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assessed across the Southwest Atlantic Ocean regions 
based on a multilocus mitochondrial DNA approach 
to support conservation strategies. The concatenated 
mitochondrial dataset (control region, cytochrome b 
and cytochrome c oxidase I) showed high levels of 
haplotype diversity and low nucleotide diversity in S. 
guggenheim, with distinct genetic diversity patterns 
among populations. Although signs of stepping-stone 
gene flow were observed, a strong and statistically 
significant genetic structure into at least two popula-
tions was detected, matching with the species’ bio-
logical traits and region’s oceanographic particulari-
ties. Contrasting demographic patterns were detected, 

Abstract  The angular angelshark (Squatina 
guggenheim) is a coastal endangered angel shark 
from the Southwest Atlantic Ocean and one of the 
major bycatch victims. Despite major concerns about 
this species, little is known about its evolutionary 
connectivity across its whole geographic distribu-
tion. Here, genetic connectivity and phylogeographic 
patterns of S. guggenheim for 122 individuals were 
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in which only southernmost Atlantic populations 
showed signs of population expansion. Despite the 
existence of connectivity among regions, our results 
suggest that conservation plans should be carried out 
following the uniqueness of each management unit.

Keywords  Conservation genetics · Elasmobranch · 
Genetic diversity · Mitochondrial DNA · Population 
structure · Southwest Atlantic

Introduction

Understanding the patterns of genetic population 
structure of a species depends on a variety of micro-
evolutionary approaches and environmental fac-
tors over time (Avise, 2009). This knowledge can 
be reached through phylogeographical studies from 
which genetic surveys and biogeographic traits must 
be connected (Avise, 2009). The current marine bio-
diversity is the reflection of a long-term evolution, 
which has been accessed to understand the dynam-
ics of population connectivity and phylogeography 
(Bowen et al., 2014). Contemporary populations can 
often carry genetic signatures from past climatic 
changes, geographic and geological history (Felsen-
stein, 1982; DiBattista et  al., 2011). Several varia-
tions in environmental conditions occurred in the 
last 2.58 million years ago (Mya) during the glacial-
interglacial cycles of the Quaternary Period through-
out the world’s oceans, such as sea-level declines, sea 
temperatures oscillation and marine currents changes 
(Rabassa et al., 2005; Ludt & Rocha, 2015; Alves & 
Mahiques, 2019). As a consequence, coastal marine 
and estuarine species were deeply affected (e.g., 
Beheregaray et al., 2002; Iriarte et al., 2011; Machado 
et  al., 2017) and this period has been known as an 
important driven factor for evolutionary variability 
and changes in species distribution (Hewitt, 2000).

Specifically, the Southwest Atlantic Ocean is one 
of the most biologically productive areas of the world 
with relatively high species richness and distinct tem-
peratures throughout the coastline (Acha et al., 2004; 
Lutz et al., 2010; Franco et al., 2020). Despite its high 
biodiversity, the Southwest Atlantic Ocean is remark-
ably vulnerable to unsustainable fishery efforts (Luci-
fora et al., 2012). As respects to the Chondrichthyes 
class (comprising sharks, rays and chimeras), 50% 
of endemic species from the Southwest Atlantic are 

threatened with extinction (Dulvy et al., 2014). Even 
though the number of conservation genetic stud-
ies have increased in the past few decades, many 
endemic Chondrichthyes from the Southwest Atlan-
tic Ocean are still data deficient (Domingues et  al., 
2018). Therefore, estimating the number of popu-
lations as well as the process and patterns that have 
been shaping the genetic structure of a species over 
time is imperative to guarantee a short and long-term 
conservation of threatened shark species (Allendorf 
et al., 2013).

The angular angelshark Squatina guggenheim 
Marini, 1936 is a small marine demersal shark, 
endemic from the continental shelf of the South-
west Atlantic Ocean. Its distribution ranges between 
Rio de Janeiro in Brazil and central Patagonia 
in Argentina, inhabiting sandy and muddy sub-
strates at depths of 10–80 m (Cousseau & Figueroa 
2001; Ebert et  al., 2013; Cuevas et  al., 2020). As 
most part of benthic elasmobranchs, S. guggen-
heim presents low dispersal capability, resulting 
in restricted reproductive migrations even at small 
geographic scales (Colonello et al., 2007). Further-
more, the females have a three-year reproductive 
cycle that determines that migration movements 
related to mating and parturition do not affect all 
the reproductive population (Vooren & Klippel, 
2005). Squatina guggenheim, jointly with two oth-
ers endemic angel sharks from the Southwest Atlan-
tic, Squatina occulta Vooren & da Silva, 1992 and 
Squatina argentina Marini, 1930, has been regularly 
caught as a valuable bycatch in coastal trawlers and 
gillnet fisheries in southern Brazil, Uruguay and 
northern Argentina (Chiaramonte, 1998; Vooren & 
Klippel 2005; Bunholi et  al., 2018; Oddone et  al., 
2019). Despite the implementation of conserva-
tion laws controlling local fisheries throughout the 
Brazilian coast since 2004, capture and illegal trade 
of angel sharks were recently documented (Bun-
holi et al., 2018). Hence, intensive fishery pressure 
coupled with the low reproductive potential makes 
this species highly vulnerable to extinction (Dulvy 
et  al., 2008). As a consequence, S. guggenhiem is 
currently listed as Endangered by the International 
Union for Conservation of Nature (IUCN) with a 
decreasing population trend (Oddone et  al., 2019). 
Regionally, the species is reported as Critically 
Endangered in the Brazilian regional conservation 
status classification (ICMBio/MMA, 2018; Vooren 
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et al., 2018) and Endangered for the Patagonian Sea 
(Cuevas et  al., 2020). To date, the single genetic 
study that evaluated the population genetic struc-
ture of S. guggenheim revealed no latitudinal struc-
ture across the region of the Rio de La Plata (García 
et al., 2014). Yet, the lack of sampling from Brazil, 
therefore, does not provide enough information to 
characterize its population structure.

