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RESUMO

A América do Sul possui a maior diversidade de deos (Mammalia,
Carnivora, Canidae) do mundo, contendo represagald seis géneros e um total de
10 espécies. O registro fossil indica que represges da familia Canidae teriam saido
da América do Norte e conquistado a América dodbuante o Grande Intercambio
Americano, ha cerca de 2,5 milhdes de anos. Estergse tenham ocorrido desde uma
Gnica até quatro invasdes independentes do cotgirgni-americano, sendo que o
namero exato é ainda motivo de controvérsias. Bogerestudos morfolégicos e
moleculares buscaram compreender as relacdesrfétigas entre os canideos, porém
ainda ha muitas incertezas, especialmente no quefese ao clado de raposas da
América do Sul formado pelo génergcalopex, que conta com seis espécies atuais.
Estudos recentes indicam que este género sofreu radiacdo muito rapida ha
aproximadamente um milh&o de anos, o que expldificaldade histérica em resolver
a filogenia destes canideos. Em virtude disto, estiedo buscou reconstruir as relacdes
filogenéticas e datar a divergéncia entre as esp@imponentes deste género, através
do uso de diferentes segmentos do DNA mitocon{méDNA), perfazendo um total de
6000 pb. Foram utilizados diferentes métodos denstcucao filogenética, e todas as
analises apoiaram a mesma arvore. Mdltiplos indndd de cada espécie foram
incluidos, viabilizando a avaliacdo da monofilia deda uma delas (incluindb.
sechurae, testado aqui pela primeira vez). Todas as espéfiemaram grupos
monofiléticos bem apoiados, corroborando seu remuntento como entidades
taxondmicas. Uma Unica excecdo a este padrédodmsenca de dois individuos de
vetulus provenientes de S&o Paulo portando mtDNA._dgymnocercus, indicando um
potencial caso de expansdo na distribuicdo desitmatllou hibridacdo entre estas
espécies. As analises de datacdo molecular indicgue o género iniciou sua radiagdo
evolutiva ha cerca de 1 milh&do de anos, corrobarastlidos anteriores que reportaram
uma origem muito recente para este grupo de camide@spéecie mais basal fhi
vetulus, seguida dé. sechurae, e o grupo mais interno contémculpaeus e L. fulvipes,
cuja divergéncia ocorreu ha apenas cerca de 390amm$. A partir dos padrdes
filogenéticos inferidos, discutimos hipéteses sabi@ogeografia historica do género,
buscando compreender este rapido processo de ificagdo endémico da regido

neotropical.
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ABSTRACT

South America harbors the greatest diversity oidsa(Mammalia, Carnivora,
Canidae) worldwide, containing representativesioigenera and a total of 10 species.
The fossil record indicates that canid represergatihave colonized South America
from North America during the Great American Biotiterchangeca. 2.5 million
years ago (Mya). Current hypotheses postulate leetwae and four independent canid
invasions to South America, with the exact numbemdp a recurrent topic for
controversy. Several morphological and moleculadists have attempted to unravel the
phylogenetic relationships among canids, but mangedainties remain. This is
particularly the case of the South American foxdelacorresponding to genus
Lycalopex, which comprises six extant species. Recent stuuie indicated that this
genus has undergone a very rapid radiaterone million years ago, which underlies
the historical difficulty in resolving the phyloggmf these canids. In this context, the
present study aimed to reconstruct the phylogemetationships among the species
comprised in this genus, as well as to date theierdences. We used multiple
segments of the mitochondrial DNA (mtDNA), encongiag a total of 6000 bp.
Several different phylogenetic methods were emmloweéth all trees converging on the
same inter-specific topology. We included multipfelividuals from each species,
allowing us the evaluation of the monophyly of eatlthem (includingL. sechurae,
tested here for the first time). All species fornveell-supported monophyletic clusters,
corroborating their recognition as taxonomic ees$iti The single exception to this
pattern was the identification of twa vetulus individuals sampled in S&o Paulo state,
Brazil, which bore mtDNA sequences that clustereithiwv the L. gymnocercus clade.
This result could indicate that gymnocercus is expanding its range in to Sdo Paulo
state, or else that these two species may by hybrgdin the wild. Molecular dating
analyses indicated that the genus began its radieéi. 1 Mya, corroborating earlier
studies which reported a very recent origin fos ttanid group. The most basal species
wasL. vetulus, followed byL. sechurae. The most internal cluster contaibscul paeus
and L. fulvipes, with our results indicating that they divergednfr each other ca.
390,000 years ago. On the basis of the reconstiydtglogenetic patterns, we discuss
hypotheses regarding the biogeography of this geminsng to understand the history
of its rapid diversification process in the Neotosp
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APRESENTACAO

A presente dissertacdo de mestrado, intituladaatf®els filogenéticas entre
espécies do génetgcalopex (Mammalia, Canidae) inferidas com o uso de manesdo
do DNA mitocondrial” foi desenvolvida como partesdeequisitos necessarios para
obtencédo do titulo de Mestre junto ao programa @e@®aduacdo em Zoologia da

Pontificia Universidade Catoélica do Rio Grande db S

Este trabalho teve como principais objetivos (ivestigar as relagbes
filogenéticas entre as espécies do génsmalopex (L. gymnocercus, L. vetulus, L.
sechurae, L. griseus, L. culpaeus e L. fulvipes) através do uso de marcadores do DNA
mitocondrial; e (i) estimar os tempos de divergérentre as linhagens identificadas,
contribuindo para reconstruir a historia evolutvbBiogeografica deste grupo.

