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ABSTRACT

Aim The present study uses marine prosobranchs from shallow waters (down

to 200 m) as a model to determine biogeographical units along the Brazilian

coast and to investigate changes in assemblages along the Western Atlantic.

Location Western Atlantic Ocean.

Methods The composition and species distribution of prosobranchs were

determined using secondary data and information gathered from Brazilian sci-

entific collections. The similarities among the areas were calculated using the

Sørensen, Simpson and Ochiai Indices, and were illustrated using dendrograms

constructed by unweighted pair group method using arithmetic averages. Ordi-

nation analysis was performed using non-metric multi-dimensional scaling

based on the similarity matrices.

Results As a result of the compilation performed, 700 marine prosobranch

species distributed in 81 families from shallow waters were recorded in Brazil.

The results show a clear correlation between geographic distance between areas

and their faunal similarity. There is a gradual latitudinal variation in marine

prosobranch assemblages along the Brazilian coastline. The coastal areas sustain

richer gastropod assemblages than the oceanic islands.

Main conclusions Considering the results of cluster and ordination analy-

ses, this study proposes to divide the Brazilian coast into four regions: (1)

Guyanese Province (Amap�a state), (2) North-eastern Brazil Area (from the

mouth of the Amazon to southern Bahia, Brazil), (3) South-eastern Brazil

Area (from southern Bahia to Santa Catarina, Brazil, transition zone), and

(4) Argentinian Province (Rio Grande do Sul state). The North-eastern and

South-eastern Brazil Areas belong to the Brazilian Province. The Brazilian

insular areas are biogeographical units distinct from the other regions stud-

ied. Each island has its own composition of marine prosobranchs from shal-

low waters, while they share species with other coastal and island

environments.
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INTRODUCTION

The classification of geographic regions based on their biota is

one of the most frequently discussed topics in biogeography.

Historically, the distribution of marine animals was thought to

be determined by three primary influences, namely climate, sea

composition (chemical and physical properties of seawater)

and depth (Forbes, 1844). In the marine realm, biogeographic

regions were mainly based on water temperature and

isolation – ocean basins separated by land masses (Dana, 1853;

Woodward, 1856). Briggs (1974, 1995) offered a synthesis and

an update of the classification of marine regions, mainly based

on water temperature and isolation of ocean basins (e.g. East-

ern Pacific Region and Western Atlantic Region).
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Some marine biogeographers have used endemism rates to

subdivide these regions, calling them ‘areas of endemism’

(Floeter et al., 2008). Briggs (1974), in his classic study of

marine biogeography, classified areas with endemism rates

> 10% as Provinces. In addition to endemism rates, another

approach widely used to determine biogeographical units is

the use of cluster analysis, which aims to classify similar

objects together (e.g. Kreft & Jetz, 2010; Kulbicki et al.,

2013). Several studies attempt to establish marine biogeo-

graphical regions based on data collection of multiple taxa

(e.g. Ekman, 1953; Balech, 1954; Vannucci, 1964; Briggs,

1974; Pal�acio, 1982; Spalding et al., 2007; Griffiths et al.,

2009; Miloslavich et al., 2010, 2011; Briggs & Bowen, 2013)

or specific taxa, such as crustaceans (e.g. Coelho & Ramos,

1972; Boschi, 2000), gastropods (Floeter & Soares-Gomes,

1999), mollusks (Mart�ınez & del R�ıo, 2002; Mart�ınez et al.,

2013) and reef fishes (Floeter et al., 2008; Kulbicki et al.,

2013).

The present study uses marine prosobranch species (Mol-

lusca: Gastropoda) inhabiting waters down to 200 m deep to

determine biogeographical units along the Brazilian coast

and to investigate changes in assemblages along the Western

Atlantic, since these organisms are easily identified and have

a relatively well-studied taxonomy. The term ‘prosobranch’

will be used in this study to cover all gastropods that do not

belong to Heterobranchia (i.e. Patellogastropoda, Neritimor-

pha, Cocculinoidea, Vetigastropoda and Caenogastropoda).

MATERIALS AND METHODS

Study sites

Brazil is located in the central-eastern part of South America

(between 4°250 N–33°450 S and 34°470 W–73°590 W) and

has a coastline of c. 9200 km, with the longest typically trop-

ical coastline on the planet, extending mainly in a north-

south direction over more than 37 latitudinal degrees (Castro

& Miranda, 1998; Dominguez, 2006).

The geographical areas of Brazil considered in this study

were the coastal and continental shelf zones, oceanic islands

[S~ao Pedro and S~ao Paulo Archipelago – SPSPA

(0°560 N–29°220 W), Rocas Atoll (3°510 S–33°490 W), Fer-

nando de Noronha (3°510 S–32°250 W) and Trindade and

Martin Vaz Archipelago (20°300 S–29°200 W)], and Abrolhos

Archipelago (17°200–18°100 S, 38°350–39°200 W) (Fig. 1).

