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the major drivers explaining genetic divergence. We identi-
fied a distinct genetic population around Trindade Island, 
1000 km from the coast, highlighting the conservation sig-
nificance of this population. Colonization of this oceanic site 
probably occurred during the Pleistocene periods of lower 
sea levels, allowing this shallow water-dependent species 
to use the seamount chain as stepping stones to Trindade. 
Our data further suggest that two protected areas, Costa dos 
Corais and Fernando de Noronha, likely play an important 
role as larval sources for much of the species distribution.

Keywords  Genomics · Western Atlantic · Oceanic 
islands · Reef fish · Single nucleotide polymorphisms

Introduction

Barriers to the dispersal and gene flow of organisms are usu-
ally less obvious in marine than in terrestrial environments, 
and there are inherent challenges in measuring dispersal 
for many marine organisms. This had led to relatively less 

Abstract  Despite the marine environment being typified 
by a lack of obvious barriers to dispersal, levels of genetic 
divergence can arise in marine organisms from histori-
cal changes in habitat availability, current oceanographic 
regimes and anthropogenic factors. Here we describe the 
genetic structure of the Gray Parrotfish, Sparisoma axillare, 
and identify environmental variables associated with pat-
terns of genetic divergence throughout most of its distri-
bution in Brazil. The heavily exploited Gray Parrotfish is 
endemic to Brazil, and there is lack of data on population 
structure that is needed to support sustainable management. 
To address this shortfall we analyzed 5429 SNPs from indi-
viduals sampled in nine locations, ranging from tropical to 
subtropical reef systems and costal to oceanic environments 
with varying levels of protection. We found low levels of 
genetic structure along the coast, including the oceanic 
island of Fernando de Noronha, and that a combination of 
water depth, ocean currents and geographic distance were 
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information on population structuring in the marine environ-
ment, even for commercially exploited species. Although it 
may be assumed that widespread gene flow is more com-
mon place for marine organisms, genetic discontinuities 
and speciation are more common than might be expected 
(Rocha et al. 2007), thereby implicating physical and eco-
logical influences (Lundy et al. 1999; Baker et al. 2008; 
Cunningham et al. 2009; Roy et al. 2012; Bradbury et al. 
2013; Albaina et al. 2013; Truelove et al. 2017; Córdova-
Alarcón et al. 2019). For example, even though the pelagic 
larval phase present in many marine organisms is largely 
dispersed by currents, how this shapes genetic structure is 
variable (Gilg and Hilbish 2003; Johnson and Black 2006; 
Weersing and Toonen 2009; Luiz et al. 2013). Currents can 
either augment self-recruitment patterns or decrease the 
local dispersal of a species by carrying larvae away from 
natal reefs (Treml et al. 2008). Species with a pelagic larval 
phase may be sedentary in later life stages; therefore, disper-
sal is mostly dictated by passive movement during pelagic 
larval stages (Victor and Wellington 2000; Mora and Sale 
2002). The duration of the pelagic larval phase along with 
the geographic distribution of suitable habitat further influ-
ences the scale at which dispersal and gene flow occur (now 
collectively referred to as ‘connectivity’), with shorter larval 
phases generally associated with geographic isolation seen 
at finer spatial scales (Saenz-Agudelo et al. 2015; Pinheiro 
et al. 2017; Riginos and Nachman 2001; Dixo et al. 2009; 
Luiz et al. 2012).

The Brazilian Province is emerging as a region of intense 
study of biogeography of marine organisms (e.g., Floeter 
et al. 2008; Liedke et al. 2020; Simon et al. 2021). A major 
feature shaping the distribution of marine organisms and 
endemism in the Province is ocean currents and ecologi-
cal barriers. These include the Amazon-Orinoco Plume that 
affects the degree of connectivity with the Caribbean bio-
diversity and the Mid Atlantic Barrier that filters migration 
with the Eastern Atlantic (Floeter et al. 2008; Luiz et al. 
2012). The reef fish fauna within the Brazilian Province was 
also shaped by periodic changes in connectivity, with a com-
bination of the Amazon plume effect and historical variation 
in sea level influencing the degree of isolation from the Car-
ibbean (Rocha 2003; Volk et al. 2021). Levels of connectiv-
ity were also intermittent with the East Atlantic (Luiz et al. 
2012), allowing occasional biodiversity exchange and gene 
flow from Africa and the Indo-Pacific (Sánchez and Alvarez 
1988; Rocha et al. 2005; Bowen et al. 2006).