Esta dissertacdo é apresentada no formato de arfigtifico a ser submetido ao

periddicoMolecular Phylogenetics and Evolution.
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Abstract

The canid genusycalopex includes six fox species that are endemic to South
America. Fossil and molecular evidence have indatahat this genus has undergone a
rapid and recent radiation after its entering int8cAmerica during the Great American
Biotic Interchange. Several recent studies havemgited to reconstruct the canid
phylogeny, showing that this genus is monophyldiig, its intrageneric relationships
have remained unresolved. In this study we haveesiigated the phylogenetic
relationships among the species comprised by thesjeycalopex, including tests of
species-level monophyly, as well as estimates wérdence times using a relaxed
molecular clock approach. To reconstruct the phsyy we used 6000 bp of
concatenated mitochondrial DNA (mtDNA) segments,playing the methods of
Maximum Likelihood, Maximum Parsimony, and Bayesi&nference. The three
methods converged onto the same tree topology, mbswvhose nodes received
considerably high support. All species were condéidnas monophyletic groups, some of
which exhibited interesting patterns of intra-sfieciphylogenetic structure. With
respect to inter-specific relationships, our resslipported.. vetulus as the most basal
species, having diverged from the remaining linsage 1.2 Mya. The second species
to diverge was the Pacific coast endetnicsechurae, followed by the pampas folx.
gymnocercus. The most internal group compriséd griseus and the sister-speciés
culpaeus andL. fulvipes, likely representing a very recent radiati@a. (430,000 years
old) that took place in southern Argentina and €hilhe estimated relationships and
divergence times allow for an improved inferencdaha biogeographic context of the

speciation events that led to this rapid Neotrdpiadiation.



1. Introduction

The reconstruction of phylogenetic relationshipsthimi groups that have
undergone rapid radiation is a major challengédéprocess of inferring the tree of life
on Earth. Several studies have shown how problentas to work with these groups,
as exemplified byPalinurus (Decapoda) (Palero et al. 200%rinus (Passeriformes)
(Arnaiz-Villena et al. 1999), triplefin blenniesgRiformes) (Carreras-Carbonell et al.
2005), Thomomys (Rodentia) (Belfiore et al2008), or South American deer (family
Cervidae) (Duarte et al. 2008). The main underlhdifficulty is related to the absence
of sufficient time to accumulate enough phylogesaly informative characters on each
branch, prior to the next round of cladogenesis.

Among mammals, carnivores (order Carnivora) seenbeooften prone to
exhibit a pattern of lineage rise and fall, wheeelohing clades are replaced by new
ones (Van Valkenburg 1999), thus providing an opputy for rapid evolutionary
radiation in the latter. Several recent examplethisf pattern may be inferred from the
fossil record and also from molecular phylogeneg.(Eizirik et al. 2010). Remarkable
cases of recent radiations in the Carnivora magelea in the families Ursidae (Waits et
al. 1999; Yu et al. 2007), Felidae (Johnson ek@06), Canidae (Lindblad-Toh et al.
2005; Perini et al. 2010) and Phocidae (Higdonl.e2@07, Davis et al. 2004), among
others.

Within the family Canidae, the South American gebysalopex seems to have
experienced a particularly rapid and recent raatiatiikely originating a mere 1.3 - 1.2
million years ago (Mya) (Perini et al. 2010; Tchaicet al. in prep). Due to its present
diversity, along with the occurrence of four othextant endemic canid species
(Cerdocyon thous, Chrysocyon brachyurus, Speothos venaticus and Atelocynus
microtis) South America is currently the possessor of tteatgst diversity of Canidae
worldwide. Fossil evidence indicates that this grantered South America coming
from North America during the Great American Biotitterchange (GABI), which
happenecta. 2.5 Mya, after the closure of the Panamanian lamdge (Eisenberg &
Redford 1999; Woodburne 2010). Their subsequentuggoary success is possibly
related with an apparently unoccupied ecologicacspin South America, which
resulted in a rapid adaptive radiation (Van Valkegh1999). Previous phylogenetic
studies have suggested that the immigration ofdsate South America has occurred in
different episodes (e.g. Wayne et al. 1997), pbgsivolving as many as two ancestral
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fox lineages and two additional grougzh(ysocyon andSpeothos). More recent studies,
however, have supported topologies in which all tBoAmerican genera form a
monophyletic group (e.g. Lindblad-Toh et al. 200%)sing the possibility that a single
immigrant species might have led to this endenateon (Eizirik, in press). A recent
molecular dating analysis has estimated that tkallmhversification of South American
canids occurred ca. 4 Mya, preceding the GABI aundgssting that at least two
independent lineages would have entered the contifRerini et al. 2010). One such
lineage would be the ancestor of the fox ger@alocyon, Atelocynus andLycal opex,
and the precursor of the rapid radiation that tplalkce within the latter.

The genud.ycalopex is currently thought to comprise six extant spggmEampas
fox (L. gymnocercus), hoary fox (. vetulus), chilla (L. griseus), culpeo L. culpaeus),
Darwin’s fox (. fulvipes) and sechuran foX_( sechurae) (Wozencraft 2005)They are
widespread in South America (Figure 1) and genemadicur in grasslands, with the
exception of Darwin’s fox, which occurs in temperatainforests in a restricted
distribution including Chiloé Island and Nahuelbitational Park in Chile (Yahnke et
al. 1996, Vila et al. 2004). The sechuran fox is $imallest species of the genus and is
restricted to the Pacific coast of Peru and sousteve Ecuador. The hoary fox is
associated with the Brazilian Cerrado biome, wthike pampas fox occurs in southern
Brazil, eastern Bolivia, western Paraguay and easdegentina (see Figure 1). The
culpeo fox is the largest of these species, andrecalong the Andes from southern
Colombia to southern Chile. Finally, the chilla fpresents considerable range overlap
with the culpeo, and occurs on both sides of thde&nfrom northern Chile to Tierra
del Fuego (Eisenberg and Redford 1999).

Several authors proposed different classificatiforsthe Lycalopex species:
Cabrera (1958) included some of these speciesigehudDusicyon; Langguth (1975)
classified them withirCanis; both Berta (1987) and Wozencraft (1993) inclutieem
in Pseudalopex. Finally, these species were all classified withycalopex by Berta et
al. (1987) and Zrzavy & Ricankova (2004), given thew that they formed a
monophyletic assemblage and that this name repsetien oldest genus in the cluster
(described by Burmeister in 1854 for the hoary f&)bsequently, the use lojcal opex
for this group has been supported by Wozencraf0g20and we follow the same
scheme here.

The difficulty in resolving the evolutionary relatiships among these fox

species has been remarkable, especially givenueralb effort placed historically on
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resolving the phylogeny of the Canidae. Canid pigteetics has been a research focus
for a relatively long time, including several steslithat used different approaches and
character sets, such as morphology (Berta, 198dfofek et al. 1995), allozymes
(Wayne & O’Brien 1987), cytogenetics (Wayne et &B87a,b, Nash et al. 2001),
mitochondrial DNA (mtDNA) sequences (Wayne et1£197), and multi-locus nuclear
DNA sequences (Bardeleben et al., 2005, Lindblad-@toal. 2005). In addition, recent
analyses have combined large morphological and culale data sets (Zrzavy &
Ricankova 2004; Perini et al 2010), but still fdile® resolve several nodes within the
Canidae, including the relationships amduygal opex species.