The conditions for the dispersion of individuals, 
in most cases, are correlated to geographical barri-
ers to gene flow as well as biological characteristics 
(Avise, 2000; Hellberg et  al., 2002; Ovenden, 2013; 
Hirschfeld et al., 2021). The Southwest Atlantic con-
tinental shelf is strongly influenced by the Brazilian 
subtropical and the Malvinas-Falklands subantarc-
tic currents, which together had originated the sub-
tropical convergence between 30°S and 40°S (Piola 
et al., 2000; Odebrecht & Castello, 2001; Acha et al., 
2004). In addition to variations of temperature, an 
intense salinity variation occurs in that region due to 
the presence of large freshwater discharges that pro-
duces a low density and stable water layer over the 
Patos Lagoon (32°S) and Rio de la Plata (35°S) set-
ting up an extended estuarine influence of 50 km and 
240  km, respectively (Odebrecht & Castello, 2001; 
Acha et al., 2004). However, despite having complex 
oceanographic characteristics that may restrict con-
nectivity, those are considered permeable barriers 
and may not represent significant breaks in connectiv-
ity (Ovenden, 2013; Hirschfeld et al., 2021). Several 
authors have suggested that the permeable barriers 
of the Southwest Atlantic Ocean (ocean currents and 
fresh-water discharges) do not affect connectivity of 
marine animals (Iriarte et al., 2011; Cortinhas et al., 
2016; Machado et al., 2020). For example, no genetic 
isolation between Argentina and southern Brazil was 
observed for Pogonias courbina Lacepède, 1803, 
likely resulting from its reproductive strategy and sea-
sonal migrations across the Brazil-Malvinas conflu-
ence zone (Machado et al., 2020). On the other hand, 
other studies suggest that those oceanographic par-
ticularities can affect the genetic structure of marine 
species (Santos et  al., 2006; Rodrigues et  al., 2014; 
Fruet et  al., 2017; Márquez et  al., 2017). Further-
more, in elasmobranchs, life history characteristics 
also influence dispersal events and, consequently, the 
geographical patterns of genetic variation (Hirschfeld 
et  al., 2021). This influence was observed in two 
species of guitar fishes that showed high genetic 

population structure in the Southwest Atlantic Ocean, 
which might be also due to their resident behavior 
with only seasonal depth migrations (Cruz et  al., 
2021).

Against this background, a multilocus dataset was 
used to infer the genetic connectivity and phylogeo-
graphic aspects of S. guggenheim in the Southwest 
Atlantic Ocean. In particular, the objectives of this 
study were: (i) to describe the patterns of genetic 
diversity of S. guggenheim in the southwest Atlantic 
Ocean; (ii) to test the null hypothesis of panmixia in 
this region; and (iii) to identify the evolutionary pro-
cess responsible for shaping the current pattern of 
distribution and demography of the species.

Materials and methods

Sampling and DNA sequencing

A total of 122 angular angelshark Squatina guggen-
heim tissue samples (muscle or fin clip) were oppor-
tunistically obtained between 2015 and 2018 from 
industrial bottom trawlers, gillnets, longline and arti-
sanal fisheries across its distribution in the Southwest 
Atlantic Ocean. Sampling regions: Northern Coast of 
São Paulo State, Brazil—NCSP (n = 7); Baixada San-
tista São Paulo State, Brazil—BSSP (n = 37); South-
ern Coast of São Paulo State, Brazil—SCSP (n = 41); 
Southern Brazil—SOBR (n = 16) and Coast of Uru-
guay-Argentina—UYAG (n = 21—which includes 
Uruguay—Punta del Este region—UYAG1 and 
Argentina—Villa Gesell region—UYAG2) (Fig.  1). 
The reason that we decided to merge Uruguay and 
Argentina as UYAG region is due to the low num-
ber of samples from Uruguay—Punta del Este region 
(UYAG1) as well as the non-significant genetic vari-
ance between both regions (see Fig. 1 Appendix 1 in 
Supplementary Material for details). All tissue sam-
ples were stored in 95% ethyl alcohol.

Total genomic DNA was extracted using the 
DNeasy Blood and Tissue Kit (QIAGEN©, Valen-
cia, CA, USA). Polymerase Chain Reaction (PCR) 
was performed for each mtDNA molecular markers: 
non-protein-coding control region (CR) and protein-
coding genes cytochrome b (CytB) and cytochrome 
c oxidase I (COI) following the standard protocol of 
Platinum™ Taq DNA Polymerase (Invitrogen™) (see 
Appendix  1 in Supplementary Material for details). 
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After amplification, samples were purified by a stand-
ard ExoSAP-IT™ cleanup protocol (Applied Biosys-
tems™) and sequenced on an AB 3130 Genetic Ana-
lyzer (Applied Biosystems™).

