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RESuUMO
Padrdes de diversificacdo e estrutura genética das espécies sao resultados da interacdo de
caracteristicas biolégicas (capacidade) e ambientais (oportunidade). Essas caracteristicas
interagem ao longo do tempo, de forma que o mosaico de padrbes presentes na natureza é
resultado tanto de eventos contemporaneos quando de eventos historicos. Esse trabalho tem
como objetivo avaliar, através de marcadores moleculares, como as caracteristicas biolégicas
e ambientais (capacidade e oportunidade) se relacionam ao longo de diferentes escalas de
tempo para formar os padrdes de estrutura genética e diversificacdo de espécies de peixes
neotropicais. Para isso, dois modelos séo utilizados. No primeiro modelo (Capitulo 1), os
padrdes de diversificacdo e estrutura genética de Atherinella brasiliensis (avaliados através
dos fragmentos mitocondriais D-loop e Citocromo Oxidase B) suportaram que as
caracteristicas biologicas (espécie estuarina com retencdo larval e dispersdo limitada)
possibilitaram o isolamento e a diversificagdo alopatrica durante periodos de alta do nivel do
mar e conexao durante eventos de regressao nas populacdes do Sul do Brasil, propiciando
diversificagdo por Taxon Pulse. Na regido sul do pais, a plataforma continental & profunda e
extensa, e conexdes entre bacias e estuarios com fluxo génico entre as popula¢des durante
eventos de baixa do nivel do mar séo provaveis. Alternativamente, as popula¢des do nordeste
do Brasil (plataforma continental rasa e estreita) se mantiveram isoladas mesmo durante
periodos de baixa do nivel do mar, apresentando profunda diferenciacdo genética e
endemismo de linhagens entre as populac¢des. Assim, os resultados suportam a influéncia do
tamanho da plataforma continental nos padrdes de estrutura genética e diversificacdo de A.
brasiliensis. No segundo modelo, foi testada a presenca de comportamento de homing no
pintado Pseudoplatystoma corruscans no Alto Rio Parana através de marcadores
microssatélites e sequéncias mitocondriais (Capitulo Il). As diferencas entre as populacdes
de larvas (identificacdo das larvas realizada no Capitulo 1ll) do Rio Amambai com aquelas
dos Rios Ivinheima e Ivai (areas de reproducdo) e mistura das populacbes nas areas de
alimentacéo (regifes baixas dos tributarios e calha principal do Rio Parana) sugerem que P.
corruscans realiza homing. Contudo, a auséncia de diferenciacdo genética entre as
populac¢des dos Rios Ivinheima e Ivai pode ser decorrente do impacto da barragem de Porto
Primavera, a montante da regido analisada. Essa hipétese foi testada através de um modelo
matematico criado no Capitulo IV. As simulacdes suportam que a adicdo de uma barragem
gera homogeneizagdo genética entre populacdes que realizam homing, especialmente
naquelas adjacentes a barragem. Assim, os resultados dos Capitulos Il e IV suportam a

hip6tese que P. corruscans da bacia do Alto Rio Parana realiza homing, mas que a UHE de
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Porto Primavera provavelmente causou homogeneizacdo genética entre as populacdes dos
Rios Ivai e Ivinheima. Por fim, os resultados da tese exemplificam como as capacidades das
espécies (e.g. retencdo larval; migracbes e homing) interagem com as diferentes
oportunidades (e.g. ciclos de isolamento e reconexdo entre bacias litorAneas e estuarios
devido a movimentos eustaticos; sistema dendritico com heterogeneidade ambiental),
atuando interativamente na determinando os padrfes de diversificacdo e estrutura genética
das espécies. Essa abordagem é essencial para o entendimento dos mecanismos que geram
a biodiversidade atual e possibilitam o embasamento de estratégias de manutencdo dos
potenciais evolutivos de espécies de peixes neotropicais.

Palavras-chaves: Atherinella brasiliensis, Barragens, Genética da Conservacao, Hibridos,
Homing, Larvas de peixes, Modelos matematicos, Pseudoplatystoma corruscans, Taxon
Pulse.
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ABSTRACT
Diversification patterns and genetic structure of fish species result from biological (capacities)
and environmental (opportunity) characteristics. These characteristics interact over time, and
the mosaic of biological patterns is resulted from historical and current events. The main goal
of the present study is assess how biological and environmental characteristics (capacity and
opportunity) interact over different temporal scales to create the diversification patterns and
genetic structure of Neotropical fish species. First, the diversification pattern and the genetic
structure of the estuarine silverside Atherinella brasiliensis support biological characteristics
(limited gene flow among populations) allow isolation and allopatric diversification in periods
of high sea level, and connections among populations in periods of low sea level in South
Brazil. Therefore, these cycles of isolation and expansion along the eustatic sea level changes
permit these populations to diversify by Taxon Pulse. In the South Brazil, the continental shelf
is broader, and its basins present great connections during periods of low sea level.
Alternatively, the estuaries and basins from northeastern Brazil (narrow continental shelves)
remained isolated over periods of low sea level, and its populations presented higher genetic
differentiation and lineages endemism than southern populations. These results support the
influence of the extension of the continental shelves on the diversification pattern and genetic
structure of A. brasiliensis. In the second model, we assessed the genetic structure of the
pintado Pseudoplatystoma corruscans from the Upper Parana River to test if this species
presents homing behavior. The genetic differentiation among the reproductive populations
(inferred from their larvae) from the Amambai River and those from the Ivinheima River and
Ivai River, and the mixture of populations along the main channel (Parana River — feeding
area) support that P. corruscans perform homing. However, the lack of genetic differentiation
between the populations of larvae from Ivai River and Ivinheima River suggests that other
factors are preventing the genetic differentiation among these populations, as such the Porto
Primavera dam (upstream). In this way, we developed a mathematical model to test the effect
of dams on populations that exhibit homing behavior. Our simulations support that those
populations present reduced genetic differentiation as results of the isolation of the individuals
of their reproductive sites by dams, mostly in the rivers adjacent to them. These results support
that P. corruscans performs homing, but the Porto Primavera homogenized genetically the
populations from the lvinheima River and the Ivai River. Finally, our results exemplify how
capacities (migration and homing) and opportunities (cycles of isolation and expansion,
dendritic network of rivers) work interactively and determine the genetic structure and

diversification patterns of neotropical fishes. This approach allows us to understand which

VIl|[Pagina



factors determine the current biodiversity and to base the development of conservation

programs that maintain the evolutionary potentials of Neotropical fish species.

Keywords: Atherinella brasiliensis, Conservation Genetics, Dams, Hybrids, Homing, Fish

larvae, Mathematical models, Pseudoplatystoma corruscans, Taxon Pulse.
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INTRODUCAO GERAL

As espécies e os individuos que as compde carregam tanto de sua historia que suas
caracteristicas sdo em grande parte resultado de seu passado (Brooks e McLennan 2002,
Brooks e Agosta 2012). Suas propriedades bioldgicas (capacidades) e os fatores bibticos e
abidticos que os cercam (oportunidades) interagem em diferentes niveis de complexidade em
um continuo no espaco e no tempo, gerando 0 mosaico de padrdes bioldégicos observados
atualmente (Rickefts 2004, Brooks e Agosta 2012, Aradjo et al. 2015). A ictiofauna neotropical,
por exemplo, € a mais diversificada do mundo, apresentando mais de 4500 espécies descritas
(Albert et al. 2011) e 8000 estimadas (Schaefer 1998, Vari e Malabarba 1998), resultado da
evolucédo de seus grupos influenciada por eventos tanto historicos quanto ecolégicos ao longo
dos ultimos milh&es de anos (Weitzman et al. 1988, Ribeiro et al. 2006, Dias et al. 2014, Roxo
et al. 2014, Thomaz et al. 2015, Tscha et al. dados nédo publicados). Avaliar quais sdo os
fatores que a geram e como ocorre essa interacao (oportunidade e capacidade) é essencial
para entender os mecanismos que determinam a biodiversidade presente (Dias et al. 2014).