In most studies addressing phylogenetic questiomsinids, only one individual
per species was sampled, precluding an assessihspedes-level monophyly. The
main exceptions for the caselofcalopex were the studies by Yahnke et al. (1996) and
Vila et al. (2004), which analyzed multiple indivis each of the chilla, culpeo and
Darwin’s foxes. Interestingly, these studies did support the reciprocal monophyly of
the chilla and culpeo, while that of Darwin’s foxasvrecovered. In a more recent study
based on mtDNA control region sequences, Tchaitkd. €in prep), analyzed several
individuals for each species excéptsechurae, and found support for their monophyly,
although inter-specific relationships could notrblkustly resolved.

Given the extreme difficulty in resolving the rédatships withinLycalopex,
even with the use of large nuclear data sets dimgisf >15kb of DNA sequences (e.g.
Lindblad-Toh et al. 2005), we have concluded thatsh and important step would be
to produce a robust phylogeny of the group basedhenmitochondrial DNA. The
MtDNA has been the marker of choice to resolve gisties underlying rapid and
recent radiations, and has often been shown toupeotetter resolution in these cases
when compared with other molecular markers (e.getval., 2007, Davis et al. 2004,
Delisle & Strobeck, 2002). This is an expectedgrattgiven the well-known features
of the mtDNA such as maternal inheritance, absesicgecombination and high
substitution rates (Avise et al. 1987). As a consege, mtDNA segments can be easily
concatenated without the issues arising from gegezdl discordance (e.g. differential
lineage sorting) that seriously affect equivalentclear data sets. This allows the
construction of large supermatrices that sharestime genealogical history, and could
contain sufficient phylogenetic information to reaothe sequence of divergence events
that characterize a rapid and recent radiatiorhcdgih such mtDNA resolution cannot

be claimed to necessarily be identical to the g§gegenealogy, it can serve as a baseline
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for further data collection and analysis (e.g. gsspecies tree methods), and also lend
itself to direct interpretation, including the @esétion of divergence dates and the
assessment of alternative biogeographic hypothdseasis study, we have generated
and analyzed a rather large mtDNA supermatrix ihiclg multiple individuals for each

of the currently recognizetlycalopex species. Several phylogenetic analyses have
converged onto a robustly supported topology fa ¢ienus, which has allowed an

improved assessment of its evolutionary history.

2. Materials and Methods

2.1. Sample Collection

Biological samples (blood and tissue) were coliécteom 55 Lycalopex
individuals and nine specimens from the closelatesl speciesCerdocyon thous,
Chrysocyon brachyurus and Speothos venaticus (Table 1). Blood samples were
collected from wild animals captured for ecologictlidies and also from captive
individuals with known geographic origin, in botlases being preserved in a salt-
saturated solution (100mM Tris, 100mM EDTA, 2% SDS$)ssue samples were

obtained from road-killed specimens and maintaine26% ethanol.

2.2. DNA extraction, amplification and sequencing

DNA extraction was conducted using a standard pbarioroform protocol
(Sambrook et al. 1989), followed by verificationinfegrity and concentration on 1%
agarose gels stained with GelRed (Biotium). We #radl via the Polymerase Chain
Reaction (PCR) six different mitochondrial DNA segnts (Table 2): (i) the 5’ portion
of the control region; (ii) the 5’ portion of theytocrome oxidase ¢ subunit | (COI)
gene; (iii) the completecytochrome b (cyt-b) gene; and (iv-vi) three overlapping
fragments (named ‘7mt’, ‘8mt’ and ‘9mt’) proposey Delisle & Strobeck (2002) as
part of a strategy to amplify and sequence whol®chbndrial genomes of carnivore
species. The contiguous segment produced whemgpthese three fragments includes
complete or partial sequences of the gegd@H1, ND3, ND4L, ND4 andND5, as well
as tRNAsGIy, Arg, His, Ser andLeu.



Initial PCR reactions employed previously availaptener sets that amplified
medium to large fragments, except for ttyochrome b gene, for which we used a
novel set developed here to span its entire codiggn (Tables 2 and 3). Subsequent
cyt-b reactions also used the primer sets reportedviiy ket al. (1991), which amplify
the gene in two overlapping sub-fragments. In thgecof segments 7mt and 8mt, we
used initial Lycalopex sequences to design four additional primers faheaf them
(Table 3), which served as internal sequencing gnsnas well as to directly amplify
sub-fragments spanning approximately 700bp eachségment 9mt, we designed one
internal primer (see Table 3), and also utilizeidnpr ND5-DR1 (Trigo et al. 2008) for
amplification and sequencing within this regiomd ourND5 fragment was contained
within the 9mt segment, and that the original priset ND5-DF1/DR1 often amplified
nuclear mtDNA copiesnunts) in several of these canid species (not shownynastly
used sequences derived from the 9mt segment to ttaseyene.

PCR reactions were performed in auROfinal volume containing 0.2u Taq
Platinum (Invitrogen), 1x Buffer (Invitrogen), OV each of the forward and reverse
primers, 0.1 mM dNTPs and 1.5 mM MgGobr all segments except f@OI (in which
case we changed the concentrations of dNTP and M@C0.2 mM and 2.5 mM,
respectively). The thermocycling conditions folla@vwiose described by Tchaicka et al.
(2007)i.e. a touchdown PCR that begins with 10 cycles (tooehd decreasing the
annealing temperature from 60°C to 51°C (45s pelegyfollowed by 30 cycles with
50°C annealing temperature for 30s. In every dasegdenaturing step was 45s at 94°C,
and the extension step was 1.5 min at 72°C. PCHRuptse were verified on a 1%
agarose gel stained with GelRed, and subsequeutiffepl using a protocol based on
precipitation with ammonium acetate and isopropaWée sequenced both strands of
each purified PCR product using the DYEnamic ET (GE Healthcare) and analyzed
them in a MegaBACE 1000 automated sequencer (GEHdage).

