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Abstract We have used coalescent analysis of mtDNA

cytochrome b (cyt b) sequences to estimate times of

divergence of three species of Alouatta—A. caraya,

A. belzebul, and A. guariba—which are in close geographic

proximity. A. caraya is inferred to have diverged from the

A. guariba/A. belzebul clade approximately 3.83 million

years ago (MYA), with the later pair diverging approxi-

mately 1.55 MYA. These dates are much more recent than

previous dates based on molecular-clock methods. In

addition, analyses of new sequences from the Atlantic

Coastal Forest species A. guariba indicate the presence of

two distinct haplogroups corresponding to northern and

southern populations with both haplogroups occurring in

sympatry within Sao Paulo state. The time of divergence of

these two haplogroups is estimated to be 1.2 MYA and so

follows quite closely after the divergence of A. guariba and

A. belzebul. These more recent dates point to the impor-

tance of Pleistocene environmental events as important

factors in the diversification of A. belzebul and A. guariba.

We discuss the diversification of the three Alouatta species

in the context of recent models of climatic change and with

regard to recent molecular phylogeographic analyses of

other animal groups distributed in Brazil.
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Introduction

Paleopalynological evidence suggests that Neotropical

forested areas have been very dynamic. Although the

Atlantic and the Amazon forests were connected in the past

(Oliveira-Filho and Ratter 1995; Vivo 1997), they became

separated as increasing aridity in the tertiary period trig-

gered the development of a belt of xeromorphic formations

between them (Bigarella et al. 1975). There seemed to be a

predominance of arboreal vegetation during most of the

Pleistocene, with Amazon and Atlantic forest tree species

in areas that today lie in the semi-arid Caatinga formation

that separates these two biomes (Ledru 1993; de Oliveira

et al. 1999). These climatic fluctuations and associated

vegetation changes are very likely to have been important

in shaping the patterns of distribution and diversification of

the forest-associated fauna.

The genus Alouatta, which comprises the Neotropical

howler monkeys, is the most widely distributed of all New

World monkeys. The genus extends from southern Mexico

to northern Argentina, from sea level to over 2300 m, and

in wet evergreen to highly seasonal semi-deciduous habi-

tats (Crockett and Eisenberg 1987; Crockett 1998).

According to Groves (2001) there are ten species of howler
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monkey, with eight of these species having distributions

within South America. Species occur in tropical and sub-

tropical environments but are absent from the Andes cor-

dillera and the dry diagonal of savannah-like and xeric

formations of Brazil. Because most of the species occur in

fragments of forest (Crockett 1998), these monkeys seem

to have a high tolerance for habitat disturbance; thus, only

drastic environmental disturbances are likely to cause

howler monkeys to disappear from an area. As a result,

allopatric speciation would presumably take place only

across strong barriers to dispersal.

In Brazil there are three species of howler monkey

separated by a savannah-like formation (the Cerrado):

Alouatta caraya (the Black howler), A. guariba (the Brown

howler) and A. belzebul (the Red-handed howler) (Fig. 1).

A. caraya occurs west of the Paraná River in the wet areas

of northeast Argentina into Bolivia, Paraguay, and the

midwest of Brazil along the Paraguay River. A. guariba is

distributed entirely within the Atlantic forest, from south of

the state of Bahia to the south of Brazil, and is limited by

the Paraná River to the west. A. belzebul has a disjunct

distribution, occupying a large area of the Pará (between

the Tapajós and Tocantins rivers) and Maranhão states in

the west, but with an isolated or relict population in the

Atlantic forest in Pernambuco state in the east. The western

and eastern populations of A. belzebul are separated by

over 1200 km of dry, open formations (Hill 1962).

Most molecular phylogenies are in agreement concern-

ing phylogenetic relationships among the three species

(A. caraya, A. belzebul and A. guariba). A. belzebul and

A. guariba are hypothesized to be most closely related and

A. caraya is believed to occupy a sister group position to

this clade. These results are supported by analyses of

mtDNA sequences (Bonvicino et al. 2001; Cortés-Ortiz

et al. 2003; Villalobos et al. 2004) and analyses of

sequences of two nuclear genes, c1-globin pseudogene

(Meireles et al. 1999) and calmodulin (Cortés-Ortiz et al.

