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Phylogeography and historical demography of the arboreal pit
viper Bothrops bilineatus (Serpentes, Crotalinae) reveal multiple
connections between Amazonian and Atlantic rain forests
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approaches under a Bayesian framework based on four mitochondrial and five
nuclear genes. We inferred demographic history within B. bilineatus based on tests
of alternative historical scenarios using coalescent simulations and Approximate
Bayesian Computation.
Results: Phylogenetic analyses recovered four major clades within Bothrops bilineatus. The best‐fit historical scenario involved colonization of the Atlantic Forest by an
Amazonian ancestor around 2 Mya, followed by range expansion in the Atlantic
Forest. Subsequently, there was a colonization event into the Guiana Shield from an
Atlantic Forest ancestor, dating back to around 0.3 Mya.
Main conclusion: The complex demographic history of Bothrops bilineatus shows
multiple connection events between Amazonia and the Atlantic Forest in the last
2 million years. Two previously hypothesized forest bridges, southern and northeastern, may have been involved in range expansions in this species. These results shed
light on the historical processes involved in the diversification of this venomous
South American snake, providing information about the historical dynamism of
forested habitats in the Neotropics.
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1 | INTRODUCTION

been associated with contemporary and former landscape features
(Bass et al., 2010), such as the present‐day Amazon Basin rivers as

Several biogeographic hypotheses have been proposed to explain

dispersal barriers (Wallace, 1852), vicariance related to the formation

the patterns of species richness and distribution in Amazonia, one of

of these major rivers, and tectonism in western South America linked

the most species‐rich ecosystems on the planet. Restricted species

to final uplift of the Andean chain during the Miocene (Hoorn et al.,

ranges and composition turnover across this rain forest domain have

2010). Another influential hypothesis is that of Pleistocene forest
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refugia, which proposes cycles of forest fragmentation and expan-

to about 11 million years ago. As studies, to date, have found evi-

sion as a result of former climatic shifts in South America (Haffer,

dence of distinct times, magnitudes, and routes of presumed forest

1969). More recently, divergence time estimates between Amazo-

corridors, a general picture of biotic interchange between South

nian taxa based on molecular data (Marques‐Souza et al., 2018; Mor-

American rain forests is yet to emerge. Since species responses to

itz, Patton, Schneider, & Smith, 2000; Prates, Rodrigues, Melo‐

former habitat shifts may be affected by the biological attributes of

Sampaio, & Carnaval, 2015) have suggested pre‐Pleistocene diversifi-

organisms (Paz, Ibáñez, Lips, & Crawford, 2015; Prates, Rivera, et al.,

cation in Amazonia, which, together with palaeopalynological and

2016; Prates, Xue, et al., 2016; Zamudio, Bell, & Mason, 2016), stud-

speleothem data, contested the temporal framework implied by the

ies that target organisms with distinct ecologies and life histories can

refugia hypothesis (Bush, 2017; Bush & Oliveira, 2006; Colinvaux,

contribute to a better understanding of species interchange across

Irion, Räsänen, Bush, & Nunes De Mello, 2001). Nevertheless, the

regions over time.

idea that pulses of forest expansion and contraction during the Pleis-

In South America, snakes of the subfamily Crotalinae are a

tocene have affected the demographic history of Amazonian species

promising model to investigate historical changes in the distribution

has found support in studies based on genetic data (Prates, Rivera,

of rain forests, including the possibility of former connections

Rodrigues, & Carnaval, 2016). For instance, the possibility of the past

between Amazonia (including the Guiana Shield region) and the

forest bridges connecting Amazonia and the coastal Atlantic Forest

Atlantic Forest, because several Crotalinae species show strong asso-

has received attention in the last few years. These connections may

ciations with dense closed‐canopy wet forests. This is the case of

explain the present‐day ranges of a multitude of species whose

Bothrops bilineatus, an arboreal pit viper of the taeniatus group of

ranges span both forest regions, but not the open areas of the dry

Bothrops that occurs in both Amazonia and the Atlantic Forest, but

diagonal of South America that separate them (the Caatinga, Chaco,

not in the intervening open and dry habitats. In this study, based on

and Cerrado domains).

genetic data sampled throughout the distribution of this species, we

The advance of bioinformatic techniques such as divergence time

infer the routes, directionality, and timing of former range expan-

estimation, reconstruction of ancestral areas, and historical demo-

sions. Our approach combines phylogenetic reconstruction and his-

graphic inference has enabled new interpretations about spatial

torical

routes and the timing of former biogeographic connections between

simulations and Approximate Bayesian Computation. Beyond shed-

Amazonia and the Atlantic Forest. Studies with bird taxa proposed a

ding light on the history of biotic interchange among highly diverse

Pleistocenic forest bridge between Amazonia and the Atlantic Forest

Neotropical rain forests, our study also has implications for lineage

along the northern coast of northeastern South America (Batalha‐

diversity and taxonomy in these medically important arboreal ven-

Filho, Fjeldsa, Fabre, & Miyaki, 2013). Such connection is also

omous snakes.