2.3. Data Analyses

Sequence electropherograms were verified and mignoatrected using the
software FinchTV (Geospiza). Consensus sequenckswérd and reverse strands, as
well as contigs derived from multiple overlappingads, were constructed using
Phred/Phrap/Consed (Ewing et al. 1998, Ewing & 6r#898, Gordon et al. 1998).
Resulting sequences were aligned using the Clust@lygrithm (Thompson et al.

8



1994), implemented in Mega 4.1 (Tamura et al. 20Bi7)he case of segment 7mt, only
the 3’ end (bound by primers 7mti-F3 and mtDNA7LAasaincorporated into the final
data set, as the remainder of the fragment couldadully covered with high quality
sequences for all taxa. Final alignments incorgaraine sequence eachCanis lupus
and Canis latrans, downloaded from GenBank (accession numbers AB2998and
DQ480510.1, respectively), to be used for calibratpurposes in divergence dating
analyses (see below). Alignments for each segment whecked by eye and edited if
necessary with MEGA. In the case of the controlaegwe observed that a 40-bp long
segment presented ambiguous alignment, and thiexgheded it from further analyses
(see table 4).

Exploratory analyses assessing levels of diveesity phylogenetic information
content within each segment were performed with ME®&d PAUP 4.0b10 (Swofford
2000). These included an assessment of the nunfbariable and phylogenetically-
informative sites per segment, presence of potgntiaformative indels, and also
preliminary phylogenetic analyses employing MaximBarsimony (MP) and distance-
based approaches, the latter using the Neighbamgp(NJ) algorithm (Saitou et al.
1987). Based on these initial analyses, we assasbether there was any strongly
supported phylogenetic conflict among segmentss thearing upon the decision of
concatenating them into a single supermatrix. Simceupported conflict was observed,
we concatenated all segments and performed alegulest analyses with this joint data
set.

We initially assessed whether identical joint hiyges of the sampled segments
were present in the supermatrix, and removed arpglicdtes, so that a single
representative of each sequence was used for mngdtig inferenceFinal phylogenetic
analyses were performed using three different agtiyncriteria: Maximum-likelihood
(ML), Maximum Parsimony (MP) and Bayesian Infereig8.

ML phylogenies were inferred with two different apaches, both of which
employed the best-fit evolutionary model estimabsthg ModelTest3.7 (Posada and
Crandall, 1998) under the Akaike Information Ciiter (AIC). One of the approaches
used the full data set and the software GARLI (&liQ006), which generated a
starting tree with stepwise taxon addition, and segbently performed branch-
swapping with the nearest-neighbor interchange JNMO subtree pruning regrafting
(SPR) algorithms. Nodal support was assessed with0 Inonparametric bootstrap

replications. The second ML approach was that implged in PAUP*, and used a
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pruned data set containing all of the ingroup amlgt €erdocyon thous sequences as the
outgroup (so as to speed up the computation, arehgdhat this species is clearly the
most immediate relative of the ingroup — see Rskulin this case, we initially
estimated a starting tree with NJ, and then comdluektensive branch-swapping with
the TBR algorithm. We then verified that an ideaticesult could be achieved with the
less computationally-intensive NNI branch-swappapgroach. Given this observation,
we estimated branch support for the PAUP* ML rumgsl0O0 replications with NNI
branch-swapping upon the starting NJ topology.

MP trees were also obtained with two different apphes. The first one used
PAUP*, with a heuristic search employing 50 regksaof random taxon addition
followed by tree-bisection reconnection (TBR) bitaussvapping. To assess nodal
support, we performed 100 bootstrap replicatioasheof which included 10 replicates
of random taxon addition, TBR branch-swapping, anshaximum of 1000 trees kept
per replicate. The second MP approach used theva@tTNT (Goloboff et al. 2008),
which employed the new technology search method®ecibrial search and tree fusion,
with 100 replicates, holding 10000 trees, and savii0 trees per replication. Nodal
support was assessed with 1000 bootstrap repliatio

Bl was performed with Beast 1.6.0 (Drummond and Baum 2007) with a
partitioned dataset, in which every segment waatdrte as an independent patrtition,
except for the five tRNA genes, that were concaszhanto a single partition, and the
COI and COIll genes, which were also joined into another partit{(Table 4).
Independent substitution and clock models werewatb for each partition, but their
tree topology was constrained to be identicalt asexpected that all mtDNA segments
should bear the same phylogenetic history. For eacttion, we implemented the best-
fit evolutionary model as estimated under the Al@hwMrModelTest2.3 (Nylander
2004). We ran the Markov chain Monte Carlo (MCMQpgess for 100 million
generations, with data sampled every 10,000 stepsexcluded the first 10% of each
run by considering it the burn-in phase.

We estimated divergence dates using the relaxecaular clock approach
implemented in Beast. We modeled the relaxed mi@dealock using the uncorrelated
lognormal option, allowing each partition to hateown rate. We used two calibration
points, and the priors were set as follows: (i)edgence betwee@Ganis and the south
American canids, using a uniform prior with a camaéve minimum time of 5.3 Mya

based on the first fossil appearanc&€afis (McKenna and Bell 1997) and a maximum
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time of 11.5 Mya (Eizirik et al. 2010); (ii) diveegce betweerCanis lupus and C.
latrans, using a uniform prior with a minimum, fossil-basage of 1 Mya (Kurtén and

Anderson 1980) and a conservative maximum of 3 Mya.

3. Results

We analyzed a total of 6,000 bp of the mtDNA, inlthg seven protein coding
genes (portions of th€Ol, COIll andND5 genes, and the complet®3, ND4L, ND4
andCytb genes), five tRNAs and the control region. Theggans were sequenced for
17 Lycalopex gymnocercus individuals, eightL. griseus, sevenL. culpaeus, six L.
fulvipes, four L. sechurae and 13L. vetulus, in addition to the following outgroups:
threeCerdocyon thous, threeChrysocyon brachyurus andthree Speothos venaticus. The
full data set contained 1,671 variable sites, 1,80@&hich were parsimony-informative
(Table 4).

Our preliminary analyses did not reveal any summbrihcongruence among
segments. In most cases, individual segments didasolve the relationships among
species with substantial or consistent support.edeer, they did not always support
the monophyly of all species (especially gymnocercus and L. culpaeus, which
presented a deeper intra-specific phylogeneticcttra — see below). Nevertheless,
some features of thieycalopex topology, such as a basal position forvetulus, were
apparent with most of the individual-segment phglags (not shown).