Trindade and Martin Vaz are the highest outcrops of the

Vit�oria-Trindade mountain chain (20–21° S), which consists

of seamounts with the tops reaching shallow depths (10–
110 m), aligned along the east–west direction (Gasparini &

Floeter, 2001; Gasparini, 2004). In this study, the group con-

sisting of Trindade, Martin Vaz and seamounts (Vit�oria,

Montague, Jaseur, Davis, Dogaressa, and Columbia) was con-

sidered as a single geographical unit.

The Abrolhos Archipelago is an enlargement of the Eastern

Brazilian continental shelf, covering the largest area of the

South Atlantic coral reefs (Le~ao & Ginsburg, 1997).

Data collection

This study was based on marine prosobranch species inhabit-

ing waters down to 200 m deep along the Brazilian coast

and insular areas. Although marine prosobranchs may be

considered well-studied in Brazil, there are still knowledge

gaps, particularly in the northern region. To minimize

potential bias, families belonging to Conoidea (sensu Bouchet

et al., 2011) were excluded from data analysis, except Coni-

dae and Terebridae, due to their small size and difficult tax-

onomy. Pelagic species of marine prosobranchs (Janthinidae,

Atlantidae, Pterotracheidae and Carinariidae) were also

excluded, since the focus of this study is on benthic species.

The composition and species distribution of prosobranchs

was determined using secondary data (see Appendix S1 in

Supporting Information), as well as through Brazilian scien-

tific collections (Prof. Henry Ramos Matthews Malacological

Collection – CMPHRM series A and B, Universidade Fede-
ral do Cear�a; Paulo Young Invertebrates Collection, Univer-

sidade Federal da Para�ıba; Malacological Collection from

Museu Nacional do Rio de Janeiro – MNRJ; and Malaco-

logical Collection from Museu de Zoologia da Universidade

de S~ao Paulo – MZUSP). Some sources used in this study

are unpublished theses, because they were considered here

to be important contributions to the Brazilian coast biodi-

versity.

Data analysis

For the records in Brazil, the database was built by determin-

ing the presence (1) or absence (0) of species in 17 coastal

Brazilian states (Amap�a, Par�a, Maranh~ao, Piau�ı, Cear�a, Rio

Grande do Norte, Para�ıba, Pernambuco, Sergipe, Alagoas,

Bahia, Esp�ırito Santo, Rio de Janeiro, S~ao Paulo, Paran�a,

Santa Catarina and Rio Grande do Sul) and insular areas

(S~ao Pedro and S~ao Paulo Archipelago, Rocas Atoll, Fer-

nando de Noronha, Trindade and Martin Vaz Archipelago

and Abrolhos).

Although the states’ borders are political rather than bio-

logical, most distribution data in the literature and scientific

collections are structured into these political regions. Conse-

quently, this approach allowed us to use the largest possible

quantity of data.

The similarities among areas were calculated from a pres-

ence/absence matrix of species in the regions, using the Sør-

ensen, Simpson and Ochiai Indices. These three indices do

not consider shared absences in their calculations (Legendre

& Legendre, 1998). The Simpson and Ochiai indices focus

on compositional differences more than differences in species

richness, whereas the Sørensen Index implicitly incorporates

differences in composition attributable to diversity gradients,

but ignores the relative magnitude of species gains and losses

(Koleff et al., 2003). The use of different methods improves

the insight obtained into compositional change.

The similarity matrices obtained from these indices were

clustered using the unweighted pair group method using

arithmetic averages (UPGMA), and visualized as

Journal of Biogeography 43, 2477–2488
ª 2016 John Wiley & Sons Ltd

2478

C. X. Barroso et al.



dendrograms. The robustness of the clusters was tested using

a multiscale bootstrap resampling technique (Suzuki & Shi-

modaira, 2006; Dapporto et al., 2013). The robustness esti-

mates, ranging from 1% (low) to 100% (high), were

calculated at each node of the dendrogram. The analyses

were conducted using 10,000 bootstrap replicates of dendro-

grams.

Ordination analysis was performed using non-metric

multi-dimensional scaling (NMDS) based on all three simi-

larity matrices. All analyses were performed with the soft-

ware R (R Development Core Team, 2014), using the

packages ‘pvclust’ (Suzuki & Shimodaira, 2006) and ‘reclust’

(Dapporto et al., 2013), and Primer 6.1.6 (Clarke & War-

wick, 2001).

Clustering and ordination analyses were also performed

between the Caribbean and South America (Guyana, Suri-

nam, French Guyana, Brazil, Uruguay, Argentina and Falk-

land Islands) to investigate changes in prosobranch

gastropod assemblages along the western Atlantic.