In addition to past changes in sea level, the continental 
shelf width also influences levels of connectivity in estua-
rine species, with a broader continental shelf in the south of 
the Brazilian Province sustaining higher levels of gene flow 
among populations (e.g., Atherinella brasiliensis-Baggio 
et al. 2017). This is because a wider continental shelf pro-
vides more extensive areas that allow for the expansion of 

coastal habitats used by estuarine species during sea level 
change (Baggio et al. 2017). Additionally, riverine discharge 
and sharp changes in temperature due to regional upwelling 
events also play a role in generating genetic divergence of 
fish (Santos et al. 2006; Machado et al. 2017; Dias et al. 
2019; Volk et al. 2021) and invertebrates (Guo et al. 2015; 
Strugnell et al. 2017; Takeuchi et al. 2020). The biogeo-
graphic scenario established by history, the ecological gra-
dients and different oceanographic characteristics within this 
Province provides a complex system to explore the processes 
associated with the gene flow and diversification for many 
taxa (Beheregaray et al. 2002; Santos et al. 2006; Nunes 
et al. 2011; Silva et al. 2016; Pinheiro et al. 2017; Marceniuk 
et al. 2019).

To explore how ecological features affect gene flow and 
genetic divergence, the taxa researched need to be distrib-
uted across heterogeneous habitats (Rocha et al. 2007). Here 
we focus on a species belonging to the tribe of parrotfishes 
Sparisomatini, a group that is endemic to the Atlantic and 
have an origin in the Miocene. This group includes browser 
and herbivorous-microphages (scraper and excavator) spe-
cies, radiating to inhabit a range of reef habitats (Ferreira 
and Gonçalves 2006; Clements et al. 2017; Siqueira et al. 
2019). Seven Sparisoma species are distributed in rocky and 
coral reefs along the Brazilian Province, with four endemic 
species (Pinheiro et al. 2018). Sparisoma parrotfishes are 
an excellent model to assess genetic connectivity, given that 
they are widespread and mostly common in both coastal 
regions and oceanic islands (Mazzei et al. 2019, 2021). The 
Amazonas outflow appears to be a major ecological barrier 
for this group, splitting lineages between Caribbean and Bra-
zilian parrotfishes as demonstrated by allopatric speciation 
of the Redfin Parrotfish (Sparisoma rubripinne) from the 
Caribbean and the Gray Parrotfish (Sparisoma axillare) in 
the Brazilian Province (Robertson et al. 2006). Sparisoma 
axillare is endemic to Brazil and is a relatively abundant 
species in shallow coastal and oceanic reef habitats (Fer-
reira et al. 2004; Roos et al. 2015; Longo et al. 2019). Its 
pelagic larval phase is unknown, but it is assumed to be 
similar to other Sparisoma species (average between 57 and 
60 d; Robertson et al. 2006). Moreover, it can occupy differ-
ent habitats throughout its ontogenetic development (Feitosa 
and Ferreira 2015; Eggertsen et al. 2017; Roos et al. 2019). 
Sparisoma axillare has a relatively large body size (40 cm 
standard length) and is a target of fishing from the north to 
southeastern Brazilian coast (Bender et al. 2014; Roos et al. 
2015; Barbosa et al. 2021). Consequently, populations have 
declined and S. axillare has been classified as ‘vulnerable’ 
in the Brazilian List of Endangered Aquatic Animals (MMA 
2022), requiring management and conservation measures, 
such as catch limits and the assignment of Marine Protected 
Areas (MPAs). Biophysical models of Sparisoma larvae 
along the Brazilian Province have predicted low larval 
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connectivity between the existing MPAs, and few recruit-
ment spots are protected (Endo et al. 2019).