Final analyses, based on the concatenated datdedetop robust support for
species-level monophyly and consistent resolutibnthe Lycalopex inter-specific
topology (Figures 2-4). The best-fit model of satpee evolution estimated for the
concatenated data set was GTR+I+G, which was imgtésd in the ML analyses. The
reconstruction performed with GARLI retrieved agienML tree (InL: -22131.06802),
while PAUP* found two trees with identical scorell{ -15559.20359). Both
approaches led to the same resolution ot gwalopex topology, with considerably high
bootstrap support for species-level and supra-Spemdes (Figure 2 and Table 5).

The MP reconstruction in PAUP* found 270 equallysoaonious trees (length:
2889 steps), while the TNT analysis retrieved tres that were slightly longer (2908
steps). The strict consensus trees generated fotimamalyses were quite well resolved
(i.e. almost all the differences among the origimeés pertained to intra-specific tips),

and highly congruent with each other. Bootstrapsupwas considerably high for most
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nodes, including the majority of those defining @ps-level monophyly as well inter-
specific relationships (Figure 3).

For the Bayesian inference, the algorithm impleménin MrModeltest
identified the following models as providing thesbét to each of the segments: HKI+
G for COI+COIll andND3; HKY+I for ND4L; HKI+1+G for ND4, Control Region and
tRNAs; GTR+G forND5 and GTR+| forCytb (see table 4). These models were
implemented in the partitioned Beast run, whichdpiced a well-supported phylogeny
congruent with those retrieved by other methodgu(fe 4).

Overall, Lycalopex was supported as a monophyletic group with higimtin
support with all methods. Each of the six speciethe genus was also found to be
monophyletic:L. vetulus, L. sechurae andL. fulvipes received 100% support with all
methods, whileL. gymnocercus and L. griseus varied between 99% and 100%.
Interestingly,L. culpaeus received the least consistent support, varying éetw’5 and
98%. This was due to the relatively deep partiti@tween two divergerit. culpaeus
phylogeographic lineages (see below).

The inter-specific topology supported the hypothekatL. vetulus is the most
basal species in the genus (see Figures 2-4)estiegly, our results indicated that the
next divergence led to the little-known Pacific @ps L. sechurae, followed by L.
gymnocercus. The most internal clade was composed.bgriseus, L. fulvipes andL.
culpaeus, with the latter two being sister-species. Mostittgdse nodes received high
support, especially with the model-based methods avitd Bl (see Figures 2-4 and
Table 5).

The separation between gerlugalopex and the closest outgrougerdocyon
thous was estimated to have occurread 3 Mya (Figure 5). The coalescence age (as
estimated by the time to the most recent commorestoc - TMRCA) of genus
Lycalopex as a whole was estimated todae 1.2 Mya, wherlL. vetulus diverged from
the other lineages. The next divergence (thak.o$echurae) occurredca. 0.8 Mya,
followed by a very rapid succession of speciatioangs between 0.53 Mya and 0.39
Mya, which led to the formation df. gymnocercus, L. griseus, L. culpaeus and L.
fulvipes (see Figure 5).

In addition to the reconstruction of inter-specifedationships, some patterns of
within-species variation could also be observedecis-level coalescence age was
somewhat variable, ranging from 60,000 years aga féulvipes to 390,000 years ago

for L. gymnocercus (Figure 5, Table 6). The species presenting tlepels coalescence
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(L. gymnocercus andL. culpaeus) were also found to exhibit considerable intraesipe
phylogenetic structurd.. gymnocercus contains at least three well-supported clades,
identified here as Lgy-I to Lgy-lll (see Figure BdaTable 5). There was no precise
geographic signal in this structure, although ih d@e noted that clade Lgy-ll was
restricted to the northeastern portion of the s®eciange, by including haplotypes
sampled in the mountainous grasslands of Rio Grdond&ul state, Brazil (‘Campos de
Cima da Serra’ region), and the only currently Eadé sample from Parana state
(Brazil), supposedly the northernmost limit forsttpecies in Brazil. Interestingly two
additional haplotypes allocated in this clade wsaepled in individuals that were
phenotypically identified ak. vetulus (bPve328 and bPve353), and wild-caught in S&o
Paulo state, north of Parana, where this speciastiknown to occur (see Figures 1 and
2).

Also with respect to intra-specific structure, thevas a clear phylogeographic
pattern inL. culpaeus, with samples collected in Argentina and Chilenforg one well-
supported cluster (Lcu-l) and those collected inuFerming another (Lcu-Il) (Figure
2). There was also a possible phylogeographic npaiteL. griseus, with one well-
supported clade (Lgr-1) containing samples from teses Argentina (see Figure 1 and
Table 1), and another (Lgr-11) including samplesnir central-eastern Argentina and
Chile. Finally, L. vetulus also contained one sub-clade (Lve-l) that waserathell-
supported (see Table 5) and geographically resthi@s its contained haplotypes were
found only in samples collected in the northeast@razilian states of Maranhao and

Piaui.

4. Discussion and Conclusions

All phylogenetic methods retrieved the same inferesfic tree topology with
considerably high support, indicating that our degawas very consistent. This is the
first time that a consistent resolution of the tielaships among these six fox species is
achieved. The monophyly of the genus was highlypsetted, which is consistent with
previous studies (e.g. Zrzavy and Ricancova 2004gtlad-Toh et al. 2005; Prevosti
2010). Within the genus, the taxonomic status oks# Lycalopex species has been
controversial for many years (e.g. Langguth 1969 E/5; Zunino et al. 1995; Mendel
et al. 1990; Yahnke et al. 1996). Our results gjiypisupported for the monophyly of
each species, corroborating the view that this genaludes six extant species, as
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proposed by Berta (1985), Zrzavy and Ricancova4paad Tchaicka et al. (in prep). It
may be noted that this is the first time that thenophyly of the sechuran fox is
demonstrated with a molecular data set, as prevstuies did not include multiple
individuals of this species.