DNA polymorphism and population genetic structure

The mtDNA sequences were aligned by the MUSCLE 
algorithm (Edgar, 2004) and edited in GENEIOUS 4.8.5 
(Kearse et al., 2012). After the alignment, all mtDNA 
sequences were concatenated by SEQUENCEMATRIX 
1.8 (Vaidya et  al., 2011). The DNA polymorphism 
regarding the number of haplotypes (H), polymorphic 
sites (S), haplotype (h) and nucleotide (π) diversities 
were estimated in DNASP 6.12.03 (Rozas et al., 2017).

To test the null hypothesis of southwestern Atlan-
tic panmixia, a population comparison for all sam-
pling areas was estimated through the pairwise ΦST 
genetic differences using ARLEQUIN 3.5.2.2 (Excoffier 

& Lischer, 2010) with the statistical significance 
tested by 50,000 permutations and significance 
level (α) = 0.05. The statistical significance of esti-
mated probabilities was corrected using the Benja-
mini–Hochberg (1995) correction. A hierarchical 
framework of different hypothetical population sce-
narios was tested using an Analysis of Molecular Var-
iance (AMOVA) (Arlequin 3.3.2.2; Excoffier et  al., 
1992). The scenarios were based on previous studies 
from Southwest Atlantic Ocean: (1) global popula-
tion structure—panmictic population (Machado et al., 
2020); (2) southeastern Brazil (NCSP, BSSP and 
SCSP) x southernmost regions (SOBR and UYAG) 
(Cruz et  al., 2021); (3) Brazilian regions (NCSP, 
BSSP, SCSP and SOBR) x Uruguay-Argentina region 
(UYAG) (Marquéz et al., 2017); and (4) southeastern 
Brazil (NCSP, BSSP and SCSP) x southern Brazil 
(SOBR) x Uruguay-Argentina region (UYAG) (alter-
native scenario).

Fig. 1   Sampling of the angular angelshark (Squatina guggenheim) along the Southwest Atlantic Ocean. In orange, the species’ geo-
graphic distribution (Oddone et al., 2019)
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The number of historical migrants per genera-
tion (Nm = Θ.M) among populations was inferred by 
MIGRATE-N 4.4.4 (Beerli & Felsenstein, 2001; Beerli 
& Palczewski, 2010). The software estimates, under 
a Bayesian approach, the mutation-scaled popula-
tion sizes (Θ), defined as Θ = Neµ for mtDNA, and 
the mutation-scaled immigration rate (M), defined as 
M = m/µ where m is the immigration rate per gen-
eration and µ is the mutation rate per site and gen-
eration. Different migration hypotheses were tested, 
and the best model was assigned through the Bayes 
factor using Bezier scores from each run (Beerli & 
Palczewski 2010) (see Appendix  1 in Supplemen-
tary Material for details). The runs were performed 
with by an exponential prior distribution with fixed 
window ranging from Θ: 0–0.1 (Δ 0.01; 5000 bins) 
and M: 0–10,000,000 (Δ 1,000,000; 5000 bins). The 
MCMC settings were set as one long chain recorded 
by 200,000 steps incremented every 1000 steps with 
a single replicate comprising a total of 300,000,000 
iterations. A static heating scheme of five chains with 
temperatures of 1.0, 1.33, 2.0, 4.0, 1,000,000 with a 
burn-in of 20% per chain. The convergence assign-
ment was made in TRACER v1.7.1 (Rambaut et  al., 
2018).

Phylogeography and historical connectivity

Bayesian inference among haplotypes was con-
structed using BEAST v2.6.6 (Bouckaert et  al., 2014) 
under an unliked substitution model estimated for 
each locus using bModelTest (Bouckaert & Drum-
mond, 2017). The tree was calibrated with fossil 
dating using the earliest Oligocene (33.17 ± 9.85 
Mya) as the radiation and origin of the living extant 
Squatiniformes and an age of 12.18 ± 4.79 Mya, from 
the Middle Miocene, as the radiation of North and 
South America angel sharks (Stelbrink et al., 2010). 
The dated tree converged under a Birth–Death model 
(Stadler, 2010; Heath et  al., 2014) and an uncor-
related lognormal relaxed clock (Drummond et  al., 
2005). The posterior distribution of parameters was 
estimated using the MCMC estimation, simulating 
three replications of 300,000,000 generations with 
10% of burn-in. The assignment of convergence and 
the effective sample size (ESS) were performed in 
TRACER v1.7.2 (Rambaut et  al., 2018). The software 
TREEANNOTATOR v2.6.6 (http://​beast.​commu​nity/​treea​
nnota​tor) was used to summarize the trees into the 

highest credibility tree. As outgroups, the sequences 
of Squatina dumeril Lesueur, 1818 (GenBank Access 
number MF993540) and Squatina squatina Linnaeus, 
1758 (Genbank Access numbers KY464954 and 
MG029174). Support for nodes in the tree topology 
was obtained by posterior probability. The relation-
ship among haplotypes and their geographic distribu-
tion was performed using a median-joining network 
as implemented in PopArt 1.7 (Leigh & Bryant, 
2015).