The list of Caribbean species was based on the study of Milo-

slavich et al. (2010), World Register of Marine Species

(WoRMS) (Worms Editorial Board, 2015) and Malacolog 4.1.1

(A Database of Western Atlantic Marine Mollusca) (Rosenberg,

2009). The regions of the Caribbean considered in this study

were similar to those previously established by Miloslavich et al.

(2010). A total of 1303 Caribbean species were considered in the

present study. The species of Guyana, Surinam and French

Guyana were determined based on WoRMS and Malacolog 4.1.1

databases. The number of species considered in each area were

36 (Guyana), 35 (French Guyana) and 105 (Surinam).

The species of Uruguay, Argentina and Falkland Islands

were determined based on WoRMS and Malacolog 4.1.1 data-

bases, in addition to studies conducted in this region (Pas-

torino, 1993, 1994, 2002, 2003, 2005, 2009; Forcelli, 2000;

Pastorino & Penchaszadeh, 2009; Teso & Pastorino, 2011; Teso

et al., 2011; Rechimont et al., 2013). The number of species

considered in each area were 90 (Uruguay), 188 (Argentina)

and 102 (Falkland Islands).

RESULTS

Species composition and latitudinal gradient

We recorded 700 marine prosobranch species distributed in

81 families in Brazilian shallow waters (see Appendix S2).

Fifteen species still not formally described were considered in

Figure 1 Location of the studied areas in
Western Atlantic Ocean and the three major

surface water currents that influence the
Brazilian coast (North Brazil Current – NBC,

Brazil Current – BC and Malvinas Current –
MC). The numbers correspond to regions

along Brazilian coast: 1 – Amap�a, 2 – Par�a,
3 – Maranh~ao, 4 – Piau�ı, 5 – Cear�a, 6 – Rio

Grande do Norte, 7 – Para�ıba, 8 –
Pernambuco, 9 – Alagoas, 10 – Sergipe, 11 –
Bahia, 12 – Esp�ırito Santo, 13 – Rio de
Janeiro, 14 – S~ao Paulo, 15 – Paran�a, 16 –
Santa Catarina and 17 – Rio Grande do Sul.
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this study. The most species-rich families among those

included in this study were Muricidae (69 spp.), Epitoniidae

(36), Columbellidae (35), Olividae (31), Conidae (31),

Marginellidae (30) and Fissurellidae (29).

The coastal areas sustain richer gastropod assemblages in

comparison to the oceanic islands. The coastal areas between

Bahia and Rio de Janeiro (12–23° S) were the richest. The

coastal zone between Bahia and Santa Catarina (12–30° S)

showed a great number of northernmost and southernmost

limits of species (turnover of species) (Fig. 2, Table 1).

Cluster analysis of Brazil

Sørensen, Simpson and Ochiai Indices showed similar clus-

tering patterns, but with some variations. Only the Sørensen

and Simpson Indices are presented here (Fig. 3).

With the Sørensen index, there was a clear separation

between coastal and insular areas (bootstrap = 100%, distance

c. 0.8), and S~ao Pedro and S~ao Paulo appears isolated from

other regions (distance > 0.9) (Fig. 3). In the cluster with the

Simpson index, the islands are closer to the coastal areas of

northern/north-eastern Brazil (bootstrap = 55%, distance

c. 0.6), and the coastal areas of south-eastern/southern Brazil

appear separated from the remaining areas (bootstrap = 78%,

distance > 0.6) (Fig. 3). With the Ochiai index, as with the

Simpson index, the islands (except S~ao Pedro and S~ao Paulo

and Abrolhos) are closer to the coastal areas of N-NE Brazil

(bootstrap = 34%, distance c. 0.6), and the coastal areas of

SE-S Brazil appear separated from the remaining areas (boot-

strap = 99%, distance c. 0.7). Abrolhos is closer to the group

formed by coastal areas of N-NE Brazil and insular areas

(Rocas, Fernando de Noronha, and Trindade and Martin Vaz)

(bootstrap = 53%, distance c. 0.6), even in the Simpson index.

As well as in the Sørensen index, S~ao Pedro and S~ao Paulo

appears isolated from other regions (distance > 0.9).

Another difference among the three dendrograms is in the

groups that included the coastal zones of Bahia and Esp�ırito

Santo. With the Sørensen and Ochiai indices, Bahia and

Esp�ırito Santo formed a group with a similarity of c. 0.7 and

0.8, respectively (bootstrap = 66% and 58%, respectively).

However, with the Simpson index, Bahia is closer to the

other NE Brazilian coastal zones (Rio Grande do Norte to

Sergipe) (bootstrap = 73%, similarity next from 0.9), and

Esp�ırito Santo appears isolated from the other NE regions

(bootstrap = 65%, similarity next from 0.7).