Dentre a ampla gama de fatores que influenciam os padrbes biolégicos, conexdes
historicas e atuais afetam o fluxo génico entre populacfes, e ambas possuem relevancia na
distribuicdo contemporanea das espécies e de seus genes (Freeland 2005). Essas conexdes
resultam da interacédo da capacidade de dispersao da espécie (e.g. comportamento, fisiologia)
com as oportunidades (e.g. ambientes distribuidos em manchas, redes) para as realizar ao
longo do tempo (processos histéricos e contemporaneos), gerando os padrbes de estrutura

genética e diversificacdo das espécies observados atualmente.

Esse trabalho tem como objetivo explorar, através de marcadores moleculares, como
as caracteristicas bioldgicas e ambientais (capacidade e oportunidade) se relacionam ao
longo de diferentes escalas de tempo para formar os padrfes de estrutura genética e
diversificacdo de espécies de peixes neotropicais. Esses aspectos sdo avaliados através de
dois modelos com diferentes escadas temporais: o padrao de diversificacdo de espécies de
peixes estuarinas durante ciclos de isolamento e conexdo oportunizados por movimentos
eustaticos; a estrutura genética de espécies de peixes dulcicolas com capacidade de realizar
homing, oportunizada pela heterogeneidade ambiental e pelo padrdo dendritico de bacias

hidrogréficas.

No primeiro modelo (Capitulo 1) é testada a influéncia do tamanho da plataforma
continental sobre a estrutura genética e diversificacdo da espécie estuarina Atherinella
brasiliensis (Quoy e Gaimard 1825) durante movimentos eustéticos. Regides com plataforma
continental extensa (e.g. sul do Brasil) possibilitam maiores taxas de confluéncia entre

estuarios e bacias, e consequentemente maior fluxo génico entre populacées e intercambio
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de espécies entre comunidades, durante periodos de baixa do nivel do mar, do que regides
com plataforma continental estreita (e.g. nordeste brasileiro). Dessa forma, espera-se
encontrar menores taxas de diferenciacdo genética e endemismo de linhagens na regides
paleo-conectadas. Alternativamente, eventos ciclicos de isolamento (alta do nivel do mar) e
conexao (baixa do nivel do mar) podem proporcionar pulsos de diversificagcao alopatrica e sua
expansao, respectivamente, possibilitando que populagbes provenientes de locais com a
plataforma continental extensa apresentem diversificagéo por Taxon Pulse (Erwin 1979, 1981,
1985, Brooks e McLennan 2002). Essas hipoteses séo testadas nesse capitulo a partir de
sequéncias mitocondriais (Citocromo B e D-loop) de seis populacdes de A. brasiliensis ao
longo do litoral brasileiro.

No segundo modelo, é avaliado o padrao de estrutura genético de peixes neotropicais
como resultado da interagdo de fatores comportamentais (i.e. homing) com caracteristicas
ambientais naturais e antrépicas. Comportamento € o conjunto de respostas dos individuos a
condi¢cBes ou estimulos particulares, sendo fortemente influenciado pela histéria evolutiva da
espécie (Freeland 2005). Em peixes, por exemplo, movimentos migratérios e homing, retorno
dos individuos ao local natal para reproducdo em detrimento a outros locais igualmente
provaveis (Gerking 1959), permitem posicionar os individuos diretamente nos habitats com
melhores condigbes ambientais, maximizando a sobrevivéncia, o crescimento e a abundancia
das espécies (Barthen e Goulding 1997, Hansen et al. 2002, 2007, Hilborn et al. 2003,
Wollebaek et al. 2011, Junge et al. 2014).

Em populagbes que realizam comportamento de homing, espera-se encontrar um
padrdo dendritico de estrutura genética (Bouza et al. 1999, Primmer et al. 2006, Wollebzek et
al. 2011, Ostergren et al. 2012), com diferencas genéticas entre as populagdes das areas de
reproducd@o (corredeiras, geralmente nos tributarios), resultado da fidelidade ao local de
desova, e mistura genética nas areas de alimentacao (regides baixas dos tributarios e calha

principal).

Com base nisso, no Capitulo Il, a hipétese de que o pintado, Pseudoplatystoma
corruscans (Spix e Agassiz 1829), realiza homing € testada através da andlise do padréo de
estrutura genético da espécie na bacia do Alto Rio Parand, inferida através marcadores
microssatélites e mitocondriais (D-loop). Nesse capitulo, uma nova abordagem para o teste
de hipotese de homing é proposta, na qual a diversidade genética dos sitios de reproducéo é
avaliada a partir de larvas da espécie alvo coletadas nas partes baixas dos tributérios. Para a
realizacdo desse teste de hipétese, inicialmente foi necessério a utilizagdo de ferramentas

moleculares para a identificacdo das larvas de P. corruscans e para o teste da presenca de
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hibridos com P. reticulatum. Esse protocolo e seus resultados sao descritos no Capitulo I,

em formato de nota cientifica.

Por fim, no Capitulo 1V, é avaliado o impacto de barragens (evento contemporaneo -
oportunidade) sobre os padrdes de estrutura genética de populacdes de peixes que realizam
homing (capacidade). Essas populagbes podem ser especialmente afetadas por tais
empreendimentos, com isolamento de individuos entre seus sitios de alimentagdo e
reproducdo, promovendo a perda de diversidade e a homogeneizacdo genética entre
populacdes. Dessa forma, nesse capitulo, um modelo matemético foi desenvolvido para
avaliar o impacto de barragens sobre a diferenciacdo genética de populacdes que realizam
homing, conhecimento importante para a definicao de estratégias de conservacao dessas

populacdes em ambientes j& represados e naqueles que barragens serdo construidas.

Estudos dessa natureza possuem grande importancia para entender como as
caracteristicas bioldgicas e ambientais interagem ao longo do tempo para a formacao dos
padrdes contemporéaneos de estrutura genética e diversificagdo de peixes. Assim, possibilitam
prever como ocorrera a evolucdo das espécies de peixes neotropicais a curto, médio e longo
prazo (e.g. construcdo de barragens, variagdes climéticas), e definir as melhores estratégias

para manutencgdo de sua estrutura genética e de seus potenciais evolutivos.
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OBJETIVO GERAL

Explorar como caracteristicas bioldgicas (capacidade) e ambientais (oportunidade) se
relacionam ao longo de diferentes escalas temporais para formar os padrdes de estrutura
genética e diversificacdo de espécies de peixes neotropicais, utilizando, para isso,

marcadores moleculares.
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Abstract

Aim Evolutionary diversification results from interaction between the inherited biological
characteristics of a lineage (capacity) and the biotic and abiotic environmental factors that
create opportunities for differentiation (opportunity). Sea level changes and coastal
geomorphology (extension of continental shelfs) have affected the pattern of diversification of
brackish/freshwater fish populations due the confluence of basins/estuaries during low sea
level periods (opportunity), and isolation during high sea level periods. It is hypothesized that
populations from basins/estuaries in extensive continental shelves, which have greater
potential for confluence, should have more opportunities for gene exchange than those in
narrow continental shelves. To test this, we assessed the distribution of genetic diversity and
the patterns of diversification of the estuarine silverside, Atherinella brasiliensis, from the

Brazilian coast.
Location Six estuaries along the southern and northeastern portions of the Brazilian coast

Material and Methods Sequences of the mitochondrial control region (D-loop) and
Cytochrome B were used to assess the distribution of genetic diversity and the patterns of
diversification of A. brasiliensis. The palaeochannels that were exposed along the Brazilian
coast during the last glacial maximum were reconstructed using bathymetry data and the GIS

method.