demographic

inference

based

on

genetic

coalescent

supported based on genetic data from small mammals (Costa, 2003),
lizards (Prates, Rivera, et al., 2016; Prates, Xue, et al., 2016), and
snakes (Zamudio & Greene, 1997). Pellegrino, Rodrigues, Harris,
Yonenaga‐Yassuda, and Sites (2011) and Rodrigues et al. (2014)
suggested a similar but much older (Miocene) route based on lizard

2 | MATERIALS AND METHODS
2.1 | Sampling and molecular protocols

taxa. The idea of a northeastern forest connection along the north-

We generated genetic data from 47 specimens of Bothrops bilineatus

ern Brazilian coast is consistent with the current presence of the

representing the entire range of this species as well as of one B. tae-

“Brejos Nordestinos” in this region: relictual forest patches,

niatus. We also used sequences available on GenBank of two B. tae-

surrounded by the semi‐arid Caatinga, harbouring a mixture of

niatus, two B. pulcher, and one B. chloromelas, all of which members

Amazonian and Atlantic Forest animals and plants. Palaeopalynologi-

of the taeniatus species group within Bothrops (Figures 1–3 and

cal (Oliveira, Barreto, & Suguio, 1999), speleothem (Auler & Smart,

Table 1). For broader phylogenetic inference, we also included 41

2001; Auler et al., 2004; Dever, Fontes, & Richè, 1987; Wang et al.,

samples (22 from GenBank and 19 unpublished) of other Bothrops

2004), and palaeontological data (Czaplewski & Cartelle, 1998;

species as outgroups (Table 1). All samples used in this work were

Hartwig & Cartelle, 1996; Camolez & Zaher, 2010) point to a wetter

deposited in Genbank (accession numbers MH697889–MH698321).

climate in the semi‐arid Caatinga during the Pleistocene, suggesting

Genomic DNA was extracted from tissue samples (liver, muscle,

the possibility of preterit forest corridors extending through the cen-

scale, or shed skin) and submitted to standard PCR protocols (see

tral Caatinga, as opposed to along the northeastern coast. Finally,

below). Nine DNA markers were amplified and sequenced (totaling

studies have also proposed a southern forest corridor between

6,009 bp): the mitochondrial genes (matching available data sets for

southwestern Amazonia and the southern Atlantic Forest. Batalha‐

Bothrops) 16S ribosomal RNA (16s, 534 bp; Palumbi, 1996), 12s ribo-

Filho et al. (2013) found evidence of a southern Miocene bridge for

somal RNA (12S, 394 bp; Palumbi, 1996), cytochrome b (cytb, 737 bp;

birds through this route, while Costa (2003) found it to be consistent

Pook, Wüster, & Thorpe, 2000), and NADH dehydrogenase subunit 4

with phylogenetic patterns among small mammal taxa. Recently,

(nd4, 797 bp; Arévalo, Davis, & Sites, 1994) as well as the nuclear

Prates et al. (2017) found close relationships between southern

genes megakaryoblastic leukemia 1 (mkl1, 787 bp; Townsend, Alegre,

Atlantic Forest anole lizards and species from western Amazonia and

Kelley, Wiens, & Reeder, 2008), recombination-activating gene 1

the Andes, suggesting a southwestern forest corridor that dates back

(rag1, 995 bp; Wiens et al., 2008), prolactin receptor (prlr, 551 bp;
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F I G U R E 1 Phylogenetic relationships within Bothrops performed on MrBayes based on a concatenated data set with nine genes, showing
its six species groups: alternatus in grey, jararaca in light blue, neuwiedi in red, jararacussu in purple, atrox in dark blue, and taeniatus in green.
Asterisks on nodes indicate posterior probabilities higher than 0.95. Scale bar indicates substitutions per site [Colour figure can be viewed at
wileyonlinelibrary.com]
Townsend et al., 2008), oocyte maturation factor (c‐mos, 575 bp;
Godinho, Crespo, Ferrand, & Harris, 2006), and brain-derived neu-

2.2 | Phylogenetic inference

rotrophic factor (bdnf, 639 bp; Townsend et al., 2008). PCR reaction

To reconstruct the historical relationships among samples, we used

conditions were an initial denaturation step at 94°C for 5 min, fol-

Bayesian Inference after sequence edition in CODONCODE ALIGNER

lowed by 35 cycles of denaturation at 94°C for 40 s, annealing at

3.7.1.1 (www.codoncode.com) and alignment using MUSCLE (Edgar,

X°C for 40 s, and extension at 72°C for 40 s, and a terminal exten-

2004) as implemented in

sion cycle at 72°C for 7 min, in which X is the temperature for each

& Kumar, 2013) under default settings. The best‐fit model of evolu-

MEGA

6 (Tamura, Stecher, Peterson, Filipski,

set of primers, as follows: 51°C for 16s, 12s, cytb, nd4, prlr and rag1;

tion for each aligned marker was identified using JMODELTEST 2.1.3

52°C for c‐mos; 54°C for mkl1; and 55°C for bdnf.

