samples were subjected to an initial hot-start step at 94° C for 
2 min; followed by 35 cycles of: denaturation at 94° C for 30 s, annealing temperature 
at 57° C for 30 s, extension at 72° C for 30 s; and a final extension at 72° C for 7 min. 
PCR amplification products were verified on 1.5% agarose gel, and fragment analysis 
of eight multiplex sets was performed on an Applied Biosystems genetic analyzer ABI 
3730xl by Macrogen Inc. (South Korea).

Data analysis. Allele peaks were visualized in Geneious v. 6.1.4 (Kearse et al., 
2012) (www.geneious.com). Ten percent of the homozygous individuals were re-
genotyped, to ensure their homozygosity and minimize genotyping errors. Cervus v. 
3.0.3 (Kalinowski et al., 2007) was used to assess the average non-exclusion probability 
for individual identity, and potential duplicate samples were searched by comparing 
their genotypes. All loci were checked for the presence of null alleles and other 
genotyping errors (allele dropout and stutter peaks) using MICRO-CHECKER 2.2.3 
(Van Oosterhout et al., 2004) with Bonferroni correction. Linkage disequilibrium and 

FIGURE 1 | Map showing the study area in the estuary of the São Mateus River in Conceição da Barra, Espírito Santo State, Brazil, where 

juvenile Atlantic goliath grouper individuals (Epinephelus itajara) were captured (dotted rectangle) in 2013, 2015, 2018, and 2022.

https://www.ni.bio.br/
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TABLE 1 | Microsatellite loci used to assess the genetic diversity of juvenile Atlantic goliath grouper 

(Epinephelus itajara). Loci names (Loci); primers sequences (Sequence 5’-3’), forward (F) and reverse 

(R) sequences; allele size range (base pairs, bp); fluorescent primer labeling (Dye); and Multiplex PCR 

reaction (Multiplex). Original loci developed by Seyoum et al. (2013).