Results Populations of A. brasiliensis from the estuaries in the northeastern Brazilian coast
(narrower and shallower continental shelf) showed higher levels of genetic differentiation and
endemism of lineages and haplotypes. By contrast, the populations in the southern coast
(broader and deeper continental shelf) presented lower genetic differentiation, lower haplotype
and lineage endemism, and greater evidence of genetic exchange among populations, which
have resulted in a reticulated relationship between lineages and estuaries. The reconstruction
of palaeochannels revealed more connections among basins in the South than in the

Northeast.

Main conclusions Our results support the influence of the continental shelf extension and the
sea level changes on the diversification of A. brasiliensis, and the hypothesis of diversification
by Taxon Pulse, associated with the opportunities for expansion during periods of low-sea level

and the width of the continental shelf.

Keywords: Brackish water fish, continental shelf, drainages, estuary, paleochannel, sea level

changes.

10|Pagina



Introduction

Evolutionary diversification results from the interaction between the inherited biological
characteristics of a lineage (capacity) and the biotic and abiotic environmental factors that
create opportunities for differentiation (see Araujo et al., 2015). Regardless of the level of
analysis (e.g. genetic diversity, species diversity/richness), both capacity and opportunity need
to be evaluated if the goal is to gain a comprehensive understanding of the diversification

patterns of organisms.

There is convincing evidence that habitat availability, climate, and sea level changes
have affected the genetic diversity and distribution of marine and estuarine fish species, and
have promoted population sub-divisions and genetic divergence (e.g. Beheregaray et al.,
2002; Harris & Taylor, 2009; Pil et al., 2011; Chakona et al., 2013; Thomaz et al., 2015).
According to the model of Weitzman et al. (1988), it is very likely that low sea levels during
glacial events allowed adjacent river systems to connect into common estuaries, deltas, or
inundated areas (e.g. salt marshes and lagoons), thus facilitating the exchange of freshwater
fish species. Subsequently, high sea levels during interglacial periods segregated these rivers,
promoting isolation, and facilitating divergence of freshwater/brackish fish lineages. This model
has been successfully tested in many regions of the world (e.g. Swartz et al., 2009; Chakona
et al., 2013; Dias et al., 2014; Guo et al., 2015; Thomaz et al., 2015).

It is a corollary of the model of Weitzman et al. (1988) that geomorphological
characteristics, such as continental shelf extension, should facilitate contact among organisms
in neighboring rivers and estuaries (Unmack et al., 2013; Dias et al., 2014). Hypothetically,
during periods of low sea level, comparatively broader continental shelves would offer more
extensive areas for the lateral expansion of riverine systems, increasing the probability that
separated watercourses will connect into a single basin, or that estuaries will join one another.
When these connections happen, lineages that are isolated have the opportunity to disperse
into new basins. By contrast, comparatively narrower shelves during low sea level periods
result in less connections between neighboring river basins, and less opportunities for faunal
exchange. Even though the hypothesis outlined above makes a lot of biological sense, it was
not corroborated in the results of Unmack et al. (2013), who tested it with Nannoperca species

from the Australian coast.

This cyclic process of isolation and reconnection (expansion) of populations that inhabit
the estuaries/basins of extensive continental shelves is compatible with the concept of
diversification by Taxon Pulse (Erwin, 1979, 1981, 1985; Halas et al., 2005), which predicts
that cyclic events of isolation and biotic expansion generate “pulse-driven biotic diversification”

(Halas et al., 2005). According to Halas et al. (2005), Taxon Pulse differs from vicariance-
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driven biotic diversification in three important ways. First, as a result of Taxon Pulse we expect
to find general patterns associated with dispersal, since diversification is driven by biotic
expansion in addition to vicariance. General patterns resulting from biotic expansion occur
when barriers to dispersal break down. Second, episodes of biotic expansion, even those
involving large areas, will inevitably lead to reticulated historical relationships among areas,
and biotas within areas of endemism will include species/lineages of different ages derived
from different sources. Third, when biotic expansion is being considered, the most
parsimonious explanation for the absence of a clade from a certain area where it was predicted
to occur is that the lineage failed to participate in that particular expansion episode. In the case
of vicariance-driven diversification hypotheses, the simpler explanation is dispersal followed
by extinction. In riverine systems, periods of isolation (during high sea levels) offer
opportunities for divergence through vicariance, while expansion periods (during low sea
levels) allow organisms to disperse among neighboring estuarine/river systems. Repeated
cycles of expansion and isolation should produce reticulated areas of distribution in which
lineages originating in one river basin during isolation, expand to neighboring basins. When

these areas become isolated again, the populations could differentiate.

The geomorphology of the Brazilian coast is ideal to test the predictions outlined above.
The coast is 7.408 km long and the depth and width of its continental shelves are
conspicuously different in different regions (see Fig. 1). In northeastern Brazil, for example, the
continental shelf is narrow and shallow (i.e. between 10 and 100 km width, mean of the depth
of shelf break in -60 m), while in the south it is broader and deeper (i.e. between 50 and 230
km width and shelf break between -100 and -180 m) (Vital et al., 2005, 2010). Numerous
hydrologic basins that discharge into the southwestern Atlantic Ocean are present in this
geomorphological scenario, providing distinct opportunities for expansion during low sea level
periods (see Albert & Reis, 2011). For this reason, it is expected that freshwater/estuarine
populations from the south and northeast will have responded differently to the sea level
fluctuations that happened in the Late Pleistocene and Holocene. During the Late Pleistocene
and Holocene, the sea level varied between +8 m, at 123 ka, -120 m during the last glacial
maximum (LGM — 20ka), and +2.5 m at 5 ka (Suguio et al., 1985; Correa et al., 1996; Knoppers
et al., 1999).