(Darriba, Taboada, Doallo, & Posada, 2012) and the Akaike
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F I G U R E 2 Species tree within Bothrops based on coalescent analysis performed in *BEAST implemented in BEAST. The green branch
represents B. bilineatus (corresponding to four geographically restricted populations; see text). Numbers in nodes represent posterior probability
values. Scale bar indicates substitutions per site [Colour figure can be viewed at wileyonlinelibrary.com]

Information Criterion (AIC), as follows: GTR+G+I for all mitochon-

investigate the history of range expansions in B. bilineatus, we tested

drial markers, HKY for bdnf and c‐mos, GTR for prlr, GTR+I for rag1,

alternative historical demographic scenarios based on these inferred

and HKY+I for mkl1. Phylogenetic analyses were performed using

lineages using coalescent simulations and Approximate Bayesian

MRBAYES 3.2 (Ronquist et al., 2012) and the *BEAST tool (a coales-

Computation (ABC). Our approach compares the observed (i.e., sam-

1.8.3 (Drummond, Suchard, Xie, &

pled) genetic data to data simulated under each competing scenario,

Rambaut, 2012) through the Cipres Science Gateway (Miller,

based on informative summary statistics that capture the patterns of

Pfeiffer, & Schwartz, 2010). For MrBayes analyses, two independent

genetic variation (Beaumont, 2010; Csilléry, Blum, Gaggiotti, & Fran-

Bayesian runs were performed with four Markov chains each, start-

çois, 2010). We were particularly interested in testing which spatially

ing from a random tree; each run consisted of 10,000,000 genera-

restricted Amazonian lineage (western Amazonia, central Amazonia,

tions, with trees sampled every 1,000 generations. For *BEAST

or Guiana Shield; see Results) most likely acted as the colonization

analyses, two independent runs of 100 million generations each

source of the Atlantic Forest group. Moreover, to shed light on the

were used, with a sampling frequency of 10,000 generations. For

magnitude of former forest connections, we aimed to test whether

both MRBAYES and

runs, we discarded the first 25% of trees as

the colonization of the Atlantic Forest was accompanied by a popu-

burn‐in; convergence of independent runs and stationarity of model

lation bottleneck, as expected as a result of spatially or temporally

parameters (effective sampling sizes >200) were verified using

restricted connections across domains, as opposed to a scenario of

TRACER 1.6 (Rambaut & Drummond, 2009). A 50% majority consen-

vicariance of a widely distributed ancestor, which did not involve

sus tree with clade frequencies was summarized for MRBAYES

pronounced shifts in population sizes following divergence.

cent‐based method) in

BEAST

BEAST

analyses, while a maximum clade credibility tree was summarized for

We used the historical relationships inferred by phylogenetic

*BEAST runs using TREEANNOTATOR (Drummond et al., 2012). Result-

analyses to inform the population tree topology in alternative models

ing phylogenies were visualized using FIGTREE 1.4.0 (http://tree.bio.

of B. bilineatus demographic history. However, as phylogenetic analy-

ed.ac.uk/). The haplotypic phase of heterozygotes was determined

ses based on both MrBayes and *BEAST found little support for

2.1.1 (Stephens & Donnelly, 2003) under default settings

which Amazonian clade (central, western, or central/western) is sister

using

PHASE

implemented in DNASP 5.1 (Librado & Rozas, 2009).

to a clade containing the Atlantic Forest plus Guiana Shield samples
(see Results), we included all possible tree topologies at that node

2.3 | Alternative scenarios of demographic history

(i.e., switching the relationship among major clades) in our competing
historical models. These alternative topologies include (see Results):

Phylogenetic analyses recovered a number of clades within Bothrops

a central Amazonian clade as the sister of the common ancestor of

bilineatus that are restricted geographically (see Results). To

the remaining B. bilineatus samples, with a western Amazonian
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F I G U R E 3 Phylogenetic relationship within the taeniatus group and phylogeography of Bothrops bilineatus based on nine molecular markers
(five nuclear and four mitochondrial genes) performed on MrBayes. Colours in map correspond to major clades in historical demographic
analyses. Asterisks on nodes indicate posterior probabilities higher than 0.95. Scale bar indicates substitutions per site. Photo: Renato Recoder
[Colour figure can be viewed at wileyonlinelibrary.com]
lineage as sister to the ancestor of Atlantic Forest + Guiana Shield

(Supporting Information Figure S1.1). In scenarios 2 and 6, a founder

(used in scenarios 1–4; see below); a western Amazonian clade as

population colonized the Atlantic Forest from the Guiana Shield

the sister of the ancestor of the remaining clades, with a central

region in northern Amazonia through a forest corridor in the pre-

Amazonian clade as sister to the ancestor of Atlantic Forest + Gui-

sently dry belt of northeastern South America, with a subsequent

ana Shield (scenarios 5–8); and a central and western Amazonian

population expansion within the Atlantic Forest (Supporting Informa-

clades forming a clade that is sister to Atlantic Forest + Guiana

tion Figure S1.1). In scenario 3, a vicariant split separated an ances-

Shield (scenarios 9–12; see Supporting Information Figure S1.1 for a

tral population occurring in western Amazonia (central Amazonia in

visual representation of these scenarios).

