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Snakes of the cosmopolitan family Viperidae comprise around 329 venomous species showing a striking
heterogeneity in species richness among lineages. While the subfamily Azemiopinae comprises only two
species, 70% of all viper species are arranged in the subfamily Crotalinae or the “pit vipers”. The radiation
of the pit vipers was marked by the evolution of the heat-sensing pits, which has been suggested to be a
key innovation for the successful diversification of the group. Additionally, only crotalines were able to
successfully colonize the New World. Here, we present the most complete molecular phylogeny for

giﬁmggsz:radiation the family to date that comprises sequences from nuclear and mitochondrial genes representing 79%
New World of all living vipers. We also investigated the time of divergence between lineages, using six fossils to cal-
Loreal pits ibrate the tree, and explored the hypothesis that crotalines have undergone an explosive radiation. Our
BAMM phylogenetic analyses retrieved high support values for the monophyly of the family Viperidae, subfam-
Phylogeny ilies Viperinae and Crotalinae, and 22 out of 27 genera, as well as well-supported intergeneric relation-
Snakes ships throughout the family. We were able to recover a strongly supported sister clade to the New World

pit vipers that comprises Gloydius, Ovophis, Protobothrops and Trimeresurus gracilis. Our results agree in
many aspects with other studies focusing on the phylogenetics of vipers, but we recover new relation-
ships as well. Despite the addition of new sequences we were not able to resolve some of the poor sup-
ported relationships previously suggested. Time of divergence estimates suggested that vipers started to
radiate around the late Paleocene to middle Eocene with subfamilies most likely dating back to the
Eocene. The invasion of the New World might have taken place sometime close to the Oligocene/
Miocene boundary. Diversification analyses suggested a shift in speciation rates during the radiation of
a sub-clade of pit vipers where speciation rates rapidly increased but slowed down toward the present.
Thus, the evolution of the loreal pits alone does not seem to explain their explosive speciation rates. We
suggest that climatic and geological changes in Asia and the invasion of the New World may have also
contributed to the speciation shift found in vipers.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Vipers form a monophyletic lineage of venomous snakes com-
prising about 329 species distributed worldwide. Because vipers
are considered a medically important group, different aspects of
their biology have been widely studied (e.g. Fenwick et al., 2012;
Greene, 1997; Martins et al.,, 2001) but their macroevolutionary
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dynamics and some aspects of phylogenetic relationships are still
poorly understood. Species are currently arranged in 35 genera
belonging to three subfamilies: Viperinae, Azemiopinae, and Cro-
talinae (Uetz and Hosek, 2014). Viperines, or the “true vipers”,
comprise 98 species whereas Azemiopinae comprises only two
and both subfamilies are restricted to the Old World (Phelps,
2010; Uetz and Hosek, 2014). Crotalinae, or the “pit vipers”, is
the most diverse and widely distributed lineage of vipers, compris-
ing about 229 species (Campbell and Lamar, 2004; Uetz and Hosek,
2014) occurring both in the Old and New World.

In the past years, the access to new Viperidae DNA sequences
has greatly improved the limited phylogenetic inferences done
solely based on morphological data (see Castoe and Parkinson,
2006) but the few studies (Fenwick et al., 2012; Pyron et al,
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2013; Wiister et al., 2008) that have used molecular data investi-
gated the phylogenetic relationships of vipers in a broader phylo-
genetic context. The pioneering study by Wiister et al. (2008)
included all except two Viperidae genera in their molecular analy-
sis but was limited to 87 species and therefore explored the phylo-
genetic relationships among higher taxa. Although recent works by
Fenwick et al. (2012) and Pyron et al. (2013) included 220 and 210
Viperidae terminals respectively, the phylogenetic relationships of
more inclusive lineages and the tempo of diversification underly-
ing the divergence among those lineages are still unclear and
debatable.

The choice of proper fossils and/or biogeographic events
(Benton et al., 2009; Ho and Phillips, 2009; Sauquet et al., 2012;
see also the supplementary material) is of central importance in
dating analyses because it is not possible to estimate absolute ages
from molecular data alone (Ho and Phillips, 2009). Wiister et al.
(2008) used four fossils and two biogeographic events to calibrate
their genus-level tree and Fenwick et al. (2012) two fossils and one
biogeographic event. These authors found different diversification
times for some lineages, which could be related to differences in
sampling effort or choice of calibration points (Parham et al.,
2012; Sauquet et al., 2012). A survey of the snake fossil record sug-
gests it is possible to use additional fossils for conducting dating
analysis of vipers (see Section 2 and supplementary material)
avoiding biogeographic events, which have been suggested to be
problematic in dating studies (Sauquet et al., 2012). A calibration
setting comprising only fossils and a wider inclusion of current
species should therefore greatly improve our understanding of
the tempo of viperid diversification and also allow the first proper
investigation of the diversification dynamics that gave rise to the
current diversity of the family.

Vipers show a striking heterogeneity in diversity among differ-
ent lineages, and a number of hypothesis have been proposed to
explain the differential species richness of particular clades (e.g.
Greene, 2002; Hendry et al., 2014; Lynch, 2009). The early radia-
tion of these snakes is associated with the evolution of a highly
derived venom system, which may have allowed the invasion of
new niches (Greene, 1997; Pyron and Burbrink, 2012). Further-
more, the evolutionary history of the subfamily Crotalinae is
marked by the evolution of a pair of heat-sensing pits on each side
of their heads between the eye and the nostril (“loreal pits”) (Goris,
2011; Roelke and Childress, 2007), which have been suggested to
represent a key innovation facilitating the radiation of the clade
(Rosenzweig et al., 1987; Rosenzweig and McCord, 1991) even
though not directly tested. Crotalines also invaded the New World,
an event frequently associated with explosive radiation (Burbrink
et al.,, 2012a; Wiister et al., 2002, 2008).

Explosive radiations or “early bursts” have been frequently
reported in molecular phylogenies (e.g. Harmon et al., 2003;
Morlon et al., 2012) and are usually characterized by very high
diversification rates during the early radiation of a lineage followed
by a decrease toward the present. The emergence of a key innova-
tion (e.g. Glor, 2010; Losos and Mahler, 2010) and/or the invasion
of new areas might allow a lineage to explore previously unavail-
able niches (Burbrink et al., 2012a,b) and, in theory, could be asso-
ciated with explosive radiations. Although the predominant
explanation regarding diversification slowdowns rely upon specia-
tion mediated by niche differentiation and the subsequent
decrease in ecological opportunities (e.g. Burbrink et al., 2012a;
Rabosky and Lovette, 2008), recent studies have suggested alterna-
tive processes that can also underlie diversification rates slow-
downs (see Moen and Morlon, 2014).

In this paper we assembled the most complete time-calibrated
molecular dataset of Viperidae to investigate the phylogenetic rela-
tionships and diversification dynamics of vipers. We also explored
the hypothesis that crotalines, comprising the most diverse

subfamily, have undergone an explosive radiation (Rosenzweig
et al., 1987; Rosenzweig and McCord, 1991) by investigating if
diversification rates significantly increased during the diversifica-
tion of the Crotalinae.

