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Abstract The high biological diversity of tropical forests has been attributed to various
biogeographic mechanisms promoting diversification. Among these, the riverine barrier
hypothesis postulates that populations of a species that become isolated on opposite sites
of a major river may gradually diverge to form separate lineages. Brown spider monkeys
(Ateles hybridus) are Critically Endangered primates are currently distributed along both
banks of theMagdalena River in Colombia. Based on their pelage coloration, populations
of A. hybridus on opposite sides of the river have been proposed to belong to two
different subspecies: A. h. brunneus on the west bank and A. h. hybridus on the east bank.
We sequenced portions of the noncoding HVI region of the mitochondrial D-loop (N =
41) and theCOII gene (N = 35) from a total of 51 individuals frompopulations along both
banks of theMagdalena River with the goal of evaluating the role of the river as a barrier
to gene flow in this endangered primate. Mitochondrial DNA haplotypes were shared
between populations on both banks and we found no evidence of highly structured
populations occupying opposite banks of the river, suggesting that the Magdalena River
has not acted as an insurmountable barrier for brown spider monkeys. Population genetic
analyses also reveal likely gene flow between banks, and only a minor portion of the
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genetic variation currently found in brown spider monkeys can be explained by the river
acting as a barrier or by isolation by distance. Our study provides evidence suggesting
that the Magdalena River has not acted as a major barrier influencing the evolution of
brown spider monkeys and suggests that the subspecific taxonomy of one of the most
endangered primates in the world may need reexamination.

Keywords Atelines . Geographic barriers . Phylogenetic relations . Population structure

Introduction

Explaining the striking diversity of species found in tropical forests requires an
understanding of the various processes that might account for the presence of a high
number of species in a single place and for the extensive turnover of species between
habitats and regions. Accordingly, evolutionary biologists often attribute the high
diversity seen in the tropics to a variety of ecological processes that facilitate species
coexistence and to various historical, evolutionary, and biogeographical processes that
promote diversification through time and space (Ricklefs 2004). In the latter category,
many studies have focused on the geographic context of speciation and—in the case of
allopatric speciation models— on the physical causes of population isolation (Haffer
1969; Moritz et al. 2000; Wallace 1852).

Large rivers are some of the most obvious physical barriers to the dispersal of
terrestrial and arboreal animals. As first described by Wallace (1852), the distributional
boundaries of closely related animal taxa in Amazonia often coincide with major rivers.
The riverine barrier hypothesis posits a major role for large rivers acting as barriers to
gene flow, such that populations that become isolated on either side of these rivers
gradually diverge from one another, eventually forming separate lineages. The riverine
barrier hypothesis predicts 1) that sister taxa or phylogroups should occupy opposite
banks of large rivers rather than meeting in contact zones within interfluvia or across
habitat gradients; 2) that levels of genetic differentiation between populations on
opposite river banks should increase with river width and flow rate (because wider
and faster rivers are presumably more difficult to cross) and thus should be greater at
greater distances from headwaters; and 3) that taxa occurring in upland forest should
show higher levels of differentiation across rivers than taxa occurring in seasonally
flooded forests located adjacent to a river (Ayres and Clutton-Brock 1992; Capparella
1988, 1991; Gascon et al. 1998; Gehring et al. 2012; Peres et al. 1996). Alternatively,
rivers may serve as barriers limiting secondary contact between previously isolated,
expanding populations (Moritz et al. 2000; Vences et al. 2009).

Studies of tropical birds (Capparella 1991; Cheviron et al. 2005; Maldonado-Coelho
et al. 2013; Ribas et al. 2011; Smith et al. 2014; Voelker et al. 2013), anurans
(Pellegrino et al. 2005; Torres-Perez et al. 2007), and mammals (Ayres and Clutton-
Brock 1992; Hershkovitz 1977; Nicolas et al. 2011; Patton and da Silva 1998) provide
empirical support for the importance of large rivers as barriers to gene flow and as
boundaries between the distributions of closely related species and subspecies.
However, not all such studies support the notion that large rivers are drivers of
diversification. For example, Gascon et al. (2000) suggested a significant influence
of the Andean orogenic axis and the associated thrust-and-fold morphology it generated
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in the lowlands for explaining patterns of genetic diversity in small mammals and frogs
along the Juruá River in Brazil, rather than the river itself acting as a barrier.