2003). In contrast, a phylogenetic analysis of chromosomal

morphology indicated that A. caraya and A. belzebul

shared synapomorphic traits to the exclusion of A. guariba,

possibly pointing to a sister group relationship between

A. caraya and A. belzebul (de Oliveira et al. 2002).

Despite the disjunct distribution of A. belzebul, the

single phylogeographic study of this species based on

cytochrome b (cyt b) sequences could not detect geo-

graphic structure (Nascimento et al. 2005). In A. guariba,

which today has a continuous distribution within the

Atlantic Forest, Harris et al. (2005) described two distinct

Fig. 1 Map showing the distribution of the three species studied and

the specimen sampling locations (filled circles). In detail, political

map of South America indicating the Brazilian states mentioned in the

text: Espı́rito Santo (ES), Goiás (GO), Mato Grosso (MT), Pará (PA),

Paraná (PR), Pernambuco (PE), Rio de Janeiro (RJ), São Paulo (SP),

and Santa Catarina (SC)
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mitochondrial lineages representing northern and southern

ranges of this species with a contact zone in the state of São

Paulo, near the Tropic of Capricorn. According to the

author, this result could be related to contraction and

expansion of the Atlantic Coastal Forest because of climate

changes. A phylogeographic analysis of A. caraya with

limited geographical sampling characterized the Brazilian

specimens as a monophyletic group but also found evi-

dence of a dynamic demographic history with possible

population expansion within central Brazil (Nascimento

et al. 2007a, b).

In recent years, coalescent approaches have become

fundamental in phylogeographic and population genetic

analysis (Avise 2009). A coalescent approach is a retro-

spective population genetic model developed within the

last 20 years that is based on probability, and traces gene

copies from different individuals within and between spe-

cies back to their single ancestral gene copy (Nordborg

2001; Wakeley 2008). Coalescent methods enable estima-

tion of multiple population parameters simultaneously with

reduced variance in the estimates (Rannala and Yang

2003). These parameters enable the testing of hypotheses

concerning the species’ demographic history and can

implement formal statistical tests with the use of simula-

tions. Studies on Neotropical monkeys so far have used

only classic phylogenetic, population genetics and diver-

gence-based molecular-clock methods for historical

inference.

Coalescent methods bring elements that are often

ignored in the other analyses. Molecular-clock-based

methods calculate time of divergence between the DNA

sequences that form the clades, not the time of divergence

between the biological entities (species/populations). The

most recent common ancestor (MRCA) of the DNA

sequences is likely to be present in the ancestral population

that gave origin to the extant species and is therefore older

than the species or populations (Edwards and Beerli 2000).

This means there is a time lag between the speciation event

and the MRCA of a particular gene. For deep-level phy-

logenies, this time lag is only a small fraction of the total

divergence time and can therefore be ignored. For recent

events, for example Pleistocene vicariant events, this time

lag can represent a substantial fraction of the estimated

time of divergence. It is necessary to discriminate between

substitutions that have accumulated before the species

divergence (ancestral polymorphism) and those after it

(Takahata and Satta 1997). Coalescent methods account for

this by implementing likelihood functions that discriminate

between these two classes of substitutions based on the

observed nucleotide variation within species/populations

(Rannala and Yang 2003). Therefore, coalescent methods

are recommended for estimating the timing of recent events

of speciation/population differentiation.

The objective of this research was to use published

and newly generated sequences of a mitochondrial marker

(cyt b) and coalescent-based methodology to:

1. estimate times of divergence of A. guariba, A. belzebul

and A. caraya;

2. estimate the time of divergence of the two lineages

within the species A. guariba;

3. compare new coalescent-based estimates with previous

estimates; and

4. use historical demography to investigate the processes

responsible for the patterns observed.

