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RESUMO

Um dos objetivos centrais da biogeografia historica é a reconstrucao da
historia de um determinado taxon ou um grupo baseado em hipoteses
filogenéticas. A ideia de que as relacdes filogenéticas fornecem informacdes da
distribuicdo geografica passada € antiga, e apenas se tornou possivel com a
Sistematica Filogenética de Willi Hennig. Analises de Dispersdo e Vicariancia
(DIVA) e modelos de Dispersédo, Extincdo e Cladogénese (DEC) sdo métodos
amplamente difundidos para a reconstrucao da distribuicdo geografica ancestral de
espécies. Essas analises incluem eventos anagenéticos e cladogenéticos.
Recentemente, esses métodos foram implementados em um pacote do programa R
denominado BioGeoBEARS. Além dos eventos anagenéticos e cladogenéticos ja
implementados nas versfes originais de DEC e DIVA, o BioGeoBEARS
apresenta a possibilidade de incluir a dispersédo em saltpsnpulispersalque
tem se mostrado interessante mesmo quando consideradas espécies ou grupos que
habitam o continente. O grupBothrops alternatus¢ um clado monofilético
recuperado em diferentes filogenias do gémathropse inclui seis espécies de
jararacas que habitam principalmente areas de vegetacédo BbailtarnatusB.
itapetiningae B. fonsecai B. cotiara, B. ammodytoides B. jonathani. Os
objetivos deste trabalho sdo: 1) inferir a origem do grBpaalternatus 2)
compreender a diversificacdo e evolucdo da distribuicdo geografica das espécies
atuais e seus ancestrais hipotéticos; 3) analisar se a diversificacdo ocorreu a partir

de areas abertas ou florestais; e 4) entender como processos geoldgicos e



climaticos podem ter influenciado a distribuicdo atual do grupo. Revisamos e
georreferenciamos 3.265 registros de distribuicdo geogréfica de espécimes
depositados em colecdes zooldgicas e dados da literatura. Utilizamos uma
filogenia datada que inclui cinco das seis espécies do grupd pmisathanié

uma espécie rara e sem dados moleculares disponiveis até o0 momento. As
unidades biogeograficas nas quais as espécies atuais ocorrem foram delimitadas
por meio da interseccdo da distribuicdo geografica das espécies e superficies
eletrénicas ghapefiley de provincias e unidades de relevo do Brasil. As
distribuicbes geogréaficas ancestrais foram reconstruidas a partir dos modelos
paramétricodDIVA-like, DIVA-like+j, DEC e DEC+j, implementados no pacote
BioGeoBEARS. A distribuicdo ancestral foi estimada em dois cenarios diferentes,
com e sem as probabilidades relativas de dispersao entre as areas, divididas em
quatro intervalos de tempdinfie slicey Os melhores modelos para os dois
cenarios incluem o parametro relativo a dispersao por gaftp (dispersgl e
sugerem que a origem do grupo ocorreu tanto em areas abertas quanto florestais.
No primeiro cenario, a estimativa do modBI/A-like+j indica origem do grupo

nas unidades Chaco-Pampa, Cerrado e Araucaria. O modelo DEC+j, melhor
avaliado no segundo cenario (coéme slice}indica origem do grupo no Cerrado

e Araucaria. A disperséo por salponip dispersglfoi o processo mais importante

para a estimativa global de diversificacdo do graps dois cenarios. Assim

como a origem, a diversificacdo do grupo ocorreu de forma simultanea em areas
abertas e florestais. Possivelmente, o Mar Transcontinetal que invadiu o sul da

América do Sul durante o Mioceno entre 23 e 13.8 milhdes de anos, esta



relacionado aos eventos de diversificacdo gBipalternatus Durante a origem e
diversificacdo do grupo, o clima da América do Sul estava se tornando mais seco
e a vegetacao florestal estava sendo substituida por vegetacdo aberta, o que deve
ter favorecido a expanséo e a diversificacdo do grupo para os biomas localizados

mais ao sul da América do Sul.

Palavras-chaveDistribuicdo geografica ancestr@pthrops Dispersao por salto,
BioGeoBEARS, Vegetacao aberta, Florestas, Floresta de Araucaria, Cerrado, Mar

Trasncontinental.



ABSTRACT

One central aim of historical biogeography is the history reconstruction of
a taxon or clade based on phylogenetic hypotheses. The idea that the phylogenetic
relationships provide information on past geographical distribution is old, and it
was only possible with the Willi Hennig’s Cladistic method. Dispersal Vicariance
Analysis (DIVA) and Models of Dispersal-Extinction-Cladogenesis (DEC) are
among the most popular methods to reconstruct ancestral geographical
distributions. Both analysis include anagenetic and cladogenetic processes. Both
methods were recently implemented in the R software package BioGeoBEARS.
Besides the anagenetic and cladogenetic processes of the original DEC and
DIVA, BioGeoBEARS includes a parameter related to jump dispersal, that has

been shown interesting even for non-insular species._The Bothrops alternatus

group corresponds to a monophyletic clade, recovered in different phylogenies of
the genus Bothrops and includes six lancehead snakes species that mainly inhabit

open vegetation areas: B. alternatis itapetiningaeB. fonsecaiB. cotiara,B.

ammodytoidesnd B. jonathani.Our aims here are: 1) to infer the area origin of

the B. alternatus group; 2) to comprehend the diversification and evolution of the
geographic distribution of present species and their hypothetical ancestrals; 3) to
analyze if diversification occurred in open vegetation or forested areas; and 4) to
understand how geological and climatic processes may have influenced the
present distribution of the group. We revised and georeferenced 8e2@85ds of

geographic distributions of species via zoological collection records and



literature data. We used a phylogeny including five out six species of the group,
because B. jonathani is a rare species lacking molecular d&t.biogeographic

units in which the species occur were delimited by intersection of geographic
distribution of the species and shapefiles of provinces and Brazilian relief units.
We then reconstructed the ancestral geographic distributions by means of
parametric models DIVA-like, DIVA-like+j, DEC and DECH+j, implemented in
BioGeoBEARS package. Ancestral distributions were estimated in two different
scenarios, with and without relative probability of dispersal and the possibility to
disperse among areas in four time slices. The best models on both scenarios
included jump dispersal and the origin of the group both in open and forested
areas. In the first scenario, DIVA-like+j indicated the origin of the group in
Chaco-Pampa, Cerrado and Araucaria units. The DEC+] modelwas the best
evaluated model for the second scenario (with time slices), indicating the origin of
the group on the Cerrado and AraucariBhe most important process in global
estimates for each model for both scenarios was jump dispersal. As well as the
origin, the diversification of the group must have occurred simultaneously in open
and forested areas. The Transcontinental Sea invading the southern South
America during the Miocene between 23 and 13,8 million years is possibly related
to the events of the diversification of B. alternatus. During the origin and
diversification of the group, the climate of South America was becaming drier and
the forests have being replaced by open vegetation, which must have favoured the
expansion and diversification of the group towards the southern South American

biomes.



Keywords Ancestral range, Bothrops, Jump dispersal, BioGeoBEARS, Open

landscape, Forest, Araucaria forest, Cerrado, Transcontinental Sea.
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Introducgéo Geral

Biogeografia historica

A biogeografia pode ser definida como o estudo da distribuicdo geografica dos
organismos (Crisci, 2001). Essa simples definicdo, entretanto, mascara a sua complexidade,
que engloba a geografia, a geologia e a biologia (Crisci, 2001). A Biogeografia tem sido
tradicionalmente dividida em duas linhas de pesquisa, a biogeografia ecolédgica e a historica
(Lomolino et al, 2010). Um dos primeiros autores a trata-la dessa forma foi o botanico de
Candolle, por volta de 1820, que afirmava que a biogeografia ecoldgica poderia ser atribuida
a causas fisicas que atuam no presente, e a biogeografia historica seria relacionada a causa:
fisicas do passado. Assim, a biogeografia histérica esta interessada em compreender 0s
processos que ocorreram ha milhares ou milhdes de anos atras (Crisci, 2001).