Loci Sequence (5' - 3') bp Dye Multiplex

Eita01
F:GTGTGTAAGGCTGATGTGATTTATTC

259-281 HEX E
R:AGCCTTAATTAGAGAGTCGTGTTCTT

Eita03
F:ATCAGATTTGGAATTAGATCCATTG

274-318 FAM D
R:GTAGGCCAACAGTCTTCTCTATCTG

Eita06
F:GAATGTACCTTTGCTACAGGAGTGT

239-257 FAM F
R:ATACATTTTTGGTCATGTCTGTGTG

Eita07
F:TGCTTGTATATGTGTGTGAGAAAGA

197-231 FAM C
R:TAAGGTCATATTGATCTCCCTGTGT

Eita12
F:ATTGTGTAATGTGTTCCTGTTTGTG

274-286 NED G
R:AGATGGTCTTACGTGTGATCTTGTT

Eita19
F:AAATAACGGGAGTAGCTACCAAGAC

192-218 FAM H
R:CCCCTCACCCGTTTATATTTTATTA

Eita20
F:CGTATTCAAGGTGTGTGTTTAAATG

196-220 HEX G
R:ACAGTGGGGTAATGAATTATGAAAG

Eita25
F:GTGTGTGCTTTTGTATGTTGAACTG

167-197 HEX F
R:ATATTATGCCACAGCGTCAGAGT

Eita27
F:AAGCAGTTCCGATTAGATAACGTC

173-179 FAM B
R:GCTGTGCAGTAAATATGCTTTGAC

Eita28
F:CTCTGTCTTGAAAACACATAAAGCA

142-158 FAM E
R:GGTAGATTGCTCTGACATCTCATCT

Eita29
F:ACCTGTATTTCTTAATGCTGATGTCTT

155-175 FAM D
R:GGGAAGTATTCCTTTAACATACCGTAA

Eita30
F:AGAAATCTGTCTAGCGACTACATGC

114-160 FAM C
R:CTGAGTAACCTCTGACCAAATAAGC

Eita31
F:CTTGGTGCTCAAGTATCTTTTCTCATA

141-159 NED H
R:GATCACTACCTCTTTTTCTTCATCAAA

Eita33
F:TATAGACCAATCAGGTTGCATGAAT

154-182 HEX A
R:ATGAGGGATCATGAAGCAAAATC

Eita34
F:TAAATCAGCACATTTATGTAACAAGGT

129-175 FAM F
R:GTTCTCTTTCTCCATGTAGGTGAGTTA

Eita36
F:GAGGAAGAAAGACGGAAGATAGACT

139-163 FAM G
R:TTCATGGTTAGTTGATCACTGGAAT

Eita38
F:CTACACCAGTTTATTCTGTGACCAG

89-113 HEX B
R:GAGTCGACACAGCTCTCATTAACTT

Eita41
F:CAAGGGCAGAGCGAAGAC

161-173 FAM A
R:TGTACACAACATCCTCTGGGTACT

https://www.ni.bio.br/
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Hardy-Weinberg equilibrium were tested using GENEPOP on the Web (Raymond, 
Rousset, 1995; Rousset, 2008). 

For the genetic diversity analyses, only polymorphic loci were used. We calculated 
for each locus the total number of alleles (Na), mean number of alleles (Nam), observed 
(Ho) and expected (He) heterozygosities, the polymorphic information content (PIC), 
and the inbreeding coefficient (FIS) for each sample using the software Fstat 2.9.3 
(Goudet, 2001). The program NeEstimator 2.0 (Do et al., 2014) was used to estimate 
contemporary effective population size (Ne) for all sampling units grouped as one 
population (2013, 2015, 2018, 2022) using a method based on linkage disequilibrium 
(Waples et al., 1989, 2010). A Pcrit value of 0.02 and 95% confidence intervals were 
chosen to reduce the potential bias for low-frequency alleles. 

To test the hypothesis of recent events of population size reduction, we calculated 
the standardized Garza and Williamson M index, which quantifies the reduction in 
the number of alleles relative to the allelic size range of a population to detect recent 
bottleneck events, applying the threshold of 0.68. In the following, we used the 
software Bottleneck v. 1.2.02 (Cornuet, Luikart, 1996), and calculations were based on 
heterozygosity excess. The analysis was performed under both the Stepwise Mutational 
Model (SMM) and the Two-Phase Model (TPM; 30 variations, mutational model 70 
gradual, 10,000 interactions; DiRenzo et al., 1994). The probability of significant 
heterozygosity excess was assessed using the one-tailed Wilcoxon signed-rank test 
(α = 0.05) based on 10,000 replications, along with the Sign test and Standardized 
Differences Test (SDT) to further assess the evidence for recent bottleneck events. 
Populations showing significant heterozygosity excess were considered as having 
likely undergone a recent genetic bottleneck.

The software Arlequin v. 3.5.2.2 (Excoffier, Lischer, 2010) was used to investigate 
the temporal population structuring of juvenile Atlantic goliath groupers sampled 
in 2013, 2015, 2018, and 2022. Pairwise FST was estimated based on the number of 
differences, with 10,000 random generations. A Bayesian clustering analysis was 
performed using Structure v. 2.3.2 (Pritchard et al., 2000) to verify the existence of 
different genetic clusters (K) in the samples, using an admixture model without prior 
population information and a correlated allele frequencies model. The burn-in was set 
at 150,000 length steps, followed by 750,000 iterations of the Markov Chain Monte 
Carlo (MCMC) simulations. Twenty independent iterations were performed for each 
value of K ranging from one to 10 and the consistency of clustering assignments across 
runs was evaluated to ensure the stability of results and to assess convergence. The 
Structure Harvester (Earl, VonHoldt, 2012) (available at http://taylor0.biology.ucla.
edu/structureHarvester/), a web-based program was used to assess and determine 
the optimal values of k according to Evanno’s ΔK method (Evanno et al., 2005). 
The postprocessing of the outputs was performed using the CLUMPAK program 
(Kopelman et al., 2015), which assured convergence by summarizing and visualizing 
clustering patterns across independent runs. In addition, a principal coordinate analysis 
(PCoA) was performed using the R package PopGenReport v. 3.0.4 (Adamack, Gruber, 
2014) to visualize genetic diversity among sampled individuals. 