Results are discussed in the context of recent findings

concerning the dynamics of forest cover within the Atlantic

and Amazonian regions where the three howler species are

distributed, and in relation to new phylogeographic find-

ings from other animal species with similar distributions.

Methods

Sampling, DNA extraction and sequencing

We used cyt b sequences of A. guariba generated for this

study, and cyt b sequences previously published for the

three species. The total sequences used and their respective

GenBank accession numbers are given in the supplemen-

tary material. The 68 sequences from A. belzebul were

collected by Nascimento et al. (2005, 2007a). These

comprise 62 sequences from individuals from the left bank

of the Tocantins River where today there is a lake, formed

because of the construction of the Tucuruı́ hydroelectric

dam. We also used seven sequences from the small

Atlantic forest population of A. belzebul (Fig. 1). For

A. caraya, we analyzed 42 sequences originally collected

by Nascimento et al. (2005, 2007b) from three main

localities: Chapada dos Guimarães, Mato Grosso state,

Brazil and Serra da Mesa, Goiás state, Brazil and one

locality in Bolivia (Fig. 1).

For A. guariba we used a dataset of sequences from the

cyt b gene from 38 individuals from three Brazilian

states––Rio de Janeiro, São Paulo, and Santa Catarina––

that occupy a north-to-south relationship along the Atlantic

Coast. Half of the 38 sequences are new to this study and

the geographic details of these sequences are given in the

supplementary material. Methods for DNA extraction,

amplification and sequencing for A. guariba samples are

described by Harris et al. (2005). Our coalescent analyses

also incorporated 15 sequences published previously by

Harris et al. (2005) and geographic details of these samples

are described in that paper. In addition, we incorporated

four sequences of A. guariba published by Bonvicino et al.

(2001) and Cortés-Ortiz et al. (2003) that are derived from
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individuals from São Paulo and Rio de Janeiro states in

Brazil. All samples of A. guariba we analyze in this paper

are presumably attributable to the southern subspecies of

A. guariba known as A. g. clamitans (with A. g. guariba

being the northern subspecies). Kinzey (1982) and Rylands

et al. (1988, 1996) have hypothesized locations of the geo-

graphic boundaries between subspecies within A. guariba.

Samples of A. g. guariba from São Paulo were collected

under the auspices of the Brazilian govenmental organi-

zations DEPAVE (Departamento de Parques e Áreas

Verdes do Estado de São Paulo) and CEMAS (Centro de

Estudo e Manejo de Animais Silvestres, Instituto Florestal,

Fundação Florestal, São Paulo). All samples from Santa

Catarina were supplied by Projeto Bugio, FURB (Univer-

sidade Regional de Blumenau) by its director, Dr Zelinda

Hirano Braga. All extracted DNA samples are maintained

in the laboratory of one of the authors (CPK) in the De-

partamento de Biologia, Universidade de São Paulo, Brazil.

As outgroup sequences for analyses, from GenBank we

downloaded cyt b sequences from the closely related

genera, Ateles and Brachyteles (Steiper and Ruvolo 2003).

Sequences were aligned by eye using Se-Al (Rambaut

2000).

Phylogenetic and coalescent analyses

We used the software ModelTest (Posada and Crandall

1998) to select the best-fitting model of molecular evolu-

tion. The software selected the HKY model (Hasegawa

et al. 1985) with a gamma shape parameter of 0.1819 and a

Ti/Tv ratio of 11.77. We used this model to implement

maximum likelihood (ML) phylogenetic analysis using the

software Garli (Zwickl 2006). Bootstrap values for clades

(Felsenstein 1985) were estimated using 1000 replicates.

Additionally, we used BEAST (Drummond and Rambaut

2007) for Bayesian inference (BI) of the phylogenetic

relationships between species of Alouatta.

