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Abstract

Dry forest bird communities in South America are often fragmented by intervening

mountains and rainforests, generating high local endemism. The historical assembly of

dry forest communities likely results from dynamic processes linked to numerous pop-

ulation histories among codistributed species. Nevertheless, species may diversify in

the same way through time if landscape and environmental features, or species ecolo-

gies, similarly structure populations. Here we tested whether six co-distributed taxon

pairs that occur in the dry forests of the Tumbes and Mara~n�on Valley of northwestern

South America show concordant patterns and modes of diversification. We employed a

genome reduction technique, double-digest restriction site-associated DNA sequenc-

ing, and obtained 4407–7186 genomewide SNPs. We estimated demographic history in

each taxon pair and inferred that all pairs had the same best-fit demographic model:

isolation with asymmetric gene flow from the Tumbes into the Mara~n�on Valley, sug-

gesting a common diversification mode. Overall, we also observed congruence in effec-

tive population size (Ne) patterns where ancestral Ne were 2.9–11.03 larger than

present-day Mara~n�on Valley populations and 0.3–2.03 larger than Tumbesian popula-

tions. Present-day Mara~n�on Valley Ne was smaller than Tumbes. In contrast, we found

simultaneous population isolation due to a single event to be unlikely as taxon pairs

diverged over an extended period of time (0.1–2.9 Ma) with multiple nonoverlapping

divergence periods. Our results show that even when populations of codistributed spe-

cies asynchronously diverge, the mode of their differentiation can remain conserved

over millions of years. Divergence by allopatric isolation due to barrier formation does

not explain the mode of differentiation between these two bird assemblages; rather,

migration of individuals occurred before and after geographic isolation.
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Introduction

Populations are subject to fluctuations in habitat avail-

ability, connectivity to other areas and fragmentation.

Over evolutionary time frames, these dynamics result

in changes to genetic diversity, population differentia-

tion and rates of gene flow (Avise 2000). Strong land-

scape and climatic changes may induce a synchronous

evolutionary response in a community of species (e.g.

Hickerson et al. 2006), but variation in when species

originate within a community and their ecological abil-

ity to respond to changing conditions can produce an

array of population histories (e.g. Smith et al. 2014b).
Correspondence: Jessica A. Oswald, Fax: +1 352 846 0287;

E-mail: oswaldj3@gmail.com

© 2017 John Wiley & Sons Ltd

Molecular Ecology (2017) 26, 1386–1400 doi: 10.1111/mec.14013

http://orcid.org/0000-0002-6702-3675
http://orcid.org/0000-0002-6702-3675
http://orcid.org/0000-0002-6702-3675


Given this expected variance, a shared demographic

history among codistributed species may be unlikely.

However, species may show the same modes of diversi-

fication if landscape features, climatic cycles and/or

species ecology act similarly on structuring populations

during different time periods. In many groups of organ-

isms, allopatric differentiation is the presumed domi-

nant mode of diversification (Mayr 1963), but increasing

evidence suggests that isolation with gene flow is also a

common mechanism (Pinho & Hey 2010). Understand-

ing the degree of congruence in both modes and pat-

terns of diversification will help explain how complex

interactions between environment and species biology

affect population history.

Comparative phylogeographic studies typically assess

similarity along one axis of genetic variation. This

approach often entails testing for congruence in a param-

eter of interest, such as phylogeographic breaks (Satler &

Carstens 2016), divergence times (Myers et al. 2016) or

demographic expansions (Burbrink et al. 2016; Prates

et al. 2016). Although population genetic parameters are

not necessarily independent of one another, a process

such as habitat change, for example, could affect popula-

tion size but not fragmentation. This phenomenon is

often observed in studies that show a high degree of con-

cordance in the location, but not the depth, of phylogeo-

graphic breaks (e.g. Smith et al. 2014b). Thus, testing

whether populations have a shared history is more

robust when multiple aspects of genetic variation can be

compared across codistributed species. Developments in

model-based phylogeography (Hickerson et al. 2010) and

the relative ease of acquiring genome-wide genetic mark-

ers (McCormack et al. 2013) now provide the means of

expanding hypothesis testing beyond a simple dichot-

omy of concordance or discordance. These advancements

are particularly relevant for taxa inhabiting complex

environments, such as those along topographic gradients,

where multiple historical and biological processes under-

lie the demographic histories of a community.