COLONY (Jones, Wang, 2010) was used to infer full- and half-sibship relationships 
among all sampling units grouped as a single population (126 juvenile Atlantic goliath 
grouper individuals) and within each sampling unit (2013, 2015, 2018, 2022). The 
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program, which relies on multi-locus genotype data, is suitable for analyzing sibling 
relationships even in the absence of known parental genotypes (Wang, 2012). Sibling 
pair assignments were accepted if the probability was greater than 0.75, as used for other 
coral reef fishes (Herrera et al., 2016; Robitzch et al., 2020). The following parameters 
were used: polygamous diploid dioecious species, no inbreeding, unknown population 
allele frequencies, no information on the maternal or paternal mean sibship size, and using 
the full likelihood (FL) method, as it is the most accurate one as verified by simulated 
and empirical data analyses (Wang, 2012). One random seed number was used and the 
results were verified by running the analyses twice. Later, the Pedigree Viewer program 
(Kinghorn, Kinghorn, 2009) was used to visualize and analyze the results.

RESULTS

Genetic structure and diversity. Of the 136 caudal fin samples, 126 (2013, n = 19; 
2015, n = 35; 2018, n = 37; 2022, n = 35) were used in further analyses and provided 
genotypes for 12-13 loci. Two pairs of samples (PMB246 with PMB247 from 2013, and 
Ep22 with Ep30 from 2015) had matching genotypes probably due to labeling errors, 
therefore PMB246 and Ep30 were excluded from further analyses. Eight samples were 
also excluded due to either missing genotypes or low-quality peaks. Five loci were not 
used in the analysis: Eita31 was rejected because it had too many peaks, null alleles 
were found in Eita27 and Eita30, and linkage disequilibrium was shown in Eita19 and 
Eita29. The thirteen other microsatellite loci were moderately variable, e.g., k = 3–17 
(Tab. 2). None of the 13 loci showed a significant departure from Hardy-Weinberg 
equilibrium (Tab. 2) and the probability of identity was 3.051 X 10-13.

TABLE 2 | Genetic diversity of juvenile Atlantic goliath grouper (Epinephelus itajara) from Conceição da Barra, Espírito Santo state, Brazil, for 

13 microsatellite loci. N: sample size for each locus; Na: total number of alleles; Ho: observed heterozygosity; He: expected heterozygosity; PIC: 

Polymorphic Information Content; Ra: allelic richness; Dg: genetic diversity; FIS: inbreeding coefficient; F (Null): estimation of the frequency 

of null alleles; Hardy-Weinberg Equilibrium P (HWE). No statistically significant values for HWE P < 0.05.

Loci N Na Ho He PIC Ra Dg FIS F(Null) P(HWE)