Although the role of rivers as barriers to dispersal might vary from taxon to taxon,
several researchers have argued that the distributions of living primates seem to be
largely constrained by large rivers (Amazonia: Ayres and Clutton-Brock 1992; Boubli
et al. 2015; Merces et al. 2015; Wallace 1852; Madagascar: Goodman and Ganzhorn
2004; Africa: Grubb 1990; Harcourt and Wood 2012). Among primates, rivers have
been shown to correlate with genetic differentiation in a number of cases. For example,
orangutans (Pongo pygmaeus) show significant mitochondrial differentiation across the
Kinabatangan River in Sabah (Arora et al. 2010; Goossens et al. 2005; Jalil et al.
2008). The situation is similar for chimpanzees (Pan troglodytes) across the Sanaga
River in Cameroon, which appears to separate the ranges of two currently recognized
subspecies (Gonder et al. 2006). Likewise, a significant proportion of the mitochondrial
DNAvariation found in bonobos (Pan paniscus) inhabiting the Democratic Republic of
Congo exists between geographical regions divided by rivers; however, strong differ-
entiation was observed only between populations divided by the Lomami River
(Eriksonn et al. 2004). Rivers seem also to have played a major role in shaping genetic
diversity and speciation in Malagasy lemurs (Markolf and Kappeler 2013; Olivieri
et al. 2007; Quemere et al. 2010).

In the Neotropics, support for the importance of rivers in shaping population
structure in primates comes from a seminal study showing that similarity between
Amazonian primate communities on opposite banks of rivers correlated negatively with
river width, rate of discharge, and distance from the headwaters (Ayres and Clutton-
Brock 1992). Similarly, Peres et al. (1996) found evidence of gene exchange between
populations of saddleback tamarins (Saguinus fuscicollis) located on opposite banks of
the headwaters of the Juruá River and increasing divergence between banks when
progressing from the headwaters to the mouth. However, the Juruá River is not a
primary barrier causing the diversification of these tamarins because populations
occurring on the two banks are not reciprocally monophyletic, likely as a result of
occasional passive transfer of individuals and their genes across the river owing to
shifting river courses (Peres et al. 1996). A more recent study on Geoffroyi’s tamarins
(Saguinus geoffroyi) provided further evidence for the role of riverine barriers and large
bodies of water in shaping the genetic structure of these small-bodied primates (Diaz-
Muñoz 2012), and similar results were found in a recent study of squirrel monkeys on
both banks of the Amazon River (Merces et al. 2015). Finally, in a comprehensive
assessment of the influence of large rivers in the evolution of diurnal Amazonian
primates, Boubli et al. (2015) recently documented evidence consistent with the
hypothesis that the formation of the Negro River promoted diversification across taxa,
whereas the role of the Branco River as a vicariance agent was less clear.

The diversification, phylogenetic relationships, and range limits of spider monkeys
(Ateles spp.) have traditionally been explained on the basis of mechanisms such as the
formation of forest refugia in the Pleistocene, riverine barriers, geological events, and
ecological changes (Collins and Dubach 2000). However, because the majority of
speciation events among spider monkeys occurred during the middle to late Pliocene,
there is little evidence to support the idea that either Pleistocene refugia or the recent
hydrogeographic development of the Amazon river system acted as main drivers of
speciation in the group (Collins and Dubach 2000; Morales-Jimenez et al. 2015).
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In brown spider monkeys (Ateles hybridus), the Magdalena River—the largest inter-
Andean river in Colombia— has been proposed to separate the ranges of two subspe-
cies differing subtly in pelage coloration (Defler 2003), raising the possibility that the
river might have acted as a barrier to gene flow and promoted their genetic divergence.
Populations with dark brown pelage on the west bank have been classified as Ateles
hybridus brunneus whereas those in the east bank have been said to exhibit lighter
brown pelage and are classified as A. h. hybridus (Defler 2003). A. h. brunneus occurs
between the lower Cauca and Magdalena Rivers in the Colombian departments of
Bolívar, Antioquia, and Caldas, whereas A. h. hybridus is distributed in northern
Colombia, the inter-Andean lowland forests of the middle Magdalena valley, the
Catatumbo region, and several disjunct areas in Venezuela (Defler 2003). Brown spider
monkeys are currently considered Critically Endangered by the IUCN and have been
listed among the 25 most endangered primate species in the world (Mittermeier et al.
2012) due to loss and fragmentation of their natural habitats (Link et al. 2013) and
subsistence hunting pressures (Defler et al. 2003). These threats, coupled with their
slow reproductive rates, large body size, and highly frugivorous diet, pose an imminent
risk to their persistence (Johns and Skorupa 1987; Milton 1981).