scenario 7) and the Atlantic Forest, with a subsequent event of for-

Based on those three alternative topologies, 12 historical scenar-

est expansion leading to colonization of the Guiana Shield from the

ios were simulated and confronted with each other (Supporting

Atlantic Forest, which would then be split following expansion of

Information Figure S1.1). In scenario 1, an ancestral population

open and dry domains in northeastern South America (Supporting

occurring in western Amazonia (central Amazonia in scenario 5) and

Information Figure S1.1). In Scenario 4, a founding population colo-

the Atlantic Forest was split following expansion of open and dry

nized the Atlantic Forest from western Amazonia (central Amazonia

domains in South America (a vicariant split); a second vicariant event

in scenario 8), with subsequent population expansion within the

subsequently separated Guiana Shield and Atlantic Forest clades

Atlantic Forest; in this same scenario, a second founder event led to
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TABLE 1

T A B L E 1 Tissues samples used on phylogenetic and
phylogeographic inferences

ET AL.

(Continued)

Voucher

Species

Locality

Voucher

Species

Locality

MTR28528

Bothrops bilineatus

Rio Branco, Acre, Brazil

288

Bothrops bilineatus

Olivença, Bahia, Brazil

MTR28529

Bothrops bilineatus

Rio Branco, Acre, Brazil

MTR22219

Bothrops bilineatus

EEEWG, Bahia, Brazil

APL16357

Bothrops bilineatus

Rondônia, Brazil

MUFAL10753

Bothrops bilineatus

Murici, Alagoas, Brazil

APL17803

Bothrops bilineatus

Rondônia, Brazil

CEPLAC1

Bothrops bilineatus

Boa Nova, Bahia, Brazil

BBLUIS

Bothrops bilineatus

M176

Bothrops bilineatus

Murici, Alagoas, Brazil

Porto Velho, Rondônia,
Brazil

M75

Bothrops bilineatus

Murici, Alagoas, Brazil

H4259

Bothrops bilineatus

M277

Bothrops bilineatus

Murici, Alagoas, Brazil

UHE Jirau, Rondônia,
Brazil

M221

Bothrops bilineatus

Murici, Alagoas, Brazil

H5144

Bothrops bilineatus

UHE Jirau, Rondônia,
Brazil

M222

Bothrops bilineatus

Murici, Alagoas, Brazil

IB5823

Bothrops bilineatus

AAGarda9598

Bothrops bilineatus

Serra da Jibóia, Bahia,
Brazil

UHE Jirau, Rondônia,
Brazil

MTR37170

Bothrops bilineatus

AF765

Bothrops bilineatus

French Guiana

ESEC Rio Acre, Acre,
Brazil

MTR20744

Bothrops bilineatus

Pacaraima, Roraima, Brazil

DHMECN7800

Bothrops bilineatus

Sucumbíos, Ecuador

PK1880

Bothrops bilineatus

Lower slope of
Maringma‐tepui, Guiana

DHMECN7801

Bothrops bilineatus

Sucumbíos, Ecuador

FHGO 983

Bothrops bilineatus

Morona Santiago,
Macuma, Ecuador

CTMZ12115
–

Bothrops bilineatus

Potaro‐Siparuni, Guiana

Bothrops bilineatus

Petit Saut, French Guiana

–

Bothrops bilineatus

Letícia, Colombia

MPEG22694

Bothrops bilineatus

Juruti, Pará, Brazil

MVZ 223514

Bothrops ammodytoides

Neuquen, Argentina

MPEG24289

Bothrops bilineatus

Juruti, Pará, Brazil

IB 55543

Bothrops fonsecai

UFMT8908

Bothrops bilineatus

Cotriguaçu, Mato Grosso,
Brazil

Campos do Jordão, São
Paulo, Brazil

ITS 427

Bothrops itapetiningae

Itirapina, São Paulo, Brazil

UFMT‐R7809

Bothrops bilineatus

Colniza, Mato Grosso,
Brazil

WWW

Bothrops cotiara

Brazil

MCP19013

Bothrops alternatus

Gravataí, Rio Grande do
Sul, Brazil

DT3831

Bothrops bilineatus

Tapajós, Pará, Brazil

CGTA‐C0043

Bothrops bilineatus

Médio Rio Purus,
Amazonas, Brazil

2ALT

Bothrops alternatus

Cristais, Minas Gerais,
Brazil

APL18499

Bothrops bilineatus

Br‐319, Amazonas, Brazil

MMFE2

Bothrops alternatus

Itirapina, São Paulo, Brazil

APL18502

Bothrops bilineatus

Br‐319, Amazonas, Brazil

ITS358

Bothrops alternatus

Itirapina, São Paulo, Brazil

BBFLONA

Bothrops bilineatus

Tapajós, Pará, Brazil

MM2E5

Bothrops alternatus

Itirapina, São Paulo, Brazil

BB3

Bothrops bilineatus

Tapajós, Pará, Brazil

IB 55314

Bothrops alternatus

Pinhão, Paraná, Brazil

DT4309

Bothrops bilineatus

Tapajós, Pará, Brazil

MTR16058

Bothrops jararaca

LSUMZ14437

Bothrops bilineatus

Santarém, Pará, Brazil

Serra Bonita, Camacan,
Bahia, Brazil