Eita01 126 5 0.587 0.563 0.500 4.984 0.562 -0.044 -0.018 0.322

Eita03 126 15 0.794 0.807 0.780 14.984 0.807 0.017 0.008 0.768

Eita06 125 9 0.784 0.803 0.779 9.000 0.803 0.024 0.015 0.747

Eita07 126 8 0.690 0.740 0.691 7.992 0.740 0.067 0.033 0.253

Eita12 126 3 0.563 0.524 0.451 3.000 0.524 -0.076 -0.042 0.731

Eita20 125 10 0.696 0.652 0.623 10.000 0.652 -0.068 -0.047 0.657

Eita25 125 14 0.824 0.828 0.803 14.000 0.828 0.005 0.001 0.393

Eita28 126 7 0.635 0.692 0.640 7.000 0.692 0.082 0.046 0.147

Eita33 126 8 0.817 0.810 0.780 8.000 0.810 -0.010 -0.008 0.952

Eita34 126 17 0.897 0.890 0.876 16.976 0.890 -0.008 -0.007 0.388

Eita36 126 7 0.556 0.583 0.524 6.984 0.583 0.046 0.029 0.203

Eita38 126 7 0.659 0.664 0.624 6.992 0.664 0.008 0.010 0.111

Eita41 126 7 0.675 0.674 0.624 6.984 0.674 -0.002 -0.001 0.832

Mean 125.77 9 0.706 0.710 0.669 8.992 0.710
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The average number of microsatellite alleles per locus was nine (range: 3–17 alleles), 
Eita34 was the most variable locus (17 alleles) and Eita12 was the least variable locus 
(three alleles) (Tab. 2). There were no He significant differences between the sampling 
units (Fig. 2). The average Ho was 0.706 (range: 0.556–0.897), and the average He was 
0.710 (range: 0.524–0.890, Tab 2). The PIC  at each microsatellite locus was always 
higher than 0.5, except for Eita12 (range: 0.451–0.876) (Tab. 2). The contemporary 
effective population size of the juvenile Atlantic goliath grouper population, estimated 
according to the linkage disequilibrium method, was 413.3 (95% CI 260.8–897.1; 
harmonic mean sample size: 126) for all sampled units grouped into one population.

The standardized Garza-Williamson M index ranged from 0.23 to 0.58, which is 
below the commonly used threshold of 0.68, suggesting a recent or past population 
bottleneck. However, the results of bottleneck detection tests varied among methods 
(Tab. 3). The Wilcoxon one-tailed test showed no evidence of a bottleneck under either 
the TPM (P = 0.31775) or SMM (P = 0.99957) models. In contrast, both the Sign 
Test and the SDT detected significant heterozygosity excess under the SMM model 
(P < 0.05), suggesting a potential reduction in genetic diversity.

FIGURE 2 | Expected heterozygosity (H
e
) across sampling units (years; 2013, 2015, 2018, and 2022) for 13 

microsatellite loci of juvenile Atlantic goliath grouper (Epinephelus itajara, top right - TL stands for total 

length) sampled in Conceição da Barra, Espírito Santo State, Brazil. For each sampling unit, the thick 

black lines show the median values and the box depicts the quartiles of the loci values. Whiskers show 

1.5× the interquartile range or the maximum value, with circles representing outliers.
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TABLE 3 | Results of the Bottleneck Test for juvenile Atlantic goliath grouper (Epinephelus itajara) 

sampled in 2013, 2015, 2018, and 2022 in Conceição da Barra, Espírito Santo State, Brazil. SDT: 

Standardized different test; TPM: Two-phase model; SMM: Stepwise mutational model. Bold values (P 

< 0.05) indicate evidence of a recent bottleneck. The normal mode-shift indicates the approximately 

L-shaped allele frequency distribution.

Sign test SDT Wilcoxon sign-rank test 

TPM SMM TPM SMM TPM SMM Mode-shift 
normal0.53874 0.00172 0.41514 0.00001 0.31775 0.99957

There were no statistically significant values for FIS (Tab. 2) and FST (Tab. 4) for 
the temporal genetic structuring test between the individuals sampled in the different 
years. AMOVA results indicated that 99.64% of total genetic variation corresponded to 
differences within individuals, 0.35% corresponded to differences among individuals 
within sampling units, and there were no differences among sampling units. There was 
no detectable substructure by sampling period or overall, according to the Bayesian 
clustering analysis. ΔK revealed that the greatest likelihood was K = 1, and, K = 2 
showed all individuals to have similarly mixed ancestries and were mostly assigned to a 
single cluster (Fig. 3). Similarly, the PCoA plot showed an overlap of individuals from 
all sampling units with no evident clustering (Fig. 4), as well as no differences, were 
observed for the pairwise FST and the AMOVA results (Tab. 4).

Parentage analysis. The sibship analysis with COLONY for the sampling units 
grouped as a single population indicated 48 and 54 possible fathers and mothers, 
respectively, with a maximum of seven paternity and six maternity families. The 
contribution of each mother varied from one to six offspring individuals, while each 
father’s contribution varied from one to seven offspring individuals. One possible 
mother contributed to six offspring individuals distributed into the four sampling 
units (2013, 2015, 2018, 2022), this pattern was also observed for another possible 
mother who contributed to five offspring individuals. One father contributed to seven 
offspring individuals distributed into three of the four sampling units (2013, 2018, 
2022) and one father contributed to six offspring individuals distributed into three of 
the four sampling units (2015, 2018, 2022). No fathers were observed to contribute to 
all four sampling units.