According to these results, the Brazilian coastal zone can be

divided into four subregions (with distances near or lower

than 0.3): (A) the coastal zone of Amap�a; (B) the coastal zones

of Par�a to Esp�ırito Santo; (C) the coastal zones of Rio de

Janeiro to Santa Catarina; and (D) the coastal zone of Rio

Grande do Sul. Each island was considered a separate unit.

Ordination analysis of Brazil

The ordination analyses performed using NMDS demon-

strated a clear positive correlation between geographic dis-

tance and faunal similarity. In fact, the two dimensional

ordination pattern corresponds very well to the real geo-

graphic positions, almost reproducing the Brazilian coastline.

The insular areas showed up well-separated from each other,

with the exception of Fernando de Noronha and Rocas Atoll.

Due to the similarity between the NMDS results, only the

results based on the Sørensen Index are shown (Fig. 4). The

ordination analyses based on the Simpson and Ochiai matri-

ces showed two-dimensional stress equal to 0.13 and 0.07,

respectively.

Figure 2 Latitudinal gradient of richness

and turnover of prosobranch species along
Brazilian coast. Legends: Blue bars: total

number of species; black bars: total number
of endemic species; black numbers: number

of species with northernmost limit in that
area; red numbers: number of species with

southernmost limit in that area; asterisks:
areas with higher species richness; and black

triangles: areas with high species turnover.
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Cluster analysis of the Caribbean and South America

areas

Similar to the previous results, Sørensen, Simpson and Ochiai

Indices showed similar clusters but with some differences.

Only the Sørensen and Simpson Indices are presented (Fig. 5).

With the Sørensen index, there was a clear separation

between tropical and temperate zones (bootstrap = 50%, dis-

tance > 0.9) (Fig. 5). The tropical region is represented by

the Caribbean, Brazilian areas, Guyana, French Guyana and

Surinam. The temperate zone comprises Rio Grande do Sul

(southern Brazil), Uruguay, Argentina and Falkland Islands.

S~ao Pedro and S~ao Paulo appears isolated from the other

regions (bootstrap = 59%, distance > 0.9). In this cluster,

there is also a clear separation between the Caribbean and

Brazilian regions (bootstrap = 50%, distance > 0.85) (Fig. 5).

In the cluster with the Simpson and Ochiai indices, the sep-

aration between tropical and temperate zones is not clear. The

Table 1 Number of prosobranch species (total and endemics) in each studied insular areas.

Insular areas

S~ao Pedro and

S~ao Paulo

Fernando

de Noronha Rocas Atoll

Trindade and

Martin Vaz Abrolhos

Number of species (total) 17 127 81 156 124

Number of endemic species 5 2 0 6 9

% of species which are endemic 29.4 1.6 0 3.8 7.3

Figure 3 Dendrograms constructed by unweighted pair group method using arithmetic averages, based on Sørensen and Simpson
matrices of presence/absence of 700 marine prosobranch species from shallow waters at different coastal and insular areas of Brazil. The

values at the base of the branches indicate the % bootstrap support (n = 10,000). The rectangles correspond to sub-regions along the
Brazilian coast: A – Amap�a, B – Par�a to Esp�ırito Santo, C – Rio de Janeiro to Santa Catarina, and D – Rio Grande do Sul.
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coastal areas of Rio Grande do Sul and Uruguay are more sim-

ilar to those of south-eastern (Rio de Janeiro to Santa Catar-

ina) than to Argentina and Falkland Islands. The group

formed by Argentina and Falkland Islands appears isolated

from other regions (distance > 0.9 in both indices). South-east

Brazil (Rio de Janeiro to Santa Catarina) comprises a transi-

tion zone (tropical/subtropical). In the analyses with the

Simpson and Ochiai indices, there is also a clear separation

between the Caribbean and Brazilian regions (Amap�a to

Esp�ırito Santo and insular areas) (bootstrap = 38% and 39%,

distance > 0.55 and near 0.7, respectively) (Fig. 5).

In this cluster with the Simpson index, the typically tropical

zone is represented by the Caribbean, Guyana, French Guyana,

Surinam and Brazilian coastal (Amap�a to Esp�ırito Santo) and

insular areas. S~ao Pedro and S~ao Paulo is more similar to

Trindade and Martin Vaz (bootstrap = 33%, distance c. 0.5).