LSUMZ17922

Bothrops bilineatus

Parque estadual
Guajará‐Mirim, Rondônia,
Brazil

MTR11604

Bothrops jararaca

Caparaó, Espírito Santo,
Brazil

PT3404

Bothrops diporus

Argentina

LSUMZ17923

Bothrops bilineatus

Parque estadual
Guajará‐Mirim,
Rondônia, Brazil

MTR14196

Bothrops lutzi

EESGT, Tocantins, Brazil

MTR14488

Bothrops lutzi

EESGT, Tocantins, Brazil

MTR11185

Bothrops erythromelas

Santo Inácio,
Bahia, Brazil

MTR29115

Bothrops erythromelas

Alagoado, Bahia, Brazil

UHE Santo Antônio,
Rondônia, Brazil

IB55541

Bothrops erythromelas

Guanambi, Bahia, Brazil

RG829

Bothrops erythromelas

Piranhas, Alagoas, Brazil

LSUMZ17924

BB1

Bothrops bilineatus

Bothrops bilineatus

Parque estadual
Guajará‐Mirim, Rondônia,
Brazil

T62034

Bothrops bilineatus

Cruzeiro do Sul, Acre,
Brazil

H569

Bothrops jararacussu

Bertioga, São Paulo,
Brazil

MTR21460

Bothrops bilineatus

UHE Santo Antônio,
Rondônia, Brazil

1JASSU

Bothrops jararacussu

Viçosa, Minas Gerais,
Brazil

MTR28518

Bothrops bilineatus

Serra do Divisor, Acre,
Brazil

MTR6306

Bothrops brazili

Rio Maracá, Amapá,
Brazil

(Continues)

(Continues)
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Atlantic Forest from a Guiana Shield ancestor; scenarios 3, 7, and 11

Voucher

Species

Locality

similarly test for a colonization event of Amazonia (Guiana Shield

MTR13844

Bothrops brazili

Lourenço, Amapá, Brazil

region) from a Atlantic Forest ancestor; and finally, scenarios 4, 8,

FHGO live 2452

Botrops punctatus

Ecuador

FHGO live 2166

Bothrops osbornei

Ecuador

MZUCR 11152

Bothrops asper

Costa Rica

‐

Bothrops atrox

Acre, Brazil

MTR13445

Bothrops leucurus

Trancoso, Bahia, Brazil

MTR24597

Bothrops leucurus

Campo Formoso, Bahia
Brazil

16S, cytb, and ND4), and five independent nuclear loci (MKL1,

MTR12742

Bothrops atrox

Rio Abacaxis, Amazonas,
Brazil

Rivera, et al. (2016) and performed 10 million coalescent simulations

BAT02

Bothrops atrox

Amazonas, Brazil

‐

Bothrops atrox

Suriname

WW741

Bothrops atrox

Ecuador

WW742

Bothrops atrox

Ecuador

JM78

Bothrops pulcher

Peru

for discrimination among simulated scenarios. We also confirmed

FHGO live 2142

Bothrops pulcher

Zamora Chinchipe,
Ecuador

whether the observed genetic data were contained within the space

LSUMZ41037

Bothrops chloromelas

Pasco, Peru

MPEG23653

Bothrops taeniatus

FLONA Trombetas, Pará,
Brazil

FHGO live 1407

Bothrops taeniatus

Morona Santiago,
Macuma, Ecuador

‐

Bothrops taeniatus

Suriname

and 12 similarly test for a colonization event of the Atlantic Forest
from a central and western Amazonia ancestor, with a second
colonization event of the Guiana Shield from an Atlantic Forest
ancestor.
We performed historical demographic analyses based on six loci:
one mitochondrial locus (unphased data) comprising four genes (12S,
RAG1, PRLR, C‐mos, and BDNF; phased data). We follow Prates,
(evenly distributed among all demographic scenarios) followed by
ABC inference with DIYABC 2.1 (Cornuet et al., 2014). We chose
summary statistics based on preliminary runs that confirmed that
Tajima's D (Tajima, 1989), number of private segregating sites, and
pairwise Fst (Hudson, Slatkin, & Maddison, 1992) were appropriate

of simulated data by performing a principal component analysis
(PCA) based on the chosen summary statistics (Cornuet et al., 2014).
Prior distributions of model parameters were set as follows: (a)
divergence times between independently evolving lineages with a
uniform distribution ranging between 0.1 and 5 million years; (b)
effective population size in each independently evolving lineages
with a uniform distribution ranging between 0.01 and 5 millions of
individuals; (c) effective population size during a founder event with
a uniform distribution ranging from 0.001 to 0.1 millions of individu-

colonization of the Guiana Shield from the Atlantic Forest (Support-

als; and (d) effective population size prior to vicariant events with a

ing Information Figure S1.1).

uniform distribution ranging from 0.01 to 5 millions of individuals.