Out of 7875 possible sibling pairs, three (0.03%) full-sibling pairs (Epita22-2015 
and Eita49-2018, Eita6-2018 and Eita62-2018, Eita38-2018, and Eita44-2018) and 89 
(1.1%) half-sibling pairs were above the threshold probability of 0.75 and were accepted 
as true full-siblings and half-siblings, respectively. Three possible mothers and three 
possible fathers were responsible for the three full-sibling pairs. The full-sibling pair 
Epita22-2015 and Eita49-2018 had one half-sibling on their mother’s side (Eita206-
2022), the full-sibling pair Eita6-2018 and Eita62-2018 had one half-sibling on their 
father’s side (Epita33-2015), and the full-sibling pair Eita38-2018 and Eita44-2018 had 
one half-sibling on their mother’s side (Eita12-2018) and three half-siblings on their 
father’s side (Eita17-2018, Eita213-2022, and Eita216-2022). 
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TABLE 4 | Pairwise FST (lower diagonal) and P values (upper diagonal) of Atlantic goliath grouper 

(Epinephelus itajara) sampled in Conceição da Barra, Espírito Santo State, Brazil, for thirteen 

microsatellite loci among the sampling units (2013, 2015, 2018, and 2022). No statistically significant 

values for FST P < 0.01.

Sampling units 2013 2015 2018 2022

2013 ******* 0.39333 0.77022 0.20354

2015 0.00083 ******* 0.80923 0.48787

2018 -0.00319 -0.00292 ******* 0.23107

2022 0.00429 -0.00021 0.00213 *******

FIGURE 3 | Bayesian clustering analysis inferred with the program structure 2.3.4 for 13 microsatellite loci of juvenile Atlantic goliath 

grouper (Epinephelus itajara) (n = 126) sampled in Conceição da Barra, Espírito Santo State, Brazil. (a) mean log probability (Lk) is given over 20 

iterations for each K value, (b) ΔK calculated from Evanno’s method for successive K values, and (c) barplot with assignment probabilities of 

individuals to putative population clusters at k = 2 according to sampling units (2013, 2015, 2018, and 2022).
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The temporal sibship analysis for each sampling unit identified four half-sibling 
pairs and no full-sibling pairs for 2013, with a probability of nine fathers and nine 
mothers; 20 half-sibling pairs and one full-sibling pair for 2015, with a probability of 
17 fathers and 17 mothers; 21 half-sibling pairs and three full-sibling pairs for 2018, 
with a probability of 15 fathers and 17 mothers; and 33 half-sibling pairs and two full-
sibling pairs for 2022, with a probability of 15 fathers and 15 mothers.

DISCUSSION

Genetic structure and diversity. We found moderate nuclear genetic diversity that 
has been maintained over the years and no evidence of temporal genetic structure for 
the juvenile Atlantic goliath grouper population analyzed in this study for the last 10 
years, indicating some degree of gene flow among the sampling units. However, the 
low Ne suggests potential risks to the population’s long-term genetic viability, despite 
the apparent stability in genetic diversity. In the following, we discuss these findings 
and their implications for the management and conservation of Atlantic goliath 

FIGURE 4 | Principal Coordinate Analysis (PCoA) based on the genetic distance matrix of FST values for 13 microsatellite loci of juvenile 

Atlantic goliath grouper (Epinephelus itajara) sampled in Conceição da Barra, Espírito Santo State, Brazil, for the sampling units of 2013 (red), 

2015 (green), 2018 (blue), and 2022 (purple).
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grouper in the estuary of the São Mateus River, an important area for the conservation 
of the species, due to the high frequency of juvenile individuals found in the estuarine 
mangrove area throughout the year (Damasceno et al., 2015; Almeida et al., 2022; 
Moreno-Santos et al., 2022; Condini et al., 2023, 2024).