Here, we evaluate the influence of the Magdalena River as a barrier to gene flow
between populations of Ateles hybridus in Colombia, particularly between those
assigned to different putative subspecies. Specficially, we used phylogenetic and
population genetic analyses to evaluate two predictions following from the hypothesis
that the Magdalena River has acted as a barrier between populations of brown spider
monkeys: 1) haplotypes on opposite river banks should form reciprocally monophyletic
groups (assuming time has been sufficient for complete lineage sorting); and 2) genetic
differentiation should be greater between populations from opposite river banks rather
than among populations from the same bank. In addition, we examined trends in
effective population size through time; evidence of demographic expansion in differ-
entiated populations from each bank would suggest the river has acted as a barrier
limiting secondary sympatry, whereas no demographic changes would be expected if
the river has been a primary barrier to gene flow (Cheviron et al. 2005). In addition to
providing a test of the riverine barrier hypothesis, by evaluating the phylogenetic
relationships and the degree of genetic differentiation among populations of
A. hybridus we provide valuable information relevant to the conservation and manage-
ment of one of the most world’s most endangered primates.

Materials and Methods

Sample Collection and DNA Extraction

We collected 51 samples from 12 distinct wild populations of brown spider monkeys
sampled from across the species’ current distribution in Colombia and Venezuela
(Fig. 1; Table I). We followed free-ranging groups and collected fresh fecal samples
noninvasively from as many individuals as possible during each field session.
Approximately 10 g of feces were stored in ca. 5 ml of RNALater™ (Ambion) nucleic
acid preservation buffer in the field at room temperature for up to several weeks before
being transferred to the lab and stored at –20°C until extraction.
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We extracted DNA from ca. 200 μl of homogenized feces–RNA Later slurry using
QIAamp® DNA Stool Mini Kits (Qiagen) following the manufacturer’s instructions,
with slight modifications as follows. First, we extended the lysis step of the extraction
protocol by placing each sample with ASL buffer on an orbital rocker at room

Northern
South America

Fig. 1 Distribution of brown spider monkeys and localities where fecal samples were collected from 2009 to
2011 along the west bank (blue) and in the east bank (red) of the Magdalena River.

Table I Sampling locations and number of brown spider monkey samples collected between 2009 and 2011
and sequenced for COII and HVI

Number of samples Number of
individuals

Site Latitude Longitude River bank COII HVI

Otanche 5.83 –74.19 East 0 1 1

Serrania de Las Quinchas 6.05 –74.27 East 6 10 11

Campo Capote 6.58 –73.85 East 2 2 2

San Juan de Carare 6.71 –74.14 East 10 11 13

Curumani 9.21 –73.63 East 3 2 3

Montes de Oca 11.12 –72.46 East 1 3 4

Caparó 7.42 –71.00 East 1 3 3

Doradal 5.88 –74.7 West 4 1 4

Puerto Triunfo 5.90 –74.72 West 0 1 1

Barbacoas 6.81 –74.16 West 3 1 3

Remedios 6.87 –74.57 West 4 4 4

San Lucas 8.43 –74.45 West 1 2 2

Total 35 41 51
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temperature for 1+ h before addition of the InhibitEX tablet. Second, after addition of
the InhibitEX tablet, we centrifued the sample at full speed for 6 min to fully pellet
stool particles and polymerase chain reaction (PCR) inhibitors bound to the InhibitEX
matrix. Third, we extended the proteinase K digestion at 70°C from 10 min to 30 min
(with the sample being vortex mixed briefly every 10 min during incubation). Finally,
we eluted purified DNA into a final volume of 100 μl of Buffer AE, which was heated
to 70°C and allowed to sit on the spin column for 15–20 min.