Um dos objetivos centrais da biogeografia histérica é a reconstrucao da historia de um
determinado taxon ou grupo baseado em hipéteses filogenéticas (Cox & Moore, 2005). A
ideia de que as relacdes filogenéticas fornecem informacdes sobre a distribuicdo geogréfica
passada é antiga (Ronquist & Sanmartin, 2011). Porém, apenas apo0s a Sistematica
Filogenética de Willi Hennig que a biogeografia filogenética se tornou possivel, e a partir de
entdo muitos métodos foram propostos (cf. Ronquist & Sanmartin, 2011). Dois métodos
amplamente difundidos para a reconstrucdo de distribuicbes geograficas ancestrais sdo a
Andlise de Disperséo e Vicariancigpersal-Vicariance AnalysisDIVA) e os modelos de
Disperséo, Extincdo e Cladogénebgeérsal-extinction cladogenesiBEC) (Yuet al, 2010;

Matzke, 2013a).
O DIVA é uma andlise de parcimdnia baseada em eventos que se tornou bastante

popular por ndo requerer conhecimento prévio sobre a historia da area de ocorréncia das
1



espécies (Nylandest al, 2008). A analise requer apenas uma filogenia e as distribuicdes
geograficas das espécies atuais (Ronquist, 1997). A otimizacdo das areas ancestrais € feita nos
nos internos da filogenia com base em uma matriz tridimensional de custos associados aos
eventos. Dispersfes e extingdes assumem o valor de um, enquanto a vicariancia tem custo
zero (Ronquist, 1997). A reconstrucdo ancestral 6tima é aquela que apresenta 0 menor custo,
0 que acaba favorecendo as hipoéteses vicariantes em detrimento de eventos de dispersao ¢
extingcdo (Kodandaramaiah, 2010). Outra limitacdo da analise € que a posicéo relativa das
areas nao e reconhecida. Portanto, todas as combinacdes de areas sao possiveis para compe
as distribuicbes ancestrais potenciais mesmo que sejam areas disjuntas (Ronquist &
Sanmartin, 2011).

Uma das condi¢cdes para a analise DIVA é a disponibilidade de uma filogenia
completamente bifurcada, sem a presenca de politomias (Nylandéer 2008). O método
ignora a incerteza na inferéncia filogenética, assumindo que a mesma nao apresenta erro
(Sanmartin & Ronquist, 2004; Yet al, 2010). Porém, diferentes filogenias podem fornecer
diferentes reconstru¢des geograficas (Nylareteal, 2008). Outra fonte de incerteza esta
relacionada a otimizacdo da area ancestral, que sugere varias distribuicbes igualmente
parcimoniosas para 0s nis ancestrais, especialmente quando a distribuicdo das espécies atuai
€ ampla (Ronquist, 1997). Isso tende a aumentar em direcdo a raiz, onde a ambiguidade das
distribuicbes é maior (Ronquist, 1997). Além disso, os eventos de extincdo praticamente
nunca sao recuperados nas reconstrucdes (Ronquist, 1997). O processo de vicariancia é
favorecido, fazendo com que os nos basais apresentem distribuicdo ampla, e a disperséo é
enviesada para os ramos terminais da filogenia @Res, 2005; Nylanderet al, 2008;
Kodandaramaiah, 2010). A fim de diminuir esse efeito, aconselha-se que 0 nhiumero maximo
de areas ancestrais seja restrito, o que corresponde normalmente ao mesmo numero de area

que a espécie com distribuicdo mais ampla ocupe (Ronquist & Sanmartin, 2011).



Duas propostas foram sugeridas para melhorar a abordagem da analise DIVA. A
primeira integra a abordagem Bayesiana no algoritmo de reconstrucdo de distribuicbes
ancestrais (Nylandeet al, 2008), e é denominada Bayes-DIVA. Esta andlise fornece
reconstrucbes de distribuicbes ancestrais mais parcimoniosas, mas pode considerar as
incertezas de hipéteses filogenéticas (Nylarderd.,, 2008). Caso haja varias solucdes 6timas
para um unico ng, o metodo indica o conjunto de solucdo mais simples, ou mais restrito,
favorecendo alternativas igualmente parcimoniosas (Nylaetesl, 2008). A segunda
abordagem é a Andlise Estatistica de Dispersdo e VicariaBtadis(ical Dispersal-
Vicariance Analysisdenominada S-DIVA (Yuet al, 2010). Além da incerteza filogenética,

o S-DIVA fornece suporte estatistico para as reconstrucdes de distribuicbes geograficas
ancestrais (Yu et gl2010).

O modelo de Dispersao, Extincdo e Cladogénese (DEC) € um método paramétrico
baseado em probabilidades, maximum likelihood (Reet al, 2005; Ree & Smith, 2008),
portanto mais complexo e flexivel em relacdo ao DIVA (Kodandaramaiah, 2010). Os autores
do DEC enfatizam a importancia de trazer a historia da Terra para o seu modedb dRee
2005). A reconstrucao ancestral, nesse caso, requer, além de uma filogenia datada, ou com
idades de divergéncia, o conhecimento das conexdes entre as areas e possiveis probabilidade:
relativas de dispersao entre elas em diferentes periodos de tempo ou tinjReticesSmith,

2008; Ree & Sanmartin, 2009; Kodandaramaiah, 2010). Isso possibilita a remocéo de areas
disjuntas, reduzindo o conjunto de areas permitidas para dispersao (Ree & Sanmartin, 2009).
Consequentemente, a probabilidade atribuida a dispersdo entre areas continuas € maior do que
entre areas que apresentem barreiras para dispersdo (Kodandaramaiah, 2010). Em contraste a
DIVA, a disperséo e a extingdo no DEC sao tratadas como processos estocasticos que causam

expansao ou retragdo da distribuicdo geogréfica, respectivamente (Ree & Sanmartin, 2009).



Embora essencialmente diferentes, sendo um baseado em parciménia e 0 outro em
maximum likelihood, DIVA e DEC, respectivamente, apresentam muitos aspectos em comum
(Ree & Sanmartin, 2009). As reconstrucdes ancestrais podem estimar distribuicbes ancestrais
amplas em ambos os métodos (Kodandaramaiah, 2010), além de produzir resultados muito
semelhantes (Claytoat al, 2009). Os eventos de extincdo sdo mal previstos pelos dois
métodos, porém o DIVA dificilmente sugere este evento (Kodandaramaiah, 2010; Ronquist &
Sanmartin, 2011). Alguns eventos cladogenéticos sao diferentes para o DEC e o DIVA (Ree
& Sanmartin, 2011). As duas principais diferencas estdo nos eventos de vicariancia e
especiacao peripatrica (Ronquist & Sanmartin, 2011). O DIVA prevé a vicariancia classica,
na qual um ancestral amplamente distribuido gera duas espécies em que cada espécie herd:
exatamente 0 mesmo numero de areas (Ronquist & Sanmartin, 2011). O DEC apenas prevé a
vicariancia em que uma das espécies-filha herda uma area mais ampla que a outra, além da
especiacao peripatrica (aubset sympatf)yem que uma espécie-filha herda toda a area de
seu ancestral e a outra herda apenas uma pequena porcdo (Ronquist & Sanmartin, 2011).
Entretanto, os eventos de duplicacdo (Ronquist & Sanmartin, 2011) ou de simpatria a partir de
uma area ancestral pequena (Matzke, 2013a) sdo previstos igualmente nos dois métodos,
enquanto que a especiacao simpatrica a partir de um ancestral amplamente distribuido ndo é
previsto em ambos (Ronquist & Sanmartin, 2011).