2. Material and methods
2.1. Taxon sampling and data acquisition

The Reptile Database (Uetz and Hosek, 2014) currently recog-
nizes 329 species in the family Viperidae. From those, we included
260 species as terminal taxa in the ingroup of our phylogenetic
tree. Although some researchers considered B. colombiensis and B.
isabelae as synonyms of B. atrox (e.g., Campbell and Lamar, 2004;
Rivas et al., 2012) others considered both as valid species (e.g.
Salomdo et al., 1999; Fenwick et al., 2009; Pyron et al., 2013). We
chose to include Bothrops colombiensis and Bothrops isabelae as dis-
tinct species in the present study. Castoe et al. (2007) suggest that
C. tortugensis, an endemic rattlesnake of Tortuga Island, is nested
within C. atrox, representing a junior synonym of the latter.
Murphy et al. (2002) retrieved C. tortugensis within C. atrox but
they considered paraphyly as acceptable in cases of peripheral iso-
lation. In the present study we followed taxonomic arrangement
that considers some of the lineages endemic to islands that
recently diverged from their sister taxa as valid species, and thus
included C. tortugensis as distinct species in our analyses
(Grazziotin et al., 2006; Grismer, 1999). It is important to highlight
to the reader that diversification studies are always prone to be
affected by the taxonomic arrangements they follow, but we are
confident that only major taxonomic changes in the taxonomy of
vipers could affect our results. Thus, our sampling for Viperidae
encompasses 263 taxa corresponding to 79% of the diversity pre-
sently described for the family. This taxon sampling comprises all
the three known subfamilies with the following sampling schemes
(sampled species/number of described species): Azemiopinae
(1/2), Viperinae (71/98), and Crotalinae (191/232). Additionally,
we included as outgroup 97 species from different families: Boidae,
Elapidae, Colubridae, Dipsadidae, Homalopsidae, Natricidae, Atrac-
taspididae, Lamprophiidae, Psamophiidae, and Xenodermatidae.
The species Indotyphlops braminus (Scolecophidia: Typhlopidae)
was used to root our phylogenetic tree (Pyron et al., 2013). Details
on our sampling strategy and on the curatorial work performed
including a list with several issues faced when using sequences
from public databases are available in our supplementary material.

Our molecular matrix is composed of sequences from 11 genes,
six mitochondrial (12S, 168, cytb, cox1, nd2, nd4) and five nuclear
(bndf, c-mos, jun, nt3, ragl). We used sequences for species of
Viperidae available in GenBank up to April 2014 (Table S1). We
also included sequences available in the Barcode of Life Database
(BOLDSYSTEMS, http://www.boldsystems.org/) to complement
information for the Cox1 gene (Table S1). We provided new DNA
sequences for 27 viper species (Table S1) for eight genes, including
a species not previously included in GenBank (Causus lichtensteini),
totaling 167 new sequences. All new sequences were obtained fol-
lowing standard PCR and sequencing protocols as described in
Grazziotin et al. (2012). Both strands of the PCR products were
sequenced, and the trimming and assembling procedures were
performed using the default parameters in the program GENEIOUS
v.5 (Biomatters, available at http://www.geneious.com).

Our dataset represents a significant improvement in sampling
compared to recently published viper phylogenies. We include
43 more species than Fenwick et al. (2012) and 53 more than
Pyron et al. (2013). Moreover, our molecular dataset comprises
11 genes and 1186 sequences whereas Fenwick et al. (2012) and
Pyron et al. (2013) comprise 784 and 817 sequences for 4 and 11
genes respectively. Therefore, the study presented herein
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comprises the most complete phylogenetic analysis for the family
to the present.

2.2. Phylogenetic analyses and divergence time estimation

Sequences were aligned with MAFFT (Katoh et al., 2002) using
the E-INS-i algorithm for 12S, 16S, nd4, nd2, cox1 and ragl, and
FFT-NS-i for bndf, cmos, cytb, jun and nt3. For both algorithms
all the parameters were set as default. Resulting alignments were
visually inspected in Mesquite v 2.75 (Maddison and Maddison,
2009). Sequences were concatenated with SequenceMatrix v
1.7.8 (Vaidya et al., 2011) in two different ways: (1) all sequences
for all the 11 genes (361 terminals), and (2) all sequences from 168,
12S, cytb and nd4 genes (genes with sequences representing the
majority of the species included in the phylogenetic analysis, 357
terminals). Our main dataset (dataset 1) contained alignments
with 10,712 base pairs (bp) and dataset 2 contained 4,419 bp.
The proportion of viper species represented within each individual
gene matrix varies widely (79% of the 263 species had 12S
sequences, 83% had 16S, 92% had cytb, 87% had nd4, 19% had
nd2, 22% had cox1, 21% had cmos, 17% had ragl, 13% had nt3,
10% had bndf, 8% had jun) and highlights the heterogeneous com-
pleteness of our molecular matrices.

Although recent studies found no evidence that missing data
would lead to inaccurate estimates in Bayesian phylogenetic anal-
yses and time divergence estimates (Filipski et al., 2014; Wiens
and Morrill, 2011; but see Lemmon et al., 2009), we used dataset
2 to access any potential influence of missing data in our phyloge-
netic estimates by comparing its results to our main dataset 1. The
comparison between datasets also allowed us to evaluate any
improvements in the phylogenetic relationships of vipers when
adding nuclear genes information (main dataset) given that dataset
2 comprises only mitochondrial genes. We used PartitionFinder
1.0.1 (Lanfear et al., 2012) with the greedy algorithm and linked
branch lengths to select the best partition scheme and the best
models of nucleotide substitution for our molecular matrix parti-
tioned by gene and codon position for each dataset above. The
Bayesian Information Criterion (BIC) was used as the optimality
criterion to select the best partition schemes and best models of
nucleotide substitution for each dataset (Table S2).

We estimated the phylogenetic relationships and time of diver-
gence between species using a Bayesian framework implemented
in the program BEAST v1.8.1 (Drummond and Rambaut, 2007) for
each dataset. Substitution rates were estimated under a relaxed
uncorrelated lognormal clock (Drummond et al., 2006) that allows
different branches to have independent rates. Extinction has played
a major role in shaping diversification patterns in the tree of life
(Raup, 1986; Quental and Marshall, 2010), so using a Yule model,
which assumes extinction rates equal to zero, as our tree prior
would be inappropriate. Thus, we used a Birth-Death speciation
model accommodating incomplete taxon sampling as our tree prior
(Stadler, 2009).