We predict that the diversification pattern of estuarine species will be more conspicuous
in species that are highly dependent on estuarine environs, such as Atherinella brasiliensis
(Quoy & Gaimard, 1825) (Atheriniformes: Atherinopsidae), popularly known as the silverside
(or peixe rei, as it is popularly known in Brazil). This species inhabits estuaries of the eastern
coast of South America, between Venezuela and Rio Grande do Sul (Brazil) (Figueiredo &
Menezes, 1978; Barbieri et al., 1991; Araujo & Azevedo, 2001; Pessanha & Araujo, 2001),
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being one of the most abundant species in the estuaries of the southern and southeastern
Brazilian coast (Garcia et al., 2001; Pessanha & Araujo, 2001; Barreiros et al., 2004; Vendel
& Chaves, 2006). Two biological characteristics of A. brasiliensis suggest that stocks of this
lineage are isolated along the Brazilian coast. First, silverside reproduction is highly dependent
on estuaries and a considerable part of the species' life cycle occurs in this environment (Neves
et al., 2006). Spawning occurs at estuarine inlets, in calm and shallow waters with great
abundance of vegetation (Bemvenutti, 1987), which acts as a substrate for the silverside's
adhesive eggs (Favaro et al., 2003). Second, there is no record of dispersions of A. brasiliensis
along the coast and the species is considered a strict estuarine resident (Hostim-Silva et al.,
1995). Therefore, the distribution of the genetic diversity of populations of A. brasiliensis should
represent an exceptional model to test the hypothesis of Taxon Pulse, which putatively

influenced the diversity of freshwater and strictly estuarine fishes.

In order to test the predictions of the Taxon Pulse hypothesis, we analyzed the
distribution of the genetic diversity of selected populations of A. brasiliensis along stretches of
the Brazilian coast that differ in the width of the neighboring continental shelves. Following the
predictions of the Taxon Pulse, the populations of A. brasiliensis at the northeastern Brazilian
coast (with narrow continental shelves) will have higher levels of genetic structure, greater
lineage endemicity, and smaller percentages of shared haplotype lineages (lineages
reticulation), reflecting limited historical genetic exchange among populations when compared
with populations inhabiting the southern estuaries (with more extensive continental shelves).
Our results suggest that diversification in the southern estuaries was strongly influenced by
the opportunities for expansion during periods of low-sea level associated with the width of the
continental shelf, thus corroborating the predictions of the Taxon Pulse.

Material and Methods

Samples

One-hundred-and-thirty specimens of A. brasiliensis were sampled from six estuaries
of the Brazilian coast (Jaguaribe River, Pontal Bay, Piraqué-Acu River, Paranagua Bay,
Babitonga Bay, Patos Lagoon estuaries - see number of individuals, sampling points and its
geographic coordinates on the Tab. 1 and the map in the Fig. 1). They are located at the
southern half of the distribution range of the species. The continental shelf is wide at three
locations (southern portion: Paranagua Bay, Patos Lagoon, Babitonga Bay estuaries), while
at the other three locations it is narrower (northeastern portion: Jaguaribe River, Pontal Bay,
Piraqué-Acu River) (Fig. 1). Specimens were identified based on their morphology according

to Figueiredo & Menezes (1978). Representative specimens were deposited in the Museu de
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Histéria Natural Capao da Imbuia, Curitiba, Brazil (access numbers MHNCI 13001 to 13008).
Gill arches and livers were preserved in EDTA-DMSO buffer (Seutin et al., 1991) at -20°C.

Sequencing

Total DNA was isolated using EZ-DNA kit (Biological Industries). The mitochondrial control
region (D-loop) was amplified using the primers H16498 (Meyer et al., 1990) and L15774M
(Prioli et al., 2002) and the Cytochrome B gene (CytB) was amplified using the primer pair
GLUDG.L (Palumbi, 1996) and H16460 (Perdices & Doadrio, 2001). The 25 yL PCR reaction
included 1 ng ul! of DNA template, 1x Buffer, 3.75 mM of MgCl.,, 0.075 U pl** Taqg polymerase,
0.625 mM of each dNTP, 1.25 uyM of each primer and 0.5 yl of bovine serum albumin (BSA)
1%. The PCR program was as follows: initial denaturation at 94°C for 4 min, followed by 35
cycles at 94°C for 45 s, 60°C for 45 s (52°C for CytB) and 72°C for 60 s, and a final extension
at 72°C for 5 min. Every PCR product successfully amplified was purified with PEG 8000
(Amresco Inc.). Sequencing reactions with 10 pl solution included 5% buffer, 0.16 uM of each
primer, 0.5 pl of BigDye (Applied Biosystems) and 4 ng ul™t of DNA template of each purified
product in a program with initial denaturation at 96°C for 1 min, followed by 35 cycles at 96°C
for 1 min, 50°C for 10 s and 60°C for 4 min. The final product was purified using Sephadex™
G-50 (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) and sequenced on an ABI3130
Genetic Analyzer (Applied Biosystems). Both strands of each fragment were sequenced to
confirm sequences, and the consensus sequences were aligned using ClustalW (Thompson
et al., 1994). The amino acid coding of the CytB sequences were checked to assess errors in

the sequences.
Genetic analyses

Diversity (i.e. number of haplotypes, number of polymorphic sites, nucleotide diversity),
neutral (i.e. Tajima’s D, Fu’'s Fs) and genetic structure (i.e. Fst, AMOVA) analyses were
implemented in Arlequin 3.5 (Excoffier & Lischer, 2010). Genetic structure analyses were
carried out with the concatenated D-loop + CytB input. A hierarchical AMOVA analysis was
performed to test the effect of the extension of the continental shelf on the genetic structure of
A. brasiliensis populations. The populations from southern Brazil were grouped in a group as
they putatively connected during low sea level period and another composed by the
populations from northeastern Brazil which, we postulate, remains non-connected during low
sea level periods. A Mantel test was used to test isolation-by-distance in Arlequin 3.5 using Fst
values. Bonferroni correction of the significance level of the indices was used whenever
multiple comparisons were performed. A haplotype network to each fragment was estimated

in Network 5.0.0.0 using the median-joining method (Bandelt et al., 1999).
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Table 1 Sampling points and their geographic coordinates, number of individuals sampled (N) and sequenced of each mitochondrial fragment (Ns), haplotypes (H),
polymorphic sites (s), nucleotide diversity (1), Fu’s Fs and Tajima’s D of A. brasiliensis populations sampled from Brazilian coast estuaries. * indicates significant

values (p < 0.02 to Fu’s Fs, p < 0.05 to Tajima’s D).

i D-loo Cyt B
Sgrgiﬁltlgg Coordinates N L -
Ns H S m Fs D Ns H S m Fs D

Jaguaribe  7°43'55"S . .
River 34050 ew 20 20 10 11 0.004+0.003 -27.4* -1.54 19 14 14 0002+ 0.002  -26.3*  -1.55*

14°48' 41"S N
Pontal Bay 01 & 25 23 10 8 0.005+0.003 -27.0 -0.16 25 8 8 0.001 + 0.001 -28.5* -1.33
39°1'50"W
Piraqué- 19°57'9"S " .
Acu River  40°9' 15"W 25 20 5 4 0.001+0.001 -3.4e38* -1.43 25 4 3 0.001 + 0.001 -3.4e38* -1.11

Paranagua 25°33'33"S

Bay 48° 21' 43"W 20 18 10 11 0.004+0.003 -27.1* -1.61 16 9 10 0.002 +0.002 -23.4* -1.45
BabBitz;);ga fg«: él'é' 51§vs\'/ 20 20 10 11 0.004+0.003 -27.8* -1.7 20 15 26 0.004 +0.002 -25.1* -2.25*
ngté)osn 322;22 ;(())’VS\I 20 20 5 4 0.003+0.002 -28.5* 0.38 20 9 12 0.002 +0.002 -27.0* -1.34
popu'?allltions 130 121 46 51 0.025+0.012 -24.3* 0.52 125 73 106 0.026 +£0.013 -23.9% 0.34
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Coalescent methods were used to explore evolutionary process and demographic
events that may have influenced the pattern and distribution of the genetic variation of A.
brasiliensis populations. Since these methods add time dimensions to the analyses,
coalescence is more powerful than conventional analyses that use only the current distribution
of genetic diversity (Frankham et al., 2004). Effective population size and long-term dispersion
rates between adjacent populations were estimated in the software Migrate 3.1.6 (Beerli, 2008)
with Bayesian inference. Priors were obtained in a default run and the stepping stone model
(Kimura, 1953) was used in two runs with three replicate analysis, recorded 30 million steps
each, four Markov chains with heating defined at 1, 1.5, 3 and 10,000 and a 10% burn-in. The
historical demography of the populations was inferred in a Bayesian Skyline Plot (BSP)
analysis, which accesses the effective population sizes (Ne) through time (Drummond et al.,
2005).