Given the wide distribution of the endemic S. axillare 
across Brazilian reefs, the level of exploitation and general 
threats to reef habitats, it is valuable to characterize the 
genetic structure of this species in order to guide manage-
ment and conservation actions. A recently published recov-
ery plan that focused on parrotfishes in Brazil, including S. 
axillare, suggested that exploitation of these species should 
only occur inside IUCN category IV protected areas (a cat-
egory that allows a sustainable level of exploitation) under 
specific rules, and be banned elsewhere (Pinheiro et al. 
2021). In light of this, knowledge of gene flow between pro-
tected and unprotected areas can assist managing for popula-
tion sustainability. Further, the patterns of genetic structure 
for this species may represent a proxy for co-occurring reef 
species that share similar life histories. To provide this infor-
mation we used single nucleotide polymorphisms (SNPs) to 
characterize the genetic structure and identify the environ-
mental variables that are associated with the genetic diver-
gence of S. axillare populations for most of its distribution 
along the Brazilian Province.

Materials and methods

Study area

Brazil’s extensive coastline together with its continental 
shelf and Exclusive Economic Zone (EEZ) encompasses a 
wide diversity of habitats that include coastal and oceanic 
islands with different origins, features and distances from 
the coast, and which are affected differently by ocean cur-
rents (Ferreira et al. 2004; Floeter et al. 2008; Pinheiro et al. 
2018). Samples were collected along more than 4,000 km 
of the Brazilian coast, including seven coastal sites, and 
three off-coast sites (two oceanic islands and one mid-shelf 
reef site; Fig. 1, Table S1). The northeast coastal sites—Rio 
Grande do Norte (RN), Pernambuco (PE), Alagoas (AL)—
are in regions with tropical waters and narrow continental 
shelf. The central coastal sites—Bahia (BA) and Espírito 
Santo (ES)—are in a wider continental shelf. The south-
ernmost coastal site, Rio de Janeiro (RJ), is also in a wider 
continental shelf and has lower sea temperatures. The three 
off-coast sites include the volcanic oceanic archipelagos of 
Fernando de Noronha (FNA) and Trindade (TRI), and the 
mid-shelf reef of Abrolhos (ABR), the last one located inside 
the continental shelf. FNA, about 400 km off RN coast, is 
connected by a chain of seamounts and shares multiple fea-
tures with the coast, including most of its fish fauna (Floeter 
et al. 2008; Pinheiro et al. 2018). TRI is located 1100 km off 
the ES coast and is connected to the coast through a chain of 
30 volcanic seamounts, the Vitoria-Trindade Chain (VTC; 

Fig. 1). The sites that have a low level of environmental 
protection are PE and AL (coastal MPA of Costa do Corais) 
and the three off-coast sites.

Sampling

Eighty-nine S. axillare tissue samples (fin clips) were col-
lected between 2017 and 2018 at ten sites by SCUBA div-
ing (SISBIO authorization number 48112-7) and from fish 
landings and fish markets (when the fish origin was known). 
Tissue samples were stored in 95% ethanol for later analysis. 
The number of samples collected per site ranged between six 
and twelve (except for the samples from ES, which consisted 
of only four, Supplementary Material Table S1).