Mitochondrial DNA Amplification

We amplified roughly 330 bp of the hypervariable region 1 (HVI) of themitochondrial D-
loop using primers H16340 and L15926 (Di Fiore 2009). We performed PCR amplifi-
cations in 25-μl reactions with final concentrations of 1X reaction buffer (Promega),
0.16 mM dNTPs, 1.25 mMMgCl2, 0.48 μM for each primer, and 1 U of Taq polymerase
(Promega), with 3 μl of a 1:10 dilution of unquantified DNA extract used as a template.
In all cases, we supplemented the reaction with bovine serum albumin (BSA) to a final
concentration of 1 μg/μl. The PCR cycling conditions consisted of an initial denaturation
for 5 min at 94°C, followed by 43 cycles of denaturation at 94°C for 30 s, annealing at
54°C for 1 min, and extension for 1 min at 72°C, with a final extension at 72°C for 5 min.
We also amplified ca. 560 bp of the cytochrome c oxidase subunit II (COII) gene using
primers L6955 and H7766 (Ashley and Vaughn 1995). In this case, PCR amplifications
were also perfomed in 25-μl reactions with final concentrations of 1X reaction buffer
(Promega), 0.16 mM dNTPs, 3.5 mMMgCl2, 0.48 μM for each primer, and 1 U of Taq
polymerase (Promega). Again, we used 3 μl of a 1:10 dilution of unquantified DNA
extract as a template and supplemented the reaction with BSA to a final concentration of
1 μg/μl. The PCR cycling profile consisted of an initial denaturation for 3 min at 94°C,
followed by 43 cycles of denaturation at 94°C for 45 s, annealing at 50°C for 45 s, and
extension for 90 min at 72°C, with a final extension at 72°C for 3 min.

We used an Exo-SAP (USB Corporation) procedure to clean PCR products and
remove unincorporated single-strander primers and then sequenced each amplicon in
both directions using the same primers used for amplification either in the Molecular
Primatology Laboratory at New York University or byMacrogen, Inc.We aligned DNA
sequences from both strands using either Sequencher 4.1 (GeneCodes Corporation) or
Geneious 4.8.5 (Biomatters Ltd.) and reconciled any differences by eye.

Population Genetic Analyses

To visualize the relationships between sequences and examine possible geographic
associations among haplotypes, we constructed haplotype networks using the package
pegas (Paradis 2010) for R v3.0.2 (R Core Team 2012). We used analysis of molecular
variance (AMOVA, Excoffier et al. 1992), as implemented in Arlequin 3.1 (Excoffier
et al. 2005), to assess the effect of the Magdalena River on the partitioning of genetic
variation among populations of brown spider monkeys. We defined two hierarchical
levels at which we characterized population structure: 1) among populations from
opposite river banks and 2) among populations along each bank. We assessed the
statistical significance of indices of population differentiation based on 20,000 random
permutations. We calculated corrected pairwise genetic distances in Mega 5.0 (Tamura
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et al. 2007) and characterized haplotype and nucleotide diversity using DNAsp 5.0
(Rozas and Rozas 1995).

We estimated the extent of gene flow between riverbanks under a Bayesian coales-
cent framework by using Migrate-n version 3.6.4 (Beerli 2006; Beerli and Felsenstein
2001) to obtain the posterior distribution of the number of immigrants per generation
(Nm) for both the COII and HVI loci. Migrate-n allows one to estimate gene flow under
different migration models and to evaluate the suitability of such models to the data
(Beerli and Palczewski 2010). We ran preliminary analyses for two models of migra-
tion: one with symmetric rates of migration between banks and other one with
asymmetric rates. We assessed the suitability of the models by using the marginal
likelihood (values under Bezzier approximation) to calculate the Bayes factor (Kass
and Raftery 1995). Because we found greater support for the symmetric model of
migration for both loci, we report results obtained under the symmetric model. For all
the runs, we set a static heating strategy with four short chains (1, 1.5, 3, and 1,000,000
temperature values) and a single long chain; 200,000 steps were recorded every 100
generations, discarding the first 200,000 steps as burn-in. Initial values for the analysis
were calculated based on FST values. We assesed the convergence of the Markov chain
Monte Carlo (MCMC) run and the suitability of the burn-in length by a visual
examination of trace plots in Tracer 1.5 (Rambaut and Drummond 2007); also, this
program confirmed that effective sample size of the parameters was in all cases >2000.