Discuss0des sobre a importancia dos processos de vicariancia e disperséo voltaram com
grande forca na literatura recente (de Queiroz, 2005; Cowie & Holland, 2006; Santos, 2007;
Heads, 2012). As propostas vicariantes reinaram durante os anos de 1970 e 1980 como o
processo mais importante e responsavel por explicar os padrfes atuais de distribuicao
geografica das espécies (Cowie & Holland, 2006; Santos, 2007). A dispersao era considerada
apenas um evento aleatério responsavel unicamente por causar ruido nos sistemas vicariantes

(Morrone & Crisci, 1995; Humpries & Parenti, 1999). Além disso, as hipoteses baseadas em



dispersdo eram consideradas desnecessarias (Rosen, 1976), e incapazes de oferece
explicacbes generalizadas (Cowie & Holland, 2006). Entretanto, a partir do aumento
expressivo do conhecimento sobre biologia molecular e filogenias com datas de divergéncia,
notou-se que alguns clados sdo muito jovens para terem suas historias interpretadas
exclusivamente por vicariancia (de Queiroz, 2005). Isso fortaleceu as ideias dispersionistas,
gerando a inclusdo de processos de dispersdo nas ferramentas da biogeografia historica, tais
como o DIVA (Santos, 2007) e o DEC. O principal problema com as ideias dispersalistas
seria que elas ndo poderiam ser falseadas. Entretanto, isso pode ser contornado quando as
hipoteses vicariantes sao falseadas e a dispersdo é suportada. Além disso, hipoteses
especificas relacionadas a dispersédo podem incluir a predicdo das datas de divergéncia e area:s
das linhagens irmés, podendo entédo estar sujeitas a testes de hipoteses (de Queiroz, 2005).
Um novo pacote do programa R denominado BioGeoBEABiIS(Geographic
Bayesian and likelihood Evolutionary Analysis with R Scriptem contribuindo
recentemente para o fortalecimento de processos de dispersédo relacionados a diversificacao de
espécies ou unidades filogenéticas (Matzke, 2013a,b). O BioGeoBEARS implementa o DEC
e mais duas analises, uma baseada no DIVA, denomDidkelike, e outra noBayArea,
denominad@ayArea-like(Matzke, 2013b). BayArea € uma analise bayesiana de inferéncia
da histéria biogeografica que tem como principal vantagem a possibilidade de inclusdo de
maior numero de areas (Landisal, 2013), que podem ser computacionalmente impossiveis
em andlises DEC. A principal novidade dos modelos gerados pelo BioGeoBEARS é um
parametro de especiacao cladogenética conhecido como evento fundador, dispersédo por salto
ou jump dispersalMatzke, 2013b). Qump dispersaé um tipo de dispersdo caracterizada
por ocorrer em grandes distancias (Lomokta@l., 2010). Um exemplo classico é o das ilhas
Krakatau, na Indonésia. Em 1883, uma erupc¢do vulcancia dizimou trés ilhas e destruiu dois-

terco da maior ilha do arquipélago. Apds 50 anos, as ilhas estavam novamente cobertas por



uma densa floresta, com 31 espécies de aves e varias espéecies de invertebrados @tomolino
al., 2010).

Embora gqump dispersakeja comumente aceito em sistemas insulares, alguns autores
ainda ndo aceitam a sua importancia, preferindo explicacdes alternativasandnioidges
ou stepping-stone islandd.omolino et al., 2010). H& também evidéncias de dispersao por
longas distancias no continente (Crudden, 1966). Os modelos apresentados pelo
BioGeoBEARS tem chamado a atenc&o para a importancia dos eventospddispersal
tanto em ilhas quanto em continentes. A comparacdo entre modelos DEC com e sem a
inclusdo dgump dispersaimostram que os modelos que incluem o parametro de disperséo
por longas distancias sdo normalmente melhor avaliados com poucas excecdes (Matzke,
2014; N. Matzke, com. pess.). As estimativas de distribuicbes ancestrais em passeriformes e
saguis na Ameérica do Sul revelaram que os modelos que inglogmdispersabpresentam

melhor avaliacao (cf. Batalha-Filho et,&014; Buckner et 312015).

O género Bothrops

As serpentes do génerBothrops pertencem a familia Viperidae e subfamilia
Crotalinae, e incluem atualmente 48 espécies distribuidas desde o México até a Argentina
(Campbell & Lamar, 2004; Carraseb al, 2012). O Brasil apresenta a maior diversidade do
género (Martinset al, 2001), abrigando 27 espécies (Costa & Bérnils, 2014). As jararacas
apresentam grande diversidade quanto a morfologia e ecologia (Campbell & Lamar, 2004;
Martinset al, 2001; Carrascet al, 2012). S&o serpentes que ocupam uma ampla variedade
de habitats, desde florestas tropicais e subtropicais a regides aridas ou semiaridas, ilhas e
altitudes acima dos 3000 metros acima do nivel do mar (Amaral, 1921; Campbell & Lamar,

2004, Carrascet al, 2010; Barbeet al, 2012; Carrasco et.ak012).



De acordo com alguns trabalhos, os crotalineos se originaram na Asia e provavelmente
alcancaram as Américas por um dnico evento de disperséo. A dispersao teria ocorrido da Asia
para a América do Norte através do Estreito de Bering, ainda quando ele conectava a Asia e o
Alasca (Parkinson, 1999; Parkinsetal, 2002; Wsteet al, 2002; Wisteet al, 2008). Os
crotalineos provavelmente alcancaram o Novo Mundo através do Estreito de Bering durante o
Oligoceno tardio - inicio do Mioceno (28 a 23 milhdes de anos antes do presente; Ma ap),
ainda quando o Estreito de Bering estava coberto por florestas deciduas (Sagtnadrtin
2001). Os crotalineos do novo mundo divergiram do seu grupo irmao ha aproximadamente 24
milhdes de anos Ma ap, e provavelmente a partir de um evento de cladogénese, que ocorreu
h& cerca de 18 Ma ap, os crotalineos do Novo Mundo divergiram, originando o género
Bothrops (Wisteret al, 2008). A partir da colonizacdo da Ameérica do Norte, ocorreram
varias trocas d®&othropsentre as Américas do Norte, Central e do Sul (Parkinson, 1999;
Parkinsoret al, 2002; Wusteet al, 2002; Wisteet al, 2008). Nao ha consenso em relacéo
as idades de divergéncia e de invasdo das Américas, mas, a hipotese de dispersdo da Asia par
a América do Norte pelo Estreito de Bering esta em acordo em diferentes trabalhos. Alguns
autores sugerem que a colonizagdo tenha ocorrido no Cretaceo tardio - inicio do Terciario (70
a 61 Ma ap;,Parkinsoat al, 2002) enquanto outros sugerem que tenha ocorrido entre o
Oligoceno tardio e inicio do Mioceno (28 a 23 Ma ap;,Wuster. €2@08).