The first step in obtaining divergence times consisted of

calculating a mutation rate for the group. We used the

nucleotide divergence between the ancestor of Ateles and

Brachyteles with Alouatta as the calibration point. The date

for this split was set to 15 million years ago (MYA), a date

in accordance with several published papers using different

markers (Goodman et al. 1998; Schneider et al. 2001;

Cortés-Ortiz et al. 2003; Nascimento et al. 2005). We used

the HKY model (selected by ModelTest) to calculate

nucleotide divergence between the sequences used in this

study and cyt b sequences of Ateles downloaded from

GenBank. The resulting mutation rate was 5.5 9 10-9,

slightly higher than that calculated by Nascimento et al.

(2005) using uncorrected distances.

We divided coalescent-based analyses into two cate-

gories: interspecific and intraspecific. For interspecific

analyses, we used the software MCMCcoal (Rannala and

Yang 2003). This method is recommended for calculating

divergence times between closely related species. This

software implements a Bayesian Markov Chain Monte

Carlo algorithm for calculating population sizes (h = 4Nel
parameter) and divergence times (s) between closely rela-

ted species using a coalescent model that assumes no gene

flow. The software implements a Jukes-Cantor model of

sequence evolution (Jukes and Cantor 1969).

For calculating the time of separation between the two

major Atlantic forest haplogroups found to exist within the

species A. guariba, we used the software IM (Hey and

Nielsen 2004). The population parameters estimated were:

time of separation between populations (t), h of each

population (north and south) and the ancestral population,

and two migration rates (m1 and m2). This analysis was

implemented using a finite-sites model (HKY, identical

with the model obtained by ModelTest). We used 105

cycles as burn-in. All runs were carried over with over 1010

chains after burn-in, to ensure proper smallest effective

sample sizes (ESS) for the parameters and stable parameter

trendlines. Multiple runs were carried out for each dataset

using distinct random seeds to check for convergence of

the results. We also compared the log-likelihoods of

models that allow historical gene flow (m = 0) with

models that do not allow gene flow (m1 = m2 = 0), fol-

lowing Hey and Nielsen (2007). As a complimentary

analysis, we calculated times since divergence using a

non-coalescent approach developed by Takahata and Nei

(1985) based on the net-nucleotide divergence.

Additional analyses, including Fst calculations, the

neutrality tests Tajima’s D (Tajima 1989) and Fu’s F (Fu

1997), and estimations of time since expansion (Rogers and

Harpending 1992), were carried out using the software

Arlequin (Schneider et al. 2000). The neutral mutation

model makes several assumptions including a panmictic

population, the absence of selection and constant popula-

tion effective size (Kimura 1968). Neutrality tests are

capable of determining if the observed dataset is signifi-

cantly different from the expected pattern under a model of

mutation–drift equilibrium. When the marker is neutral

(i.e. has not experienced selection within the evolutionary

time frame of interest), statistically significant values from

neutrality tests indicate a violation of the neutral muta-

tional model caused by demographic processes. Popula-

tions that experienced a recent demographic expansion

from an ancestral population with small effective size are

expected to show significant negative values for the tests

implemented (Lessa et al. 2003). A significant departure

from neutrality also affects estimation of divergence times,

which is likely to bring the coalescent event closer to the

bottleneck event and losing information on demographic

events before the bottleneck (Wakeley 2008).
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Results

The results from our phylogenetic analyses are presented in

Fig. 2. The phylogenetic tree topologies resulting from

maximum likelihood and Bayesian Inference (using

BEAST) analyses were identical. Thirteen cyt b haplotypes

were found for A. caraya, 10 for A. guariba and 24 for

A. belzebul. The two species A. guariba and A. belzebul

were found to form a monophyletic clade, with A. caraya

occupying a sister-group position relative to this clade. The

brown howler monkey, A. guariba, was found to have two

very distinct mitochondrial lineages: one representing the

northern end of the sampling distribution, and one repre-

senting the south (Fig. 2), a result consistent with the

findings of Harris et al. (2005). These two lineages meet in

a contact zone in the São Paulo state, where a presumably

interbreeding population results in distinct northern and

southern cyt b haplotypes. The average sequence diver-

gence between these lineages is 1.3% (maximum is

1.95%), a value greater than the intraspecific divergence

within either of the other two species of Alouatta. For

instance, the average sequence divergence is 0.3% (maxi-

mum is 0.7%) in A. caraya and 0.6% (maximum is 1.2%)

in A. belzebul.