To examine whether the Magdalena River may have acted as a barrier to populations
of spider monkeys expanding from previously separate areas rather than dividing a
formerly contiguous population, we assessed the historical demography of populations
on both banks. We examined mismatch distributions, i.e., the distribution of observed
pairwise nucleotide site differences, and the significance of the raggedness index using
R v3.0.0 (Librado and Rozas 2009) assuming a constant population size and default
values for theta initial, theta final, and Tau. Using DNAsp 5.0 (Librado and Rozas
2009), we also calculated Fu’s FS (Fu 1997), Fu and Li’s D* (Fu and Li 1993), Fu and
Li’s F* (Fu and Li 1993), R2 (Ramos-Onsins and Rozas 2002), and Tajima’s D as
different measures of possible deviations from neutrality and to determine whether the
populations better fit a stationary demographic scenario or one of expanding population
size. We assesed the statistical significance of D* and F* statistics using the critical
values obtained by Fu and Li (1993), as implemented in DnaSP, and for the statistical
significance of Tajima’s D, the confidence limits of D were obtained assuming that D
fits a beta distribution (Tajima 1989). For the other parameters, statistical significance
was assessed using a coalescent algorithm as implemented in DnaSP.

To further infer possible demographic contractions or expansions, we used the
extended Bayesian skyline plot (EBSP) method implemented in BEAST v1.8.0, which
estimates posterior probabilities of effective population size over time (Heled and
Drummond 2008). This method detects likely demographic changes by estimating
population size as a function of time using sequence data from multiple loci (Heled
and Drummond 2008). Using jModelTest 2.1.3 (Darriba et al. 2012), we determined
that the HKY model of nucleotide substitution (Hasegawa et al. 1985) best fit the data
for both loci according to the Akaike information criterion (AIC; Akaike 1973). Each
EBSP run extended for 1 × 107 generations, sampling every 1000 steps, with 1,000,000
steps discarded as burn-in. Operators were modified to enhance mixing following
Heled (2010). We performed a preliminary run under the Bcoalescent: constant size^
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setting and then used the resulting values as a prior in the final run (as in Valderrama
et al. 2014). We assesed the convergence of the MCMC run by a visual examination of
chains in Tracer 1.5 (Rambaut and Drummond 2007). EBSP plots were then
constructed using R v3.0.0. We did not attempt to assess effective population sizes at
specific moments in time; thus, we did not calibrate EBSP plots using estimates of
substitution rates. Accordingly, we report demographic patterns of change in population
size over relative, i.e., not absolute, time since the most recent common ancestor of
samples in our data set.

To decompose the relative contribution of the historical effect of the Magdalena
River versus isolation by distance in explaining genetic structure in Ateles hybridus, we
used a partial Mantel test (Legendre and Legendre 1998; Manly 2007) following de
Campos Telles and Diniz-Filho (2005) and Maldonado-Coelho et al. (2013). In simple
Mantel tests, geographic distance and isolation by the river were considered as predic-
tors of genetic distance separately, whereas in multiple Mantel regression, they were
combined using three matrices: 1) a matrix of pairwise corrected genetic distances
between populations, 2) a matrix of pairwise geographic distances between popula-
tions, and 3) a pairwise binary matrix coding the position of each population pair
relative to the river (populations on the same river bank were scored as 0 and those on
different river banks as 1). Mantel tests were performed using FSTAT (Goudet 1995)
with 10,000 permutations. Geographic distances were measured as straight lines
between populations. Sites with only one sample were excluded from this analysis.

Ethical Note

This research adhered to the legal requirements of the Colombian Government and the
Ministerio de Ambiente, Vivienda y Desarrollo Territorial (research permit #
IBD0049).