A calibrated phylogenetic tree was constructed to assess the relationship and the
divergence time among the populations in Beast 1.8.0 (Drummond et al., 2012) with four
independent runs of 50 millions MCMC, sampled at each 1,000 trees, 10% burn-in and strict
molecular clock, to access the phylogenetic relationships and divergence time among
populations. The tree was rooted at the midpoint of the longest distance across the tree. A run
with 50 million MCMC sampled each 1000 with relaxed lognormal clock was done to test this
assumption, according to the recommendation of Drummond et al. (2007). There is no good
estimation of the mutation rate in Atherinopsidae. In this way, we used the mutation rate
reported for the Atherinidae Atherinomorus endrachtensis (Quoy & Gaimard, 1825) by Gotoh
et al. (2011) - 10% per Myr in this reconstruction. The substitution models were defined by
jModelTest 0.1.1 (Posada, 2008).

The history of expansion (dispersion)/isolation (vicariance) of the haplotype lineages in
the different areas of distribution was reconstructed on the haplotype tree, using the protocol
proposed by Lieberman (2000, 2003a,b). Lineages Through Time Plot was obtained with APE
(Paradis et al., 2004) in the R environment. Both results were contrasted with the curve of sea-

level variation presented by Siddall et al. (2003).

The palaeo-rivers along the Brazilian coast during the LGM were estimated using the
bathymetry data (30 arc-second interval grid) of the General Bathymetric Chart of the Oceans
(GEBCO — www.gebco.net) in ArcGIS 10 (see Thomaz et al., 2015 for more details).
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Results
Coastal geomorphology

Reconstruction of the palaeo-basins based on the bathymetry data along the Brazilian
coast indicates greater confluence among currently isolated basins of the wider continental
shelves during the LGM (Fig. 1). Most basins of the northeastern Brazilian coast (narrow
continental shelf) remained isolated during periods of low sea level. Alternatively, the degree
of confluence among currently isolated basins in southern Brazil (wider continental shelf) was
greater during the LGM. Most of the southern basins were connected through palaeo-
drainages, although the reconstruction does not support the connection among the estuaries

sampled (see limitations of the method below).
Genetic diversity and structure

A total of 121 sequences of the mtDNA control-region (D-loop), each 448 pb long, and
125 sequences of the mtDNA Cytochrome B gene (CytB), each 820 pb long, were obtained
(GenBank KT937287 to KT937389) for A. brasiliensis. They had 51 and 106 polymorphic sites
distributed among 46 and 57 haplotypes, respectively (Tab. 1). The nucleotide diversity of the
D-loop varied between 0.001 (Piraqué-Acu River) and 0.005 (Pontal Bay) and of the CytB
varied between 0.001 (Pontal Bay and Piraqué-Acu River) and 0.004 (Babitonga Bay) (Tab.
1).

Fst analyses (global Fst = 0.930, p < 0.001) indicate the existence of geographically-
structured populations. Pairwise Fst comparisons support that all populations are highly
differentiated genetically (p < 0.003 after Bonferroni Correction), except the populations from
the Paranagué Bay and Babitonga Bay (Tab. 2). Accordingly, subpopulations of the Paranagua
Bay and Babitonga Bay were considered to represent a single population (Paranagua Bay +
Babitonga Bay) in the BSP and in the dispersion analyses. The Mantel test supported isolation-
by-distance: 33.6% of the genetic variation in Fst values among areas could be explained by
distance (p = 0.010). However, this pattern is not observed when only southern populations
are analyzed (R?=0.996, p = 0.166), or when Paranaguéa Bay and Babitonga Bay populations
are clustered in an all populations analysis (R? = 0.110, p = 0.142). The hierarchical AMOVA
support the effect of differences on the connection among estuaries during low sea level
periods. A total of 92,2% of the genetic variation comes from among groups level (Jaguaribe
River, Pontal Bay, Piraqué-Acu and southern populations), 0.7% comes from within groups

level and 7.1% comes from within populations.
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Figure 1. Map of the six sampling points and the palaeo-rivers exposed during the Last Glacial Maximum (LGM), when the shoreline (SLGM) was 120 m
lower than the current shoreline (CSL). Different colors represent different Brazilian freshwater ecoregions. The dark blue channels represent current rivers

and the light blue channels represent the palaeochannels of the analyzed region.
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Table 2. Genetic differentiation (Fst, below diagonal) and its respective p-value (above diagonal) among
A. brasiliensis populations, based on concatenated D-loop and CytB sequences. Asterisks indicate

significance after Bonferroni correction (p < 0.003) in Fst analysis.

Jaguaribe  Pontal Piraqué-Acu Paranagua Babitong Patos

River Bay River Bay a Bay Lagoon
Jaguaribe River 0.000 0.000 0.000 0.000 0.000
Pontal Bay 0.956* 0.000 0.000 0.000 0.000
Piraqué-Acu River 0.969* 0.917* 0.000 0.000 0.000
Paranagua Bay 0.945* 0.866* 0.931* 0.938 0.001
Babitonga Bay 0.939* 0.853* 0.912* 0.000 0.000
Patos Lagoon 0.937* 0.869* 0.928* 0.111* 0.108*

Haplotype networks clearly separate the northeastern populations (shorter continental
shelf) into independent groups (haplogroups, Fig. 2) with elevated genetic distances among
them (Jaguaribe River, Pontal Bay, Piraqué-Acu River). There were exclusive haplotypes in
each location sampled in the northeastern estuaries. By contrast, the southern populations
(Paranagua Bay, Babitonga Bay and Patos Lagoon - broader continental shelf) shared the
same haplotypes or closely related haplotypes.

These contrasting patterns between northeastern and southern populations are
supported by the Bayesian inference of historical dispersion rates (Tab. 3). Greater historical
dispersion rates were found among the southern populations (1270.1, 95% HPC: 678.4 —
1941.7, from the Patos Lagoon to Paranagua Bay + Babitonga Bay; 383.8, 95% HPC: 0.0 —
993.3, from Paranagua Bay + Babitonga Bay to the Patos Lagoon). Moreover, this analysis
suggests high variance of effective population size (i.e. theta, Tab. 3). The theta of Paranagua
Bay + Babitonga Bay population presents the greatest value (6 = 0.148, 95% HPC: 0.040 -
0.262) while the Piraqué-Acgu River population presents the lowest (6 = 0.002, 95% HPC: 0.000
—0.008).