Evidence for population expansion was evaluated 
by neutrality tests FS (Fu, 1997) and R2 (Ramos-
Onsins & Rozas, 2002) with the statistical sig-
nificance tested through 10,000 permutations by 
ARLEQUIN 3.5.2.2 and DNASP 6.12.03, respectively. 
Additionally, in order to reconstruct the past demog-
raphy changes over time, an Extended Bayesian Sky-
line Plot (EBSP) was implemented in BEAST v2.6.2 
(Bouckaert et al., 2014) for each population according 
to the most probable structure scenario since it must 
to be constructed over a panmictic assumption (Grant, 
2015). The EBSP enables multiple unlinked loci in a 
single run, providing better estimates of demographic 
history over time under the stochastic coalescence 
process (Heled & Drummond, 2008). The evolu-
tionary models for each locus of each population 
were estimated in jModelTest 2.1.10  (Darriba et  al., 
2012). A strict molecular clock was assigned due to 
its good approximation for analyses at the intrapopu-
lation level and simplification of the coalescent model 
(Heled, 2010; Drummond & Bouckaert, 2015). The 
prior distributions followed the default suggestion, 
however, an MCMC of 300,000,000 generations was 
executed. Convergence and ESS (> 200) of the EBSP 
run were analyzed in TRACER v1.7.1 and the EBSP plot 
was visualized through plotEBSP.R script in R v3.6.1 
(R Core Team, 2020; Heled & Drummond, 2008).

Results

DNA polymorphism and population genetic structure

The concatenated dataset CR-CytB-COI presented 
2314 base pairs (bp) compounding 48 haplotypes, 
whereas CR (892  bp) (GenBank accession numbers 
MW456713-MW456735), CytB (792  bp) (Gen-
Bank® accession numbers MW456701-MW456712), 
and COI (630  bp) (GenBank® accession numbers 

http://beast.community/treeannotator
http://beast.community/treeannotator
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MW456691-MW456700) presented 23, 12 and 10 
haplotypes, respectively (see Appendix  2 in Sup-
plementary Material for details). Genetic diversity 
indices of each molecular marker dataset individu-
ally were described in the Supporting Information. 
The CR dataset presented the highest genetic diver-
sity (hCR = 0.767 ± 0.034; πCR = 0.0023 ± 0.0012), 
whereas the lowest is showed in the CytB dataset 
(hCytB = 0.600 ± 0.029; πCytB = 0.0010 ± 0.0026). 
The concatenated dataset is characterized by high 
haplotype diversity (hCR-CytB-COI = 0.838 ± 0.033) 
and low nucleotide diversity (πCR-CytB-COI = 0.0017 ± 
0.0009) (Table  1). At the population-level, diversity 
indices were lower within southeastern Brazil regions 
(Baixada Santista, São Paulo State – BSSP and 
Southern Coast of São Paulo State—SCSP) (Table 1). 
In general, both concatenated and single molecular 
markers showed, for some populations, similar pat-
terns of haplotype and nucleotide diversities (see 
Appendix 2 in Supplementary Material for details).

The global population structure reveals the pres-
ence of high and significant population genetic struc-
ture in S. guggenheim (ΦST = 0.2278, p < 0.01), fail-
ing to accept the null hypothesis of panmixia for S. 
guggenheim along the sampled region in the South-
west Atlantic Ocean. The ΦST pairwise showed sig-
nificant population structure among all sampling 
regions, except for NCSP (Table 2). In particular, the 
genetic differentiation showed by the pairwise ΦST 
analysis is greater between southeastern Brazil and 
southernmost regions; however, high genetic popula-
tion structure can be observed even between closely 
sampling regions (BSSP and SCSP: ΦST = 0.1695, p 

< 0.02). On the other hand, the hierarchical AMOVA 
showed no statistically significant population struc-
ture for any of the tested scenarios (Table 3), which 
might be associated with the presence of migrants 
among populations. Despite that, following the pair-
wise ΦST evidence we suggest the presence of at least 
four populations: population 1: Northern Coast of São 
Paulo (NCSP) and Baixada Santista (BSSP)—NBSP; 
population 2: Southern Coast of São Paulo (SCSP)—
SCSP; population 3: southern Brazil (SOBR)—
SOBR; population 4: Coast of Uruguay-Argentina 
(UYAG)—UYAG. The ΦST pairwise and AMOVA 
results for each molecular marker are displayed in 
Supplementary Information (Appendix 2).

Regarding the historical gene flow, the best migra-
tion model (see Appendix 2 in Supplementary Mate-
rial for details) displayed a stepping-stone dispersal 

Table 1   Summary statistics of sequence variability and popu-
lation demographic parameters of Squatina guggenheim for the 
concatenated sequence dataset in each sampling region [con-

trol region (CR)–cytochrome b (CytB)–cytochrome c oxidase I 
(COI): CR–CytB–COI]

n, sample size; H, number of haplotypes; S, polymorphic sites; h, haplotype diversity; π, nucleotide diversity; FS Fu’s (1996) and 
R2 (Ramos-Onsins & Rozas, 2002) neutrality tests. Bold font indicates significant values (p < 0.05 for R2 and p < 0.02 for Fs) after 
Benjamini–Hochberg correction. NCSP Northern Coast of São Paulo State, BSSP Baixada Santista, São Paulo State, SCSP Southern 
Coast of São Paulo State, SOBR Southern Brazil, UYAG​ Coast of Uruguay-Argentina

Region n H S h ± sd π ± sd FS R2

NCSP 7 6 6 0.952 ± 0.096 0.0011 ± 0.0010 − 2.70811 0.2267
BSSP 37 10 8 0.818 ± 0.048 0.0015 ± 0.0008 − 0.43468 0.1158
SCSP 41 11 9 0.502 ± 0.096 0.0008 ± 0.0009 − 3.4509 0.1165
SOBR 16 13 23 0.967 ± 0.036 0.0024 ± 0.0030 − 5.1776 0.1438
UYAG​ 21 17 23 0.976 ± 0.023 0.0017 ± 0.0027 − 11.4717 0.1353
Overall 122 48 34 0.838 ± 0.033 0.0017 ± 0.0009 − 4.6486 0.0896