As filogenias recentes evidenciam a presenca de alguns grupos monofiléticos no
géneroBothrops(Wusteret al, 2002; Fenwiclket al, 2009; Carrascet al, 2012). Embora
ainda ndo haja consenso sobre as relagbes entre e dentro de alguns grupos,Bo grupo
alternatusé recuperado nas diferentes propostas filogenéticas. Nas filogenias mais completas
e que incluem dados morfolégicos, o grupo alternatus apresenta seis espécied:
alternatus B. itapetiningaeB. fonsecaiB. cotiara,B. ammodytoides B. jonathani(Fenwick

et al, 2009; Carrascet al, 2012). Essas espécies estdo amplamente distribuidas na América



do Sul, ocupando as regides central, sudeste e sul do Brasil, sul da Bolivia, Uruguai, Paraguai
e as regides norte e central da Argentina (Campbell & Lamar, 2004; este estudo).

Bothrops alternatuse a espécie do grupo com maior amplitude de distribuicéo,
ocupando desde o sul, sudeste e parte da regido central do Brasil, Paraguai e Uruguai até o
norte da Argentina (Hoge & Belluomini, 1964; Hoge & Romano, 1971; Hoge & Romano-
Hoge, 1981; Melgarejo, 2003; Campbell & Lamar 1989; 20Bdjhrops itapetininga@sta
presente na regido central e sudeste do Brasil (Amaral, 1977; Hoge & Romano-Hoge, 1981;
Campbell & Lamar, 1989; 2004Bothrops ammodytoidescorre do norte ao sul da
Argentina, (Cei, 1986; 1993; Giraudo & Scrocchi, 2002; Campbell & Lamar, 2004; Scrocchi
et al, 2006, Carrascet al., 2010) apresentando a distribuicdo mais austral entre as serpentes
(Carrasceet al, 2010).Bothrops fonsecaapresenta distribuicdo no sudeste do Brasil (Hoge
& Belluomini, 1964; Peters & Orejas-Miranda, 1970; Hoge & Romano, 1971; Hoge e
Romano-Hoge, 1981; Campbell & Lamar, 1989; 2004), enqudutityrops cotiara, ocorre
no sul do Brasil e em uma pequena area do norte da Argentina, em Missiones (Gomes, 1913;
Hoge & Romano, 1971; Hoge & Romano-Hoge, 1981; Campbell & Lamar, 1989; 2004).
Bothrops jonathaniesta restrita a regido central e sul da Bolivia e noroeste da Argentina
(Harvey, 1994; Carrascet al, 2009).

Em geral, as espécies do grupo ocorrem em habitats abertos (Mardihs2001),
como o Cerrado, os Pampas e o Ch&umthrops alternatu$ encontrada em formacdes
estépicas, e preferencialmente em areas alagaveis ou riparias, bem como em areas alterada:
pelas acdes antropicas (Campbell & Lamar, 1989, 2004; Mesquita & Brites, 2003; awaya
al., 2008).Bothrops itapetininga& endémica do Cerrado (Leébal., 2014), e ocorre mais
frequentemente em formagfes campestres mais abertas e preservadas, tais como campos Sujo
e campos limpos (Sawaw al, 2008; Ledcet al, 2014).Bothrops cotiara é considerada

como tipica de campos de areas montanhosas associados a floresta ombréfila mista (Campbell



& Lamar, 1989; 2004; Martins, 2002). Porém, essa espécie € encontrada dentro ou na borda
da mata e raramente em areas abertas dos campos vizinhos (cf. Bérnils, 2009). O habitat de
Bothrops fonsecaé caracterizado como de campo e mata de Araucéaria (Campbell & Lamar,
1989; 2004; Martins, 2002Bothrops ammodytoidedve em areas rupestres e arenosas da
Argentina (Carrascet al., 2010). Das espécies desse grigmhrops jonathanié a que

ocorre nas maiores altitudes, em areas savanicas e rupestres da Cordilheira dos Andes
(Harvey, 1994; Carrascet al,, 2009).

Este trabalho se propds a investigar a evolucéo da distribuicdo geogréfica e do uso dos
habitats abertos e florestais pelas espécies do guoiboops alternatusPoucos trabalhos de
biogeografia enfocam a historia de diversificacdo de serpentes (mas vejat RboR00O;
Parkinson, 1999; Parkinsan al., 2002; Wisteet al, 2002; Quijada-Mascarefasal., 2007;
Wisteret al, 2008; Machadet al, 2014). Compreender como ocorreu a diversificacdo do
grupo B. alternatuspode esclarecer muito da historia do género na América do Sul, ja que
corresponde a um grupo basal. Outra caracteristica interessante do grupo € que as suas
espécies habitam &reas de vegetacéo aberta, enquanto a grande parte das espécies de jararac

esta associada habitats florestas (Martins.e2@01).

Objetivos
O objetivo geral deste trabalho € inferir a origem e compreender 0S processos
relacionados a diversificacdo do grupathrops alternatusma América do Sul. Sdo propostas
as seguintes questdes especificas:
1) Onde o grupo se originou?
2) Como ocorreu a diversificacdo e evolucdo da distribuicdo geografica das espécies
atuais e seus ancestrais hipotéticos?

3) O grupo se diversificou a partir de areas abertas ou florestais?



4) Como processos geoldgicos e climaticos podem ter influenciado a distribuicédo atual

do grupo?
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ABSTRACT

Aim. To infer the origin and to analyze the biogeographical processes underlying the
evolution of geographic distribution of lancehead snakeBatirops alternatuggroup. To
discuss the possible ecological and historical factors related to the diversification of this clade
in open and forested landscapes.

Location. Central and southern South America.

Methods. We revised and georeferenced point-locality records of speci@otbfops
alternatusgroup by examination of voucher specimens housed in zoological collections and
revision of literature. We used a phylogeny including five species of the group. The
biogeographical units were delimited through intersection of species occurrence and
biogeographical provinces and Brazilian relief units. Ancestral distributions were inferred
through Dispersal-Vicariance-like (DIVA-like) analysis and Dispersal-Extinction-
Cladogenesis models (DEC), and both models including one additional parameter of jump
dispersal, implemented in BioGeoBEARS package. Ancestral ranges were estimated in two
scenarios, with and without relative probabilities of dispersal and the possibility to disperse
among in four time slices of 23, 12, 7 and 0.19 million years before present.

Results. The best evaluated model when not considered time slices was DIVA-like+j,
suggesting the origin of the group in Chaco-Pampa, Cerrado and Araucaria units. The DEC+j
was the best evaluated model when considering time slices, predicting the origin of the group
in Cerrado and Araucaria units. Both models suggest a mixed origin of the clade in open and
forested areas. The most important process for both models was jump dispersal.

Main conclusions. The diversification of the group must have occurred simultaneously in
open and forested areas. Drier climates and replacement of forests by open vegetation in
Miocene, as well as the Transcontinental Sea in southern South America, must have favored

the expansion and diversification of the group specially in open vegetation.
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INTRODUCTION

The presence or absence of a particular species in a certain place is related to its
ecological requirements and evolutionary history (Endler, 1982). The historical biogeography
is concerned with evolutionary processes that happened over millions of years, usually on
large areas or even in global scale (Crisci, 2001). Different methods in historical
biogeography allow the reconstruction of the evolutionary history of certain taxa or clade
based on phylogenetic hypotheses (Cox & Moore, 2005). The phylogenetic relationships have
been used as important tools to explain distributional patterns as well as to reconstruct
ancestral geographical distributions (Ree & Sanmartin, 2009).

The Dispersal-Vicariance Analysis (DIVA) and Dipersal-extinction-cladogenesis
models (DEC) are among the most popular methods to reconstruct ancestral rarges. (Yu
2010; Matzke, 2013a). DIVA is a method based on parcimony that do not require prior
knowledge on history of areas inhabited by species (Nylagtdar, 2008). The optimization
of ancestral ranges is based on a cost three-dimensional matrix matched to the processes,
where dispersal and extinction cost one each, while vicariance have no costs, which favors
vicariant speciation patterns (Ronquist, 1997). All possible area combinations in DIVA are
equally allowed in ancestral reconstructions even when they are disjunct (Ronquist &
Sanmartin, 2011).