Calibrating a phylogenetic tree is a critical step in molecular
dating analyses and caution is required in choosing the points to
be used (Sanders et al., 2010; Sauquet et al., 2012). To time cali-

Table 1
Fossils used as calibration points in time divergence estimates of vipers.
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brate our phylogenetic tree, we followed recent published guideli-
nes and protocols that aim to help researchers in choosing fossils
to be used as calibration points (Benton et al.,, 2009; Parham
et al., 2012; Sauquet et al.,, 2012; see supplementary material).
We chose to include in our analyses six fossil records from the
literature, two of them described as Viperidae and the other
four positioned throughout the outgroup (Table 1). Details and
justifications on the choice of calibration schemes are available
in the supplementary material.

For each concatenated dataset we ran four replicates of our phy-
logenetic analyses with different starting trees or random seeds
saving the parameters and trees every 1000 interactions. In total,
we ran eight phylogenetic analyses. Chain length was set to 300
million generations but we stopped the analyses as soon as they
reached convergence. For each concatenated dataset we kept the
replicate(s) that achieved the higher likelihood values. We used
the program Tracer v 1.6 (Rambaut and Drummond, 2007) to check
for convergence, the effective sample size (ESS) of parameters and
to verify burn-in. When appropriate we used logCombiner 1.8 to
combine posteriors of replicates of the same concatenated dataset
that converged to the same higher likelihood values. We used
TreeAnnotator v 1.8.1 (Drummond and Rambaut, 2007) to generate
maximum credibility trees.

2.3. Patterns of species diversification

To perform diversification analyses while incorporating phylo-
genetic uncertainty, we randomly sampled 100 trees from the pos-
terior distribution regarding dataset 1 (our main dataset). We
performed all diversification analyses on those 100 trees after
removing the outgroup. To visually inspect the pattern of diversifi-
cation across time we generated lineage through time plots (LTT,
i.e. the cumulative number of lineages through time, Nee et al.,
1992) for the 100 posterior trees. To test if there were temporal
changes in diversification rates we first used the gamma statistic
while controlling for the statistic bias imposed by species under-
sampling (Pybus and Harvey, 2000). For that we simulated 1000
phylogenetic trees with the known number of viper species and
then removed species in order to represent our sampling scheme.
All those analysis were done both for Viperidae as a whole (329
know species plus three subspecies considered here as full species
and 263 terminals in our sampling scheme) as well as for Viperinae
(98 known species and 71 terminals in our sampling scheme) and
Crotalinae (229 known species plus three subspecies considered
here as full species and 191 terminals in our sampling scheme).
These analyses were performed using the packages Ape (Paradis
et al.,, 2004) and TreeSim (Hartmann et al., 2010; Stadler, 2014)
implemented in R (R Development Core Team, 2013).

Given the limitations of the gamma statistic (Quental and
Marshall, 2010, 2011) we also used BAMM (Bayesian Analysis of
Macroevolution Mixtures, Rabosky, 2014; Rabosky et al., 2013,
2014a), which estimates speciation and extinction rates throughout
the different branches in a phylogenetic tree. BAMM is based on the
premise that phylogenetic trees are often shaped by heterogeneous
mixtures of distinct processes (see Fig. 1 in Rabosky, 2014). This

Node Fossil

Geological age Source

Stem-Alethinophidia
Stem-Colubroidea
Stem-Boinae
Stem-Elapidae
Stem-Viperidae
Stem-Sistrurus

Haasiophis terrasanctus
Procerophis sahnii
Titanoboa cerrejonensis
Elapidae gen. & sp. indet.
Viperidae. gen. & sp. indet.
Sistrurus sp. indet.

Cenomanian, Cretaceous
Ypresian, Eocene
Middle-late Paleocene
Aquitanian, Miocene
Aquitanian, Miocene
Clarendonian, Late Miocene

Tchernov et al. (2000)
Rage et al. (2008)
Head et al. (2009)
Kuch et al. (2006)
Kuch et al. (2006)

Parmley and Holman (2007)
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Geo. Dist. Mit. Nuc.

Atheris barbouri AF 2 -
Atheris matildae AF 1 -
Atheris ceratophora AF 4 -
Atheris nitschei AF 4 1
Atheris desaixi AF 2 -
Atheris hispida AF 2 -
Atheris squamigera AF 4 1
Atheris chl i AF 4 5
I Causus lich i AF 3 5
T r Causus resimus AF 4 1
Causus rhomb AF 4 -
Causus defilippii AF 6 1
L Proatheris superciliari; AF 4 -
Bitis arietans AF/ME 6 3
Bitis worthingtoni AF 5 -
. Bitis parviocula AF 1 -
= 1 I Bitis nasicornis AF 4 1
i Bifs gabonica AF 5 5
Bitis rhinoceros AF 4 -
Bitis peringueyi AF 4 - ..
—€ Bitis schneideri AF 1 - Bitis
Bitis caudalis AF 5 -
Bitis atropos AF 5 -
Bitis armata AF 1 -
Bitis cornuta AF 4 -
Bitis rubida AF 5 -
Bitis xeropaga AF 5 -
Echis carir AS/ME 5 1
Echis coloratus. ME 4 1
Echis omanensis ME 4 -
Echis pyramidum AF/ME 5 1
Echis leucogaster AF 4 -
Echis borkini ME 4 1
Echis khosatzkii ME 4 -
Echis jogeri AF 4 -
Echis ocellatus AF 5 1
Cerastes gasperettii ME 3 -
£ Cerastes cerastes AF/ME 5 5
‘erastes vipera AF/ME 2 -
Pseudocerastes urarachnoides ME 1 -
ii’seud&cemsws persicus ME 2 -
Pseudocerastes fieldi ME 3 -
L | L isticophi: h AS/ME 4 -
era nikolskii EU 5 4
-é era gems EU ? - .
pera barani ME - .
era seoanei EU 5 - Ech Ay
era kaznakovi ME 3 -
era orlovi EU/AS 2 -
pera ursinii EU 5 -
era eriwanensis ME 5 4
era dinniki ME 3 -
'E{ ipera lotievi EU/ME 3 -
ipera renardi EU/AS 3 -
‘———Vipera anatolica ME 2 -
C g Viperaaspis EU 3 -
ipera latastei EU/AF 3 -
D e — — W L transcaucasiana ME 2 -
1 era ammodytes EU/ME 5 -
Daboia mauritanica AF 4 -
e puoia deverts AF ER
i Daboia palaesti ME 3 -
Daboia si g AS 6 3
EMachvipem schweizeri EU 3 -
-Macrovipera lebetina EU/ME/AS 4 5
Montivipera latifii ME 3 -
—_——— Montivipera raddei X m:: ‘; 5
Montivipera albizona ME 4 -
-Montivipera wagneri ME 4 -
-Montivipera xanthina EU/ME 4 -
Trimeresurus malabaricu AS 4 -
Trimeresurus gramineus AS 4 -
= Trimeresurus trigonocephalus AS 5 1
Triy us puniceus AS 4 -
Trimeresurus wiroti AS 1 -
Trimeresurus borneensis AS 4 -
—————————— Trimeresurus hageni AS 4 -
Trimeresurus schultzei AS 4 -
l_rE. imeresurus AS 4 -
= Trimeresurus mcgregori AS 4 -
T=—Trimeresurus fl I AS 4 -
Trimeresurus malcolmi AS 4 -
i ionali AS 4 -
,—Trimere.vumx andersonii AS 3 -
Triy S erythrurus AS 4 -
Trimeresurus purpureomaculatus ~ AS 4 -
Trir g i AS 4 -
Trimeresurus albolabris AS 6 -
Trimeresurus fasciatus AS 4 -
_{Trimemxums insularis AS 4 -
Trimeresurus kanburiensis AS 4 -
Trimeresurus venustus AS 4 -
Trimeresurus macrops AS 4 -
Tril de i AS 4 -
Tri ) AS 5 -
Trimeresurus stejnegeri AS 6 5
Trimeresurus gumprechti AS 5 -
L Trimeresurus truongsonensis AS 4 -
Trimeresurus vogeli AS 4 -
Tril ich i AS 4 -
Trimeresurus buniana AS 4 -
__._ Trimeresurus barati AS 4 -
Trimeresurus sabahi AS 4 -
Trimeresurus fucatus AS 4 -
Trimeresurus popeiorum AS 4 -
Tri nebularis AS 4 -
Trimeresurus tibetanus AS 4 -
— Next page Trimeresurus
[ losel. hod AS 4 5
-Hypnale nepa AS 4 2
I_tﬂvpna[e hypnale AS 4 -
Izjypr(a,[e’ zara lxg 3 2
= Tropidol. wagleri AS 4 -
-Deinagkistrodon acutus AS 6 5
Garthius chaseni AS 4 -
Azemiops fe AS 4 5
T T T T T T T 1
70 60 50 40 30 20 10 0