In the tropical Americas, Pleistocene climatic cycling

between cooler and drier glacial periods to warmer and

wetter interglacial periods caused a reconfiguration of

species distributions (Colinvaux et al. 1996, 2000; Cohen

et al. 2014; Oswald & Steadman 2015). Under current

climatic conditions, seasonally dry forests (hereafter dry

forest) are discontinuous in inter-Andean valleys, low-

land areas peripheral to the Amazon Basin, and along

much of the Pacific coast from the west slope of the

Andes to M�exico (Pennington et al. 2006). The humid

habitats that are found adjacent to these arid biomes

are more continuously distributed. During the Pleis-

tocene, many plant taxa in the Neotropical region expe-

rienced range expansions or contractions associated

with climate fluctuations (Colinvaux et al. 1997, 2000).

These dynamics are evident in the Quaternary animal

fossil record (last 2.6 million years [Myr]), which shows

fluctuations in the composition and distribution of some

species now found in dry forest (Lemon & Churcher

1961; Campbell 1979, 1982; Pennington et al. 2000;

Oswald & Steadman 2015). More expansive arid biomes

would have allowed species in these regions to increase

their population sizes and move more readily between

areas via habitat corridors.

In northwestern South America, the western cordillera

of the Andes separates two dry forests. To the west lies

the Tumbesian region (hereafter Tumbes), which extends

into Ecuador, and to the east lies the inter-Andean

Mara~n�on Valley (Fig. 1). The Andes in northern Peru

and southern Ecuador only reach relatively low eleva-

tions in an area termed the Huancabamba Depression

(Weigend 2002). The western Andean cordillera is con-

tinuous across this region but contains the lowest pass in

the Central Andes, the Porculla Pass, at 2145 m (Wei-

gend 2002; Bridgewater et al. 2003; Linares-Palomino

et al. 2003; Linares-Palomino 2006). The Porculla Pass is a

putative dispersal corridor between the Mara~n�on Valley

and Tumbes (Bridgewater et al. 2003). Currently, this

pass sustains mesic montane vegetation (Bridgewater

et al. 2003) and may serve as a dispersal barrier for arid-

adapted taxa. However, Pleistocene climatic fluctuations

may have facilitated the movement of dry forest plant

species through Porculla Pass leading to the dispersal of

other species, such as birds (Cadena et al. 2016). Within

the Tumbes and the Mara~n�on Valley, taxonomic assem-

blages show high community turnover (Stotz et al. 1996;

Pennington et al. 2009; Linares-Palomino et al. 2010;

Oswald et al. 2016) and high levels of species endemism,

both in the region as a whole and within each subregion

(e.g. 77 bird species; 124 plant species; Parker et al. 1995;

Pennington et al. 2006; Stattersfield et al. 1998). Fossils

indicate that dry forests have been in the region since at

least 8–12 million years ago (Ma) (Burnham 1995;

Burham & Graham 1999; Burnham & Carranco 2004;

Pennington et al. 2006, 2009) and these plant communi-

ties have persisted through long-term isolation, in situ

speciation, and niche conservatism (Pennington et al.

2009; S€arkinen et al. 2012).

Multiple processes could explain how communities

distributed across the western cordillera of the Andes

became differentiated. The final uplift of the Andes

may have fragmented the once more continuous habitat

connecting the present-day Mara~n�on Valley and

Tumbes dry forests, which would leave congruent and

deep (3–5 Ma) genetic divergences in the Pliocene

among codistributed species. Pleistocene climatic cycles

may have left a similar genetic signature in codis-

tributed taxa, although congruent genetic divergences

would be shallower, dating to within the last 2.6 Myr.
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An alternative explanation to synchronous divergence

caused by environmental and landscape change is isola-

tion via long-distance dispersal, where species colonize

an area and diversify across an extended period of time.

These three scenarios implicitly assume diversification

by allopatric speciation such that once populations

become geographically isolated, they no longer exchange

genes and begin to evolve independently. However,

gene flow among areas could continue after geographic

isolation and diversification could occur via divergence

with gene flow (Pinho & Hey 2010). This movement of

individuals after isolation could be random; alterna-

tively, landscape features and ephemeral dispersal corri-

dors, in conjunction with physiological constraints,

could produce congruent patterns of gene flow (e.g.

Cheviron & Brumfield 2009; DuBay & Witt 2014; Cadena

et al. 2016). Distinguishing among these alternative

hypotheses is possible by inferring the degree of congru-

ence in diversification pattern and mode.

Here, we modelled the demographic history of six

taxon pairs of birds that occur in the dry forests of

Tumbes and the Mara~n�on Valley in northwestern South

America and assessed the degree of similarity in their

population history and mode of diversification. We

collected thousands of unlinked loci from individuals in

populations from both areas using double-digest restric-

tion site-associated DNA (ddRAD) sequencing. To model

population history and estimate population genetic

parameters from the ddRAD loci, we used both full- and

composite-likelihood approaches that employed a coales-

cent model. First, we assessed whether divergence times

were asynchronous as a result of protracted diversifica-

tion, or synchronously correlated with either Late Plio-

cene Andean Uplift or Pleistocene glacial cycling.