The single haplotype of A. belzebul described for the

Atlantic Forest individuals (AbCRB2748; Fig. 2) is con-

tained fully within the clades of A. belzebul haplotypes

from the Amazon, i.e., no geographic structure is detected

in the cyt b marker between Atlantic Forest and Amazonian

individuals. Also, no identifiable geographic structure was

detected for individuals of A. caraya sampled from Brazil

by Nascimento et al. (2005, 2007a, b). As can be observed

from Fig. 2, the individuals of A. caraya from Chapada

dos Guimarães in Mato Grosso state, Brazil, form a

Fig. 2 ML phylogenetic tree of the haplotypes used in this study.

Vertical bars highlight particular intraspecific lineages (north vs.

south for A. guariba and the Atlantic forest haplotype of A. belzebul).

Values above nodes indicate ML bootstrap support. Numbers in bold
above the nodes indicate coalescent estimates of time of separation

Primates (2011) 52:77–87 81

123



monophyletic clade with the haplotypes from Goiás state in

Brazil. However, the haplotype carried by individuals of

A. caraya from Bolivia is basal to the A. caraya haplotypes

from Brazil.

The divergence time estimates between species using

MCMCcoal are presented in Table 1. The divergence

between A. caraya and the A. guariba/belzebul ancestor

is estimated at 3.83 MYA whereas the split between

A. guariba and A. belzebul is estimated at 1.55 MYA.

For the two haplogroups of A. guariba, the IM runs with

migration rate estimates yielded a flat distribution of

divergence times. When runs were carried out with a

migration rate set to 0, a time of separation of 1.2 MYA

was obtained. Comparison of log-likelihoods shows that

the difference in likelihood between the two models is not

statistically significant, i.e., it is an equal fit to assume 0

migration. Therefore, the estimate of 1.2 MYA for time of

separation is the best coalescent estimate for the data.

We have also estimated times of divergence between the

A. guariba haplogroups using the molecular divergence

methodology of Takahata and Nei (1985) and obtained a

time of divergence of 1.1 MYA between north and south, a

result similar to that obtained using the coalescent method.

Additional results of population genetic analyses are

summarized in Tables 2 and 3. To estimate levels of pop-

ulation differentiation, we calculated Fst values between the

two populations of A. belzebul and between the three

sampled populations of A. guariba, specifically the northern

A. guariba population (from Rio de Janeiro), the southern

A. guariba population (from Santa Catarina), and the

intermediate A. guariba population (from São Paulo), where

the two clades overlap geographically (see Fig. 3 for

details). For A. belzebul, comparisons of the Tucuruı́ pop-

ulation in the Amazon (Pará state) with the Atlantic Forest

population yielded a statistically significant value of Fst

(Fst = 0.27; p = 0.000). The Fst values for the A. guariba

populations were exceptionally large, especially between

northern and southern clades, which are close to complete

fixation (Fst = 0.82953). All Fst values between popula-

tions were statistically significant (Table 3).

We used neutrality tests based on the frequency spec-

trum of mutations in the sampled sequences and detected

no significant departure from neutrality in A. guariba,

except for a statistically significant Fu’s F value for the Rio

de Janeiro (northern) population (N = 5). The Tucuruı́

population of A. belzebul has a marginally significant

negative Tajima’s D (p = 0.059) and a significant negative

value of Fu’s F (p = 0.001). The time since expansion (s)

was estimated at 148 KYA. A significant negative Fu’s

F value was also obtained for the species A. caraya.