Millions of years ago

Fig. 1. Maximum credibility tree generated for the family Viperidae comprising all genes and species (dataset 1). Bars showing the 95% high posterior density interval of age
estimates were added only for nodes with posterior probability values equal to or higher than 0.95. Geographic distribution and the number of mitochondrial and nuclear
gene sequences for each taxon are also shown. AF = Africa, ME = Middle East, AS = Asia, EU = Europe, NW = New World. Red circle indicates the position of the speciation rate
shift. Images of vipers by Thor Hakonsen (http://thorhakonsen.com/). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Geo. Dist.
Lachesis melanocephala NW
Lachesis stenophrys NwW
Lachesis muta NW
Lachesis acrochorda NW

Agkistrodon + (Crotalus + Sistrurus)

Bothrocophias microphthalmus
Bothrocophias hyoprora

Bothrops lojanus
Both hias ¢ 1l

Both

ps pictus
d

il

throp.
Bothrops alternatus
Bothrops fonsecai
Bothrops cotiara
F s .

ps iap
Bothrops insularis
Bothrops jararaca
Bothrops alcatraz
Bothrops barnetti
Both

)

=

P
Bothrops pauloensis
Bothrops pubescens
Bothrops diporus
Bothrops erythromelas
Bothrops lutzi
Bothrops neuwiedi
Bothrops marmoratus
Bothrops caribbaeus
Bothrops lanceolatus
Bothrops asper
Bothrops isabelae
Bothrops atrox
Bothrops colombiensis
Bothrops marajoensis
Bothrops leucurus
Bothrops moojeni
Bothrops osbornei
Bothrops punctatus
Bothrops brazili
Bothrops jararacussu
Bothrops pulchra
Bothrops taeniata
Bothrops chloromelas
Bothrops bilineata
Porthidium dunni
Porthidium hespere
Porthidium ophryomegas
Porthidium nasutum
Porthidium porrasi
Porthidium lansbergii
Porthidium arcosae
Porthidium yucatanicum

poides picadoi

Cerrophidion petlalcalensis

Cerrophidion tzotzilorum
e P

Cerrophidion sasai
Atropoides mexicanus
Atropoides olmec
Atropoides nummifer
Atropoides occiduus
Atropoides indomitus

——

inr

Ophryacus undul
Mixcoatlus barbouri
Mixcoatlus browni
Mixcoatlus melanurus
Bothriechis schlegelii

i

—=E=
e

Bothriechis supraciliari
Bothriechis bicolor
Bothriechis marchi
Bothriechis thalassinus
Bothriechis rowleyi
Bothriechis aurifer
Bothriechis lateralis
Bothriechis guifarroi
Bothriechis nigroviridis
Gloydius ussuriensis
Gloydius brevicaudus
Gloydius blomhoffii
Gloydius tsushimaensis
Gloydius intermedius
Gloydius halys
Gloydius shedaoensis
Gloydius saxatilis
Gloydius strauchi
Gloydius liupanensis
Trimeresurus gracilis
Ovophis okinavensis
Protobothrops tokarensis
Protobothrops flavoviridis
Protoboth

P

P:
Protobothrops elegans
Protoboth P

Protoboth dabiesh

r‘i‘

Protoboth

Protobothrops xiangchengensis

Protobothrops jerdonii
Protobothrops cornutus
Protoboth P

f——

Protobothrop.
Protobothrops sieversorum
Protoboth caulbacki

|

30

20 10
Millions of years ago

P
Ovophis tonkinensis
Ovophis monticola
Ovophis zayuensis

o

NW
N

Mit.

2
3
4
4

B N N = R N N N N Y N N N I N I N N N N A N N e N N N N N O N N N N N N N N e N N N N U N N Y N S N Y R N N N N Y L U O N N SO N T N oy

Nuc.

1

L — — 00—

-

30

Fig. 1 (continued)

Geo. Dist.
Sistrurus catenatus NW
Sistrurus miliarius NW
Crotalus intermedius NW
Crotalus transversus NW
Crotalus tancitarensis NW
Crotalus pricei NW
Crotalus adamanteus NW
Crotalus mitchellii NW
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rate heterogeneity across lineages and time has been shown to be
the case in numerous phylogenetic trees (e.g. Etienne et al., 2012)
and failure to accommodate such variation can cause serious bias
in results and interpretations (Rabosky, 2010, 2012). Additionally,
estimating extinction rates from molecular phylogenies have been
heavily criticized (Quental and Marshall, 2010; Rabosky, 2010)
and most methods seem unable to estimate negative diversification
rates (extinction higher than speciation rates) (e.g. Medusa, Alfaro
et al., 2009). However, this problem is in theory relaxed in BAMM,
which given its architecture is potentially able to detect clades in
decline (see Rabosky, 2014 ). We note that for our data and proposed
hypothesis BAMM might be specially interesting because it: 1 -
accounts for incomplete taxon sampling; 2 - allows extinction rates
to exceed speciation rates therefore allowing to characterize diver-
sification dynamics where clades are in decline; and 3 - is designed
to detect rate shifts across the tree.