Seyoum et al. (2013) was the first study to isolate and characterize microsatellite 
markers for the Atlantic goliath grouper, and to the best of our knowledge, our study is 
the first to apply 18 of those markers to investigate the genetic diversity of the Atlantic 
goliath grouper on the Southwestern Atlantic. Our results suggested that the mean 
number of alleles (Na = 9), observed and expected heterozygosity (Ho = 0.706, He = 0.710), 
were higher than those found by Seyoum et al. (2013) using the same set of markers 
(Na = 7, Ho = 0.610, and He = 0.653), but these findings could be a result of the number 
of samples analyzed in the present study (n = 126) compared to those analyzed by 
Seyoum et al. (2013) (n = 52). When compared to other Epinephelus Bloch, 1793 species, 
the average number of alleles (Na = 9) remained higher, while the average expected 
heterozygosity (He = 0.71) was lower than those found for E. tauvina (Fabricius, 1775) 
(Na = 8.09; He = 0.83), E. coioides (Hamilton, 1822) (Na = 8.36; He = 0.85), E. bleekeri 
(Vaillant, 1878) (Na = 7.36; He = 0.79), E. malabaricus (Bloch & Schneider, 1801) (Na = 8; 
He = 0.80), and E. areolatus (Forsskål, 1775) (Na = 7.9; He = 0.79) from the Arabian Gulf 
(Hassanien, Al-Rashada et al., 2021). The 13 microsatellites used in this study exhibited 
a moderate to high polymorphism (0.669 for mean PIC), indicating their effectiveness 
in detecting genetic variation within the population and our results are consistent with 
those found for the Giant grouper E. lanceolatus (Bloch, 1790) (Weng et al., 2021). 

The Atlantic goliath grouper presents a series of biological and ecological traits that 
heighten its susceptibility to Ne reduction, including its long lifespan, late maturity, 
and reproductive aggregations. Ne is a key parameter in conservation genetics, as it 
reflects a population’s historical exposure to genetic drift and inbreeding while also 
providing insight into its long-term viability (Wang et al., 2016). Our estimate of 
the contemporary Ne for the juvenile Atlantic goliath grouper population was 413.3 
(95% CI: 260.8–897.1), a value below the threshold of 500 recommended for long-term 
genetic stability and population viability (Frankham et al., 2014). Similarly, Tringali 
(2023) reported a Ne of approximately 659 (95% CI: 588–745) for adult Atlantic goliath 
grouper in Florida waters, also near this critical threshold. These findings highlight 
potential concerns regarding the species’ evolutionary potential and resilience to 
environmental changes and fishing pressures, reinforcing the need for continued 
genetic monitoring and conservation measures.

The effect of coastal current dynamics along the South American coast on Atlantic 
goliath grouper populations is still unknown, however, studies with E. marginatus 
suggested that ocean currents shape the genetic structure of the species by promoting 
specific local larval retention (Schunter et al., 2011). In general, larval dispersal is the main 
mechanism of connectivity in reef fish. For the Atlantic goliath grouper, the duration 
of the larval period generally varies from 40 to 60 days after spawning, sometimes 
extending from 30 to 80 days (Lara et al., 2009), allowing plenty of time for long-
distance larval dispersal by winds and currents before settlement. The genetic diversity 
of the Atlantic goliath grouper varies considerably along the Brazilian coast with a 
significant degree of genetic structuring and a high degree of genetic differentiation 
between locations using the control region of the mitochondrial DNA, indicating 
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that gene flow on the Brazilian coast is discontinuous, not homogeneous, and lacking 
evidence of any systematic relationship with geographic patterns (Damasceno et al., 
2015). Despite being genome regions with high rates of differentiation, relatively low 
genetic variability has been described in the Atlantic goliath grouper using the control 
region (mtDNA) (Silva-Oliveira et al., 2008) and microsatellite loci (Seyoum et al., 
2013), confirming the species’ vulnerability to ongoing anthropogenic impacts, such 
as fishing pressure and habitat destruction.