In scenarios 9–12, western and central Amazonia were treated as

We set a mutation rate based on the number of substitutions among

sister lineages whose ancestor is sister to a clade formed by Atlantic

sequences of Crotalinae species (Wüster, Peppin, Pook, & Walker,

Forest and Guiana Shield clades. In scenario 9, an ancestral popula-

2008), with a uniform prior distribution ranging from 10−9 to 10−8

tion occurring in central and western Amazonia and the Atlantic For-

substitutions per site per generation for the mitochondrial locus and

est was split following expansion of open and dry domains in South

10−10 to 10−8 substitutions per site per generation for the nuclear

America (a vicariant split); a second vicariant event separated the

loci. A Tamura-Nei (Tamura & Nei, 1993) substitution model of evo-

Guiana Shield and Atlantic Forest clades (Supporting Information Fig-

lution was implemented for each locus. To convert the number of

ure S1.1). In scenario 10, a founder population colonized the Atlantic

generations in our models to years, we assumed a generation time

Forest by an Amazonian ancestor from the Guiana Shield region

(T) of 3 years in Bothrops. We established this number based on the

through a forest corridor in northeastern South America, with subse-

equation T = a + [s/1(1−s)] (Lande, Engen, & Saether, 2003), where a

quent population expansion within the Atlantic Forest (Supporting

is the age of maturity and s is the annual survival rate. Almeida‐San-

Information Figure S1.1). In scenario 11, a vicariant split separated

tos and Salomão (2002) and Almeida‐Santos et al. (2004) suggested

an ancestral population occurring in central and western Amazonia

that the maturity age of Bothrops species is around 1.5–3 years.

and the Atlantic Forest; a subsequent event of forest expansion led

While it is hard to estimate the annual survival rate of these snakes

to colonization of the Guiana Shield from the Atlantic Forest (Sup-

over time, which probably vary with climatic conditions and food

porting Information Figure S1.1). In scenario 12, a founding popula-

supply, some data for populations of Crotalinae species suggest

tion colonized the Atlantic Forest from a central and western

annual survival rates around 0.39 to 0.77 (Brown, Kéry, & Hines,

Amazonian ancestor, with subsequent population expansion within

2007; Maritz & Alexander, 2012). Based on these data, we estimate

the Atlantic Forest; in this same scenario, another founder event led

generation times in Bothrops bilineatus as being around 2–3 years.

to colonization of the Guiana Shield from the Atlantic Forest (Fig-

To assess how data simulated under each of the 12 scenarios

ure 4 and Figure S1.1). In summary, scenarios 1, 5, and 9 similarly

compare to the empirical genetic data, we estimated the statistical

test for vicariant events in the demographic history of B. bilineatus;

support of each model based on Euclidean distances between the

scenarios 2, 6, and 10 similarly test for a colonization event of the

simulated data and the observed data. For this, we selected the
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F I G U R E 4 Best‐fit scenario supported by historical demography analyses using DIYABC based on nine genes (four mitochondrial and five
nuclear) from Bothrops bilineatus. The model includes a colonization event by an Amazonian ancestor (which presumably occurred in central +
western Amazonia) into the Atlantic Forest at T2 (2 Mya), with another colonization event into the Guiana Shield by an Atlantic Forest
ancestor at T1 (0.3 Mya). Arrows represent colonization events; T2 and T1 represent times in the past (T2 older than T1; T1 older than today).
For details, see text [Colour figure can be viewed at wileyonlinelibrary.com]

1.000 simulated data sets (0.01% of the total simulations) that were

Colombia and Ecuador) and western Brazil (states of Acre and Ron-

closest to the observed data. We then estimated posterior distribu-

dônia, possibly also occurring in Peru and Bolivia); and (d) a central

tions of population parameters under the best‐fit scenario, using the

Amazonian clade distributed to the south of the Amazon river, in

500 simulated data sets that were closest to the observed data.

the Brazilian states of Amazonas, Rondônia, Mato Grosso, and Pará

Finally, we tested the accuracy of the model selection procedure

(Figure 3).

by examining whether the different simulated scenarios can be dis-

Within Bothrops bilineatus, phylogenetic results using MRBAYES

criminated based on the summary statistics used. For this, we simu-

found the Atlantic Forest and Guiana Shield clades to be sister to

lated 100 pseudo‐observed data sets under each scenario, such that

each other with high support (PP = 1). This clade is the sister group

the true scenario was known for each pseudo‐observed data set.

of a clade formed by western Amazonian samples with moderate

We then performed ABC inference on each pseudosimulated data

support (PP = 0.73). The clade formed by these three geographically

set, thus calculating the proportion of pseudo‐observed data sets

restricted clades is the sister group of the more broadly distributed

that were correctly assigned to its generating model.

central Amazonian clade (PP = 1) (Figure 3). The species tree analysis
based on *BEAST recovered a sister relationship between the west-

3 | RESULTS
3.1 | Phylogenetic relationship and species
delimitation
Phylogenetic relationships within Bothrops based on a concatenated

ern and central Amazonian clades (PP = 0.64), whose ancestor is the
sister of the Atlantic Forest + Guiana Shield clade (PP = 0.98)
(Figure 2).