The position ofL. vetulus as the most basal species of the group was syrongl
supported, and corroborates the studies of Lindbladet al. (2005) and Tchaicka et al.
(in prep.). L. sechurae was found to be the second most basal lineaghergénus,
which is a novel finding. The position bf gymnocercus and the internal clade formed
by L. griseus as sister group th. culpaeus + L. fulvipes were variably retrieved in
previous studies, with no consistent resolutioneolsd in the literature. A common
arrangement is the placementlofculpaeus as a sister-group to. griseus, as observed
by Tchaicka et al. (in prep) and in the “total ende” analyses reported by Prevosti et
al. (2010), albeit with low support for this cladéahnke et al. (1996), using multiple
individuals each fronk. fulvipes, L. culpaeus andL. griseus, found this same cluster,
but L. culpaeus andL. griseus were not reciprocally monophyletic. Our findingath..
culpaeus is the sister-group ok. fulvipes was also reported by Vila et al. (2004),
although in their analysds. culpaeus was not completely monophyletic, with some
individuals clustering with_. fulvipes and others with.. griseus. This is therefore the
first study in which these species are retrievedmamophyletic entities, and their
phylogenetic relationships clarified.

Our results indicate that the speciatiorLgfalopex began during the Pleistocene
ca. 1.2 Mya, in agreement with the time frame inferbgdTchaicka et al. (in prep) (1.2
Mya) and Perini et al. (2010) (1.3 Mya). In lesartiL million years, all six species were
formed (see Figure 5), which helps explain theialifty in resolving their evolutionary
relationships. The speciation of the most inteiwiabter . griseus (L. fulvipes + L.
culpaeus)) was particularly recentcd. 0.43 Mya), and corroborates the estimate
reported by Yahnke et al. (1996), who dated therdience among these speciesas
0.27 to 0.66 Mya.

The resolution of the mtDNA phylogeny of this Ptetsene radiation allows some
attempts to interpret its biogeographic historyisltoften considered that Pleistocene
climatic changes have had important impacts orptiyogeographic structure of many
mammals (e.g. Avise et al., 1998), due to the glacycles that likely affected plant
communities, habitat composition and, as a consemehe geographic distribution of

mammalian species (MacFadden, 2006). During tms,tiSouth America went through
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cycles that included times when vast regions wereied by savanna, open-country
environments, which permitted the expansion ofrthesociated fauna (Stebbins, 1974,
Webb, 1977; Cartelle 1999). Such periods may ats@ hinduced the specialization of
the locomotor systems of vertebrates adapted t® kind of environment, which
permitted them to disperse more easily (Hildebrakf¥76), possibly allowing range
expansions into new regions. In contrast, thereewperiods when grasslands contracted
and forests expanded (Webb 1978; Vivo and Camign@®04), which may have
induced isolation among populations of open-habgpecies, possibly fostering
allopatric speciation. Such a system, when applogdlically to medium-sized
carnivores that are mostly adapted to open hatatatations, may have led to periods
of range expansion followed by geographic isolattbns inducing repeated episodes of
speciation.

The position of the hoary fox as the most basatisgeofLycalopex indicates that
the emergence of this genus may have occurredntratéSouth America, which is
dominated by savanna formations such as the BaazUierrado. This view agrees with
that of Langguth (1975), who proposed central Brasithe center of radiation for
Lycalopex, but is in contrast to that of Berta (1987), whiogmsed that their first center
of speciation was Argentina. The latter view wasduaon fossils attributed tb.
gymnocercus andL. vetulus that date from the Uquian (Late Pliocene — Plemste) and
Lujanian (Late Pleistocene), respectively. Bothaareould have played important roles
in the sequence of speciations that produced tbgeptLycalopex diversity, with the
first event occurring in central South America, d@hd final set of quick divergences
likely occurring in Argentina and/or Chile. In coas$t to these classical views, an
intriguing result was the basal positionlofsechurae, which was the second lineage to
diverge in this genus (see Figure 2). This poorign species occurs in open habitats
near the Pacific coast of Peru and Ecuador, andhaag become isolated after a trans-
Andean colonization process. The current geogragdistributions of the remaining
species (see Figure 1), along with our reconstdudtgology, suggest that their
ancestors remained east of the Andes, and thatetkteround of speciation (leading to
the separation oE. gymnocercus from the others) may have occurred in Argentina.
Given the present distribution bf griseus (and the paucity of fossils from this group as
a whole), it is difficult to infer whether its dixgence took place in Argentina or Chile,
but it is possible that Andes-associated environtmbave also acted as barriers in this

case. Finally, the event separatingculpaeus from L. fulvipes likely occurred west of
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the Andes, and may have been a case of parapag¢ie@son, with adaptive divergence
driving the differentiation between the two speci&sch hypotheses can be assessed in
the future with expanded molecular, morphologicatl eecological data, so as to
characterize in more detail the evolutionary higtirthis group.

In addition to resolving the mtDNA phylogeny amahg extantLycalopex species,
our data set also revealed some interesting casastra-specific phylogeographic
structure in this group (see Figure 2). Tchaickalefin prep) had already observed two
well-supported clades of pampas foxes, which wemstiy (but not completely)
restricted to the southern and northern grasslagidms of Rio Grande do Sul (RS)
state, Brazil. In our study we also observed alampiattern, but found a more complex
phylogeographic structure for this species (FigRyelndividuals from cluster Lgy-I
were sampled in Argentina and also in both the st and northern regions of RS
state, as well as in the adjacent Brazilian stdt&anta Catarina (SC). Its internal
phylogenetic pattern suggests that further strecinay exist here (as the Argentinean
sample was divergent from a Brazilian sub-clustang should be investigated with
additional sampling.

Cluster Lgy-Il was found to be restricted to north®S, PR and Sao Paulo (SP)
states, possibly representing a lineage endentletaltitude grasslands that were once
surrounded by Atlantic Forest. The presence in itlisster of two individuals
morphologically identified ak. vetulus is quite remarkable, and could be explained by
two alternative hypotheses: (i) gymnocercus actually occurs in SP state (which would
imply a revision of their currently accepted geqdma distribution), and the individuals
were misidentified upon sample collection; or (hese individuals could be hybrids
between the two species, thus bearingretulus morphology and an introgresséd
gymnocercus mtDNA haplotype. Both of these hypotheses warramidepth
investigation, and should be the focus of morerestte sampling efforts targeting these
foxes in SP state. It may be noted that both ofahexplanations may contain an
underlying anthropogenic effect. In the former, finesence of pampas foxes in SP state
may quite recent, and derive from an ongoing irasif human-induced open habitats
(e.g. pastures, grasslands) that were formerlyreolviy Atlantic Forest and thus likely
inadequate for this species. Likewise, the hybation hypothesis may also imply an
anthropogenic process, Bsgymnocercus andL. vetulus are both open-habitat species
that were likely isolated from each other by a brewath of Atlantic Forest. Given the

extreme deforestation process that has affectest&8® and adjacent regions in the last
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few centuries, we can postulate that there could Ib@ continuous open habitat joining
their historical ranges, which may allow contactl grossibly hybridization between
them. If affirmed by additional analyses, the aoffmgenic impact under either of these

scenarios would raise important conservation carscergarding these species in Brazil.
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Table 1: Samples analyzed in this study. Identifice numbers correspond to those
depicted in Figures 2-5. Superscript numbers indttéor each geographic origin refer
to localities indicated in Figure 1. Asterisks icalie approximate coordinates based on
the municipality of origin for each sample.