Table 2   Pairwise ΦST estimates for sampled regions of 
Squatina guggenheim based on the concatenated sequence 
dataset [control region (CR)–cytochrome b (CytB)–
cytochrome c oxidase I (COI): CR–CytB–COI]

Bold font indicates significant values after Benjamini–Hoch-
berg correction (p < 0.05). n.s. non-significative values. NCSP 
Northern Coast of São Paulo State, BSSP Baixada Santista, 
São Paulo State, SCSP Southern Coast of São Paulo State, 
SOBR Southern Brazil, UYAG​ Coast of Uruguay-Argentina

NCSP BSSP SCSP SOBR UYAG​

NCSP – n.s n.s n.s 0.002
BSSP 0.0922 – 0.002 0.0477 0.002
SCSP 0.0497 0.1695 – 0.002 0.002
SOBR 0.0875 0.0710 0.2617 – 0.0463
UYAG​ 0.3180 0.2475 0.4927 0.0476 –
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evidenced by an intense and asymmetric number of 
migrants per generation southward along the South-
west Atlantic coastline (Fig. 2). The mutation-scaled 
population sizes (Θ) resulted in symmetric muta-
tion‐scaled population size (Θ) of ΘCR+CytB+COI = 
0.00217 (0.00122–0.00308 95% HPD) for each popu-
lation. Bayesian estimates for each molecular marker, 
including the values of mode, median, mean, and per-
centiles of the posterior probability density for each 
parameter are displayed in Supplementary Material 
(Appendix 2).

Phylogeography and historical connectivity

The main clades within S. guggenheim revealed by 
the Bayesian inference were not statistically signifi-
cant according to posterior probability values; there-
fore, the dichotomy founded in the phylogeny cannot 
be used to support any historical event (Supplemen-
tary Material Appendix  2—Fig.  3). The haplotype 
network presented an overall star shape and most hap-
lotypes are separated by only a few mutational steps 
(Fig. 3). The haplotype H3 (n = 48) shows the histori-
cal connectivity among all sampling regions, except 
UYAG (Fig.  3). The haplotype network of each 
molecular marker is available in the Supplementary 
Information (Appendix 2—Fig. 1).

We performed all the demography tests under 
the genetic structure of 4 populations, following the 
results of the pairwise ΦST. Signs of past population 
expansion were revealed by both neutrality tests; 
however, only R2 test was statistically significant 
for all regions (Table  1). The EBSP reconstruction 
showed signs of population expansion for SOBR and 
UYAG populations, while revealed a flat curve for 
NBSP and SCSP populations (Fig.  4). The SOBR 
population presented a constant smooth population 
expansion with a start point about 50 thousand years 
ago (Kya) with no demographic alterations during 
LGM until the present days, while UYAG population 
showed a marked population expansion after LGM at 
about 10 Kya, in line with the first period of deglacia-
tion (Fig. 4c and d).

Discussion

Nowadays, population genetics studies have shown 
essential information for the elaboration of effec-
tively management and conservation strategies for 
many endangered sharks and rays (Dudgeon et  al., 
2012; Domingues et al., 2018). Here we provide the 
population genetic and phylogeographic assessment 
of the angular angelshark (Squatina guggenheim) for 

Table 3   Analysis of Molecular Variance (AMOVA) for hypo-
thetical genetic structure scenarios of Squatina guggenheim 
based on the concatenated sequence dataset [control region 

(CR)–cytochrome b (CytB)–cytochrome c oxidase I (COI): 
CR–CytB–COI] with hierarchical genetic structuring scenarios 
among sampled regions

Fixation indexes defined as ΦST, permutation of haplotypes among populations among groups; ΦSC, permutation of haplotypes 
among populations within groups; ΦCT, permutation of populations among groups. %V, Percentage of variation, p value, the mar-
ginal significance within a statistical hypothesis test representing the probability of the occurrence of a given event. Sampling 
regions: NCSP Northern Coast of São Paulo State, BSSP Baixada Santista, São Paulo State, SCSP Southern Coast of São Paulo 
State, SOBR Southern Brazil, UYAG​ Coast of Uruguay-Argentina. In bold, significant values after Benjamin-Hochberg correction (p 
< 0.005)

Scenario Hypothetical structuring scenarios Source of variation %V Fixation indexes p value

1 (NCSP + BSSP + SCSP + SOBR + UYAG) Among populations 77.21 ΦST = 0.22785  < 0.0001
Within populations 22.79

2 (NCSP + BSSP + SCSP) × (SOBR + UYAG) Among groups 21.36 ΦCT = 0.21359 0.11243
Among populations within groups 8.56 ΦSC = 0.10888 0.00833
Within populations 70.08 ΦST = 0.29922  < 0.0001

3 (NCSP + BSSP + SCSP + SOBR) × (UYAG) Among groups 18.69 ΦCT = 0.22682 0.19978
Among populations within groups 9.47 ΦSC = 0.14119  < 0.0001
Within populations 71.84 ΦST = 0.33599  < 0.0001

4 (NCSP + BSSP) × (SCSP) × (SOBR) × 
(UYAG)

Among groups 15.25 ΦCT = 0.15251 0.40376
Among populations within groups 7.79 ΦSC = 0.09189 0.11243
Within populations 76.96 ΦST = 0.23039  < 0.0001
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its main distribution in the Southwest Atlantic Ocean, 
based on a multilocus mitochondrial DNA approach. 
Significant population genetic structure was detected 
among Southwest Atlantic regions, due to behavior 
of angel sharks and oceanographic particularities of 
the Southwest Atlantic Ocean. Also, the evolutionary 
history of S. guggenheim revealed signs of population 
expansion for southern Southwest Atlantic popula-
tions during the Pleistocene.