Discussion

Phylogenetic results and divergence time estimates

The phylogenetic results presented here are consistent

with previous phylogenetic findings that postulate that

A. guariba and A. belzebul are each other’s closest relatives

with A. caraya as their sister clade (Meireles et al., 1999;

Bonvicino et al. 2001; Cortés-Ortiz et al. 2003; Villalobos

et al. 2004). When intraspecific lineages are considered, we

have found very little or no geographic structure for cyt

b within either A. caraya or A. belzebul, although it should

be remarked that Bolivian samples of A. caraya do fall

outside the clade of A. caraya from Goiás and Mato Grosso

Table 1 Summary of

divergence time estimates
Pairwise comparison Time estimate

(MYA)

95% confidence

interval (MYA)

Previous estimates

(MYA)

A. belzebul 9 A. guariba 1.55 0.93–2.45 4

(A. belzebul, A. guariba) 9 A. caraya 3.83 2.9–4.73 5.1

A. guariba: N 9 S 1.1–1.2 0.38–2 0.4–0.5

A. belzebul: expansion 0.15 0.06–0.2 –

Table 2 Summary of

population genetics analyses

The values of the neutrality

tests, as well as their p values

(when significant) are shown

A. guariba A. belzebul A. caraya

North (RJ) South (SC)

Tajima’s D n.s. n.s. D = -1.37 p = 0.059 n.s.

Fu’s F F = -2.29 p = 0.007 n.s. F = -13.22 p = 0.001 F = -10.77 p = 0.0000

Table 3 Pairwise Fst values between A. guariba populations

Northern Intermediate Southern

Northern –

Intermediate 0.41905 (p = 0.000) –

Southern 0.82953 (p = 0.000) 0.33943 (p = 0.000) –
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states in Brazil. In contrast, A. guariba ha\s two markedly

divergent mitochondrial haplogroups (or lineages) within

the Atlantic Coastal Forest, with one haplogroup found in

the northern state of Rio de Janeiro and the other in the

state of Santa Catarina in the south. There seems to be a

well-established and geographically intermediate contact

zone between these two haplogroups in the state of São

Paulo where divergent haplotypes are present within the

same population.

The young (or recent) divergence dates estimated

between Alouatta species in this study are important

because they imply that Pleistocene (2.6–0.01 MYA)

events affected the diversification of this group. All pre-

vious studies attributed the diversification of these species

to Pliocene (5.3–2.6 MYA) events. It is well known that

during the Pleistocene there were drastic climatic fluctua-

tions that altered the distribution of all organisms, includ-

ing the fragmentation of wet forested areas by dry, open

formations (see references below). The debate surrounding

the extent of these fluctuations on the Tropical landscape

has become a controversial topic. Recent studies based on

paleopalynology, paleovegetation, and paleoclimatic data

clearly suggest that the Amazonian forest persisted in the

central and western portions of the biome, with replace-

ment by semi-deciduous dry forest or savanna happening

only near ecotonal boundaries (Mayle et al. 2004; Bush

et al. 2007). On the other hand, numerous paleopalyno-

logical and sediment studies suggest the Atlantic Forest

region became fragmented during the Pleistocene, with the

formation of dry open areas (Behling 1999, 2002; Behling

and Lichte 1997; Lichte and Behling 1999) or deciduous

temperate Brazilian pine forests during this time (Ledru

et al. 1996).

Although our estimate of the time of divergence

between A. caraya and the A. belzebul/guariba clade is still

within the Pliocene (3.83 MYA), it is much more recent

than previous estimates. On the other hand, our estimate of

the divergence between A. belzebul and A. guariba is dated

to the Pleistocene (1.55 MYA). The differentiation of these

species may be causally related to increasing aridity in

central Brazil where today there is found a dry diagonal

occupied by open and non-forested formations. Similarly,

Pleistocene climatic fluctuations are likely to have been

responsible for the north–south population differentiation

within A. guariba (i.e. the differentiation of the northern

and southern haplogroups). Interestingly, the divergence

between the mtDNA haplogroups within A. guariba is

estimated at 1.2 MYA, a time that is only slightly more

recent than the estimated divergence between A. guariba

and A. belzebul (1.55 MYA). Thus, only shortly after the

divergence between A. guariba and A. belzebul, it seems

that environmental changes within the Atlantic Forest

affected the divergence between the A. guariba popula-

tions. Pleistocene climatic fluctuations were also likely to

be responsible for generating the disjunct distribution seen

for A. belzebul. Given that the only haplotype described for

the eastern population of A. belzebul (within the Atlantic

forest) is fully nested within the clade containing all the

Fig. 3 Map showing the

distribution of the north

(circles) and south (rectangles)