SNP sequencing and filtering

DNA extraction and SNP discovery were performed by 
Diversity Arrays Technology Pty. Ltd. (DArT). Initially 
SNPs were identified and genotyped using the DArTseq 
method, which is similar to ddRad-seq and based on a 
combination of complexity reduction and next-generation 
sequencing methods (described by Jaccoud et al. 2001). 
Restriction enzymes were selected specifically for parrotfish 
by testing several enzyme combinations. The resulting frag-
ments were amplified using PCR and sequenced using Illu-
mina Hiseq2500. To exclude data resulting from cross-con-
tamination, the NCBI database was searched for sequence 
matches with bacterial, fungal and human sequences using 
BLASTn. All remaining sequences were analyzed using 
DArTsoft14 software to call SNPs (Jaccoud et al. 2001). 
Analysis of controlled cross-populations (~ 1000) was per-
formed. To guarantee that true allelic variants from the par-
alogous sequences were called, the populations were tested 
for Mendelian distribution of the alleles. The resulting list 
of SNPs was then provided by DArT, along with informa-
tion for each marker, such as average reproducibility, i.e., 
the reproducibility fraction of each of the two alleles and 
averaged for each marker, which was present in around 30% 
of technical replication results. This dataset was filtered fur-
ther using the dartR package (Gruber et al. 2018) in R 3.5 
(R Core Team 2019) using the following parameters: mini-
mum call rate of 95% (gl.filter.callrate function) and 100% 
average reproducibility (gl.filter.reproducibility function). 
When more than one SNP was found in the same fragment, 
the SNP with the highest frequency was retained to avoid 
physically linked loci (gl.filter.secondaries function, apply-
ing method = ‘best’). A single individual with more than 
20% of missing data was excluded. After following these 
filtering steps, 5,429 SNPs and 88 individuals were kept for 
the subsequent analyses.
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Fig. 1   Sampling sites (red dots), the coastal sites: RN—Rio Grande 
do Norte, PE—Pernambuco, AL—Alagoas, BA—Bahia, ES—
Espírito Santo, RJ—Rio de Janeiro, and islands sites are: FNA—Fer-

nando de Noronha, ABR—Abrolhos Bank, TRI—Trindade Island, 
and the location of the coastal Marine Protected Area of Costa dos 
Corais is represented by a triangle
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Genetic structure

To characterize genetic structure for S. axillare pairwise, FST 
was estimated and three complementary genetic clustering 
analyses were applied (PCA, DAPC and STRU​CTU​RE) to 
test whether a consistent pattern emerges despite the vary-
ing assumptions with each of these approaches. FST between 
sampling sites was estimated in R using the function gl.fst.
pop from the dartR package. A principal component analy-
sis (PCA) was used to visually inspect population structure 
according to genetic similarities (Jombart 2008). The first 
part of this analysis aimed to detect the proportion of vari-
ance explained by each principal component (PC). After 
choosing the number of PCs that explained more than 80% 
of the variation, a PCA was run using the glPca function 
of the adegenet package (Jombart 2008) and results plotted 
using the gl.pcoa.plot function in R. A Discriminant Analy-
sis of Principal Components (DAPC) was carried out with 
the dapc function of the adegenet package in R to provide 
an estimate of genetic structure that does not assume that 
individual genetic clusters approximate Hardy–Weinberg 
equilibrium (Jombart et al. 2010). DAPC uses ordination 
to graphically describe the genetic variation. Whereas PCA 
maximizes the similarity within groups, DAPC maximizes 
the divergence between groups and reduces genetic diver-
gence within groups. Depending on the migration pattern, 
DAPC can be more effective at identifying the real number 
of clusters than other analyses (Jombart et al. 2010). Ini-
tially, the function find.clusters was used to detect the opti-
mal number of clusters, by testing from k = 1 to k = 9, with 
105 iterations, and the best number was defined based on the 
lower BIC (Bayesian information criteria) (Jombart et al. 
2010). To test for population structure without including a 
priori information about sampling locations, the STRU​CTU​
RE Software v2.3.4 was used (Pritchard et al. 2000). This 
software uses a Bayesian iterative algorithm and clusters 
individuals into groups based on allele frequency data using 
the best fit and the lowest deviation from Hardy–Weinberg 
and linkage equilibrium. The parameters applied in STRU​
CTU​RE analysis were as follows: to test from 1 to 9 possible 
clusters (10 independent iterations each), to use the Admix-
ture model, to consider the allele frequencies of each popu-
lation to be dependent and to have a run length of 100,000 
(10,000 burn-in). The most probable number of K (number 
of clusters) was inferred based on ΔK (Evanno et al. 2005) 
and on the likelihood (Pritchard et al. 2000).