Results

Overall, none of the genes reflected a clear clustering of haplotypes with respect to river
bank (Fig. 2). However, we found some differences between the HVI and the COII
haplotype networks. In the network based on the less-variable COII sequences, there
was no evident division of haplotypes corresponding to east and west banks of the
Magdalena River, and individual haplotypes were recovered in multiple populations
from both sides of the river. In networks based on the more variable HVI sequences,
however, haplotypes from the west bank tended to be more clustered together. For the
HVI network, only one of the western haplotypes was shared with populations from the
east bank, and sharing occurred only with two populations from the east (Quinchas and
San Juan; Fig. 2).

For the HVI data, the mean pairwise genetic distance between banks (0.048) was not
different from that within the east bank (0.048), but was higher than the mean pairwise
distance among populations within the west bank (0.004). For the COII sequences, the
mean pairwise genetic distance between banks (0.006) was slightly higher than that
within both the west bank (0.003) and the east bank (0.005; Table II). Nucleotide
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diversity for all datasets was relatively high for populations on both banks, but was
generally higher on the east bank. Likewise, we found higher haplotype diversity
among the east bank samples (Table II).

Fig. 2 Networks showing relationships among haplotypes of brown spider monkeys (Ateles hybridus) for
COII (top) and HVI (bottom). On the left side of each panel, the circles are colored according to riverbank
(west bank of the Magdalena River = blue, east bank of the Magdalena River = red), and on the right side of
each panel, the various colors correspond to different sampling localities visited during 2009 to 2011. Each
circle represents a unique haplotype, and the diameter of each circle reflects the frequency of that haplotype in
the overall sample. The number of tickmarks along the lines connecting haplotypes represents the number of
mutational steps.

Table II Summary statistics describing the genetic diversity and inferences of demographic change for
populations of brown spider monkeys on each bank of the Magdalena River derived from samples collected
between 2009 and 2011

COII (N = 35) HVI (N = 41)

East bank West bank East bank West bank

Nucleotide diversity 0.005 0.0035 0.041 0.005

Haplotype diversity 0.549 0.439 0.845 0.583

Fu and Li F 1.791* 0.524 0.566 –0.101

Fu and Li D 1.171 0.816 0.208 0.044

Fu’s F 4.39 2.29 2.132 –0.061

Tajima’s D 2.49* –0.5624 1.036 –0.526

Raggedness 0.559 0.332 0.077 0.144

R2 0.251 0.135 0.166 0.143

Asterisks represent statistical significance (α level = 0.05). Statistical significance of D* and F* statistics was
assessed using the critical values obtained by Fu and Li (1993), as implemented in DnaSP. For the statistical
significance of Tajima’s D, the confidence limits of D were obtained assuming that D fits the β distribution
(Tajima 1989). For the other statistics the significance was assessed using a coalescent algorithm implemented
in DnaSP.
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The AMOVA revealed that a greater proportion of the overall genetic variation
exists within populations (46.8% and 67.8%) than either between populations from
opposite banks (30.1% and 23.9%) or among populations from the same river bank
(23.1% and 8.3%) for HVI and COII, respectively (Table III). Most of the genetic
variation was attributable to differences observed within populations rather that among
populations between river banks (ΦCT = 0.3, P = 0.018 and ΦCT = 0.23, P =0.057 for
HVI and COII, respectively). However, in the HVI dataset, the proportion of the total
overall variation seen within populations (46.8%) was not as different from the
variation between banks (30.1%). Nonetheless, we caution that our estimates of
variation within populations may be relatively inaccurate because of the small number
of samples in some populations.

Migrate-n analysis estimated a high rate of gene flow across the Magdalena River.
The posterior distribution of the Nm parameter peaked at moderate to high rates of
migration (mode equal to 1.3 and 6.1 migrants per generation for HVI and COII,
respectively). In the case of the COII data, high posterior densities were observed even
for very high migration rates (Fig. 3).

We found no support for expanding population sizes as predicted by the
hypothesis that the river acts as a barrier where expanding populations meet in
secondary contact. Mismatch distribution analyses for both mitochondrial regions
suggest that populations of Ateles hybridus from both banks of the Magdalena
River have had patterns consistent with a history of constant rather than expanding
population size (Fig. 4). Tajima’s D values were positive for the east bank of the
River indicating stable (or declining) population sizes, but were significant only
for the COII dataset (Table II). For the west bank, all Tajima’s D values were
negative, which suggests population expansion. However, R2 and Fu values
implied constant population sizes for all datasets and sets of populations
(Table II). These latter results are consistent with those of our ESBP analysis,
which showed no signal of demographic expansion, although credibility intervals
of estimates of effective population size were wide (Fig. 5).