The detection of a bottleneck through the excess of heterozygosity in our study 
suggests that the population has gone through a substantial decline at some point in its 
history, most likely resulting in a loss of genetic diversity. This raises concerns about the 
species’ long-term viability, as reduced genetic variation may impact adaptability and 
resilience to environmental changes. A study conducted in the Florida coastal waters 
also reported evidence of reduced genetic diversity in the Atlantic goliath grouper, 
with few individuals contributing to offspring for the following generation and a high 
variance in reproductive performance among individuals (Tringali, 2023). However, 
interpreting bottleneck events in this species remains challenging due to the lack of 
studies specifically investigating historical population dynamics. It is important to note 
that heterozygosity excess tests only detect bottleneck events within a specific time 
frame, as a population bottleneck with an Ne as low as 50 remains detectable for 25–250 
generations following a decline (Cornuet, Luikart, 1996). While our results suggest 
a bottleneck event, further research is needed to determine its timing, severity, and 
potential long-term effects on the population.

A possible explanation for the lack of significant results in FST, AMOVA, and FIS, 
lies in the complex relationships between the variables influencing the Atlantic goliath 
grouper population. Even though it is well documented that the species experienced 
a sharp decline in the 1990s (Sadovy, 1994; Gerhardinger et al., 2006; Giglio et al., 
2017; Zapelini et al., 2017; Malinowski et al., 2020; Locatelli et al., 2023) the effects 
of this demographic decrease may not be readily reflected during the sampling period 
of this study. With an average generation length of 21.5 years (Bertoncini et al., 2018) 
and a life span of up to 37 years (Sadovy, Eklund, 1999), the species late maturing and 
longevity suggest that shifts in population dynamics may take longer to be identified 
than our sampling period allows. Additionally, the AMOVA results indicated that 
most of the genetic variation was observed within individuals, rather than between 
individuals or sampling units, further supporting the possibility that temporal changes 
may not be easily detectable within the limited sampling time of this study.

Although no significant genetic structuring were detected in our study, it is still 
critical to recognize the challenges facing the Atlantic goliath grouper population. 
While the species is protected in Brazilian jurisdictional waters (Ordinance N° 121/2002 
– IBAMA, 2002), the continued exploitation by fishers and illegal commercialization 
(Giglio et al., 2014; Almeida et al., 2024), leads to the depletion of local populations 
over time. These pressures may not immediately result in detectable genetic changes, 
but they continue to threaten the species long-term survival. Therefore, our findings 
highlight the critical need for increased monitoring efforts and the implementation of 
stronger conservation measures to ensure the genetic diversity and long-term survival 
of Atlantic goliath grouper populations. Consequently, our results suggest that the 
fishing ban protecting the species should be maintained and these population units 
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need to be monitored for a longer period to enable the detection of changes that could 
pose threats to this species, since the reductions of Ne may result in elevated rates of 
genetic diversity loss (Larsson et al., 2010).

Parentage analysis. There are few studies concerning the spawning aggregations 
of Atlantic goliath grouper along the Brazilian coast (Félix-Hackradt, Hackradt, 2008; 
Bueno et al., 2016; Giglio et al., 2016), and yet, none of them include the coast of the 
state of Espírito Santo. This leaves a gap in understanding how many aggregation 
spawning sites are contributing to the juvenile Atlantic goliath grouper population 
investigated in this study. The closest known aggregation site to the study area is in 
the state of Bahia (Giglio et al., 2016), between the Coroa Vermelha and the Abrolhos 
Archipelago, approximately 100 km north of the study site, however, Damasceno et 
al. (2015) found genetic differentiation between Atlantic goliath grouper population 
units from these two geographically close areas (Municipality of Conceição da Barra 
in the state of Espírito Santo and the Municipality of Caravelas in the state of Bahia), 
but not between geographically distant areas from our study site, such as Municipality 
of Parnaíba (2,300 km north) in the state of Piauí and the Municipality of Bragança 
(2,600 km north) in the state of Pará. This suggests that the Abrolhos Bank may play an 
important role in larval retention and that these processes need a deeper investigation. 
Nevertheless, these results were obtained using mitochondrial markers, which are useful 
for studying maternal lineages and ancient population events, while microsatellites are 
useful for studying recent population events and both maternal and paternal lineages.