Dipersal-extinction-cladogenesis model is a parametric maximum likelihood
framework (Reeet al, 2005; Ree & Smith, 2008) similar to the DIVA in some features
(Ronquist & Sanmartin, 2011). But the available knowledge about the Earth’s history could
be inserted in the model and ancestral range reconstructions, as connections among areas
could be accounted for different relative dispersal rates in different time sliceet{Rée
2005; Ree & Smith, 2008; Ree & Sanmartin, 2009; Kodandaramaiah, 2010). This method

treats dispersal and extinction as stochastics processes, responsible for expansion and

21



contraction of distributional ranges, respectively (Ree & Sanmartin, 2009). The ancestral
reconstruction in both DIVA and DEC may recover widespread ancestral ranges
(Kodandaramaiah, 2010), and furthermore may produce similar results (Giaygigr2009).

Dispersal has been considered as noise, stochastic in nature, and meaningless to
explain general biogeographical patterns (Morrone & Crisci, 1995; Humpries & Parenti,
1999). However, the growth of the knowledge in molecular biology and divergence dates in
phylogenies, indicate that some clades are too young to have their histories explained
exclusively for vicariance (de Queiroz, 2005). And dispersal has been considered recently a
more important process even to explain distributional patterns of species occurrence that once
have been attributed to vicariance (de Queiroz, 2005). That strengthened the dispersionist
ideas and methods in historical biogeography, that increasingly have consider dispersal in
their frameworks (Santos, 2007).

The BioGeographic Bayesian and likelihood Evolutionary Analysis with R Scripts
(BioGeoBEARS) is an R package which estimates ancestral ranges and implements a new
parameter on the analysis, the jump dispersal (Matzke, 2013b). This package runs DEC and
more two models based on DIVA and Bayarea, respectively (Matzke, 2013b). The addiction
of this new parameter has been contributing to the discussion on the importance of jump
dispersal, which is a kind of dispersal usually in long distances (Lometirad, 2010).
Although common in islands, some authors do not accept it and prefer alternative
explanations as land bridges and stepping-stones islands (Lomeblalg 2010). There are
also evidence of dispersal through long distances in the continent (Crudden, 1966), and
BioGeoBEARS implementations have shown that jump dispersal could be relevant both in
continents and islands (Matzke, 2014).

The lancehead snakes of genBethrops belongs to the Viperidae family and

Crotalinae subfamily, and includes presently 48 species distributed throughout Americas,
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from Mexico to Argentina (Campbell & Lamar, 2004; Carrastoal, 2012). Recent
phylogenies provide the division of the genus in monophyletic groups (Waisadr 2002;
Fenwicket al, 2009; Carrascet al, 2012). TheB. alternatusgroup is recovered in all these
phylogenies. Most of the lancehead snakes are forest dwellers (Mardihs2001; Campbell

& Lamar, 2004; Carrascet al, 2012). However, species of tBe alternatusgroup inhabit
mainly open vegetation areas from the Brazilian savanna to the Patagonia (Hoge &
Belluomini, 1964; Campbell & Lamar, 2004; Carrasoal., 2009; Carrascet al., 2010;

Ledo et al, 2014) The Bothropgenus is morphological and ecological diverse (Martins. et al
2001) and this might be the result of a single adaptive radiation occurred in South America
(Carrasco et al 2012).

Dispersal events seem to have been important to the origin of Crotalinae snakes in
Americas. The subfamily probably originated in Asia with a single dispersal to North
America from northeastern Asia to Alasca through the Bering Land Bridge (Parkinson, 1999;
Parkinsonet al, 2002; Wusteet al, 2002; Wusteet al, 2008). The dispersal from Asia to
Alasca probably occurred during the late Oligocene - early Miocene (28 to 23 Million years
before present; Ma bp) when Bering Land Bridge was covered by deciduous forests
(Sanmartin et al 2001). The colonization of the New World was marked by faunal exchanges
among North, Central and South America (Parkinson, 1999; Parketsdn2002; Wisteet
al., 2002; Wster et gl2008).

We aim herein to infer the area origin Bf alternatusgroup and to understand the
roles of biogeographical processes responsible for the diversification of this clade in South
America. We also propose to discuss how geological and climatic processes may have

influenced the present distribution of the group.
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METHODS
Study group and phylogenetic hypotheses

Recent phylogenetic studies have supported the existence of monophyletic species
groups withinBothropsgenus, aBothrops alternatugroup (Fenwicket al, 2009; Carrasco
et al 2012). This group comprises six speciBsdlternatus B. ammodytoides. cotiara,B.
fonsecaj B. itapetiningaeandB. jonathan) and is considered as basal witBiathrops Most
of its species inhabits open landscapes (Martihsl, 2001). Bothrops fonsecaand B.
cotiara, however, inhabitAraucaria angustifolia and montane forests in southern and
southeastern Brazil. Where&othrops fonsecacan be found in grasslands and ecotones
between forests and open habitdds,cotiara is found inside forests or in their ecotones
(Bérnils, 2009).

The phylogeny adopted here (L. Alencar, com. pess.) comprises 264 species of the
Viperidae family, and includes three subfamilies, Azemiopinae, Viperinae and Crotalinae.
The genudBothropsbelongs to the subfamily Crotalinae and this phylogeny contains data for
36 species ofBothrops genus and three forms dothrocophias The phologeny were
constructed from 11 genes sequences, six mitochondrial (12S, 16S, cytb, cox1, nd2, nd4) and
five nuclear (bndf, c-mos, jun, nt3, ragl) genes, available in GenBank and Barcode of Life
Database. Phylogenetic relationships and divergence times among species were estimated
simultaneously in a Bayesian framework implemented in software BEAST v1.7.5.
(Drummond & Rambaut, 2007).

According to this phylogeny, only five species were sampled foBthalternatus
group:B. alternatus B. ammodytoides. cotiara,B. fonsecaandB. itapetiningae There is
no molecular data available fBr jonathanj a poorly known and rare species with only some

specimens deposited in zoological collections (Carrasab, 2009).
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Dataset and biogeografical units

The dataset was built from locality information of preserved specimens deposited in
scientific collections and literature data. The species were mapped in ArcGIS 9.3 (ESRI,
2008) on a modified shapefile of biogeographical provinces (Morrone, 2014) and one of the
Brazilian relief (IBGE, 2002). This modification of biogeographical provinces corresponded
to the fusion of Chaco and Pampa in a Chaco-Pampa unit, and Prepuna and Monte in
Prepuna-Monte unit (Fig. 1). The fusion was providential to avoid wide distributions
including numerous biogeographical units (see Ronquist, 1997,eRak 2005; Matzke,
2013a). We have choosen only one area of the Brazilian relief shapefile, corresponding to
Mantiqueira, because it better fit to the B. fonseélstribution in the Parana province (Fig. 1).