With the Ochiai index, the group formed by Guyana,

French Guyana and Surinam appears isolated from the Carib-

bean and Brazilian coastal (Amap�a to Esp�ırito Santo) and

insular (Rocas, Fernando de Noronha, and Trindade and Mar-

tin Vaz) areas (bootstrap = 44%, distance c. 0.9). Abrolhos is

closer to the group formed by coastal areas of N-NE Brazil

and insular areas (Rocas, Fernando de Noronha, and Trindade

and Martin Vaz) (bootstrap = 51%, distance c. 0.6). S~ao

Pedro and S~ao Paulo appears isolated from Caribbean,

Guyana, French Guyana, Surinam, Uruguay, and Brazilian

coastal and insular areas (bootstrap = 50%, distance c. 0.9).

Ordination analysis of the Caribbean and South

America

Ordination analyses performed using NMDS demonstrated a

clear separation among northern South America (Guyana,

Surinam and French Guyana), Caribbean, Brazil coastal

areas, Brazilian islands and Southern South America (Uru-

guay, Argentina and Falkland Island). The coastal zone of

Rio Grande do Sul (South Brazil) appears next to Uruguay.

The results were also similar, so only the Sørensen Index is

presented (Fig. 6). The ordination analyses based on the

Simpson and Ochiai matrices showed two-dimensional stress

equal to 0.15 and 0.11, respectively.

DISCUSSION

The Brazilian coastal zone exhibits a wide range of environ-

ments that evolved during the Quaternary in response to cli-

mate and sea level changes (Dominguez, 2006). Previous

studies by Silveira (1968), Coutinho (1996), Castro & Mir-

anda (1998) and Tessler & Mahiques (2009) characterize the

geological setting of the Brazilian coastal zone and continen-

tal shelf. The SE-S coast is dominated by siliclastic bottoms

on the shelf and sandy beaches interrupted by crystalline

rocky shores. The central and NE coasts, on the other hand,

have a greater carbonatic influence, and the crystalline rocks

are replaced by sandstone outcrops. Another major transition

occurs in the northern section of the coast, by influence of

the Amazon River drainage depositing more muddy sedi-

ments over the platform. In terms of water circulation, the

Brazilian coast is influenced by three major surface water

currents: the warm North Brazil Current (NBC), the warm

Brazil Current (BC), and the cold Malvinas Current (MC)

[see Peterson & Stramma (1991) and Silveira et al. (2000)].

Brazil has one of the largest typically tropical coasts on the

planet, including the whole N-NE through the central por-

tion of the coast, with temperatures consistently over 25 °C.
The SE coast, on the other hand, is under influence of an

Figure 4 Ordination in two dimensions performed using non-metric multi-dimensional scaling, based on Sørensen similarity index
based on a matrix of presence/absence of 700 marine prosobranch species from shallow waters on the Brazilian coast and islands (S~ao
Pedro and S~ao Paulo, Fernando de Noronha, Rocas Atoll, Abrolhos, and Trindade and Martin Vaz). The numbers correspond to
regions along Brazilian coast: 1 – Amap�a, 2 – Par�a, 3 – Maranh~ao, 4 – Piau�ı, 5 – Cear�a, 6 – Rio Grande do Norte, 7 – Para�ıba, 8 –
Pernambuco, 9 – Alagoas, 10 – Sergipe, 11 – Bahia, 12 – Esp�ırito Santo, 13 – Rio de Janeiro, 14 – S~ao Paulo, 15 – Paran�a, 16 – Santa
Catarina and 17 – Rio Grande do Sul.
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upwelling, especially along Rio de Janeiro, bringing colder

water from the Southern Atlantic Central Water mass, and

also increasing the productivity throughout this region. The

combination of these and other elements of the physical set-

ting are certainly major drivers of the distribution of organ-

isms along the coast and explain most of the biogeographical

divisions proposed for the Western Atlantic.

Despite this, there is considerable variation in the delimi-

tation between tropical and subtropical/temperate faunas.

There is also great variation in the nomenclature used in the

definition of regions and their significance, as well as in the

methods used to classify biota.

Considering the results of the cluster analyses (groups with

distances equal or lesser than 0.3), ordination analyses, and

environmental characteristics of each area, we propose the

following regionalization of the coastal and shelf areas along

the Brazilian coast, mainly based on the classifications pro-

posed by Floeter et al. (2008) and Briggs & Bowen (2012): 1.

Western Atlantic Region (tropical and temperate warm

waters), 1.1. Guyanese Province (Amap�a, state), 1.2. Brazilian

Province, 1.2.1. North-eastern Brazil Area (from the mouth

of the Amazon River to southern Bahia, Brazil), 1.2.2.

South-eastern Brazil Area (from southern Bahia to Santa

Catarina, Brazil, a transition zone), and 1.3. Argentinian Pro-

vince (Rio Grande do Sul state) (see Appendix S3).