3.2 | Best‐fit historical scenarios

data set (using MrBayes) indicate that the taeniatus species group is

Based on coalescent simulations and Approximate Bayesian Compu-

monophyletic (PP = 1) and sister to the atrox + jararacussu species

tation, we found that the observed genetic data are consistent with

groups (Figure 1). The species tree (using *BEAST) recovered a dif-

the hypothesis that Bothrops bilineatus colonized the Atlantic Forest

ferent relationship among these species groups, with a clade formed

from an Amazonian ancestor (which presumably occurred in central

by the atrox, jararacussu, jararaca, and neuwiedi, groups as sister to

+ western Amazonia) and subsequently colonized the Guiana Shield

the taeniatus group, albeit with low statistical support (Figure 2). In

region through a back colonization from the Atlantic Forest (scenario

all phylogenetic analyses, B. bilineatus is nested within the taeniatus

12; PP = 0.99) (Figure 4). These results support the idea of two

species group (Figures 2 and 3). Bothrops bilineatus is constituted by

independent colonization events in opposite directions across cur-

four highly supported major clades (PP = 1), all of which restricted in

rently disjunct rain forest blocks in South America.

geographic space, as follows (Figure 3): (a) an Atlantic Forest clade;

Posterior parameter estimates based on the best‐fit scenario sup-

(b) a Guiana Shield clade occurring north of the Amazon river and

port a late‐Pliocene divergence between the ancestor of the central

east of the Orinoco and Rio Negro rivers; (c) a western Amazonian

and western Amazonian clade and the ancestor of the Atlantic For-

clade occurring west of the Orinoco and Rio Negro rivers (in

est and Guiana Shield clades, dating back to 1.95 Mya (median
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value; 95% credibility interval (C.I.) = 1.5–4.5 Mya); and a late‐Pleis-

Our tests of alternative historical demographic scenarios based

tocene divergence between the Atlantic Forest and Guiana Shield

on multilocus genetic data from Bothrops bilineatus point to a history

clades, dating back to 0.3 Mya (median value; 95% credibility interval

of two consecutive events of forest colonization as well as of back

(C.I.) = 0.19–0.8 Mya). Effective population size estimates suggest

invasion of Amazonia—to our knowledge, a pattern that has not

that the initial pool of Atlantic Forest colonizers was composed of

been yet identified in studies of other organisms. Specifically, we

about 53,000 individuals (ca. 1.2% of the ancestral Amazonian popu-

found support for a scenario of colonization of the Atlantic Forest

lation), while the Guiana Shield was colonized by about 98,000 indi-

from Amazonia (presumably by an ancestor occurring in both central

viduals originated from the Atlantic Forest (ca. 4.6% of the ancestral

and western Amazonia), followed by colonization of the Guiana

Atlantic population), supporting a pronounced population bottleneck

Shield from the Atlantic Forest. A history of connections between

following dispersal into both the Atlantic Forest and Guiana Shield.

western Amazonia and the Atlantic Forest, supported by our histori-

Median substitution rates were estimated as 5 × 10−9 substitutions

cal demographic study of B. bilineatus, was recovered by previous

per site/year for the mitochondrial locus (median value; 95% credibil-

studies based on genetic data of birds and lizards (Batalha‐Filho et

ity interval (C.I.) = 3.4–8.6 × 10−9 substitutions per site/year) and

al., 2013; Prates et al., 2017). Phylogeographic studies have also

0.4–0.7 × 10−9 substitutions per site/year for the nuclear loci (me-

found evidence of northern colonizations between the Atlantic For-

dian value; 95% credibility interval (C.I.) = 0.3–2.1 × 10−9 substitu-

est and northeastern Amazonia (Batalha‐Filho et al., 2013; Costa,

tions per site/year).