Sample

Geographic Coordinate

Species Identification Geographic Origin Inét(')t#tt;cc):] /
Number X Y Zone
C. B. Kasper,
M. F.
bPcu01 La Negra — Argentinat 379811 5605006 19H Rodrigues
C. B. Kasper,
Lvcal Embalse Alicura — M. F.
YCAIOPEX  hpey02 Argentina? 328469 5490460 19G  Rodrigues
culpaeus M. Roca, M.
bPcu03, bPcu04, Cardenia, L.
bPcu05, bPcu06 Marcona — Perus 498204* 8336155* 18L* Oliveira
Parque nacional
bPcu07 Nahuelbuta - Chile* 701031* 5813918* 18H* W. Johnson
Lycalopex bPfu01, bPfu02, _
fulvipes bPfu03, bPfu04, Parque NaC|0naI_ .y
bPfu05, bPfu06  Nahuelbuta - Chile 701031* 5813918* 18H* W. Johnson
C. B. Kasper,
La Tranca - M. F.
bPgrol Argentina® 672430 6417311 19H Rodrigues
C. B. Kasper,
Chos Malal - M. F.
L}g/;?slggsex bPgro2 Argentina® 405228 5782986 19H  Rodrigues
bPgr03, bPgr04, Parque nacional
bPgro5, bPgro6  Nahuelbuta - Chile* 701031* 5813918* 18H* W. Johnson
C. B. Kasper,
Benito Juarez - M. F.
bPgr07, bPgr08  Argentina’ 243769 5850621 21H  Rodrigues
Porto Alegre - Rio
Lycalopex
gymnocercus Gran%e do Sul (RS) -
bPgy50 Brazil 478419* 6672799* 22J* J. Koeneman
C. B. Kasper,
Camaqua (RS) — M. F.
bPgy52 Brazil® 438974 6597533 22J  Rodrigues
C. B. Kasper,
Capéo do Ledo (RS) - M. F.
bPgy53 Brazil* 344550 6471076 223  Rodrigues
Bom Jesus (RS) -
bPgy55 Brazil 527799 6867148 22J  C.B. Kasper
Bom Jesus (RS) -
bPgy58 Brazil** 528423 6867429 22J  C.B. Kasper
Campo Belo do Sul -
Santa Catarina (SC) - C. B. Kasper,
bPgy61 Brazil* 518871 6917319 22J M. Piccoli
Rio Grande (RS) -
bPgy62 Brazil ** 366426 6439298 22H  C. B. Kasper
Arroio Grande (RS) -
bPgy63 Brazil 315508 6442605 22H  C. B. Kasper
Jaguarao-Pelotas C. B. Kasper,
bPgy64 (RS) — Brazil M. F.Rodrigues
Arroio Grande (RS) -
bPgy66 Brazil** 303696* 6431792* 22H* C. B. Kasper
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Lycalopex
sechurae

Lycalopex
vetulus

bPgy67

bPgy72
bPgy73
bPgy77

bPgy80

bPgy83

bPgy84
bPse-01
bPse02, bPse03

bPse04

bPvel0

bPvel3

bPvel4d
bPvelb
bPvel6
bPve307,
bPve309,
bPve310

bPvel8

bPve322

bPve327

bPve328

bPve353

Arapoti - Parana (PA)
— Brazil®

Anita Garibaldi -
Santa Catarina (SC) -
Brazil*®

Bom Jesus (RS) -
Brazil

Bom Jesus (RS) -
Brazil

Bom Jesus (RS) -
Brazil

Alegrete (RS) —
Brazil'’

Azul - Argentina18
Peru®
Peru®

Peru®®

Goias (Go) - Brazil®
Balsas - Maranhao
(MA) - Brazil**
Benedito Leite -
Maranhao (MA) -
Brazil®

Loreto - Maranhao
(MA) - Brazil®®
Piaui (PI) — Brazil
Nova Xavantina -
Mato Grosso (MT) -
Brazil**

Brazil

Campo Grande -
Mato Grosso do Sul
(MS) - Brasil®
Ribeirdo Preto - Séo
Paulo (SP) - Brazil*®
Sao José do Rio
Preto - Sdo Paulo
(SP) - Brazil*’
Piracicaba - Sao
Paulo (SP) - Brazil*®

618549*

487433*

528364

527754

528430

534115

239503

502363

519591

732337

383846*

547833*

483432*

605803*

335290*

739627*

207439*

668253*

229509*

7330515*

6936920*

6867423

6868189

6867106

6689997

5897935

9557449

9575604

8246068

9168080*

9202279*

9217044*

9154815*

8360817*

7714545*

7654825*

7699139*

7485446*

22J*

22J*

22]

22]

22]

21J

21H

17M

17M

22L

23M*

23M*

23M*

23M*

221

21K*

23K*

22K*

23K*

M. H. N. Capéo
da Imbuia
Fundacéo
Zoobotanica do
RS

C. B. Kasper
C. B. Kasper

C. B. Kasper
C. B. Kasper,
M. F.
Rodrigues

C. B. Kasper,
M. F.
Rodrigues

F. Angulo, L.
Oliveira

F. Angulo, L.
Oliveira

F. Angulo, L.
Oliveira

F. Grazziotin,
A. Garda

C. B. Kasper

C. B. Kasper

C. B. Kasper
C. B. Kasper

CENAP/
ICMBio
CENAP/
ICMBio

CENAP/
ICMBio

CENAP/
ICMBio

CENAP/
ICMBio

CENAP/
ICMBio
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Table 2: Mitochondrial DNA segments amplified aedjgenced in this study.