The cluster and ordination analyses indicate that the

Brazilian insular areas are biogeographical units distinct from

other studied regions. Each island has its own fauna of mar-

ine prosobranchs, despite sharing species with other coastal

and insular areas. All the Brazilian oceanic islands (S~ao

Pedro and S~ao Paulo, Fernando de Noronha, Rocas Atoll,

and Trindade and Martin Vaz Archipelago) are considered

Figure 5 Dendrograms constructed by unweighted pair group method using arithmetic averages, based on Sørensen and Simpson

similarity based on presence/absence matrices of marine prosobranch species from shallow waters at different Caribbean and South
America regions. The values at the base of the branches indicate the % bootstrap support (n = 10,000; % ≥ 50).
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here as belonging to the Brazilian Province, in agreement

with the proposal by Floeter et al. (2008) and Briggs &

Bowen (2012). The changes in the affinity of S~ao Pedro and

S~ao Paulo with the other studied areas appear to be a direct

reflection of low species richness due to its small area and

isolation. With the exception of the five endemic species, all

species recorded for SPSPA also have records for the Carib-

bean, 11 are also registered for the Brazilian coast, and nine

are also present in Trindade and Martin Vaz Archipelago.

S~ao Pedro and S~ao Paulo is influenced by the warm Equato-

rial Undercurrent (EUC) and the branches of South Equato-

rial Current (SEC) (Stramma & England, 1999). The greatest

similarity between Fernando de Noronha and Rocas Atoll

can be explained by the fact that these two areas are part of

a seamount chain extending in the east–west orientation and

reaching closer to Cear�a state, NE Brazil (Morais, 1969),

influenced by the warm central branch of SEC (Stramma &

England, 1999). The connection with the continent through

the seamount chain and the short distance from both areas

to the mainland (< 300 km) explains the similarity between

the group formed by Fernando de Noronha/Rocas and

coastal areas of N-NE Brazil.

Just like the oceanic islands, Abrolhos Archipelago is con-

sidered an ‘Area’ belonging to the Brazilian Province. Despite

being an enlargement of the Eastern Brazilian continental

shelf, the uniqueness of Abrolhos must not be disregarded.

As the Abrolhos Reef Complex represents the most extensive

and richest area of coral reefs in the south-western Atlantic,

its marine prosobranchs richness is certainly still underesti-

mated (124 species recorded in this study). Its uniqueness is

highlighted by the cluster analyses with Simpson and Ochiai

Indices, where Abrolhos appears closer to the group formed

by coastal areas of N-NE Brazil and some insular areas. This

happens because Abrolhos shares many species with conti-

nental and insular areas, even though it has a considerable

rate of endemism. Coltro (2004) described six new species of

the genus Conus (Conidae) from Abrolhos. Spotorno et al.

(2012) also indicate two new species of Vermetidae for this

region (not yet formally described). Further studies in the

Abrolhos region will certainly provide more records and new

descriptions of prosobranch species.

The present study involving marine shallow-water proso-

branch gastropods reinforces the separation between the Car-

ibbean and Brazil areas that had already been established

previously (e.g. Balech, 1954; Coelho & Ramos, 1972; Briggs,

1974; D�ıaz & Puyana, 1994; Spalding et al., 2007; Petuch,

2013). Cluster and ordination analyses performed in this

study also showed that closer coastal areas have more similar

faunas, as expected. This pattern reflects a gradual latitudinal

variation in marine prosobranch assemblages, following the

changes along Brazilian coast.

Although the analyses presented here did not indicate the

regionalization of the area between the mouths of the Ori-

noco and the Amazon, as proposed by D�ıaz & Puyana

(1994) and Petuch (2013), this hypothesis is considered

(Guyanese Province). The coastal area of Amap�a (4° N–
0° N) appears separated from other regions of Brazil in all

clusters and ordination analysis, suggesting the uniqueness of

its fauna. The environmental setting of the part of Venezuela,

Guyana, Surinam, French Guyana and Amap�a coastal zone

reinforces this singularity, with the presence of large man-

grove forests and extensive muddy banks, and the absence of

shallow coral reefs, beach rocks and rocky shores. The shelf

of Amap�a is characterized by mud, quartz sand and biode-

tritic sand (Coutinho, 1996). The absence of hard substrates

limits the occurrence of typical species of these environ-

ments, which are present in the Caribbean and the rest of

the Brazilian coast. This study also proposes that the influ-

ence of the Amazon freshwater discharge is greater just north

from its mouth, due to the direction of the warm North

Figure 6 Ordination in two dimensions
performed using non-metric multi-

dimensional scaling, based on Sørensen
similarity index calculated from a presence/

absence matrix of marine prosobranch
species from shallow waters at different

Caribbean and South America regions. The
numbers correspond to regions along the

Brazilian coast and insular areas: 1 –
Amap�a, 2 – Par�a, 3 – Maranh~ao, 4 – Piau�ı,
5 – Cear�a, 6 – Rio Grande do Norte, 7 –
Para�ıba, 8 – Pernambuco, 9 – Alagoas, 10 –
Sergipe, 11 – Bahia, 12 – Esp�ırito Santo, 13
– Rio de Janeiro, 14 – S~ao Paulo, 15 –
Paran�a, 16 – Santa Catarina, 17 – Rio
Grande do Sul, 18 – Fernando de Noronha,