Isolation by distance and resistance

To test for isolation by distance the geographical distances 
between sampling sites were measured in Google Earth in 
kilometers. Genetic similarity between sampling sites was 
calculated using the function dist.genpop from adegenet 

package in R. To test the significance of any association 
between the log of geographic distance and genetic similar-
ity, a Mantel test was applied using the function mantel.
randtest from ade4 package in R (Dray and Dufour 2007).

To test the influence of environmental factors on genetic 
divergence the resistance to dispersal was evaluated for four 
variables: bathymetry (m), mean velocity of currents (m−1), 
minimum sea surface temperature (°C) and mean terrain 
curvature of seafloor (°). Bathymetry can affect connectiv-
ity given that deep water provides unsuitable habitat for S. 
axillare (Roos et al. 2019). Minimum sea surface tempera-
ture was used given that S. axillare occurs mostly in warm 
waters (Pinheiro et al. 2018) and, thus, regions with colder 
waters could act as barriers. Curvature, which is derived 
from the depth of the seafloor, indicates how bottom currents 
can interact with the seafloor and, potentially, in turn affect 
dispersal. Marine currents were tested because currents can 
contribute toward connectivity by carrying the pelagic larvae 
of this species.

Variables were extracted from both bio-oracle 
(Tyberghein et al. 2012; Assis et al. 2018) and MARSPEC 
(Sbrocco and Barber 2013) and how the resistance values 
attributed to each variable were categorized are shown in 
Table S2 (Supplementary Material). To define the environ-
mental distance between sites, the cumulative resistance 
between sites was calculated using the Circuitscape soft-
ware (McRae and Beier 2007) and the ResistanceGA pack-
age (Peterman 2018) for each variable in R. Circuitscape 
is based on the circuit theory approach to identify all pos-
sible pathways between sites (focal points). Initially, to 
test for correlations between environmental distances and 
genetic divergence, Mantel tests were applied using the same 
approach applied for IBD analysis. To further evaluate sig-
nificantly associated environmental variables (those with 
p-values lower than 0.05) while accounting for geographical 
distance, maximum likelihood population effects (MLPE) 
models were tested using the ResistanceGA package (Clarke 
et al. 2002; Peterman 2018). The MLPE models were then 
ranked by AICc using the function model.sel in R. The best 
models were those with lower AICc values and higher AIC 
weights.

Results

Genetic population structure

Pairwise FST between Sparisoma axillare collection sites 
ranged from 0.01 (FNA and PE) and 0.175 (ABR and 
TRI) (Supplementary Material Table S3), and global FST 
was ~ 0.02 and significantly different from zero. The coastal 
locations with significant pairwise FST, were RN and AL. 
Divergence between PE and most of the other sites was low, 
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as indicated by the either low or nonsignificant FST values. 
The off-coast sites FNA and ABR had low pairwise FST 
with the coastal sites. When comparing these two off-coast 
sites with AL, the FST was low but significantly different 
from zero. The FST between the third off-coast site, TRI, and 
all the other sites, including the other off-coast sites, were 
always significant and higher than 0.1.

The PCA corroborated the FST results, which showed 
greater genetic differences between TRI and all the other 
sites (Fig. 2). PC1 showed a clear divergence between TRI 
and all the other populations, whereas PC2 indicated some 
level of divergence between two individuals from ABR and 
the other sites. PC1 and PC2 explained 6.2% and 2.3% of the 
total variance, respectively (Fig. 2). The divergence between 
two other individuals from ABR and all the other sites is 
shown in PC3 and explains an additional 2.1% of the genetic 
variance (Supplementary Material Fig. S1).

The BIC indicated that the most likely number of clus-
ters is 2, thus suggesting two divergent populations. The 
DAPC analysis suggested a similar pattern to that found in 
the first PC of the PCA, thus showing that there is a diver-
gence between the TRI population and all the other sites 
(Supplementary Material Fig. S2a). Another DAPC analysis 
excluding TRI estimated that the most probable number of 
clusters was 1 (Supplementary Material Fig. S2b).