Segment PCR/sequencing Reference
Primers
Cytocrome oxidase ¢ LCO1490 / HCO2198 Folmer et al (1994)
subunit | (COI)
Control region (D-Loop)  MTLPRO2 / CCR-DR1 Tchaicka et al. (2007)
Cytochrome b (cyt-b) Cytb-DF1 / Cytb-DR1 This study
L14724/ H15494 Irwin et al. (1991)
L15162/ H15915
ND5 ND5-DF1/ ND5-DR1 Trigo et al. (2008)
7mt mtDNA7H / mtDNA7L Delisle & Strobeck (2002)
8mt mtDNASH / mtDNASL Delisle & Strobeck (2002)
Imt MtDNA9H / mtDNASL Delisle & Strobeck (2002)

Table 3.PCR/sequencing primers generated in this study.

Segment Primer Primer (5’ - 3’)
Cytb Cytb-DF1 TCTCACATGGAATTTAACCATGA
Cytb-DR1 GAATTTCAGCTTTGGGTGCT
7mti-R1 CAAGTAATAGATACTCCGGAGGCTAG
Tmt 7mti-F2 ACCATACCCCTATCGTACAAAAAG
7mti-R2 CATGGGGTCAAAACCACATT
7mti-F3 CCGCTGCATGATATTGACA
8mti-R1 CTACTAGGAGTGGGAGGGATCCT
8mt 8mti-F2 ACCACTATTAGCACTTACAACATGACT
8mti-R2 AGTACGGCTATGGATTCGTTC
8mti-F3 GTAGCGGTTCTTATTCAAACACC
9mt 9mti-F2 GCAAATACAGCTGCCCTACAAGC
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Table 4. Data set features. N: Number of sequemedntiduals; L: Length of the
sequenced segment; V: variable sites; PIl: parsiamgioymative sites; EM:
evolutionary model estimated for each partition.

Full data set Ingroup only
Partition N L (bp) Vv PI Vv PI EM
Col&lll 59 715%* 180 154 53 44 HKY+G
ND3 38 347 104 77 29 24 HKY+G
ND4L 60 297 82 71 27 21 HKY+
ND4 65 1372 417 360 165 124 HKY+I+G
ND5 66 1197 369 319 146 112 GTR+G
Cytb 64 1139 316 255 135 96 GTR+I
CR 63 596** 153 129 103 87 HKY+I+G
tRNAs 63 337 50 34 17 12 HKY+I+G
Concatenated 56 6000 1671 1399 675 520 GTR+I+G

*COl spanned 676 bp a@DIIl spanned 39 bp.

**After exclusion of 40 bp presenting ambiguougalinent.

Table 5: Support values obtained with differentlpggnetic methods for nodes marked
with letters A — M in Figures 2 — 4.

MP ML
Node PAUP TNT PAUP Garli Beast
100 99 99 100 100
91 83 96 97 100
100 99 99 100 100
100 99 99 99 100
100 100 100 100 100
70 69 87 83 100
100 99 100 100 100
94 87 93 97 99
96 90 90 94 100
100 99 100 100 99
55 55 76 86 100
81 81 75 92 98
86 81 83 83 100

S TASTIOMTMMOO®X

Table 6: Estimation of the times of origin (timetlee most recent common ancestor —
TMRCA) for genud_ycalopex, as well as each of the analyzed species.

TMRCA
L. L. L. L. L. L.
Lycalopex vetulus sechurae gymnocercus griseus culpaeus fulvipes

Mean 1.17 0.17 0.09 0.39 0.21 0.35 0.06
95% HPD
lower 0.88 0.12 0.05 0.29 0.14 0.25 0.03
95% HPD
upper 1.52 0.23 0.13 0.51 0.29 0.47 0.10
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Figure Legends:

Figure 1. Maps depicting the currently recognizeshges forLycalopex species
(following Patterson et al. 2007). A) Sampling lboas are indicated by the
following symbols:l = L. culpaeus, ® = L. gymnocercus; A = L. vetulus; A =
indicate the locales of origin df. vetulus individuals whose mtDNA lineages
clustered within thé&. gymnocercus clade (see Results and Figure 3); B) Sampling
locations are indicated by the following symbd@s= L. sechurae; ® =L. griseus;

A= L. fulvipes;, * indicates two areas of distribution bf fulvipes. The numbers
are related with the geographic origin listed irbl€al. The diameter of each
symbol is proportional to the sample size at eachtlon. Maps were drawn using
the software DIVA-GIS version 7.3.0 (Hijmans et2005).

Figure 2. Maximum likelihood phylogram of genlgcalopex estimated with GARLI.
Bootstrap values shown above and below branches gadculated with GARLI
and PAUP, respectively. Support values for letteredes are given in Table 5.
Sample identification numbers faycalopex species correspond to those listed in
Table 1. Outgroup species are identified by thisfahg sample codes: ‘bSve’ for
Speothos venaticus individuals, ‘bChbr’ forChrysocyon brachyurus, and ‘bCth’ for
Cerdocyon thous. Colored bars indicate species-level clades, whhasees are
indicated on the right. Supported intra-specifi®MA clades are also indicated
(e.g. Lgy-I withinL. gymnocercus). Individuals phenotypically identified ds
vetulus but bearind-. gymnocercus mtDNA haplotypes (see Results) are indicated
by purple circles.

Figure 3. Maximum parsimony phylogeny of geriysalopex. Strict consensus of 270
equally parsimonious trees (length: 2889) retriewgith PAUP*. Values above
and below branches represent bootstrap support echpvith PAUP and TNT,
respectively. Support values for lettered nodesgaren in Table 5. See Figure 2
and Table 1 for sample identification codes.

Figure 4. Bayesian phylogeny of South American $o&€genud.ycalopex, generated
with Beast 1.6.0. Values above branches indicate Bayesian posterior
probability (expressed as percentages) of the afafieed by the adjacent node.
The asterisk indicates a posterior probability teld.50. Support values for
lettered nodes are given in Table 5. Species-laenagiches are colored as in Figure
2.

Figure 5. Bayesian chronogram for South Americaxe$o Values above branches
indicate the age of the adjacent node, while thbs®w branches are the
respective 95% credibility interval (based on tl&mMHighest Posterior Density
[HPD] range). Letters indicate nodes whose aggstied in the inset box. Species-
level branches are colored as in Figure 2.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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