19 – Rocas Atoll, 20 – Trindade and Martin

Vaz, and 21 – Abrolhos.
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Brazil Current. The absence of conclusive results can be a

consequence of still insufficient knowledge about marine

prosobranchs of this area. The species richness of this group

in Brazil is still underestimated, with knowledge gaps partic-

ularly in the northern region (Simone, 2003; Amaral &

Jablonski, 2005). Future works will confirm or refute D�ıaz &

Puyana’s (1994) and Petuch’s (2013) hypothesis about the

regionalization of the area between the Orinoco and Amazon

rivers, also suggested here.

The cluster analyses performed in this study indicate a

region characterized by typically tropical prosobranch assem-

blages, comprising the coastal areas between Par�a and Bahia

(0°–15° S). This area was denominated North-eastern Brazil,

supporting the study of reef fish performed by Floeter et al.

(2008). This area is influenced by the warm (between 25–
29 °C) and oligotrophic South Equatorial Current (SEC)

(Peterson & Stramma, 1991), and is characterized by the pres-

ence of muddy and sandy banks, mangroves, coral reefs, beach

rocks and rocky shores (at Bahia coastal zone). The shelf of

the North-eastern Brazil Area is characterized by mud, quartz

sand, calcareous algae and biodetritic sand (Coutinho, 1996).

The location of the southern limit for tropical fauna is a

point of disagreement in the studies. Here, we corroborate

the Lotufo (2002) and Almeida (2009) hypothesis, which

establishes the northern boundary of the transition zone on

the coast of Bahia (between 13° S and 18° S). Cluster and

ordination analyses showed that Bahia’s coastal area has

affinity with both Esp�ırito Santo and other coastal areas from

NE Brazil (Rio Grande do Norte to Sergipe). These results

can be explained in part by edaphic, hydrographic and ther-

mal factors, as previously cited by Lotufo (2002) and

Almeida (2009). Lotufo (2002) highlighted the role of the

colder South Atlantic Central Water (SACW) and the

replacement of sandstone reefs by crystalline substrate start-

ing from south of Bahia in establishing this transitional zone.

Almeida (2009) also cited the replacement of calcareous algae

bottoms (highly developed in NE Brazil) by biodetritic sand

starting from a region near Cabo Frio. This author men-

tioned the possible influence of relatively large drainage

basins located between Bahia and Rio de Janeiro. This factor

was not considered in previous studies. Several studies have

suggested the Cabo Frio region as a transition area between

tropical and subtropical biota (Balech, 1954; Vannucci, 1964;

Briggs, 1974; Absal~ao, 1989; Petuch, 2013); others have sug-

gested southern Esp�ırito Santo/northern Rio de Janeiro

(23° S) (Coelho & Ramos, 1972; Pal�acio, 1982; Floeter &

Soares-Gomes, 1999). Floeter et al. (2001) mentioned the

north of Esp�ırito Santo (20° S) as the northern limit of this

transition area. The analyses performed in this study did not

indicate Cabo Frio as a transition area. A greater refinement

of the current data will provide a more accurate location of

the northern boundary of the transition area on the coast of

Bahia.

South from this tropical distribution limit, there would be a

mixing zone of tropical and subtropical faunas. This transition

zone would extend to the limit where there is predominance

of subtropical/temperate species (Balech, 1954; Vannucci,

1964; Coelho & Ramos, 1972; Pal�acio, 1982; Floeter et al.,

2001; Lotufo, 2002; Almeida, 2009). This study points to a

transition zone (South-eastern Brazil Area) along the Brazilian

coast beginning in southern Bahia and extending to Santa

Catarina. This area is characterized by high species richness, a

significant portion of endemic species, and the northernmost

and southernmost limits of several species. This great turnover

of species reinforces the transitional nature of this area, where

there is a mix of tropical and subtropical fauna. The ordina-

tion analysis showed affinities between Esp�ırito Santo and

other SE Brazilian areas (Rio de Janeiro to Santa Catarina).