2003; Prates, Rivera, et al., 2016; Prates, Xue, et al., 2016). In spite

Model validation based on principal component analyses of the

of these two distinct proposed connection routes, previous studies

summary statistics confirmed that the observed data were contained

have, by and large, found that Amazonia acted as the source of colo-

within the space of simulated data. Posterior error rates based on

nizations into the Atlantic Forest. Our study is one of the first (as

pseudo‐observed data sets were estimated as 0.69. However, most

that of Rodrigues et al., 2014), however, to find evidence of the

incorrect inferences (53% from the total of pseudo‐observed data

Atlantic Forest serving as a source of colonizations into Amazonia,

sets) happened between scenarios that depict the same history of

particularly into northern Amazonia in the Guiana Shield region. It is

Atlantic Forest and Guiana Shield colonization but have topological

currently unclear why the Atlantic Forest seems to have more often

differences regarding which Bothrops bilineatus clade that is sister to

received than provided biodiversity to Amazonia over the course of

the remaining ones. This is the case of confusion between scenarios

these forests’ histories, a pattern that may be related to their signifi-

2, 6, and 10, or 4, 8, and 12 (see Methods). As a result, the error

cant differences in total size.

rate between scenarios that depict distinct histories of colonization

While phylogenetic patterns have provided clues about the local-

(e.g., colonization of the Atlantic Forest from a Guiana Shield ances-

ization of former rain forest corridors in South America, we have a

tor versus colonization of the Guiana Shield from an Atlantic Forest

limited understanding of how often Amazonia and Atlantic Forest

ancestor or a vicariant event between these two regions) is effec-

domains have been connected in the past and for how long. Batalha‐

tively much lower: 0.16.

Filho et al. (2013) suggested multiples contact events based on
divergence times between species and clades of birds restricted to
each of these two forest systems, suggesting that the proposed for-

4 | DISCUSSION

est bridge in the present‐day northeastern Brazil would be Pleistocenic in age. This timing is consistent with studies of codistributed

The idea of the past biogeographic connections between Amazonia

arboreal lizards and of the south American bush master Lachesis

and the Atlantic Forest has received increasing attention in the last

muta, which proposed colonization of the Atlantic Forest from east-

few years, with phylogeographic and phylogenetic studies pointing

ern Amazonia at around 300–950 kya (Prates, Rivera, et al., 2016;

to connection events between these two domains (Batalha‐Filho et

Prates, Xue, et al., 2016; Zamudio & Greene, 1997). Similarly, our

al., 2013; Costa, 2003; Prates, Rivera, et al., 2016; Prates et al.,

estimates for Bothrops bilineatus also suggest a Pleistocenic contact

2017; Zamudio & Greene, 1997). Speleothem (Auler et al., 2004;

at around 0.3 mya between the Atlantic Forest and northern Amazo-

Cheng et al., 2013) and palaeopalynological records (Oliveira et al.,

nia (at the Guiana Shield) through northeastern South America. It is

1999) have also supported the view of the past dynamism in South

worth noting, however, that the directionality of range expansions in

American rain forest habitats, with pulses of forest expansion and

B. bilineatus and other studied organisms is fundamentally different,

fragmentation. In agreement with these studies, our results for

as our study suggests that this snake seems to have colonized Ama-

Bothrops bilineatus support the idea that changing climates have led

zonia from an Atlantic Forest ancestral population, while organisms

to shifts in South American rain forest distribution and, ultimately, in

such as lowland anole lizards were found to have expanded their

biotic interchange between regions, allowing lineages to colonize

ranges in the opposite direction (Prates, Rivera, et al., 2016).

new areas, where pressures from competitors and predators could

Besides a colonization event in present‐day northeastern Brazil,

potentially be relaxed. These events seem to have had major conse-

the complex history of Bothrops bilineatus seems to include an event

quences for the composition of local species pools, and therefore for

of range expansion into the Atlantic Forest from an Amazonian

large‐scale biogeographic patterns in both Amazonia and the Atlantic

ancestor, as supported by the results of phylogenetic and historical

Forest.

demographic analyses. Costa (2003) suggested a similar, seemingly
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southern route for small mammals, but without detailed information

Fellowship. F.G.G. thanks FAPESP for the Postdoctoral fellowships

regarding its timing. The available divergence time estimates suggest

(2012/08661‐3, 2016/13469‐5).

that recurrent forest connection events occurred during the Pliocene, dating back to 2 Mya in the case of Bothrops bilineatus,
11 Mya for Anolis lizards (Prates et al., 2017), and 3–13 Mya for a
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range of small mammal and bird taxa (Batalha‐Filho et al., 2013;
Ledo & Colli, 2017).

Francisco Dal Vechio

http://orcid.org/0000-0003-1328-0243

Taken together, biogeographic studies focusing on species and
clades whose distribution span distinct South American rain forest
blocks suggest that Amazonia and the Atlantic Forest have an intricate history of physical connections over time, which led to taxonomic similarity across presently disjunct regions. Despite the
numerous examples of taxa that seem to have undergone range
expansions across these domains, there is a limited number of studies that have investigated the routes, timing and especially the
demographic processes involved, an information that is crucial to
improve our understanding of the origin of these extraordinarily
diverse ecosystems. By involving consecutive colonization events
across Amazonia and the Atlantic Forest in a single taxon, the population history of Bothrops bilineatus is unique. As such, this study
provides further insight, and adds complexity, to the dynamic history
of South American rain forests during the last millions of years,
seemingly as a result of pronounced climate shifts. We hope that
the results presented here inspire further studies aiming to our
knowledge about former biogeographic connections and biotic interchange among South American regions.
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