haplogroups in the coastal area

in southeast Brazil. The two

lineages can be found in

sympatry in São Paulo state.

Circles and rectangles represent

sampled locations (for details,

see supplementary material).

Abbreviations are the same as

for Fig. 1
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western haplotypes of this species (in the Amazon forest),

separation of these regions of forest was probably caused

by a much more recent climactic event.

The fact that the divergence time estimates presented

here between Alouatta species are much more recent than

the estimates determined in previous studies deserves fur-

ther discussion. Cortés-Ortiz et al. (2003) estimated the

split between A. guariba and A. belzebul at 4.0 MYA, and

the split between this clade and A. caraya at 5.1 MYA.

Similarly, Nascimento et al. (2005) estimated the diver-

gence between A. belzebul and A. caraya at 5.3 MYA, and

the MRCA of A. belzebul at 4.14 MYA. Both studies

implemented relatively simple molecular-clock-based

analyses. A similar difference between coalescent and

molecular-clock results (i.e. with estimates from coales-

cence analyses being more recent) was also observed when

calculating time of divergence between hominoid lineages

using the same coalescent approach used in this study

(Rannala and Yang 2003; Burgess and Yang 2008).

According to Rannala and Yang (2003), traditional

molecular divergence methods tend to inflate estimates of

times of separation and effective population sizes for

datasets with an excess of low-frequency variants. All

species sampled here show a frequency spectrum of poly-

morphisms (as measured by Fu’s F test) that is inconsistent

with the neutral-equilibrium model but is skewed towards

low frequency variants (Table 2). Besides being more

robust to violations of the neutral model, the coalescent

method used here gives much smaller variances of the

estimates of divergence compared with other methods

(Rannala and Yang 2003). Another important feature is that

coalescent methods estimate the divergence time between

the species or populations while clock-based methods

estimate the time of divergence between the sequences.

Because the divergence between sequences will always

predate the species divergence, clock-based methods can

lead to substantial overestimates of species divergence

times.

It is important to stress that the results presented here,

and the previous estimates discussed above, were made

using a single locus. Genealogies based on one single gene

may be problematic because each genealogical recon-

struction is just one point in the space of all possible

genealogies. Lineage sorting may produce trees different

from the real history of the population; this means that even

if the tree and the demographic parameters were inferred

correctly, they do not necessarily correspond to the actual

species tree (Pamilo and Nei 1988). Mitochondrial markers

are maternally inherited, which could also cause a bias if

there is sex biased-dispersal; this, however, does not seem

to be true for Alouatta (Kinzey 1997). In this context, the

results shown here must be taken with some caution. New

studies that analyze multiple loci and increase the

geographic sampling of the species will help furnish a more

complete picture of howler monkey evolution and

diversification.

Population structure within A. guariba

in the Atlantic Forest

The historical latitudinal division of the Atlantic Coastal

Forest, with north and south components, has long been

recognized in analyses of endemicity in amphibians (Lynch

1979), reptiles (Vanzolini 1988), birds (Bates et al. 1998)

and harvestmen (Pinto-da-Rocha et al. 2005). More

recently, phylogeographic studies using mtDNA sequences

have described a similar north/south population structure in

such diverse animals as birds (Cabanne et al. 2007), pit

vipers (Grazziotin et al. 2006), non-volant small mammals

(Costa 2003), the crab-eating fox (Tchaicka et al. 2007),

and bats (Ditchfield 2000; Martins et al. 2007, 2009). Even

without sampling areas further north within the Atlantic

forest, the pattern described for A. guariba is remarkably

similar to the patterns described above and demonstrates an

intriguing consilience across species. Additionally, all of

the above analyses that have estimated times for the onset

of population structure for various Atlantic Forest species

have yielded Pleistocene divergence times.