The test of the molecular clock hypothesis supported a lack of significant variation in
the clock rates among the lineages of the tree (mean of ucld.stdev D-loop = 0.167, 95% HPD:
0.00 — 0.45; ucld.stdev CytB = 0.214, HPD: 0.00 - 0.58). Therefore, the ultrametric tree was
rooted according to the molecular clock. The haplotypes from the Jaguaribe River clustered in
a single clade, sister to the clade of haplotypes from other locations. The remaining haplotypes
clustered in two large sister clades: the first composed of clades from the Pontal Bay and
Piraqué-Acu River, respectively, with no shared haplotypes; and the second composed of
lineages from the Paranagua Bay, Babitonga Bay, and Patos Lagoon, mixed in a large
monophyletic group (Fig. 3). The divergence time between the clade including the lineages

from the Jaguaribe River and the remaining group was estimated at about 601 ka (95% HPD:
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353 — 912 ka). The diversification of the remaining lineages occurred more recently, at 189 ka

(95% HPD: 104 — 266 ka) between Paranagua Bay + Babitonga Bay + Patos Lagoon and
Pontal Bay + Piraqué-Acu populations, and 139 ka (95% HPD: 73 - 199 ka) between the last

two populations. The calculated CytB gene mutation rate was 7.89% Myr?! (HPD: 4.72 -
11.41% Myr?).

Om
H-54m
-130m

Jaguaribe River

Pontal Bay
-
Piraqué-Acu River

Paranagua Bay
Babitonga Bay

Patos Lagoon

Figure 2. Haplotypes network of mitochondrial DNA control region (D-loop) and Cytochrome B (CytB)

of A. brasiliensis from Brazilian coast. The size of the circles is proportional to the number of individuals

belonging to a specific haplotype. Their colors represent the sampling points, points indicate haplotypes

not sampled and each line represents a mutation step.
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Table 3 Effective population size (i.e. Theta value) and dispersion rates among A. brasiliensis

populations from the Brazilian coast, assuming Stepping Stone model. HPC: highest probability density.

Population Effective Size Dispersion to adjacent Dispersion to adjacent
southern population northern population
Mean 95% HPC Mean 95% HPC Mean 95% HPC

Jaguaribe River 0.009 0.001-0.018 34.1 0.0-105.0
Pontal Bay 0.005  0.000 - 0.011 98.7 0.0 - 318.3 50.0 0.0 - 125.0
E'i(/ae?“e'A‘?“ 0.002  0.000 - 0.008 27.6 0.0-86.7 120.2 0.0 - 276.7
Paranagua Bay + 1,5 (040-0.262 383.8  0.0-993.3 163.3 0.0 - 418.3
Babitonga Bay
Patos Lagoon 0.004 0.000 - 0.009 1270.1 678.4 -1941.7

The phylogenetic history of the lineages in the different areas of distribution indicates
that recent haplotype expansion occurred only in the southern populations, likely during the
last low-sea level event, during and after the Last Glacial Period: 18 dispersion (30.5%) and 1
isolation (1.7%) among the 59 cladogenetic events (Fig. 4). Alternatively, the most recent
diversification in each clade (Jaguaribe River, Pontal Bay, Piraqué-Acu River, and Paranagua
Bay + Babitonga Bay + Patos Lagoon) happened about 20 - 15 ka, when the sea level was
higher than the continental shelf break depth of each region: -60 m in the northeastern

estuaries, and -120 m in the southern estuaries (Fig. 3).

Discussion

The analyses revealed a contrast in the pattern of genetic variation between
populations of A. brasiliensis from northeastern and southern Brazilian estuaries. Whilst
populations from the estuaries in the northeastern Brazilian coast (where the continental shelf
is narrower and shallower) showed higher levels of genetic differentiation and endemism of
lineages and haplotypes, the populations in the southern coast (where the continental shelf is
broader and deeper) presented lower genetic differentiation, lower haplotype and lineage
endemism, and greater evidence of genetic exchange among populations, which have resulted
in a reticulated relationship between lineages and estuaries. These results agree with the
predictions of the hypothesis tested here - eustatic sea-level changes and the geomorphology
of Brazilian continental shelves have strongly influenced the distribution of genetic diversity of
A. brasiliensis. As postulated above, the populations of A. brasiliensis are strongly disjoint.
Adults reside in estuaries and their reproductive characteristics do not favor gene exchange
between neighboring populations. As a consequence, genetic exchanges between populations
are strongly dependent on direct connections (and, consequently, between neighboring

hydrographic basins).
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Figure 3 Phylogenetic relationships and the divergence time (in ka) among A. brasiliensis populations.
Black and white circles represent the reconstruction of the history of isolation/expansion events of the
haplotypes along their estimated ancestral area of distribution according Lieberman (2000, 2003a,b)
(above). The Lineages Through Time Plot and the sea level fluctuations according Siddall et al. (2003)
(below). Blue: Patos Lagoon; Yellow: Babitonga Bay; Green: Paranagua Bay; Orange: Piraqué-Agu

River; Gray: Pontal Bay; Red: Jaguaribe River.
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The result of the Mantel test indicates that the level of differentiation between
populations is correlated with the distance between their estuaries but only when the
comparison between populations of northeastern (high Fst) and southern (low Fst) estuaries
are considered. The absence of signal of isolation-by-distance in the analysis with Paranagua
Bay and Babitonga Bay populations clustered supports the absence of genetic differentiation
among these near populations is biased against the isolation-by-distance analysis.
Furthermore, it is unlikely that the compared patterns of population expansions (resulting in
haplotype reticulation) within the southern and northeastern populations may also reflect the
distance between the estuaries sampled. There are no observed reticulations among
northeastern estuaries. Additionally, despite the fact that the greatest distance between the
southern estuaries (i.e. Patos Lagoon and Paranagua Bay) and the distance between Pontal
Bay and Piraqué-Agu (northeastern estuaries) are equivalent, the levels of genetic
differentiation within the northeastern and southern estuaries are conspicuously different (Fst
= 0.11 and Fst = 0.92 respectively). Finnally, in general, the estuaries in the northeastern
region are more numerous and closer together than estuaries in the southern region (Fig. 1).
We would, thus, expect overall lower Fst values for the northeastern populations if genetic
exchange between populations are frequent and associated with active dispersal of fish,
connecting distant population genetically thorough a stepping-stone dispersion mode. Thus,
distance alone cannot justify rejection of the hypothesis that the continental shelf influenced

the evolution and distribution of the regional genetic diversity of A. brasiliensis.

Expansions of riverine systems during low-sea-level periods (glacial periods) allowed
the convergence of basins that are presently isolated (resulting in a common composite basin)
or the connection among basins and estuaries through deltas and flooded environments (e.g.
lagoons, swamps). This phenomenon has already been documented in other regions of the
world (e.g. Weitzman et al., 1988; Swartz et al., 2009; Chakona et al., 2013; Pereira et al.,
2013; Dias et al., 2014; Thomaz et al., 2015). The extent of the confluence of riverine systems
putatively depends on the distance between basins and the extension of the continental shelf
(Unmack et al., 2013). Both factors influence the possibility of connection between respective
hydrographical basins during periods of low-sea level. Populations of estuaries located in
regions where the continental shelves are wide (e.g. southern Brazil) putatively have a greater
potential to connect in periods of regression than those located at narrow continental shelves

(e.g. northeastern Brazil).