In this study we used BAMM to explore if the extant diversity of
vipers is the result of a single or multiple diversification regimes,
and how speciation and extinction rates varied throughout their
evolutionary history using the phylogenetic framework generated
herein. With this approach we also explicitly explored the hypoth-
esis that the subfamily Crotalinae has a different diversification
dynamic characterizing an explosive radiation. We ran BAMM (ver-
sion 2.1.0) on the 100 randomly sampled posterior trees for 25 mil-
lion generations sampling every 10.000 generations. Given that
incomplete sampling can bias analyses of diversification and that
vipers are not randomly sampled in the phylogeny, we informed
BAMM specific sampling fractions of clades included (Table S3).
To evaluate how many distinct macroevolutionary regimes charac-
terized the radiation of vipers, we first compiled the overall num-
ber of rate shifts found among all trees. We then generated for each
tree the rate shift configuration most frequently sampled in BAMM
posterior, taking into account the prior probability using a Bayes
Factor criterion of 5. By doing this, we are analyzing only those rate
shifts that are supported by the data and not by prior alone.
Through the shift configuration it is possible to visualize when,
during the radiation of vipers, diversification rates significantly
changed. Finally, we analyzed how speciation and extinction rates
varied through time in the whole family and in crotalines sepa-
rately. BAMM output was analyzed using the R package BAMM-
tools (Rabosky, 2014; Rabosky et al., 2014b).

3. Results

We generated maximum credibility trees after discarding burn-
in with a posterior probability limit of 95% (Figs. 1, S1 and S2). Both
datasets yielded similar topologies and divergent times estimates
for the family Viperidae (Figs. 1 and S2, Table S4). Thus, results will
focus on our main dataset (dataset 1) comparing with dataset 2
when relevant for the discussion. We also note that the small dif-
ferences in dating analyses are not significant given that estimates
for both datasets show considerable overlap in their 95% high pos-
terior density interval (Table S4, Figs. 1 and S2). The complete max-
imum credibility tree for dataset 1 including the outgroup and
calibration points can be visualized through Fig. S1.

Phylogenetic analyses resulted in a relatively well-resolved tree
with most nodes having high posterior probabilities (pp > 0.95,
represented by nodes with bars of age estimates in Fig. 1) confirm-
ing the monophyly of the family and subfamilies with more than
one species included in the analyses (Viperinae and Crotalinae).
Phylogenetic relationships among subfamilies were also recovered
with high support with Viperinae being sister to a clade formed by
Azemiopinae and Crotalinae. Of the 27 genera for which we could
test for monophyly, we recovered 22 as monophyletic with high
posterior probabilities (see Section 4 for details). Among viperines,
posterior probability showed high support for a clade comprising

the genera Atheris, Causus, Proatheris and Bitis. Eurasian vipers
(Pseudocerastes, Eristicophis, Vipera, Macrovipera and Montivipera)
also formed a well-supported clade (Fig. 1). Among the remaining
lineages of the subfamily Viperinae, Echis and Cerastes also showed
a robust sister relationship (Fig. 1). Regarding the affinities in the
subfamily Crotalinae, Hypnale, Garthius, Deinagkistrodon, Callose-
lasma and Tropidolaemus formed a weak supported clade sister to
the remaining crotalines with Hypnale and Calloselasma forming a
well-supported clade (Fig. 1). We recovered with great confidence
a clade comprising the genera Protobothrops, Gloydius, Ovophis, and
T. gracilis as the sister clade to the New World pit vipers, with
almost all nodes showing strongly supported relationships
(Fig. 1). Among the New World (NW) pit vipers, we recovered high
posterior probabilities for clades comprising the Middle American
genera Atropoides, Cerrophidion, and Porthidium, another compris-
ing the Bothropoides (Bothrops and Bothrocophias), as well as high
supported clades formed by Sistrurus + Crotalus, and Ophryacus
+ Mixcoatlus (Fig. 1). However, more inclusive relationships and
some higher-level relationships were recovered with low support
among New World pit vipers (see Fig. 1).

Divergence time estimates suggest that the ancestral of vipers
diverged from its sister group in the Paleocene (around
64.5 Mya) and that vipers started to diversify around the late Pale-
ocene to middle Eocene (59.9-40.4 Mya) (high posterior density
interval of the main dataset). During the Eocene (around 49.91-
33.86 Mya) and in the middle Eocene to late Oligocene (around
42.45-28.31 Mya), subfamilies Viperinae and Crotalinae started
to diversify, respectively. New World pit vipers started to radiate
around the middle/late Oligocene to the early Miocene (31.05-
20.99 Mya). Information regarding divergence time estimates of
vipers is summarized in Fig. 1 and Table S4.

Lineage through time plots show no clear slowdown in lineage
accumulation except very close to the present both in Viperidae
and in the subfamily Crotalinae respectively (Fig. S3). The negative
gamma statistics estimated for the whole family and for crotalines
alone suggest a slowdown in lineage diversification, looking even
more evident among crotalines (Fig. S3). However, the LTT plot
for the subfamily Viperinae suggests that lineage accumulation
decelerated right after their initial diversification but seems to
have remained constant toward the present (Fig. S3). The gamma
statistics test after correcting for incompleteness did not show
any evidence for slowdowns among viperines (Fig. S3).

When looking for dynamic heterogeneity, our results indicate
that models with one or two shifts in macroevolutionary rate
regimes were chosen more frequently during MCMC analyses
(Fig. S4). However, after eliminating poorly supported shifts (i.e.
those likely to be attributed to the prior alone), the most frequently
sampled shift configuration estimated in BAMM for 87 trees (out of
100) comprised only one shift (Fig. 2). Twelve showed no shifts as
the most frequent shift configuration, and one tree showed two
shifts (Fig. S5A and B). Configurations with one shift (Fig. 2) suggest
an increase in speciation rates after the split of the most basal cro-
taline clade, thus comprising part of the Old World (OW) crotalines
and the whole NW crotaline clade, with decay in speciation rates
toward the present. The configuration with two shifts includes
the shift described above plus a second shift representing an
increase in speciation rates inside the genus Vipera.

In summary, the great majority of BAMM runs suggest that a
distinct macroevolutionary regime characterize not the whole sub-
family Crotalinae but a sub-group of crotaline lineages. Although
there is uncertainty on the absolute values and in the general trend
in speciation rates for the background regime (that is, the lineages
not part of the clade covered by the rate shift) (Fig. 2), background
lineages comprise a different speciation regime compared to the
one inferred after the shift. The uncertainty here is due to two opti-
mum parameter combinations, one with initial high speciation
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Fig. 2. Best shift configuration sampled by BAMM for 87 phylogenetic trees. For
each tree, speciation rates are calculated as follow: in the upper figure instanta-
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samples corresponding to this best shift configuration are pooled and the mean is
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where rate shift might have occurred. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

rates associated with a decay on it and another with small initial
values of speciation and an increase on it (Fig. S6). This suggests
an increase or a decrease in speciation rates and even constant spe-
ciation rates during the background diversification.