The exact geographic demarcation of the northern and

southern clades in the Atlantic forest for the various animal

groups varies to some degree among the different taxa. It is

interesting, however, that the geographical pattern descri-

bed in this study for A. guariba is almost identical with the

pattern described previously for the lesser woodcreeper

bird, Xiphorhynchus fuscus (Cabanne et al. 2007), with two

divergent haplogroups meeting and possibly interbreeding

in São Paulo state. As a possible explanation of the pattern

detected in A. guariba, Harris et al. (2005) hypothesized

that the different cyt b clades detected in Rio de Janeiro

and Santa Catarina populations may stem from fragmen-

tation of the Atlantic forest as a result of increasing aridity

during the Pleistocene. This fragmentation could have led

to distinct forest refuges in which A. guariba populations

became isolated. The fact that we detect distinct cyt

b haplotypes in São Paulo today––haplotypes that are

otherwise found either in Santa Catarina or Rio de

Janeiro––may result from recent expansion of the Atlantic

forests that enabled individuals bearing these distinct cyt

b haplotypes to come into contact.

Interestingly, analyses of chromosomal diversity in

A. guariba have also found a north/south structuring of

chromosomal variation. For instance, individuals from the

states of Rio de Janeiro and São Paulo have a diploid

number (2 N) of 49 (##) or 50 ($$), whereas individuals

from the more southern states of Paraná and Santa Catarina

have a diploid number of 45 (##) or 46 ($$) (de Oliveira
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et al. 1995, 2002; de Oliveira 2001). In addition, the north/

south chromosomal differentiation extends to several

Robertsonian rearrangements, pericentric inversions, and

chromosomal translocations (de Oliveira et al. 1995, 2002;

de Oliveira 2001). These differences may indicate that the

two groups are reproductively isolated from each other and

that the southern subspecies of A. guariba (A. g. guariba)

in fact constitutes two different subspecies or potentially

different species (Harris et al. 2005). To help elucidate

these questions analyses of genetic variation at multiple

autosomal genetic markers is required. The interpretation

of these analyses will be aided by field or laboratory

studies that examine possible interbreeding between the

populations.

Population structure within A. belzebul

The existence of a single mitochondrial haplotype in the

eastern population of A. belzebul (in the Atlantic Coastal

Forest population) is probably because of the very small

effective population size, which, in turn, could be the result

of small census sizes, very restricted range, and high

endogamy. Given the fact that only a single mitochondrial

lineage was found in this location, it is not surprising that

the Fst value between the Atlantic Forest and Amazonian

populations of A. belzebul was relatively high and signifi-

cant (0.27). What is surprising is the result of the neutrality

tests, pointing towards a recent population expansion for

the Amazon population during the Pleistocene, circa 148

KYA. This is an unexpected result, because this pattern is

expected for organisms susceptible to refugia-type histor-

ical fragmentation (Lessa et al. 2003; Moritz et al. 2009).

Maybe the fact that A. belzebul occurs near the Amazon’s

eastern and southern ends made them susceptible to pos-

sible regression in the forest cover during the Pleistocene,

especially in the south, because the eastern boundary is

the Tocantins River. This regression could have caused the

population to decrease substantially, resulting in the

demographic expansion we detected.

Demographic parameters estimated give mixed results

supporting refugia vicariance in the Atlantic Forest. There

is no significant departure from neutrality in the A. guariba

clades, as would be expected under this model. Therefore,

there are still significant areas for improvement in the

analyses of Alouatta diversification, including more

extensive geographic sampling of the species, and use of

multiloci data that will enable better resolution of historical

demography and divergence time estimates.
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