The network of palaeochannels predicted in this study and by Thomaz et al. (2015)
support the hypothesis that the presently-solated southern Brazilian basins and estuaries

expanded laterally and connected extensively during low sea level events (Fig. 1), especially
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when associated with wide continental shelves. Additionally, Santos-Filho (2009) hypothesized
a channel between the Paranagua Bay and Babitonga Bay estuaries at -16 and -38 m, which
might have created a common estuary when the sea level was lower (between 8 and 22 ka,
Correa, 1996; Siddall et al., 2013), preventing genetic differentiation between populations of
these two estuarine complexes. Other palaeochannels have been hypothesized for the
Brazilian coast (e.g. Abreu & Calliari, 2005; Souza-Junior et al., 2007; Conti & Furtado, 2009;
Weschenfelder et al., 2010), which suggests that extensive bays and lagoons were produced
by the deepening of fluvial channels during low sea level events. However, these
palaeochannels and lagoons and the channel described by Santos-Filho (2009) were not
inferred with GEBCO bathymetry data (present data and Thomaz et al., 2015). Differences
between actual and bathymetry-based inferences of palaeochannels likely reflect the
resolution of available databases. Another complicating factor is that recent
erosional/sedimentation processes and tectonic events may also hinder the reconstruction and
recognition of pre-existing drainages (Conti, 2009). However, although imperfect,
reconstructions of palaeochannels based on publicly-available bathymetry data (i.e. lower
resolution) represent an important tool to estimate the expected pattern of palaeodrainages,
especially when detailed local reconstruction studies are scarce.

The cyclic episodes of biotic expansion and isolation associated with the cyclic sea
level changes detected in the southern populations of A. brasiliensis in the Lieberman (2000,
2003a,b) reconstruction (Fig. 3) conform with the predictions of the hypothesis of Taxon Pulse
(Erwin, 1979, 1981, 1985; see also Brooks & McLennan, 2001). Isolation events during high
sea-level periods provide opportunities for allopatric haplotype diversification of populations,
and dispersal events through connections among basins in periods of low sea level provide
opportunities for population expansion. These pulses of expansion/isolation produce a
reticulated pattern of haplotype distribution throughout populations, which is especially evident
in the haplotype network (Fig. 2) and phylogenetic tree (Fig. 3) of the southern populations of
A. brasiliensis. This scenario suggests cyclic events of Taxon Pulse. Contrasting with the
pattern displayed by the southern populations of A. brasiliensis, the pattern of genetic
differentiation in the northeast does not fit the predictions of the Taxon Pulse. Populations
inhabiting the northeastern-estuaries are highly structured genetically (Tab. 2) and present
elevated lineage endemicity and no reticulation (Fig. 3), which strongly indicates reduced gene

exchange even in periods of low sea level.

Similar patterns of genetic distribution in freshwater fish species of small coastal basins
suggest that Taxon Pulse associated with eustatic processes may be implicated also in the

case of strict freshwater species in the southern Brazilian coast. Comparable cycles of isolation
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during periods of high sea level and expansion during periods of low sea level were proposed
for freshwater fishes in South Africa (Swartz et al., 2009; Chakona et al., 2013) and for an
Indo-Australian freshwater shrimp (De Bruyn & Mather, 2007). In the Brazilian coast, Thomaz
et al. (2015) reported that 75 % of the genetic variation among populations of the freshwater
Hollandichthys multifasciatus (Eigenmann & Norris, 1900) from the southern and southeastern
Brazilian coasts (wide continental shelf) is associated with the isolation and reconnection of
rivers during Pleistocene sea level changes. Pereira et al. (2013) reported on a deep genetic
divergence among populations of the freshwater fish Hoplias malabaricus (Bloch, 1794) from
the northeastern and southeastern Brazilian coasts, influenced by the conjunction of eustatic
sea level fluctuations and the geomorphology of the continental shelf. In both studies, despite
the few numbers of individuals sampled, the haplotype composition of many populations is
reticulated (22% and 40% of the diversification associated with expansion events, respectively)
as for A. brasiliensis.

A diversification scenario resulting from the Taxon Pulse hypothesis is, then, the result
of intrinsic (inherent capacity of a species) and extrinsic (environmental opportunity) factors
that allow the elimination of, or a breach, in barriers to expansion. In the case of A. brasiliensis,
the factor limiting continuous dispersal is apparently intrinsic, associated with the behavior and
ecology of the species (no adult dispersal and larval retention). Expansion, in this case, can
only happen when there are physical connections between neighboring watersheds, during
low sea level. Populations of the freshwater characin H. multifasciatus, by contrast, present
significant genetic differentiation (with large levels of endemism of haplotypes and haplotype
lineages) (Thomaz et al., 2015), reflecting the biological (intrinsic=capacity) and environmental
factors (extrinsic=opportunity) that limit the dispersion and expansion of its lineages even
during historical connections between river basins. Hollandichthys multifasciatus are more
dependent on forested stretches of the stream (Thomaz et al., 2015) and have lower ability to
survive in brackish and marine waters than species of Atheriniformes, such as A. brasiliensis
(Bamber & Henderson, 1988; Souza-Bastos & Freire, 2011; Schultz & McCormick, 2013).
Since connection between basins most likely involved areas of brackish water (e.g. delta,
lagoons) with distinct marginal biomas, H. multifasciatus may have been prevented from

dispersing into new basins, contrasting with the estuarine A. brasiliensis.

While the concept of Taxon Pulse proposed by Erwin (1979, 1981, 1985) was proposed
for species diversification, we concluded that the same general pattern is observed in a lower
level of complexity, the distribution of genetic variability of a species populations. We extend
this conclusion to propose that this general Taxon Pulse model associated with eustatic

movements and with the width of the continental shelf also applies to diversification at higher
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levels of complexity of biodiversity. It is very likely that cycles of Taxon Pulse induced by
eustasic movements and influenced by the width of the continental shelf have also influenced
speciation, endemism, and the phylogenetic diversity of fish communities of coastal streams
along the Brazilian coast and similar areas in the world. According to this proposed model, in
the northern watersheds, species evolved in continuous allopatry, while in the southern basins
species that originated allopatrically dispersed to neighboring basins during periods of low sea
level, becoming isolated during periods of high sea level, thus enabling new specific lineages
to diverge. As predicted by the model, the percentage of endemic species within each
respective community is greater in northeastern watersheds, while species richness per area
is greater in southern basins (see Albert & Reis, 2011 for details). Accordingly, Dias et al.
(2014), in a worldwide study, suggested that basins that were connected by palaeochannels
during low sea level events present higher species richness, whereas basins that remained
isolated present greater levels of endemism and differences in species composition.