DNA polymorphism and population genetic structure

The CR–CytB–COI concatenated dataset revealed 
high haplotype diversity and low nucleotide diver-
sity for S. guggenheim in the Southwest Atlantic. 
Analogous values of haplotype diversity were found 
in elasmobranchs with similar biological and ecologi-
cal traits (e.g., Squatina californica Ayres, 1859—
Ramírez-Amaro et al., 2017; Raja clavata Linnaeus, 
1758—Chevolot et al., 2006; Pseudobatos productus 

Ayres, 1854—Sandoval-Castillo et  al., 2004). The 
low nucleotide diversity found in S. guggenheim 
may be related to changes in the coastal habitats due 
to past climate fluctuations in the Southwest Atlan-
tic (Grant & Bowen, 1998; O’Brien et  al., 2013). 
In addition, low nucleotide diversity is present in 
many species that are under intense fishing pressure 
(Domingues et  al., 2018). Low genetic diversity is 
considered a common pattern in the elasmobranch 
group due to its slow rates of molecular evolution 
and life history characteristics (O’Brien et al., 2013; 
Domingues et  al., 2018). In contrast, this genetic 
diversity pattern (high haplotype diversity and low 
nucleotide diversity) is not consistent with the previ-
ous regional study by García et al. (2014), which can 
be justified by its narrow geographic sampling scale.

Substantial intraspecific differences were observed 
among populations, where southernmost regions 
(SOBR and UYAG) showed higher levels of genetic 
diversity and a larger number of unique haplotypes 

Fig. 2   Number of historical migrants per generation of 
Squatina guggenheim in the Southwest Atlantic Ocean based 
on the concatenated sequence dataset [control region (CR)–
cytochrome b (CytB)–cytochrome c oxidase I (COI): CR–
CytB–COI]. The values indicate the estimations for the num-
ber of migrants per generation (Nm = Θ.M) where Θ is the 

mutation-scaled population size and M, the mutation-scaled 
immigration rates. This analysis was performed among four 
populations according to ΦST analysis. Populations: NBSP 
Northern Coast of São Paulo (NCSP) and Baixada Santista São 
Paulo State (BSSP), SCSP Southern Coast of São Paulo State, 
SOBR Southern Brazil, UYAG​ Coast of Uruguay-Argentina
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compared to southeastern Brazil regions (BSSP and 
SCSP), as well as reported for the Brazilian sharp-
nose shark, Rhizoprionodon lalandii Müller & Henle, 
1839, in the same region (Mendonça et  al., 2013). 
EBSP reinforces this pattern with the evidence of 
demographic expansion in both populations, sug-
gesting that populations from the southern Southwest 
Atlantic underwent a rapid population growth after 
habitat restriction during glacial periods (Grant & 
Bowen, 1998). In addition, the high levels of primary 

productivity due to freshwater discharges (Patos 
Lagoon—32ºS and Rio de La Plata—35ºS) and the 
hypothesis of this region being the birth and nurs-
ery areas of S. guggenheim may have been contrib-
uting to the high genetic diversity observed (Viñas 
et al., 2002; Vögler et al., 2008). Even though García 
et  al. (2014) had reported genetic structuring only 
between coastal and outer-shelf regions (longitudi-
nal population structure), all analyses herein showed 
high latitudinal genetic population structure among 

Fig. 3   Median-joining haplotype network of Squatina guggen-
heim in the Southwest Atlantic Ocean based on the concat-
enated sequence dataset [control region (CR)–cytochrome b 
(CytB)–cytochrome c oxidase I (COI): CR–CytB–COI]. H3 
refers to the most frequent haplotype. Color codes represent 
sampling regions: NCSP Northern Coast of São Paulo State, 

BSSP Baixada Santista, São Paulo State, SCSP Southern Coast 
of São Paulo State; SOBR: Southern Brazil, UYAG​ Coast of 
Uruguay-Argentina. The circle size is proportional to the fre-
quency of each haplotype. The segments represent one muta-
tion event, and the black dots represent hypothetical haplotypes 
not sampled
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S. guggenhiem populations in the Southwest Atlan-
tic Ocean. Given the strong and statistically signifi-
cant results of ΦST pairwise estimations, we suggest 
the presence of at least four populations. However, 
we detected the presence of gene flow among popu-
lations as showed by number of historical migrants 
per generation, which might explain the absence of 
significant structure for the scenarios tested in the 
AMOVA analysis.

Although in a larger scale, Rodrigues et al. (2014) 
suggested the influence of the oceanographic par-
ticularities of the Southwest Atlantic Ocean in the 
population structure of Macrodon atricauda Günther, 
1880, where the subtropical shelf front near the Patos 
Lagoon (33ºS) divides the Southwest Atlantic shelf 
into two regions: warm and salty waters (northern 
region), and cold and less salty waters (southern 
regions). These notable environmental variations may 
also be responsible for the population structure of 
S. guggenheim since greater genetic differentiations 

occur between southeastern Brazil populations and 
southernmost populations. In addition, this hypoth-
esis may bring interesting historic assumptions about 
the influence of glacial cycles in the S. guggenheim 
population, as well as bring up important insights 
about climatic variations of current times, since 
environmental variables are responsible to modulate 
feeding process and reproductive behaviors, affect-
ing dispersal and connectivity among populations in 
the Southwest Atlantic (Miranda & Haimovici, 2007; 
Vaz-dos-Santos et  al., 2009; Vasconcellos et  al., 
2015).