Esp�ırito Santo also exhibited affinity with NE Brazil (cluster

analysis). Santa Catarina was chosen as the southern limit of

this transition zone because the Rio Grande do Sul coast has

always appeared separated from other areas of Brazil and clo-

ser to Uruguay and Argentina shores. Briggs & Bowen (2012)

considered the Brazilian Province as comprising the area

between the Amazon River mouth and Santa Catarina (SE

Brazil). The study of Floeter et al. (2001) was the first to

extend the Brazilian Province up to Santa Catarina. On the

other hand, Floeter & Soares-Gomes (1999), based on marine

gastropod data, consider the existence of a wide transition

zone between southern Esp�ırito Santo (21° S) and Rio Grande

do Sul (32° S), characterizing this region as very heteroge-

neous with a low rate of endemism. A greater refinement of

the current data will provide a more accurate location of the

southern boundary of the transition area somewhere on the

coasts of Santa Catarina and Rio Grande do Sul.

Petuch (2013) proposed wide transition zones with shared

faunal elements (warm-tolerant or cold-tolerant) and ende-

mic species that are not found in other overlapping areas.

These broad overlap areas were referred to as a Provinciatone

by Petuch (2013), and they are always between two Pro-

vinces. Our results agree with the definition of Provinciatone

by Petuch (2013), since the region between southern Bahia

and Santa Catarina features a mix of tropical and subtropical

fauna, with endemic elements. However, unlike Petuch

(2013), this broad transition zone is here considered to be

an Area (South-eastern Brazil Area). This is just like the

region between the coasts of Par�a and southern Bahia

(North-eastern Brazil Area), with both Areas belonging to

the Brazilian Province.

The richest areas in terms of prosobranchs are located

between Bahia and Rio de Janeiro (18–23° S), possibly due

to the mixture of tropical and subtropical elements. In terms

of latitude, this maximum coincides with other animal

groups, such as fish (Floeter et al., 2001) and crabs (Levinton

& Mackie, 2013). This wide area is characterized by the pres-

ence of beach rocks, coral reefs, sandy coastal plains (restin-

gas), rocky shores, as well as sandy, mud and calcareous

algae bottoms (Silveira, 1968; Coutinho, 1996; Castro & Mir-

anda, 1998). This region is also under the influence of the

warm Brazil Current and also the colder SACW, which

brings low-temperature and nutrient-rich waters close to the

coastline (Peterson & Stramma, 1991; Ekau & Knoppers,
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1999). This mix of tropical and subtropical waters, and the

wide variety of ecosystems, can then explain the greater rich-

ness of the region. S~ao Paulo, however, shows a gradual tran-

sition towards a more impoverished fauna found in the

southern region. From Santa Catarina southward, rocky bot-

toms almost disappear, giving way to extensive and sandy

coastal plains (Silveira, 1968). This large transition zone

(southern Bahia to Santa Catarina) is characterized by great

shifts in prosobranch assemblages, as it is also the northern-

most/southernmost limit of several species.

The South-eastern Brazil Area is the most studied region

of Brazil, especially the coasts of Rio de Janeiro and S~ao

Paulo. However, we do not believe that these well-sampled

regions affect the analyses and conclusions of this study, due

to the environmental characteristics mentioned above. Addi-

tionally, we can mention that S~ao Paulo (the area with the

highest number of studies) has fewer species than less stud-

ied regions, such as Esp�ırito Santo. We believe that further

studies will reinforce the patterns found here (mainly the

northern region of Brazil – Guyanese Province), and that

more refined analysis will provide a more accurate location

of the limits of each proposed area.

Here, we show that the region with typically subtropical/

temperate faunas begins on the coast of Rio Grande do Sul

and would extend to Valdez Peninsula (Argentina), corrobo-

rating previous studies (Balech, 1954; Coelho & Ramos,

1972; Almeida, 2009; Briggs & Bowen, 2012, 2013). This area

is historically called the Argentinian Province.

The coastal area of Rio Grande do Sul, just like Amap�a,

proved to be quite unique. The Brazilian southern coast is

strongly influenced by the cold Malvinas Current (a branch

off of the Antarctic Circumpolar Current) (Peterson &

Stramma, 1991). Rio Grande do Sul is characterized by the

presence of extensive muddy and sandy banks, and the

absence of mangroves, coral reefs, rocky shores and beach

rocks. The temperature seems to be the major factor in

delineating this region. The absence of hard substrates limits

the occurrence of typical species of these environments, and

the cold water hinders the establishment and development of

typical tropical species.

The distribution of marine prosobranchs is a result of the

interplay of many different biological and abiotic drivers,

many of them not considered here. Dispersal, for instance, is

one of the main features to be considered and is strongly

dependent of the type of development in their life cycle. This

aspect and its relation with distribution ranges will be anal-

ysed and discussed elsewhere. Also, the change in pace in the

climatic conditions observed in the last century may give to

the biogeographical limits a more dynamic character, in a

way that a continuous reassessment of the fauna distribution

is not just desirable, but essential.
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online version of this article:
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South America.

Appendix S3 Comparative chart of biogeographic divisions.
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