Concluding, our results support that the geomorphology of the continental shelves and
sea level fluctuations influenced the genetic diversification of freshwater and estuarine species
by Taxon Pulse. The model supports that, independent of the scale of diversity studied
(molecular, species and community), wider continental shelves should allow diversification by
Taxon Pulse, resulting in greater levels of diversity and reticulation of riverine species, while
narrow continental shelves should increase geographic isolation and endemicity of regional

diversity by reducing the opportunity for expansion.
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Resumo

A alta quantidade de barragens tem grandes implicagGes para peixes migradores neotropicais
(e.g. grandes bagres), em especial para espécies que realizam homing. Homing € o
comportamento no qual os individuos retornam ao seu sitio reprodutivo natal para reproducéo
em detrimento a outros igualmente provaveis e foi sugerido para algumas espécies de
Pimelodidae. Nesse trabalho, é proposta uma nova abordagem para testar a hipétese do
comportamento de homing, a qual é aplicada para o pintado, Pseudoplatystoma corruscans,
da bacia do Alto Rio Parana. Para isso, marcadores moleculares de alta resolu¢éo foram
aplicados em adultos (populacdes nas areas de alimentacdo) e em larvas (populacdes que se
reproduzem em cada area de reproducéo) das regides baixas dos tributarios da bacia do Alto
Rio Parana. Um total de 171 larvas de P. corruscans foi coletado provenientes principalmente
dos Rios lvinheima, Ivai e Amambai. As analises genéticas demonstram que as populacdes
dos Rios lvinheima e Ivai sdo semelhantes entre si, e diferentes da populacdo do Rio
Amambai. Por outro lado, as populagbes de adultos coletados nos mesmos locais (75
individuos) ndo foram geneticamente diferentes entre si e representaram mistura de
individuos entre os 2 agrupamentos. Diferenciagédo genética entre as populagfes de larvas e
mistura entre populacdes na area de alimentagdo s@o esperadas para populacdes que
realizam homing, e sugere que o pintado do Alto Rio Parané realiza esse comportamento.
Contudo, a auséncia de diferenciacéo genética entre as populagdes dos Rios Ivinheima e Ivai
indica que outros mecanismos podem estar envolvidos, tal como a influéncia da UHE de Porto
Primavera, a montante. A metodologia utilizada se apresentou bastante promissora e pode
ser utilizada para outras espécies e em outras regides, de forma a guiar estratégias de
manutencdo, manejo e mitigacdo do impacto ambiental de empreendimentos de geracdo de

energia sobre espécies de peixes neotropicais.

Palavras-chaves: Conservagdo, Larvas de peixes, Marcadores moleculares, Migracgéo,

Pseudoplatystoma corruscans, Represas.
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Introducéo

Os rios neotropicais estdo entre 0s ecossistemas mais diversos do mundo, contendo
mais de 6000 espécies de peixes (Vari e Malabarba 1998, Reis et al. 2003, Albert et al. 2011).
Juntamente com Characiformes, as espécies da ordem Siluriformes possuem destacada
abundancia nessa regido, com marcada importancia econbémica e ecoldgica, sendo
consideradas chaves para o ecossistema devido ao seu comportamento predatério
(Carolsfeld et al. 2003). Tais espécies, ainda, possuem caracteristicas bioldgicas complexas,
envolvendo as maiores migracdes conhecidas para peixes em agua doce no mundo (e.g.

Brachyplatystoma rousseauxii, Batista e Alves-Gomes 2006).

Movimentos migratérios permitem posicionar os peixes diretamente nos habitats com
melhores condi¢cdes ambientais, maximizando a sobrevivéncia, a dispersdo geografica e a
abundancia das populagbes (Barthem e Goulding 1997). Esse comportamento, entretanto,
torna peixes migradores mais vulneraveis a fragmentacdo ambiental decorrentes da
construcao de Usinas Hidrelétricas e de seus reservatorios. Populagbes panmiticas, como a
dourada B. rousseauxii (Batista e Alves-Gomes 2006, Batista 2010, Carvajal-Vallejos et al.
2014) e a piramutaba B. vaillantii (Formiga-Aquino 2004, Rodrigues 2009) da bacia e sub-

bacias do Rio Amazonas, seriam particularmente susceptiveis a esses empreendimentos.

A fragmentac@o ambiental das bacias hidrograficas é, possivelmente, ainda mais
impactante sobre populagdes de peixes que realizam homing, comportamento de retorno dos
individuos ao seu sitio reprodutivo natal para reprodugédo em detrimento a outros igualmente
provaveis (Gerking 1959). Esse fendbmeno parece ser comum em grandes bagres Pimelodidae
(Carolsfeld et al. 2003). Godinho et al. (2007) descreveram o continuo retorno de fémeas de
Pseudoplatystoma corruscans marcadas com radiotelemetria ao mesmo sitio de reproducéo
(corredeiras de Pirapora no Rio Sado Francisco), dentro de um mesmo periodo reprodutivo,
como indicativos de homing para a espécie. Utilizando marcadores microssatélites, Pereira et
al. (2009) e Abreu et al. (2009) encontraram 6 populacdes geneticamente distintas de P.
corruscans da bacia do Paran-Paraguai, e significativa diferenciagdo genética entre duas
populagdes do cachara, P. reticulatum, do Alto Rio Paraguai, respectivamente. Ambos foram
interpretados como indicativos do comportamento de homing para as espécies.
Alternativamente, Prado (2014) encontrou diferenciacédo fraca ou ausente entre populacdes
de P. corruscans das bacias dos Rios Parana e Paraguai. Contudo, em nenhum desses
estudos foram realizados testes com metodologias especificas para testar a hipétese de
homing. Um teste dessa hipGtese para peixes necessita de uma analise por dados

moleculares de grande resolucdo, um desenho experimental especifico a hipétese e analises

37|Pagina



detalhadas de genética de populacdes, permitindo assim uma avaliagdo de parametros

populacionais influenciados por eventos recentes.

Marcadores microssatélites sdo ferramentas Uteis para testar a hipétese de homing
pois permitem a avaliacdo da estrutura genética de populacbes e a identificacdo da
procedéncia de individuos de origem desconhecida (sitio de reproducado). Além disso, esses
marcadores permitem o desenvolvimento de novas estratégias de amostragem e teste de
hipéteses de migracdo de peixes utilizando larvas como indicadoras de eventos
populacionais, resultando em estudos menos complexos e custosos. Nesse estudo, portanto,
€ proposta uma nova abordagem para teste da hipétese de homing em peixes, a qual envolve

a utilizacdo de suas larvas.

A bacia do Alto Rio Parana compreende o primeiro terco da bacia do Rio Parana e
10% do territério brasileiro, e possui aproximadamente 310 espécies de peixes (Langeani et
al. 2007). Essa regido é especialmente interessante para o teste de homing de bagres pois é
altamente impactada pelas atividades humanas, devido a poluicdo, as atividades de
agricultura e pecuéria, e pela presenca de diversos barramentos (Agostinho et al. 2007).
Dessa forma, compreender as caracteristicas bioldgicas de suas espécies é fundamental para
a definicdo de estratégias de manutencdo e manejo das populacbes de peixes e de sua
diversidade genética. Na bacia do Alto Rio Parand, os peixes migradores geralmente desovam
em grandes tributarios, se desenvolvem em lagoas nas partes baixas desses rios ou em
bancos e ilhas da calha principal, sendo os sitios de alimentagéo em reservatorios, tributarios
ou no préprio Rio Parana (Petrere-Jr. et al. 2002, Agostinho et al. 2003, Baumgartner et al.

2004, Barzotto et al. 2015).

O pintado, P. corruscans, destaca-se entre as espécies presentes na regiao por
representar o maior bagre da bacia e uma das espécies mais exploradas (Petrere-Jr et al.
2002). Contudo, devido a rdpidas e drasticas alteragdes ambientais ocorridas na bacia do Alto
Parana e & sobre-explotacdo, essa espécie tem sofrido extensa redugcdo em seu estoque
natural (Petrere-Jr et al. 2002, Agostinho et al. 2003, 2008), com alto risco de extin¢édo local,
como j& ocorreu em trechos superiores da bacia (Prioli et al. 2003). O comport