Second, we evaluated whether ancestral effective popula-

tion sizes were larger than extant daughter populations,

which would be consistent with formerly more expan-

sive arid habitats that promoted larger ancestral popula-

tions. Third, we generated demographic models ranging

from pure isolation to isolation with symmetric gene

flow, and used model selection to identify the best fitting

model in order to test whether the taxon pairs differenti-

ated via a similar process.

Materials and methods

Taxon sampling

We selected six taxon pairs representative of the passer-

ine diversity in the dry forests of northwestern South

America, with our genetic sampling focused on Peru.

Of the six pairs, five consisted of named subspecies

pairs, whereas the sixth was a sister species pair. In

each case, one member of the pair had the majority of

its range in Tumbes or the Mara~n�on Valley (Fig. 1).

One exception was Saltator striatipectus, which contains

multiple phylogeographic lineages that are distributed

in northern South America and Central America

(Chaves et al. 2013). The pairs were as follows, with the

Mara~n�on Valley taxon presented first followed by the

Tumbesian taxon: Thamnophilus bernardi shumbae – T. b.

bernardi; Melanopareia maranonica – M. elegans; Campy-

lorhynchus fasciatus fasciatus – C. f. pallescens; Mimus long-

icaudatus maranonicus – M. l. longicaudatus; Arremon

abeillei nigriceps – A. a. abeillei; Saltator striatipectus peru-

vianus – S. s. immaculatus. We included 9–14 individuals

per population, all from vouchered specimens

(Table S1, Supporting information). We also included

one outgroup taxon that was sister to each pair (Tham-

nophilus bridgesi; Melanopareia maximiliani; Campy-

lorhynchus albobrunneus; Mimus saturninus; Arremon

aurantiirostris; Saltator striatipectus from Panama).

Double-digest restriction site-associated DNA
sequencing

To obtain genome-wide genetic variation, we used dou-

ble-digest restriction site-associated DNA sequencing

Fig. 1 The western Andean cordillera divides two tracts of dry

forest (in green) in northwest Per�u and southwest Ecuador.

The distribution of dry forest in the region is based on S€arki-

nen et al. (2011) and Bridgewater et al. (2003). The Tumbesian

(‘Tumbes’) dry forests are found west of the Andes (a). East of

the western cordillera, dry forests are found within the

Mara~n�on Valley (b). The lowest pass of the central Andes, Por-

culla Pass (at 2145 m; see arrow), is a putative corridor allow-

ing for gene flow between Tumbes and the Mara~n�on Valley.

[Colour figure can be viewed at wileyonlinelibrary.com]
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(ddRAD; Peterson et al. 2012) to produce reduced-repre-

sentation libraries for our focal taxa. Briefly, we

extracted genomic DNA from tissue using the DNeasy

tissue extraction kit (Qiagen, Valencia, CA), quantified

DNA extractions using a QUBIT 2.0 fluorometer, and then

reconcentrated each sample to approximately 300 ng

per 10.5 lL. Prior to digestion–ligation, we annealed

phosphorylated and phosphorothioated adaptors to

enable adaptor ligation simultaneously with restriction

digestion. We digested each sample in two 96-well

plates (72 samples per plate) using restriction enzymes

SbfI-HF and MspI, and ligated one of the unique 6-bp

P1 adapters to SbfI-HF and the universal MspI P2 adap-

ter to DNA fragments. Digestion–ligation reactions con-

tained 109 CutSmart, 4 lM P1 adapters, 4 lM P2

adapters, 10 mM ATP, 15 U SbfI-HF, 15 U MspI and

300 U T4 ligase; all enzymes were purchased from New

England Biolabs (Ipswich, MA, USA).

We pooled uniquely barcoded digestion/ligation

reactions within each index group (eight samples per

pool from each column of the plate; nine pools per

plate). Then, we performed an AMPure XP (1.59) bead

cleanup of each pool following manufacturer’s protocol

before gel size selecting a 250–500 bp range using an

angled gel plug following DaCosta & Sorenson (2014).

We extracted DNA from 2% agarose (1% low melt

agarose + 1% normal agarose) gel plugs using a QIA-

quick Gel Extraction Kit (Qiagen, Valencia, CA). Next,

we annealed one of the nine unique index primers

using PCR (98 °C for 30 s, followed by 16 cycles of

98 °C for 5-s, 60 °C for 25 s, 72 °C for 30 s and a 72 °C
final extension for 5 min). Each sample had a unique P1

adapter and index primer combination. We cleaned

each amplified pool using AMPure beads and verified

the size and quality of libraries using an AGILENT 2100

BIOANALYZER. The ddRAD libraries were sequenced at the

New York Genome Center on two lanes of an Illumina

HiSeq 2500 (paired-end 100 bp).