Similarly, the Pacific angelshark S. californica 
displays regional genetic differentiation between the 
Pacific Ocean and the Gulf of California (Ramírez-
Amaro et al., 2017). The genetic heterogeneity within 
the genus Squatina reflects their biological charac-
teristics, such as low dispersal ability and preference 
for shallow-coastal habitats, resulting in lower migra-
tion movements between nearby geographical areas 

Fig. 4   Extended Bayesian Skyline Plots (EBSPs) for Squatina 
guggenheim in the Southwest Atlantic Ocean based on the con-
catenated sequence dataset [control region (CR)–cytochrome b 
(CytB)–cytochrome c oxidase I (COI): CR–CytB–COI]. The 
x-axis is in units of millions of years ago (Mya), and the y-axis 
is the effective population size (Ne). The mean and 95% highest 
posterior density (HPD) intervals are calculated for the popula-
tion sizes for the period leading to an estimated plot of popu-

lation size through time with an associated measure of uncer-
tainty. This analysis was performed among four populations 
according to the pairwise ΦST analysis. All four populations 
are shown: a NBSP—Northern Coast of São Paulo (NCSP) 
and Baixada Santista, São Paulo State (BSSP); b SCSP—
Southern Coast of São Paulo State; c SOBR—Southern Brazil; 
d UYAG—Coast of Uruguay-Argentina
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(Gaida, 1997; Vooren & Klippel, 2005; Colonello 
et  al., 2007). On another hypothesis, the reproduc-
tive behavior may contribute to genetic divergence 
among populations, as reported in other coastal elas-
mobranchs (Chapman et al., 2015). Many species of 
angel sharks exhibit seasonal inshore-offshore migra-
tions, wherein females moving inshore to give birth, 
including S. guggenheim (Colonello et  al., 2007; 
Vögler et  al., 2008; Ellis et  al., 2020). However, no 
satellite tagging nor genetic studies had determined 
the presence of philopatric behavior in angel sharks. 
In addition, differences in life history parameters 
such as maximum length and length at-maturity were 
previously reported for S. guggenheim in the South-
west Atlantic, suggesting the existence of different 
stocks (Colonello et  al., 2007; Ellis et  al., 2020). In 
a recent study, Cruz et  al. (2021) showed that the 
levels of genetic differentiation in guitarfishes along 
the Southwest Atlantic Ocean might be explained by 
the resident behavior of the species, which only per-
form depth migrations during the reproductive cycle. 
Heterogeneous populations are commonly observed 
within coastal sedentary elasmobranchs (e.g., Neotry-
gon kuhlii Müller & Henle, 1841—Borsa et al., 2012; 
Ginglymostoma cirratum Bonnaterre, 1788—Karl 
et  al., 2012). These biological characteristics con-
tribute to form discrete local or regional populations, 
leading a high susceptibility to overexploitation in 
short term (Domingues et al., 2018).

Despite the high levels of population differen-
tiation, the Bayesian analysis of historical gene flow 
revealed strong stepping-stone connectivity among 
Southwest Atlantic populations, following espe-
cially the Brazil Current. The Brazil Current (BC) 
presented accentuated climatic variations in the Late 
Pleistocene (126 ka–11.7 ka) during the Marine Iso-
tope Stage (MIS) 5, with a warm temperature peak 
(> 25ºC) and the highest surface water salinity in 
the interglaciation substage 5e (Santos et  al., 2017). 
Those environmental variations may have impacted 
some individuals, suggesting the existence of migra-
tion from southeastern Brazil toward the Brazil-
Malvinas/Falkland Confluence region (38ºS), which 
present less saline (34.6–36) and colder (~ 6–20ºC) 
waters (Vögler et  al., 2008; Santos et  al., 2017). 
Similarly, this pattern was currently observed on 
the southeastern Brazilian coast, in which climatic 
variations of the past four decades had led coastal 
fishes to move southward looking for more favorable 

environments (Araújo et  al., 2018). However, the 
stepping-stone pattern of gene flow is in line with the 
ΦST pairwise estimations, suggesting the absence of 
connectivity between southeastern Brazil (NBSP and 
SCSP) and UYAG populations.

Even though the lowest number of migrants occur 
between regions that are separated by the Rio de La 
Plata discharges (SOBR and UYAG populations), 
our sequences from Uruguay, previously included in 
the UYAG population for the analyses, demonstrate 
a higher genetic similarity to Argentine individuals 
than to ones of southern Brazil (SOBR). This pat-
tern suggests that individuals living around the Rio 
de La Plata are equally adapted to the environmental 
particularities of the region. In addition, a possible 
explanation to the accentuated connectivity between 
Uruguay and Argentine individuals is the high lev-
els of primary productivity around the Rio de La 
Plata’s discharge, being considered as an important 
feeding region. Furthermore, it is a place of massive 
spawning of the Engraulis anchoita Hubbs & Marini, 
1935, the fish most consumed by S. guggenheim. In 
this sense, this region may be considered an area of 
the confluence of populations (Viñas et  al., 2002; 
Vögler et al., 2008). A similar pattern was observed 
for Rhizoprionodon porosus Poey, 1861 in the region 
of Amazon River discharges (Mendonça et al., 2011). 
Otherwise, northern populations (SOBR, SCSP, 
NBSP) did not present this connectivity with UYAG 
population, showing that freshwater discharges of the 
Rio de La Plata work as a biogeographic barrier for S. 
guggenheim.