The STRU​CTU​RE analysis shows that K = 2 is the best 
model (Fig. 3). Again, one cluster comprised all the coastal 
sites plus ABR and FNA, and the other comprised only TRI. 
The barplot for K = 3 and K = 4 provides some evidence for 
the genetic differentiation of ABR, FNA and AL (Fig. 3). 

We also run STRU​CTU​RE excluding the most divergent 
site, TRI, to avoid masking smaller divergences. Results 
also indicated that all the other sampled sites most likely 
comprise a single cluster (Supplementary Material Fig. S3).

Isolation by distance and resistance

Isolation by geographic distance was not significant for 
either the complete dataset (p = 0.088) or the dataset exclud-
ing TRI (p = 0.196; Fig. 4a). Analyses of environmental 
distance via Mantel testing resulted in a single significant 
association between bathymetry with genetic distance when 
TRI was included (p = 0.025, Fig. 4b). When comparing 
the models (i) genetic divergence ~ bathymetry, (ii) genetic 
divergence ~ geographic distance and (iii) genetic diver-
gence ~ bathymetry + geographic distance, the lowest AIC 
indicates that (i) bathymetric resistance best explained the 
genetic distance, followed by (iii) the combination of geo-
graphic distance and bathymetry (Supplementary Material 
Table S4).

Discussion

We characterized the genetic structure of the endemic and 
vulnerable Gray Parrotfish Sparisoma axillare across most 
of its distribution in Brazilian waters. We revealed that popu-
lations of S. axillare are connected to varying degrees, and 
that genetic divergence is largely a consequence of water 
depth. The off-coast TRI was consistently identified as 

Fig. 2   Principal component 
analysis (PCA) of genomic 
similarity based on 5429 Spari-
soma axillare SNPs from nine 
sites located on Brazilian coast 
and islands: RN—Rio Grande 
do Norte, PE—Pernambuco, 
AL—Alagoas, BA—Bahia, 
ES—Espírito Santo, RJ—Rio 
de Janeiro, FNA—Fernando 
de Noronha, ABR—Abrolhos 
Bank and TRI—Trindade Island
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genetically differentiated and inferred to be the most iso-
lated, most likely due to the geographic extent of deep water 
separating this population with the rest of the distribution. 
In contrast, the FNA off-coast site showed a high level of 
connectivity with most coastal sites, most likely a conse-
quence of oceanographic characteristics. FST analyses and 
structure analyses also detected significant but low levels of 
genetic differentiation, even between sites in relatively close 
geographic proximity. The extent of genetic divergence was 
unexpected given that S. axillare has a pelagic larval phase, 
a trait that often confers relatively high rates of dispersal.

The high genetic differentiation between the S. axillare 
population at TRI and other sites is consistent with studies 
of corals (Peluso et al. 2018) and other fishes (Simon et al. 
2021), although contrasting results have been reported for 
some other taxa (Teschima et al. 2016; Liedke et al. 2020; 
Simon et al. 2021). This genetic divergence can be explained 
by a combination of the large geographic distance and the 
lack of suitable shallow habitat between TRI and the closest 
coastal site (~ 1000 km). Although the relevance of bathym-
etry to genetic divergence could become more pronounced 
with increasing geographic distance, our data indicate that 
geographic distance alone does not significantly explain the 
genetic structure.

Historically, glacial cycles likely affect the levels of dis-
persal and gene flow, with increased gene flow between 
the Brazilian Province and Caribbean during sea level rise 
(Rocha 2003; Ludt and Rocha 2015). In contrast, the con-
nectivity between the coast and TRI is likely to increase as 
the sea level drops (Pinheiro et al. 2017; Simon et al. 2021). 