Rate through time plots show that initially speciation rates
slightly decreases but after a given amount of time (Fig. 3A) expe-
rience a considerable increase. After this burst, speciation rates
start to decrease. On the other hand, extinction rates seem to
remain roughly constant for most of the time (Fig. 3B). Speciation
through time plots generated for the Crotalinae subfamily and
the remaining vipers separately (Fig. 3C) showed that at the early
radiation of crotalines speciation rates do not differ between the
two groups. However, speciation rates among crotalines reach
much higher values after this initial radiation. Extinction rates do
not show any significant variation along time when plotted for cro-
talines and remaining vipers separately (Fig. 3D).

4. Discussion
4.1. Phylogenetic inference

Phylogenetic relationships among vipers recovered in the
present study agree in many aspects with those from previously

published works (e.g. Castoe and Parkinson, 2006; Parkinson,
1999; Parkinson et al., 2002; Pyron et al., 2013; Wiister et al.,
2008) but we also found some distinct patterns (see below).
Although all subfamilies and the majority of genera were consid-
ered monophyletic, we did not recover Bothrops and Bothrocophias,
Atropoides, Trimeresurus and Ovophis as monophyletic as suggested
by other studies (e.g. Castoe et al., 2003; Castoe and Parkinson,
2006; Carrasco et al., 2012; Malhotra and Thorpe, 2000, 2004;
Malhotra et al., 2010).

The Andean Bothrops lojanus has been considered as incertae
sedis and although morphological analyses recovered the species
within Bothrops (Carrasco et al., 2012), in the present study B. loja-
nus appears within the genus Bothrocophias with weak support.
The distribution of B. lojanus in terrestrial forested habitats in
Ecuador and the occurrence of some Bothrocophias species in this
same region and habitat (Campbell and Lamar, 2004; Harvey
et al., 2005) suggest this might be a possible relationship. However,
the few gene sequences available for B. lojanus (only two mito-
chondrial gene sequences) may be preventing us to find a reliable
phylogenetic position for the species. Irrespective to the position of
B. lojanus, the monophyly of Bothropoides (Bothrops+ Bothro-
cophias) has been recovered with great confidence in both morpho-
logical and molecular analyses (Carrasco et al., 2012; Fenwick
et al., 2009; Parkinson, 1999; Parkinson et al., 2002; Wiister
et al.,, 2002; present study).

Another genus not recovered as monophyletic was Atropoides.
The monophyly of Atropoides has been controversial because of
the uncertainty in the phylogenetic position of A. picadoi (Castoe
et al., 2003, 2005; Castoe and Parkinson, 2006; Castoe et al.,
2009; Kraus et al., 1996; Jadin et al., 2010). While using morpho-
logical characters Jadin et al. (2010) found strong support for the
monophyly of Atropoides, molecular studies failed to find strong
support for the monophyletic configuration of the genus (Castoe
et al., 2003, 2005; Castoe and Parkinson, 2006; Castoe et al.,
2009; Kraus et al., 1996). In the present study, we could not recover
the phylogenetic position of A. picadoi with confidence. Both Atro-
poides picadoi and the remaining species of the genus are repre-
sented by sequences of four mitochondrial genes (except for A.
indomitus that had a sequence of nd4 gene only). That is, molecular
data available for Atropoides species seem to be insufficient to elu-
cidate the relationship between A. picadoi and the remaining
Atropoides.

Like previous studies (e.g. Castoe and Parkinson, 2006;
Malhotra and Thorpe, 2000, 2004; Malhotra et al., 2010), we found
“Ovophis” okinavensis to be sister to “Trimeresurus” gracilis. Both
species have been suggested to be more closely related to the
genus Gloydius than to Ovophis or Trimeresurus (e.g. Castoe and
Parkinson, 2006; Malhotra and Thorpe, 2004; Malhotra et al.,
2010). Here, we not only found a monophyletic clade comprising
“Ovophis” okinavensis, “Trimeresurus” gracilis and the genus Gloy-
dius but we also recovered this relationship with a very high sup-
port value (>0.99) contrasting with the results from other studies
(e.g. Castoe and Parkinson, 2006; Malhotra and Thorpe, 2004).
Hence our results support previous ideas that those two species
should be placed in a genus of its own or perhaps considered to
belong to the genus Gloydius (Malhotra and Thorpe, 2004;
Malhotra et al., 2010).

Regarding viperines, the most striking difference between phy-
logenetic studies relates to the position of the genus Causus. The
particular phenotype of Causus suggests the genus is sister to the
remaining viperines in morphological analyses (Herrmann et al.,
1999). However, many molecular studies disagree from morpho-
logical ones and found different arrangements suggesting Causus
to be either sister to Proatheris (present study, Fig. 1), Cerastes
(Wiister et al., 2008; Fig. S2) or Echis (Pyron et al., 2013), all with
weak support. Additionally, as previously suggested by Wiister
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et al. (2008) and Pook et al. (2009), but differently from early viper-
ine studies (e.g. Herrmann et al.,, 1999; Lenk et al., 2001), we recov-
ered well-supported phylogenetic relationships between Cerastes
and Echis.

Intergeneric relationships among the Crotalinae species poor
genera Tropidolaemus, Deinagkistrodon, Garthius, Hypnale and Cal-
loselasma remained unresolved in the present study. Although
these genera form a monophyletic configuration in the present
study agreeing with Malhotra et al. (2010) who also analyzed
nuclear sequences, both studies recovered a weakly supported
configuration. Paraphyletic arrangements were frequently recov-
ered in studies using only mitochondrial genes (Castoe and
Parkinson, 2006; Wiister et al., 2008 but see Pyron et al., 2013).
Even though our dataset comprising only mitochondrial genes
(dataset 2) also suggested a weakly supported monophyletic con-
figuration (as in Malhotra and Thorpe, 2004), posterior probability
values doubled when we included nuclear sequences. That is,
including nuclear sequences for other species belonging to this cro-
taline clade result in higher support values and greatly improves
estimate the relationship between these genera connected by
long-branches. Irrespective of the true configuration of the clade,
a strongly supported relationship between Calloselasma and Hyp-
nale has been recovered here, in early studies (e.g. Kraus et al.,
1996; Parkinson, 1999; Malhotra and Thorpe, 2004) and in more
recent ones (Pyron et al., 2013).

Although Malhotra et al. (2010) recovered Gloydius as the sister
clade of NW crotalines with moderate to high support (0.87-0.99),
relationships between the other related lineages (Protobothrops,
Ovophis, “Trimeresurus” gracilis + “Ovophis” okinavensis) remained
unresolved (see also Castoe and Parkinson, 2006; Kraus et al.,
1996; Malhotra and Thorpe, 2004; Pyron et al., 2013; Wiister

et al., 2008). In the present study, we recovered with great confi-
dence a monophyletic clade as the sister group to NW crotalines
comprising not only the previously mentioned clade formed by
Gloydius and O. okinavensis + T. gracilis, but also including the gen-
era Protobothrops and Ovophis. Moreover, great majority of the
nodes in the sister clade proposed for the NW crotalines shows
strong support. Given the proximity of the current geographic
ranges of those lineages, predominantly in southeast to East Asia
(Malhotra et al., 2011; Uetz and Hosek, 2014), the NW sister clade
proposed here would not be unexpected. Additionally, some Gloy-
dius species also occur in more northern parts relatively close to
the Beringia (Gloyd and Conant, 1990; Malhotra et al., 2010),
where the invasion of the NW is thought to have taken place
(Wiister et al., 2008).