Table III Analyses of molecular variance (AMOVA) of samples collected during 2009–2011 of brown spider
monkeys in Colombia and Venezuela for (A) the COII gene and (B) the HVI noncoding region

Source of variation Sum of
squares

Variance
components

Percentage
of variation

(A) COII gene

Between banks 8.72 0.43 Va 23.9

Among populations within banks 13.53 0.15 Vb 8.3

Within populations 30.60 1.22 Vc 67.8

Total 52.86 1.81

(B) HVI noncoding region

Between banks 50.86 2.80 Va 30.1

Among populations within banks 107.03 2.15 Vb 23.1

Within populations 117.57 4.35 Vc 46.8

Total 275.46 9.31
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Based on the results of the partial Mantel test, only a limited portion of the variation
in corrected pairwise genetic distances can be explained either by the historical
isolation caused by the Magdalena River acting as a barrier to gene flow (24.5% and
28.8%) or by isolation by distance (0.9% and 6.9%), using the COII (P = 0.55) and
HVI (P = 0.70) data, respectively. Most of the variation remains unexplained (72.7%
and 67.2% for COII and HVI, respectively), and only a small fraction of the variation
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Fig. 3 Posterior distributions of the inferred number of immigrants per generation (Nm) for brown spider
monkeys in Colombia and Venezuela, a measure of gene flow between riverbanks, for COII (left) and HVI
(right). The dotted vertical line indicates the mode of each posterior distribution.

Fig. 4 Mismatch distributions showing the frequency spectrum of the number of pairwise differences
between haplotypes for COII (top) and HVI (bottom) in brown spider monkeys (Ateles hybridus). The dashed
lines represent expected frequencies assuming a model of constant population size, while the solid lines
represent a density estimate derived from the observed distribution.
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can be explained by the combined effect of a river barrier plus isolation by distance
(1.9% and –2.9% for COII and HVI, respectively). There was no correlation between
corrected genetic distances and geographical distances for COII (r = 0.045, P = 0.84) or
HV1 (r = 0.063, P = 0.75). If the Magdalena River had acted as a barrier to gene flow,
one would have expected genetic differences between populations within the same
bank of the river to be smaller than those between populations on different banks,
independent of the geographical distance among them, but we did not find this pattern
(Fig. 6).
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Fig. 5 Effective population size over time for populations of brown spider monkeys for each bank of the
Magdalena River in Colombia and Venezuela. The solid line is the median and the dashed lines show the 95%
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Discussion

The lack of any significant phylogeographic structure in the mtDNA haplotype net-
works of brown spider monkeys associated with the Magdalena River suggests that this
river has not played a major role in shaping patterns of mitochondrial genetic variation
within the species. Moreover, genetic distances between populations on opposite banks
were not greater than those within either the east or west bank, and most of the genetic
variation observed in brown spider monkeys exists within populations rather than
among populations from within the same bank or from opposite banks. Migrate-n
analyses suggest a high rate of gene flow between populations of brown spider
monkeys found on opposite banks. Distinguishing migration from incomplete lineage
sorting due to recent divergence is challenging, but we believe our results likely reflect
recurrent gene flow between populations across the river and not recent divergence
resulting from the river acting as a vicariant barrier because geological and paleobo-
tanical evidence suggest that the Magdalena River has existed in its current location
since the Pliocene, i.e., the Andes of Colombia reached their current elevation between
5 and 2 MYa (Gregory-Wodzicky 2000). Finally, populations on both banks appear to
have been demographically stable, which suggests that the river has not acted as a
barrier at which expanding populations have met in secondary contact following
allopatric divergence.