The biogeographical units of interest were defined through the intersection of the
species occurrence points and areas of the shapefiles. We considered five biogeographical
units: Prepuna-Monte (P; Prepuna and Monte provinces); Chaco-Pampa (C; fusion of Chaco
and Pampa provinces); Cerrado (B); Araucaria forest (A); and Mantiqueira (M; Fig. 1).
Bothrops alternatusias the most widespread range, distributed in three units, Chaco-Pampa,
Cerrado and Araucaria forest, from central Brazil to central Argentina (Fidoijhops
ammodytoidess endemic from Argentina and is distributed in Prepuna-Monte and Chaco-
Pampa.Bothrops itapetiningagnhabits the Cerrado in central, southeastern and southern
Brazil. Bothrops fonsecais found in highlands in the southeast Brazil, only in Mantiqueira
unit. Bothrops cotiara inhabits southern Brazil and a small portion of the Missiones in

Argentina, occurring only in Araucaria forest (Fig. 1).
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Ancestral area estimation

The origin and diversification of theB. alternatus group was inferred in
BioGeoBEARS package (BioGeographic Bayesian and likelihood Evolutionary Analysis with
R Scripts) implemented in the software R (Matzke, 2013b; R Core Team, 2013).
BioGeoBEARS allows probabilistic inference of ancestral geographic ranges (Matzke,
2013a). It includes fully parameterized models implementing the most popular historical
biogeography reconstruction methods. We run DIVA-like, DEC and both of these models
including the parameter jump dispersal (DIVA-like+j and DEC+j) (Matzke review
Matzke, 2013a). The DEC model is the same reproduced by LAGRANGEe{Rée2005;

Ree et al 2008). The DIVA-like is a likelihood version of the parsimonious DIVA (Ronquist,
1997). In DIVA-like analysis two parameters might be changed. One is the parameter
controlling the probability of subset sympatry, for which we employed zero, because the
original DIVA does not present this event (Matzke, 2013a). The other is the parareisr
controlling the relative probability of different descendent range size, for which we employed
0.5, meaning equal probability to all descendent range sizes during vicariance (Matzke,
2013a).

In BioGeoBEARS, models usually include two free parameters, the extinction and
dispersal, while DIVA-like+j and DEC+j presents the additional parameter j corresponding to
jump dispersal or a founder event speciation (Matzke, 2013 a,b). The jump dispersal was set
as a free parameter, i.e. were estimated from the analysis. Additionally, BioGeoBEARS
allows comparisons of the different models, through a likelihood ratio test and Akaike
Information Criterion (Matzke, 2013b).

We test herein two different scenarios for DEC, DEC+j, DIVA-like and DIVA-like+.

In the first framework, we only constrained the ancestral maximum range size to three,

corresponding to the range & alternatus the most widespread species of the group.
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However, dispersal was equally allowed among all five areas. In the second framework, we
constrained both the ancestral maximum range size to three and dispersal relative probabilities
in a stratified analysis. Furthermore, we only allowed dispersal between neighbor areas. The
time period was divided in four slices according to the southern South America history (see
discussion): 0.19 Ma, 7 Ma, 12 Ma and 23 Ma. The incursion of the Transcontinental sea was
restricted to the extreme south of South America 23 Ma before present (Le Roux, 2011). For
this time slice, dispersal between Prepuna-Monte and Chaco-Pampa, Chaco-Pampa and
Cerrado, and Chaco-Pampa and Araucaria forest were allowed. In the second time slice, 12
Ma, dispersal between Prepuna-Monte and Chaco-Pampa, Chaco-Pampa and Cerrado, and
Chaco-Pampa and Araucaria forest were not allowed, because the Transcontinental sea
expanded to the north of Argentina flooding those areas (see Le Roux, 2011). In the third time
slice, 7 Ma, we allowed again the dispersal among areas divided by the Transcontinental sea,
as it recued (Le Roux, 2011). In those three slices the dispersal between Araucaria forest and
Mantiqueira was disallowed, as Araucaria only has started to expand in 0,19 Ma, when the
Mantiqueira and Araucaria forest were probably in contact, due to its expansion in highlands
in southern Brazil (Ledru & Stevenson, 2012). In this last time slice we allowed dispersal

between Mantiqueira and Araucaria forest.

RESULTS

In the first scenario, with dispersal equally allowed among all five areas and only the
ancestral range constrained to the maximum of three areas, models DEC, DEC+j and DIVA-
like+j showed similar ancestral range reconstructions. DEC model presented generally wide
ancestral ranges for all nodes (see Appendix S1 in Supporting information). As the original
DIVA, DEC provides wide ancestral ranges, especially on the root of the tree (Ronquist,

1997; Reeet al, 2005). However, for DIVA-like the ancestral ranges were not so widespread.
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The DIVA-like model estimated a disjunct range for the ancestral of the group, corresponding
to Prepuna-Monte and Cerrado. The other three models support a widespread ancestral range
for the group, in Chaco-Pampa, Cerrado and Araucaria.

The two models with jump dispersal only differ on estimation of the ancestBal of
fonsecaiand B. cotiara, with DIVA-like+j supporting an ancestral range for those forest
dweller species in Mantiqueira, and DEC+j in Araucaria. The likelihood ratio test and the
Akaike Information Criterion (AIC) compared the results of similar models (e.g. DEC versus
DEC+j) and the four models, respectively. The likelihood ratio favors DEC+j when compared
to DEC (p =0.008 Table 3, and DIVA-like+j when compared to DIVA-like (p = 0.02Both
models with jump dispersal presented best fit when comparing to models without this
parameter (see the likelihood ratio tests and AIC values in Table 1). However, DIVA-like+j
provided the best fit to the data (AIC = 25.2; see Table 1). We then have chosen the DIVA-
like+j ancestral range estimation to discuss the origin and diversificati@ afternatus
group, but for alternative results from other models see Supporting Information.

The B. alternatusgroup originated from a widespread ancestral which lived in open
vegetation areas including Chaco-Pampa and Cerrado, and the forested area Araucaria (Figure
2). The diversification of the group is related to events of vicariance, dispersal and jump
dispersal. The extinction process was not predicted by DIVA-like+j model. A vicariant event
followed by dispersal towards the southernmost area probably separated the common
ancestral of the group and is related to the origiB.cdmmodytoidesn Prepuna-Monte and
Chaco-Pampa, and the ancestral of the other four species. This ancestral must be distributed in
the same area of the ancestral of the group and has origBatdternatus inhabiting the
same widespread area, and the ancestrd.atapetiningae B. fonsecaiand B. cotiara,
restricted to the Cerrado area, through vicariance followed by dispersal events. This ancestor,

by jump dispersal, gave origin t. itapetiningae an endemic Cerrado species, and the
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ancestral of th®. fonsecaandB. cotiara, supposed to occur in Mantiqueira. The ancestor of
these two species, which are the only forest dweller of the group, must have orifinated
fonsecaiand B. cotiara, through in Mantiqueira and Araucaria forests, respectively.

In the second scenario, the relative probabilities of dispersal and the possibility to
disperse among areas in four time slices, and the maximum ancestral range constrained to
three areas, DEC and DIVA-like models provided exactly the same ancestral range estimation
for all nodes, as well as both models including jump dispersal (Appendix 1). According to
those models, only the ancestoBoffonsecaandB. cotiara lived in three areas and was the
most widespread distributed ancestral. Both models including jump dispersal (see DIVA-
like+j in Fig. 2 S1 of Supplementary Information, and DEC+j in Fig. 2 S1) predicted
ancestrals with maximum range sizes of two areas.

The likelihood ratio test unfavour DEC in favor to DEC+j (p = 0.026; see Table 1
However, there is no difference between DIVA-like and DIVA-like+j (p = 0.091; Taple 1
Comparison among the four models indicates DEC+j as the best fit model (AIC = 31.07;
Table 1). In this second scenario, we consider DEC+j to discuss the origin and diversification
of the B. alternatusgroup, but for alternative results from other models see Supplementary
Information .