Like previous studies on phylogenetics of vipers (e.g. Castoe and
Parkinson, 2006; Gutberlet and Harvey, 2002; Parkinson, 1999;
Parkinson et al., 2002), relationships among deeper branches in
the clade of NW pit vipers were poorly resolved. This difficulty is
likely to be related to the suggested rapid cladogenesis of pit vipers
after their invasion in the NW (Gutberlet and Harvey, 2002;
Wiister et al., 2008; see also analysis below) leading to very short
branches among major NW clades (see Fig. 1). However, differently
from morphological analyses (e.g. Gutberlet and Harvey, 2002),
molecular studies recovered a well-supported clade comprising
Porthidium, Cerrophidion and Atropoides (e.g. Castoe and
Parkinson, 2006; Castoe et al., 2005, 2009; Kraus et al., 1996;
Parkinson et al., 2002; present study). Our results also agree with
previously studies (e.g. Castoe and Parkinson, 2006; Jadin et al.,
2011; Murphy et al., 2002; Parkinson et al., 2002) in recovering
highly supported clades comprising the genera Crotalus + Sistrurus
and Mixcoatlus + Ophryacus.
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4.2. Divergence time estimates

Although the oldest fossil known for vipers dates back to
19.5 Mya (early Miocene, Kuch et al., 2006), our date estimates
suggests that the ancestral of vipers diverged from its sister group
during the Paleocene. Our dating analyses suggest slightly older
ages for Viperidae than those proposed by Wiister et al. (2008)
(Table S4). However, our date estimates are much older than those
suggested by Fenwick et al. (2012) (Table S4). Age of the initial
diversification of vipers vary widely in the literature (e.g.
~25.5Mya in Fenwick et al, 2012, 35.6 Mya in Pyron and
Burbrink, 2012, 47.4 Mya in Wiister et al., 2008) but our results
suggest that vipers diversified around the late Paleocene to middle
Eocene, with subfamilies most likely dating back to the Eocene.
Discrepancies in divergence time estimates can emerge for several
reasons (see Ho and Phillips, 2009; Sauquet et al., 2012). The differ-
ences in the taxa included among studies, tree prior used (birth-
death speciation in the present study vs Yule in the others) and/
or the different calibration points and prior distributions chosen,
could all be plausible explanations.

Our results suggest that close to the Oligocene/Miocene bound-
ary the subfamily Crotalinae invaded the New World, which has
been suggested to have occurred as a single event via the Beringian
Land Bridge (e.g. Wiister et al., 2002, 2008), a dispersion route also
suggested for other snakes lineages (e.g. Burbrink and Lawson,
2007). The Isthmus of Panama, a strip of land that connects North
and Central America to South America (Bacon et al., 2013), has also
been suggested as a mechanism of dispersion by which some NW
pit vipers, such as the rattlesnake Crotalus durissus and some Por-
thidium species, probably invaded South America (Vanzolini and
Heyer, 1985; Wiister et al., 2002). Very recently, studies have sug-
gested that migration through the Isthmus of Panama (not neces-
sarily a fully continuous landmass) might have occurred much
earlier than previously thought (Bacon et al., 2013, 2015; Farris
et al,, 2011; Montes et al., 2012) and our date estimates for the
South American Bothropoids, Bothrops and Bothrocophias, are in
accordance with an earlier migration than the usually accepted
date for the emergence of the Isthmus of Panama of 3.5 Mya.

4.3. Diversification dynamics in vipers

Two distinct diversification regimes characterized the radiation
of vipers. The specific details for the diversification regime sug-
gested by BAMM for the background lineages are inconclusive
and suggest that different possible scenarios might have taken
place after the initial radiation of the family Viperidae. This back-
ground regime basically reflects the speciation and extinction
dynamics of the subfamily Viperinae, plus the species-poor sub-
family Azemiopinae, and very few species from the Crotalinae sub-
family. BAMM results indicated that it is either likely that
speciation rates increased, declined or remained constant as soon
as vipers started to diversify. Additionally, gamma values esti-
mated for the subfamily Viperinae, which comprise the majority
of lineages in the background regime, does not indicate any sign
of decreasing diversification rate. Given that the deceleration sig-
nature depicted by gamma statistics might deteriorate as time goes
by Liow et al. (2010), Quental and Marshall (2011) it is indeed dif-
ficult to infer what is the most likely dynamics for the lineages that
comprises the background diversification regime, and it is likely
that only a good fossil record could tease those apart (Quental
and Marshall, 2010).

Importantly, however, the data strongly suggests that a differ-
ent diversification regime took place during the diversification of
crotalines when speciation rates started to rapidly increase
(Figs. 2 and 3A and C). Surprisingly, this shift in speciation rates
took place after the first divergence event among crotalines and

not at the moment pit vipers started to radiate as expected. The
shift did not comprise the five species-poor genera Calloselasma,
Deinagkistrodon, Garthius, Hypnale and Tropidolaemus. One could
argue that a species under-sampling effect on this clade could have
biased the shift position in BAMM analyses. However, BAMM takes
into account possible species under-sampling effects (see Sec-
tion 2), and our analysis does not represent a great level of
under-sampling where 73% of the species within this clade were
included in our analyses. Thus, the distinct diversification regime
found comprises only part of the OW crotalines and the whole
NW clade (see Figs. 1 and 2). Our results suggest that the emer-
gence of the loreal pits in crotalines might not have immediately
triggered an explosive radiation, the diversification pattern usually
associated with the evolution of key innovations (Glor, 2010).

It is important to highlight, however, that our results do not
mean that the evolution of loreal pits was not important for the
increase in speciation rates shown by the sub-group of crotalines.
Studies suggest that the loreal pits evolved not only for enhancing
prey finding, but also as an efficient defense mechanism and as a
powerful tool in the search for optimal thermoregulation sites
(e.g. Goris, 2011; Krochmal et al., 2004; Krochmal and Bakken,
2003). That is, this change in the life history of vipers may have
allowed crotalines to invade different habitats facing new selective
pressures (Greene, 2002; Rosenzweig and McCord, 1991). We sug-
gest that the evolution of loreal pits in combination with other fac-
tors might have triggered the rapid speciation events found among
most crotalines.