Phylogeography and historical demography

Since the clades within S. guggenheim did not present 
enough statistical support to be considered divergent 
lineages, it suggests that even during sea surface cool-
ing periods’ as well as variation in sea levels during 
the Miocene/Pliocene the populations of S. guggen-
heim were still able to sustain gene flow. As a result, 
the rise of divergent lineages was not observed on 
the molecular markers used in this study; therefore, 
only the genetic population structure is responsible 
to explain the differences between the geographical 
regions. (Herbert et  al., 2016; Toomey et  al., 2016). 
Even though the haplotype network had shown a 
star-like shape, the most common haplotype H3 (n = 
48) highlights a gradual historic divergence between 
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southeastern Brazil and southernmost regions due to 
only 6.25% of its composition being consisted of indi-
viduals from SOBR region. Moreover, H3 is not pre-
sent in the UYAG region.

Signs of population expansion were observed in S. 
guggenheim for all populations based on R2 results 
(Ramos-Onsins & Rozas, 2002); however, for Fs (Fu, 
1997) only UYAG population is statistical signifi-
cantly, which is consistent with its genetic diversity 
indices (high haplotype and low nucleotide diversity), 
and with the presence of exclusive haplotypes (Grant 
& Bowen, 1998). Sudden population expansion is 
often likely to occur after episodes of glacial cycles, 
such as occurred for many species during the Pleisto-
cene period (Grant, 2015; O’Brien et al., 2013). The 
Pleistocene was marked by intense climatic and sea-
level oscillations, several habitats along the South-
west Atlantic Ocean were considered unsuitable for 
coastal species due to sea-level declines, especially 
during the LGM, when the relative sea-level was 
approximately 130  m below the present level (Cor-
rêa, 1996; Ludt & Rocha, 2015; Alves & Mahiques, 
2019), affecting the population dynamics of many 
coastal marine fishes in this region (Rabassa et  al., 
2005; Santos et al., 2006; Iriarte et al., 2011; O’Brien 
et al., 2013; Machado et al., 2017). Even though the 
EBSP analysis suggests events of population expan-
sion for SOBR and UYAG populations, matching 
with neutrality tests’ findings, these results could 
lead to overinterpretation of the population history 
of S. guggenheim. Both populations present a higher 
number of unique haplotypes, which might have 
overestimated values of population size. Addition-
ally, the flat curve showed by the EBSP reconstruc-
tion, especially for NBSP and SCSP populations, is 
not an indication of population stability, but may be 
related to the extinction of haplotype lineages due to 
population contractions during glacial periods (Grant, 
2015). Some weakness of the present study supports 
this conclusion, such as small sample sizes of each 
population, gene flow among populations, genetic 
divergence within populations and molecular clock 
calibration (Grant, 2015).

Conclusion

The present study suggests the existence of popula-
tion genetic structure in Squatina guggenheim. This 

heterogeneity may be addressed to its biological 
characteristics, such as limited dispersal, preference 
for shallow waters and to reproductive behaviors 
(Ellis et al., 2020). Moreover, given the uniqueness 
of Southwest Atlantic Ocean, we suggest that envi-
ronmental features also have an important influence 
in modulating S. guggenheim dispersal, especially 
salinity and thermal variations, though it should 
be better investigated since this influence was pre-
viously reported only during reproductive periods 
(Vögler et al., 2008).

In general, S. guggenheim presents moderate 
levels of genetic diversity, which may prejudice 
its evolutionary potential in long-term (Grant & 
Bowen, 1998; Domingues et al., 2018). In addition, 
the region with the lowest genetic diversity indices 
(SCSP) faces a lack of official annual reports on 
landings for S. guggenheim monitoring (ICMBio/
MMA, 2018). Despite the high genetic diversity 
observed in the SOBR population, current fish-
ing data showed high rates of overfishing for this 
region, especially in the 1990s, after the implanta-
tion of fisheries targeting angel sharks through bot-
tom gillnets (Vooren & Klippel, 2005; Ellis et  al., 
2020), which may impact its long-term evolution-
ary process (Belgrano & Fowlet, 2013; Domingues 
et al., 2018).

Given those particularities, the genetic hetero-
geneity among S. guggenheim populations must 
be considered in official landing reports and in 
the development of conservation strategies to pre-
serve its adaptive potential. Since this species is 
classified as “Endangered” by the IUCN Red List 
with signs of population decreasing, conservation 
efforts must be coordinate among countries in an 
international collaboration framework to imple-
ment efficient strategies at both local and regional 
scales. Although some conservation actions are cur-
rently being carried out for S. guggenheim (Oddone 
et al., 2019), there are still recent signs of landings, 
mainly caught through bycatch (Almerón-Souza 
et al., 2018; Bunholi et al., 2018). Hence, the iden-
tification of genetic population and phylogeographic 
patterns through the present study will contribute 
to better understand the dynamic of this endemic 
and endangered species in the Southwest Atlantic, 
as well as support the elaboration of international 
management and conservation strategies in the 
region.
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