According to this second scenark®, alternatusgroup must have originated from an
ancestral distributed in Cerrado and in Araucaria, which would be a mixture of open and
forested areas (Figure 2). An event of jump dispersal would be related to the cladogenensis
between theB. ammodytoidesdistributed in Prepuna-Monte and Chaco-Pampa, and the
ancestral of other four species, distributed in the same areas, Cerrado and Araucaria. This
ancestral has originatel. alternatus expanding its range to the Chaco-Pampa, and the
ancestral ofB. itapetiningae B. fonsecaiand B. cotiara through jump dispersal, as this

ancestor would be restricted to the Mantiqueira forests. This ancestral from the Mantiqueira

29



must have originateB. itapetiningaen another event of jump dispersal, and the ancestral of
B. fonsecaiand B. cotiara through a dispersal event, and distributed in Cerrado and
Mantiqueira. From this last ancestor, an extinction event in Cerrado would be related to the
present distribution oB. fonsecain Mantiqueira (see Fig. 2), and another jump dispersal to

the distribuiton of B. cotiara in Araucaria forest.

DISCUSSION

The estimation of the origin and diversification of tBe alternatusgroup in two
scenarios showed different best fit models. The best fit models in both scenarios included
jump dispersal as a most evident process. As demonstrated for other clades, the addiction of
jump dispersal seems to improve models not only for island but also for continental clades
(Batalha-Filhoet al, 2014; Buckneet al, 2015; Matzkein review). DIVA-like+j predicted
vicariance and common dispersal in the first scenario, without time slices considered,
however it did not forecast extinction, which is also observed for the parsimonious DIVA
(Ronquist, 1997) . The origin of the clade might have been associated with an ancestor
widespread distributed in Chaco-Pampa, Cerrado and Araucaria (first scenario, DIVA-like+j),
or only in Cerrado and Araucaria (second scenario, DEC+j and considering time slices).
Although different, both models predict an ancestor living in open and forested are&s. The
alternatusgroup must have originated in the middle Miocene (12 Ma) when southern South
America was passing through important changes in climate, geology and vegetation structure.
The elevation of the Andean Cordillera (65 to 3 Ma) has contributed to affect climate in South
America forming a barrier to atmospheric circulation in Southern Hemisphere (Bletralik
2005). A cycle of drier and cooler climate was being established and vegetation was getting

drier and xeric (Gottsberger & Silberbauer, 2009).
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Another important historical event in South America on that time was the
Transcontinental Sea, which successively expanded and contracted, during the early
Paleocene to middle Miocene (65 to 13,8 Ma; Le Roux, 2011). The largest area covered by
the Transcontinental Sea occurred during the early - middle Miocene (23 to 13.8 Ma; Le
Roux, 2011), whemB. alternatusgroup has originated. This event was probably importantly
related to the first two cladogenetic events, especially because it splitted southern South
America, spreading over eastern Argentina, western Uruguay, southern Paraguay and
southeastern Bolivia (see Le Roux, 2011; Ortiz-Jaureguizar & Cladera, 2006). Then, the
Transcontinental Sea could be responsible for splitting Chaco-Pampa from Prepuna-Monte on
south, and Cerrado and Araucaria on north. We considered the invasion of the
Transcontinental Sea for the analysis in the second scenario, disallowing dispersal in one time
slice (12 to 7 Ma), from Chaco-Pampa to Prepuna-Monte and from Chaco-Pampa to
Araucaria and Cerrado. This may have been related to the predicted jump dispersal of DEC+;j
in second scenario, when comparing to the DIVA-like+j of first scenario. The ancestral range
estimation of DEC+j favored jump dispersal in most nodes of the phylogeny. For DIVA-
like+j, jump dispersal was predicted for the two cladogenetic events that origiBated
itapetiningaeand B. fonsecand B. cotiara, respectively.

The first cladogenetic event must have occurred around 12.5 Ma, and the ancestor of
the group gave origin to tH&. ammodytoidesn Prepuna-Monte and Chaco-Pampa, and the
ancestor of the remaining four species was distributed in the same area of the ancestor for
both scenarios (see Figure 2). During this time, besides the disjunction of the Prepuna-Monte
and Chaco-Pampa by the Transcontinental Sea, these areas have presented a shrubby anc
herbaceous landscape (Palazzesi & Barreda, 2012). The transformation of Patagonia, in
Monte-Prepuna area, from a predominant forested area to shrubby and herbaceous habitats

has occurred in between late Oligocene and early Miocene (28 to 23 Ma; Barreda &
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Palazzesi, 2007). Open vegetation has dominated the landscape during the late Miocene
(around 10 Ma), but grasslands probably only has emerged much latter in Patagonia, on the
Quaternary (from 2.6 Ma; Palazzesi & Barreda, 2012). The latter domination by grasslands
formation in South America reflects the opposed belief that the radiation of the hypsodont
mammals have occurred in an environment dominated by grasses and thus latter grasslands
formation (Palazzesi & Barreda, 2012). Nowadays, the Patagonia presents xeric, rocky and
sandy areas wheiothrops ammodytoidashabits (Carrascet al, 2010) and that must be a
different environment from its origin in the middle Miocene (12.5 Ma).

During the second cladogenetic event (around 9 Ma), Chaco-Pampa was still isolated
by the Transcontinental Sea, and only regressed in the late Miocene, around 7 Ma (Le Roux,
2011). In the second scenario, this disjunction was probably related to the main difference in
ancestor range estimation between the scenarios. The predictions show the ancestor of the
remaining species except ammodytoidesving in open and forested areas in Cerrado and
Araucaria (in the second scenario), and the addition of Chaco-Pampa in the first scenario,
probably because of this absence of dispersal restriction to Chaco-Pampa. The restriction to
dispersal in time slices probably reduced the tendency of widespread ancestral range
estimation and disfavored disjoint distributions. And then this ancestor has origiBated
alternatusand the ancestor ®&. itapetiningaeB. cotiara andB. fonsecaiby jump dispersal
in the second scenatrio.

Bothrops alternatuss the most widespread species of the group, distributed in Chaco-
Pampa, Cerrado and Araucaria. It is probably the most habitat generalist species of the group,
inhabiting grasslands, wetlands or riparian areas in the Cerrado (Satvalya2008) or its
ecotones with Atlantic forest ecotones as observed in Araucaria. This feature may have been
crucial to B. alternatusreach a so widespread range presently. One of the most striking

difference in ancestral range estimation for the different scenarios is the distributional area of
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the ancestor oB. itapetiningaeB. cotiara andB. fonsecai. In the first scenario, it inhabited

the Cerrado, the Brazilian savanna, whereas in the second scenario it occurred in a forested
area, the Mantiqueira. This ancestor, origind®edtapetiningae a habitat specialist of open
Cerrado grasslands (Le&bal 2014), and the ancestorBf cotiara andB. fonsecaby either

jump or simple dispersal in the first and second scenarios, respectively.

The last cladogenetic event is related to the origiB.dibnsecaiandB. cotiara, the
forest dweller species of the group. The ancestor of those species, according to the first
scenario was a forest species, living in Mantiqueira, and an event of jump dispersal might
have originated. cotiara restricted to Araucaria afd fonsecain Mantiqueira. However,
for the second scenario, this ancestor inhabited both Cerrado and Mantiqueira. An extinction
might have occurred in Cerrado and a jump dispersal origirftezbtiara, restricted to
Araucaria andB. fonsecai in Mantiqueira presently. Although only the second scenario
includes a constraint in dispersal between Mantiqueira and Araucaria, both scenarios suggest
jump dispersal related to this cladogenetic event.