The remarkable shift in the diversification regime of vipers
might have started to take place either during the middle Eocene
until the Oligocene with speciation rates remaining relatively high
until the Miocene. These time periods were characterized by sev-
eral geographical events that occurred in Asia and in fact, pit vipers
are thought to have originated in this continent (Malhotra et al.,
2010; Wiister et al., 2008). Almost all extant OW pit vipers are
restricted to Asia (see Fig. 1) mainly in the southeast and China
(Uetz and Hosek, 2014). The Asian continent experienced a com-
plex geological history during the Cenozoic, and two orogenic
events, the India-Asia collision and the Asia-Australia collision,
drastically affected its climate, topography, and vegetation
(Bruyn et al., 2014; Morley, 2012; Wang, 2004). These events had
a dramatic impact on the Asian climate characterizing a significant
climate shift toward much wetter climates (Bruyn et al., 2014,
Morley, 2012; Wang, 2004). Since the Eocene to Miocene, arid
regions retracted to northwest China and forests expanded in
Southeast Asia to south and eastern China (Sun and Wang, 2005).
We hypothesize that forest expansion allowed crotaline ancestral
lineages to expand their ranges culminating in rapid subsequent
speciation events. In fact, the great majority of OW crotalines are
restricted to forested habitats (Gumprecht et al., 2004) as probably
were their ancestors. Speciation events could have occurred as a
consequence of the colonization of different areas imposing differ-
ent selective pressures as well as due to vicariant events
(Rosenzweig, 1995).

During the late Oligocene to early Miocene pit vipers also colo-
nized the New World, perhaps favored by the forest expansion and
wetter climate during this time period in East Asia. The invasion of
the NW has been suggested as a potential driver of species diversi-
fication in different groups of organisms (e.g. Barker et al., 2015;
Burbrink and Pyron, 2009) and may have contributed to the
increase in speciation rates observed in crotalines as already sug-
gested in the literature (Burbrink et al., 2012a; Wiister et al.,
2008). The invasion of a new area free of competitors and/or preda-
tors can lead to explosive radiations due to the greater ecological
opportunities available (Glor, 2010; Rabosky and Lovette, 2008).
When pit vipers invaded the NW, the snake fauna at the region
was far less diverse than it is today (Burbrink and Pyron, 2009;
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Holman, 2000), which may have contributed to the diversification
opportunities faced by NW vipers (Wiister et al., 2002).

After the remarkable increase in speciation rates among crotali-
nes however, rates started to decline. Decreases in speciation rates
are commonly found both on molecular phylogenies (McPeek,
2008; Morlon et al., 2010) and the fossil record (Alroy, 1996;
Quental and Marshall, 2013; Silvestro et al., 2015). These rate slow-
downs are usually attributed to diversity dependent diversification
dynamics where ecological niches are filled with new taxa, the
available ecological space shrinks, and opportunities to speciate
decrease (Burbrink and Pyron, 2009; Phillimore and Price, 2008;
Rabosky and Lovette, 2008; but see Quental and Marshall, 2010).
Therefore it is possible that after pit vipers invaded the NW rapidly
dispersing through the continent, populations occupied different
environments culminating in the accelerated formation of several
new lineages not long after the invasion (see also Burbrink et al.,
2012a). Speciation rates would thus slowdown because a large
set of geographically spaced and distinct environments was no
longer available all at the same time as they once were. A similar
scenario could explain speciation slowdowns among OW crotali-
nes with new opportunities emerging with the forest expansion
in Asia. After OW pit vipers dispersed through the forests occupy-
ing the newly available opportunities, the speed of species forma-
tion would have decreased reflecting a drop in speciation rate. It is
important to note that we do not mean that after speciation slow-
downs environments remained stable or that new opportunities to
speciate stopped to emerge. Instead, environments are always
changing and new opportunities should always be available (Van
Valen, 1973). However, these new opportunities will emerge in a
slower rate and/or in much more local scales compared to previous
time periods.

A slowdown in speciation, however, does not necessarily imply
an association with niche divergence (Moen and Morlon, 2014). An
increase in the geographic ranges of lineages after their invasion of
new areas (new forested areas and/or the NW) could also be sub-
ject to successive vicariant events, and speciation due to isolation
may increase speciation rates (Moen and Morlon, 2014). In fact,
lineages with larger geographic distributions are more likely to
be dissected by geographic barriers (Rosenzweig, 1995) and at
least in theory, geographic isolation can lead to an increase in
diversification rates (Pigot et al., 2010). The successive division of
the larger ranges would produce many new species with smaller
ranges, which in turn would be less likely to be subdivided by
potential barriers causing speciation rates to decline (Moen and
Morlon, 2014). That is, bursts of speciation with subsequent slow-
downs could also be caused by purely geographic factors.

5. Conclusions

The phylogenetic relationships among vipers recovered well-
supported clades with most genera being monophyletic. However,
as in previous studies, we draw attention to the paraphyletic
position of Atropoides picadoi, Ovophis okinavensis and Trimeresurus
gracilis respective to their current genera, and to the non-
monophyletic configuration of Bothrops and Bothrocophias. Our
study helps to clarify previously problematic relationships
between Africa-Middle East taxa (e.g. Echis and Cerastes), and pro-
pose a highly supported Asian sister group for NW pit vipers. How-
ever, deeper nodes among NW pit vipers remain uncertain. Despite
adding new sequences of mitochondrial and nuclear genes, and
being able to recover several phylogenetic patterns suggested for
the Viperidae, we were not able to resolve some previous problem-
atic issues. We hope that our results help to guide future
taxonomic decisions (e.g. Ovophis okinavensis and Trimeresurus

gracilis) and sequencing efforts regarding poorly supported clades
(e.g. NW pit vipers).

Our date estimates suggested that vipers started to diversify
during the end of the middle Paleocene to middle Eocene epochs.
Until early Miocene pit vipers emerged and rapidly colonized the
NW. Moreover, date estimates for South American clades totally
agree with an earlier migration than the usually accepted date
for the emergence of the Isthmus of Panama.

Regarding diversification dynamics in vipers, our results would
suggest that vipers are still growing in species number because
speciation rates are higher relative to extinction rates. However,
extinction rates were estimated to be very low and seem roughly
constant through time. Extinction rates estimated from molecular
phylogenies are typically very low and extreme caution should
be taken when interpreting those estimates (Quental and
Marshall, 2010; Rabosky, 2010). Moreover, our results could not
recover with confidence the diversification scenario of the back-
ground regime, mostly comprised by the subfamily Viperinae.
However, irrespective of what is the true extinction rates and
diversity trajectory for vipers, our results undoubtedly suggest that
two diversification regimes are present and that at some point in
their history, vipers experienced a very high speciation rate that
was followed by a considerable decline. The evolution of the loreal
pits alone does not seem to explain this explosive speciation rates.
We suggest that the evolution of the loreal pits coupled with the
dispersion to new niches emerged as a consequence of climatic
and geological changes in Asia and the invasion of the NW may
have spurred the increase in speciation rates. Moreover, the drop
in speciation rates in this successful group of snakes may be a con-
sequence of the decrease in opportunities to speciate after their
rapid dispersion through the several available environments.
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