The accuracy obtained from COLONY is low for panels with few microsatellite 
loci, but it reaches a maximum of 100% for panels over eight loci (Weng et al., 2021). 
Our 13-locus microsatellite panel revealed a relatively low prevalence of closely related 
individuals among the collected juveniles in each sampling unit, as well as across all 
the sampling units as one population. While this initially suggests that the population 
in the São Mateus River estuary is large enough to support a diverse pool of breeding 
individuals, the observed parentage results raise some concerns. These results are notable 
and concerning, particularly given the relatively small dataset collected over a 10-year 
period, where each year’s sample represents a random draw from the total population. 
The pattern of sibling relationships observed points toward a reduced spawning stock 
rather than a diverse breeding pool. As the frequency of siblings increased throughout 
the study, it suggests that inbreeding or limited breeding opportunities may be 
occurring, contrary to what would be expected in a healthy population of broadcast-
spawning marine species, where full and half-siblings are typically rare.

Furthermore, some fathers contributed as many as seven offspring, while some 
mothers produced as many as six. Two potential mothers participated in aggregations 
across all four sampling units, indicating that these females likely returned to the 
spawning grounds each year (Coleman et al., 2000). Interestingly, no fathers were 
observed to contribute to all four sampling units, which could indicate a well-mixed 
population, with dominant males disproportionately contributing to offspring 
production. However, this absence of fathers across multiple sampling units could also 
suggest that male individuals are being harvested, further supporting the possibility of 
reduced spawning stock. These findings suggest ongoing pressures on the population, 
highlighting the need for closer monitoring to assess the long-term vialbility of the 
breeding stock.
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Implications for management and conservation. In Brazilian waters, the 
Atlantic goliath grouper has been protected for 22 years, through a series of fishing 
bans specifically targeting the species. The ban was initially established in 2002 
(Ordinance N° 121/2002 – IBAMA, 2002) and was renewed in 2007 (Ordinance 
N° 42/2007 – IBAMA, 2007), 2012 (Ordinance N° 13/2012 – MMA/MPA, 2012), 
and 2015 (Ordinance N° 13/2015 – MMA/MPA, 2015), protecting the species until 
2023. Since 2023, the species no longer benefits from a specific fishing ban; however, 
it remains listed as Critically Endangered (CR) under Ordinance N° 445/2014 (MMA, 
2014). Despite these conservation efforts, illegal captures are still taking place along the 
Brazilian coast (Giglio et al., 2014; Almeida et al., 2024). 

Our findings further emphasize the species’ vulnerability by revealing a contemporary 
Ne of 413.3 (95% CI: 260.8–897.1), which falls below the 500-individual threshold 
recommended for maintaining long-term genetic stability and adaptive potential 
(Frankham et al., 2014). Coupled with the species’ biological traits, such as being long-
lived, late-maturing, protogynous, and hermaphroditic, and the ecological traits of 
showing strong site fidelity and forming reproductive aggregations, these factors make 
the species particularly vulnerable to environmental changes and fisheries pressures. 

The lack of previous baseline data makes it challenging to assess trends in the 
genetic diversity of Atlantic goliath grouper populations. Further studies using genetic 
monitoring tools are necessary to determine whether the population is rebounding 
or experiencing further declines. Without such data, conservation efforts may fail to 
ensure the species long-term genetic stability, which is essential for its evolutionary 
potential and resilience to environmental stressors. 

Therefore, this study provides the first baseline for understanding the species genetic 
diversity and population dynamics in the Southwestern Atlantic. Establishing this 
baseline is essential for future research and management strategies aimed at ensuring 
the species long-term survival. In light of these findings, we strongly suggest that: 
i) the current ban on the harvesting of the Atlantic goliath grouper in Brazil should 
be maintained; ii) coastal protection areas based on genetic data should be created, 
especially on mangrove and breeding sites, critical areas for the reproduction and 
development of Atlantic goliath grouper and several species; and iii) investments should 
be designated to new research concerning the genetic structure and gene flow of 
Atlantic goliath grouper along the Brazilian coast. 

These measures are imperative to safeguard the species and ensure its long-term 
survival, especially considering that Brazil encompasses the largest area span of 
distribution for the Atlantic goliath grouper within its total distribution range, and 
may play an important role in its global conservation.
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