Previous studies have shown that Neotropical primate faunas from opposite banks of
fast-running black water rivers tend to be less similar than those on opposite sides of
slower moving, white-water rivers, suggesting that dispersal across the latter is not as
restricted (Ayres and Clutton-Brock 1992). Accordingly, the Magdalena River might
not represent a major dispersal barrier for brown spider monkeys because this is a
relatively slow-flowing and meandering river that carries large amounts of suspended
matter and often forms oxbows, which when cut off can allow organisms to spread
passively from one side of a river to the other (Jackson and Austin 2013). Peres et al.
(1996) proposed a similar scenario to account for patterns of genetic and phenotypic
variation in saddleback tamarins (Saguinus fuscicollis) in Amazonia. In addition, most
of the middle Magdalena River basin is surrounded by extensive interconnected
wetlands that might increase the rate of fluctuations in the main river flow, also
allowing land masses to frequently change banks.

In sum, our results do not support the predictions of the riverine barrier hypothesis in
brown spider monkeys. It remains to be seen, however, whether the Magdalena River
represents a barrier to gene flow for other lowland organisms. For example, the range of
silvery-brown tamarins (Saguinus leucopus) is limited to the western bank of the
Magdalena River and the river may indeed have served as a barrier preventing the
eastward expansion of that species. Moreover, studies on montane lineages of birds and
frogs suggests that the Magdalena River valley is an important barrier to gene flow
(Cadena et al. 2007; Gutierrez-Pinto et al. 2012; Muñoz-Ortiz et al. 2015; Valderrama
et al. 2014), although the effect documented in these studies may be more due to the
valley´s elevation and climate than to the river itself.

In contrast with studies on other primate species showing that differences in pelage
color are concordant with mitochondrial gene divergence (Ashley and Vaughn 1995;
Peres et al. 1996; van der Kuyl et al. 2000), our results reveal a discordance between
mtDNA variation and the phenotypic variation in brown spider monkeys because
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populations occurring on different banks of the Magdalena River have been assigned to
different subspecies based on pelage coloration (Defler 2003) yet we found no genetic
divergence. A lack of correlation between pelage color and the genetic structure of
populations has also recently been found for woolly monkeys (Botero et al. 2010,
2015) and Mesoamerican spider monkeys (Morales-Jimenez et al. 2015), suggesting
that discordance between pelage color and genetic differentiation might be relatively
frequent, at least within ateline primates.

Given that females are the dispersing sex in spider monkeys (Symington 1987,
1988), the weak to nonexistent genetic structure we observed in maternally
inherited mtDNA might not be representative of patterns of population structure
across the river for other genomic regions. Specifically, pelage coloration in Ateles
hybridus might be a sex-linked trait (Lyon 1962), and therefore, analyses of the
genetic structure of markers reflecting male-mediated gene flow, i.e., genes linked
to the Y chromosome, may show correspondence with phenotypic variation, a
possibility that remains to be explored. The above notwithstanding, pelage color is
highly variable within populations of several species of spider monkeys including
A. hybridus (Link and Di Fiore, unpubl. data). Therefore, we suggest that quan-
titative analyses are necessary to determine whether the recognition of populations
of A. hybridus from different river banks as separate subspecies is truly warranted
based on phenotypic differences.

In addition to its relevance for testing biogeographic hypotheses, understanding how
genetic variation is apportioned in brown spider monkeys is important for conservation
initiatives considering the status of this highly endangered taxon. Evolutionary signif-
icant units (ESU) for conservation are often designated on the basis of reciprocal
monophyly at mitochondrial markers and significant divergence at nuclear loci
(Moritz 1994). Therefore, owing to the lack of clear phylogeographic structure in
Ateles hybridus, it appears that defining distinct ESUs within this species is not possible
based on the mitichondrial markers used in this study. However, as with many other
species lacking phylogroups (Zink 2004; Zink et al. 2000), we believe that given that
brown spider monkeys are critically endangered (Link et al. 2013), preservation efforts
are warranted for all viable populations regardless of their apparent genetic homoge-
neity based on mtDNA (Moritz 2002), pending analyses of variation at other loci.

In conclusion, although the Magdalena River might have influenced the population
genetic structure of brown spider monkeys based on mtDNA data to some extent, i.e.,
all populations in the west bank are closely related to each other, it appears that the
Magdalena River has not been an insurmountable barrier to female-mediated gene flow.
Analyses of loci with other modes of inheritance and of loci involved in adaptive
variation will be important to provide further insights into the role of the river as a
barrier to genetic exchange and into the evolutionary history of these critically endan-
gered atelines.
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