During the last glacial maximum, the sea level was up to 
130 m lower than present, and the seamounts of the Vitoria-
Trindade chain (VTC) were above the surface and closer to 
each other, therefore favoring the dispersal of organisms that 
use shallow habitats (Lambeck et al. 2002). The coloniza-
tion of TRI by S. axillare likely occurred during a glacial 
period, when conditions for dispersal using the seamounts 
as stepping stones were more favorable. When the sea level 
increased, local extinction of S. axillare is likely to have 
occurred on the seamounts, explaining why the species is 
not recorded on the VTC (Pinheiro et al. 2015). The envi-
ronmental variability during glacial cycles also affected 
other species in the region. Analyses of endemic species 
from VTC and TRI and its mainland sister species indicate 
intermittent connectivity and colonization events following 
growth of the mainland population (Pinheiro et al. 2017). 
For reef species with a higher capacity for colonization, the 
seamounts of VTC are currently functioning as stepping 
stones and contribute to genetic connectivity (Thomas et al. 
2009; Pinheiro et al. 2009; Simon et al. 2013, 2021; Macieira 
et al. 2015). However, for weak colonizers, and those species 
that are restricted to shallower waters, low gene flow results 
in genetic differentiation (Simon et al. 2021). Consequently, 
most of the VTC and TRI endemic lineages are weak colo-
nizers (Pinheiro et al. 2017).

Although S. axillare has never been reported on the 
VTC seamounts, other species of Sparisoma have, includ-
ing its closest relative, S. frondosum, that is present on 
the seamounts closer to the continent and absent in TRI 
(Pinheiro et al. 2015). Because of the close phylogenetic 

Fig. 3   Barplot of the STRU​CTU​RE analysis showing A) the most 
likely number of clusters of Sparisoma axillare (K = 2), B) K = 3, C) 
K = 4: the genetic characteristics associated with the Trindade Island 
(TRI) population are indicated by the color blue, and all the other 
sites are indicated by the colors pink, yellow and gray depending on 
the number of populations being tested. Each vertical bar represents 
one individual, and the color indicates the probability of each indi-

vidual in each ancestral cluster. The TRI cluster (blue) shows that all 
the individuals sampled in TRI are 100% confined to TRI at K = 2 
(the best supported model). The sampling locations are abbreviated as 
follows; TRI—Trindade Island, FNA—Fernando de Noronha Archi-
pelago, ABR—Abrolhos Bank, RN—Rio Grande do Norte, PE—Per-
nambuco, AL—Alagoas, BA—Bahia, ES—Espírito Santo, RJ—Rio 
de Janeiro
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relationships, similarities in life-history attributes and dis-
tribution patterns, it was suggested that S. axillare and S. 
frondosum have a similar colonization capacity and habitat 
preference (Peterson et al. 1999; Losos 2011). However, 
it has been subsequently shown that S. axillare has dif-
ferent habitat requirements to S. frondosum and this has 

been attributed to divergent evolution of ‘sister species’ 
to avoid competition (Schoener 1974; Dufour et al. 2015; 
Pinheiro et al. 2015). Our data suggest that these species 
also have different capacities for colonization, further 
supported by evidence for long-distance dispersal of S. 
frondosum across deep ocean to recently colonize Cape 

Fig. 4   Isolation by a geo-
graphic distance and b 
environmental resistance 
(bathymetry) for Sparisoma 
axillare populations in Brazil. 
Genetic distance was calculated 
using genetic dissimilarity 
(Euclidian). Circles indicate 
pairwise comparison between 
coastal sites. Squares indicate 
pairwise comparison between 
one off-coast site and one 
coastal site. Triangles indicate 
pairwise comparison between 
off-coast sites. All the points on 
the top right of both graphs are 
comparison between Trindade 
Island (TRI) and all the other 
sites. Circles in yellow and 
orange are pairwise compari-
sons between coastal sites that 
are located geographically 
farther away, with the same or 
higher distances than TRI and 
the other sites, but with lower 
genetic divergence. TRI—Trin-
dade Island, FNA—Fernando 
de Noronha Archipelago, 
ABR—Abrolhos Bank, RJ—
Rio de Janeiro, ES—Espírito 
Santo, BA—Bahia, PE—Per-
nambuco, RN—Rio Grande 
do Norte. “Coast” includes the 
following sites: RJ, ES, BA, AL 
(Alagoas), PE and RN
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Verde (Freitas et al. 2014). Similar comparisons within the 
region of our study for the reef fishes Acanthurus (Rocha 
et al. 2002) and Halichoeres (Rocha et al. 2005) indicated 
divergent habitat preferences among sister species in terms 
of depth, temperature and bottom type. Collectively, these 
observations argue against the proposition that knowledge 
of genetic structure for one species can be used as a proxy 
for genetic structure in closely related species.