Data on the history ofAraucaria angustifolia are scarce during middle Miocene to
middle Pliocene periods (13 to 2 Ma). However, there is data available for the Late Oligocene
(28 Ma) for Araucariaceae, one of the three dominant families in northwestern Patagonia
(Barreda and Palazzesi, 2007). And for the late Miocene (7 Ma), there are recdtds of
angustifolia in the Parana Formation (Barreda & Palazzesi, 2007). However, there is no data
available on the presence @& angustifolia in Araucaria and Mantiqueira units until
Pleistocene (around 190.000 years ago). We then can not ascertain if Araucaria and
Mantiqueira units were as they are in the present covered by Araucaria moist forests. The
expansion and contraction of Araucaria forest must have occurred more recently than the last
cladogenetic event of thR. alternatusgroup, in the last glacial-interglacial cycle (Ledru &

Stevenson, 2012). Thraucaria expanded twice during this period, from 190,000 to 130,000
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and from 80.000-45.000 years ago (Kerstetval, 2007). And in the second scenario, we

only allowed dispersal between Mantiqueira and Araucaria after 190,000 years ago. Both
scenarios suggest jump dispersal in the cladogene&daisecaandB. cotiara which is in
accordance to thA. angustifolia history in southern South America and unconforming to the
assumption that these species were originated in a vicariant event during the contraction of the
A. angustifolia forests.

Both scenarios suggested the origin of Biealternatusgroup simultaneously in
forested and open vegetation. The diversification of the group was supported by different
processes, especially in the first scenario, however the jump dispersal was the most important
and predicted in both scenarios. The addiction of the dispersal probabilities in time slices may
have favored jump dispersal in the second scenario, especially disallowing the dispersal
among the areas disjoint by the Transcontinental Sea. The climatic and vegetation structure

changes may have influenced the diversification of the group.
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Appendix

TABLE

Table 1: Comparisons of the likelihood between similar models (e.g. DEC versus DECH+)j)
and Akaike Information Criterion (AIC) amoung all models. The addiction of + in the
models means jump dispersal and the numbers correspond to the scenarios. The dispersal (d),

extinction (e) and jump dispersal (j) values are available for each model.

Model InL p d e i AIC
DEC (1) -13.5 0.038 0.036 0 30.9
DECH+j (1) -9.99 0.008 0.014 0 0.39 259
DIVA (1) -11.9 0.028 0 0 27.9
DIVA+j (1) -9.6 0.029 0.011 0 2 25.2
DEC (2) -15.0 0.073 0.040 0 34.0
DECH+j (2) -12.5 0.026 0.056 0.028 3 311
DIVA (2) -14.1 0.075 0.029 0 32.1
DIVA+j (2) -12.6 0.091 0.059 0.029 153 31.25
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FIGURE CAPTIONS

Figure 1: Geographic distribution of species @&othrops alternatusgroup in some
biogeografical units of South America, based on 3.265 records from scientific collections and
literature dataB. alternatus(A); B. ammodytoideéB); B. itapetiningag(C), andB. fonsecai

and B. cotiara.

Figure 2: Reconstructions of ancestral geographic ranges of speckstloops alternatus

group, implemented in BioGeoBEARS software in two scenarios. A - the best fit model
estimation (DIVA-like+j) for the first scenario, with constrained ancestral maximum range
size to three areas and dispersal equally allowed among areas; B - the best fit model
estimation (DEC+j) for the second scenario, with constrained ancestral maximum range size
to three areas and variable dispersal relative probabilities according to a stratified analysis in
four time slices (0.19 Ma, 7 Ma, 12 Ma and 23 Ma; see details in Methods); C -
Biogeographical units and correspondent colours of areas indicated in each node of

reconstructions.
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Figure 2
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SUPPORTING INFORMATION

Historical Biogeography of lancehead snakes of theBothrops alternatus group

(Serpentes, Viperidae)

Appendix S1

Figure 1 S1:The estimation of dispersal relative probabilities among five areas (P — Prepuna-
Monte, C- Chaco-Pampa, B — Cerrado, M — Mantiqueira and A — Araucaria) in a stratified
analysis in four time slices (0.19, 7, 12 and 23 Ma). The number 1 shows the allowed

dispersal and the number O is when dispersal is not allowed.

Figure 2 S1: Reconstructions of ancestral geographic ranges of specid3otbfops
alternatus group, implemented in BioGeoBEARS software for the first scenario, with
constrained ancestral maximum range size to three areas and dispersal equally allowed among

areas. A - DEC model; B - DEC+j model; C - DIVA-like model.

Figure 3 S1: Reconstructions of ancestral geographic ranges of spe8@iethadps
alternatusgroup, implemented in BioGeoBEARS software for the second scenario, with
constrained ancestral maximum range size to three areas and variable dispersal relative
probabilities according to a stratified analysis in four time slices (0.19 Ma, 7 Ma, 12 Ma and
23 Ma; see details in Methods). A - DEC model. B - DIVA-like model; C - DIVA-like+j

model.
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Figure 1 S1
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Figure 2 S1
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CONCLUSOES GERAIS

O grupoBothrops alternatuse originou a partir de um ancestral que vivia em areas
abertas e florestais, que incluem o Cerrado, o Chaco, o Pampa e as florestas de Araucaria. Os
melhores modelos de reconstrucéo de distribuicdo geografica para dois cenérios, com e sem
fatias de tempo e diferentes probabilidades de disperséo entre areas, produziram estimativas
da distribuicdo ancestral semelhantes. Os ancestrais mais proximos a raiz da filogenia, para o
cenario sem fatias de tempo, apresentaram distribuicbes mais amplas, com distribuicdo de até
trés areas, o maximo permitido para a anélise. O melhor modelo para o segundo cenério, com
restricbes de dispersdo principalmente relativas a presenca do Mar Transcontinental que
fragmentou areas no sul da América do Sul, apresentou ancestrais com distribuicdo mais
restrita, ocorrendo em até duas areas, até mesmo na raiz da filogenia. Uma das principais
diferencas entre os dois cenarios corresponde as distribuicdes do anc&strminingae
endémica do Cerrado, B. fonsecaie B. Cotiara, as Unicas espécies que habitam areas
florestais. No primeiro cenario, este ancestral ocupava o Cerrado, enquanto no segundo
cenario 2, ele era distribuido na Mantiqueira. Durante a origem e diversificacdo do grupo, a
América do Sul sofreu mudancas climaticas e de estrutura da vegetacdo. O clima estava se
tornando mais seco e as florestas estavam sendo substituidas por uma vegetacéo arbustiva. C
Mar Transcontinental que invadiu o sul do continente, fragmentou Prepuna-Monte do Chaco-
Pampa e do Cerrado e Araucaria deve ter causado eventos de dispersdo por saltos, processt
que parece ser mais importante em relagcdo aos processos de dispersado simples, extingao e
vicariancia observados na historia de diversificagdo deste grupo de serpentes.
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APENDICE

Figura 1: Filogenia dos génerddothropse Bothrocophiasde acordo com L. Alencar (com.

pess.).
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Bothrops mattagrosse nsis
Bothrops pauloensis
Bothrops pubescens
Bothrops diporus
Bothrops barnettii
Bothrops jararaca
Bothrops alcatraz
Bothrops insularis
Bothrops pulchra
Bothrops chloromelas
Bothrops taeniata
Bothrocophias microphthalmus
Bothrops bilineatus
Bothrops osbornei
Bothrops punctatus
Bothrops lanceolatus
Bothrops caribbaeus
Bothrops moojeni
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Bothrops marajoensis
Bothrops atrox
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Bothrops asper
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Bothrocophias campbelli
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Figura 2: Proposta de regionalizacao retirada de Morrone (2014).
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Figura 3: Mapa dos compartimentos de Relevos do Brasil retirado de IBGE (2002), com
destaque para a area em verde que corresponde a uma das unidades biogeogréficas utilizada

neste trabalho: Mantiqueira.
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