The contrasting levels of genetic isolation of S. axillare 
at the off-coast sites of FNA and TRI can be explained by 
different oceanographic conditions, principally the cur-
rents and geographic distance (Lumpkin and Garzoli 2005; 
Rodrigues et al. 2007; Rudorff et al. 2009). FNA is affected 
by the Central South Equatorial Current and the North 
Brazil Current, which includes strong currents that flow 
from the east toward the coast. TRI, which is located more 
than 1000 km off the coast, is dominated by the weaker 
Brazil Current, which flows from the north to the south 
(Stramma and England 1999) and by eddies that mostly 
affect the VTC. Some genetic studies in the same area on 
fish and corals contrast with our results by showing sig-
nificant genetic divergence between coast and FNA, with 
FNA occasionally clustering together with TRI, despite 
the almost 2 thousand kilometers of distance across open 
ocean (Neves et al. 2016; Peluso et al. 2018). Nonetheless, 
our results flag the importance of FNA in species conser-
vation because of its possible role as a source population 
(Endo et al. 2019).

Consistent with previous biophysical models for Spari-
soma larvae, low genetic divergence was evident within the 
Costa dos Corais MPA at PE and AL (Endo et al. 2019), an 
important region embracing a large diversity of Brazilian 
reef fauna (Pereira et al. 2021). These data are consistent 
with the idea that this region is key to maintaining popula-
tions sizes and genetic variation of S. axillare (Endo et al. 
2019). The importance of the Costa dos Corais MPA for 
the recruitment of S. axillare and, probably, other shallow 
water reef species, emphasizes the need to ensure sustain-
able levels of exploitation in this MPA as recommended 
by an IUCN category IV (Dudley 2008). In this MPA, the 
only enforced management measures in place are small 
coastal no-take zones (ICMBIO 2020). The other regions 
are open for fishing, possibly leading to a reduction of the 
local S. axillare stock, thereby threatening the species along 
its entire coastal distribution, especially if the surrounding 
areas are also strongly exploited. The lack of protection is 
further highlighted by ABR, which is the largest coralline 
bank in the south Atlantic and only 1% of its total area is 
fully protected. This site also showed some evidence for S. 
axillare being genetic differentiated from other parts of its 
distribution, suggesting that this region may be less likely 
replenished by migrants and less likely to act as a source to 
other parts of the distribution.

Knowledge of connectivity is crucial to conservation 
planning, and, in the last decade, genetic and habitat connec-
tivity measures have been adopted as criteria in integrative 
management initiatives (Saura et al. 2019). Due to high lev-
els of commercial, artisanal and recreational fishing within 
its distribution along the Brazilian coast, S. axillare has the 
status of vulnerable (Roos et al. 2015, 2016; MMA 2022). 
However, this species is only effectively protected in a few 
MPAs along the entire Brazilian Province (Morais et al. 
2017; Endo et al. 2019; Giglio et al. 2018). Here we show 
that parts of the distribution of S. axillare are genetically 
divergent, despite its comparative long pelagic larval phase. 
The S. axillare population at TRI could be especially vul-
nerable to the effects of overfishing given the level genetic 
divergence and inferred isolation, and because the likely 
direction of any migration is toward the coast (Pinheiro et al. 
2010). Although at TRI and other oceanic islands (São Pedro 
and São Paulo Archipelago) no-take areas have recently been 
established, thus increasing the country’s marine protected 
areas, these MPAs are still loosely regulated to commer-
cial and recreational fisheries (Guabiroba et al. 2020). Our 
results support the notion that the Brazilian oceanic islands 
are an important repository of unique genetic variation (Pin-
heiro et al. 2015, 2017; Mazzei et al. 2021).
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