Assembly of ddRAD loci

To assemble de novo loci from raw ddRAD sequence

data, we used PYRAD version 2.16.1 (Eaton 2014) and fol-

lowed software guidelines for assembling loci from

paired-end data, using default settings unless otherwise

specified. First, we demultiplexed individual samples

from raw fastq data based on index group and adapter

sequence. Next, we filtered reads by converting bases

with a Phred quality score <20 (amounting to 99% con-

fidence in the base call) to ambiguous sites (N) and

excluding reads with >4 ambiguous sites. We then clus-

tered filtered reads within each sample using an 85%

sequence similarity threshold. Next, we jointly inferred

the error-rate and heterozygosity within samples and

called consensus sequences for each ddRAD locus,

excluding loci with more than two alleles as potential

paralogs and requiring a minimum depth of coverage

per locus of six. Finally, we clustered loci across sam-

ples at 85% sequence similarity, aligned sequences

within clusters and filtered loci containing one or more

sites that appeared heterozygous across more than three

samples. We exported the final data set as SNPs and

sequences in various formats. PYRAD also produced a

summary of the data including number of variable sites,

parsimony informative sites, SNPs and loci.

Genetic structure and variation

To assess the degree of genetic structuring among the

Tumbes and Mara~n�on populations, we used the popula-

tion assignment approach implemented in STRUCTURE

version 2.3.4 (Pritchard et al. 2000). STRUCTURE assigns

individuals to a user-defined number of populations

with assigned likelihood values for each data partition.

We used 500 000 MCMC generations after an initial

burn in of 10 000 generations with 10 replicates for each

cluster (K) value of 1–5 for all taxon pairs. To evaluate

likelihood scores for K values, generate input files for

CLUMPP (Jakobsson & Rosenberg 2007) and combine

STRUCTURE result files, we used Structure Harvester (Earl

& vonHoldt 2012). Next, we combined STRUCTURE popu-

lation assignments for each replicate with the full

search algorithm implemented in CLUMPP (Jakobsson

& Rosenberg 2007). Then, we produced STRUCTURE plots

in R (R Core Team 2014) using the combined results

matrix. Finally, we determined optimal K values based

on likelihood scores and DK values (Evanno et al. 2005).

We also visualized genetic structuring by plotting pair-

wise genetic distance matrices for each population pair

using the Python Package SCIKIT-ALLEL (Miles & Harding

2016) as a heatmap, where warmer colours showed

genetically dissimilar individuals and cooler colours

showed genetically similar individuals. To further char-

acterize genetic diversity, we calculated several sum-

mary statistics for each taxon pair and for each

population within each taxon pair including nucleotide

diversity (p), observed and expected heterozygosity

(HO/HE), Watterson’s Theta (hW), Dxy (an absolute mea-

sure of population differentiation) and Tajima’s D. We

performed these calculations using the SCIKIT-ALLEL pack-

age (Miles & Harding 2016).

We mapped filtered reads to the Zebra finch (Tae-

niopygia guttata) reference genome (Ensembl assembly

number 3.2.4) using SMALT version 0.7.6 (http://www.sa

nger.ac.uk/science/tools/smalt-0) and SAMTOOLS version

1.3 (Li et al. 2009) to examine the distribution of ddRAD

loci across an avian genome. Reference sequence map-

ping with SMALT is a two step process: the first step

© 2017 John Wiley & Sons Ltd
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indexes the reference genome, and the second step

aligns reads to the reference sequence. To optimize set-

tings for the indexing step, we tested several combina-

tions of wordlen (-k) and skipstep (-s) values and

identified that 16 for both maximized the number of

reads successfully mapped. For the alignment step, we

performed an exhaustive search (-x) for matches of each

read to the reference. We tested values for sequence

similarity (-y) between 0.8 and 0.95 and chose 0.85 in

the final analyses because it was conservative without

being overly restrictive. For each paired-end read, we

aligned both reads simultaneously and only considered

reads if both reads mapped successfully and were prop-

erly paired. As our focal taxa are widely dispersed

across the avian tree of life, their phylogenetic distances

from the Zebra Finch are quite disparate. Mean tempo-

ral distances between our taxon pairs and the Zebra

Finch range from ~50 Myr (Thamnophilus and Melano-

pareia), ~36 Myr (Campylorhynchus and Mimus) and

~30 Myr (Arremon and Saltator) (Claramunt & Cracraft

2015). Because of the variation in phylogenetic distance

between each focal taxon and the Zebra Finch, we

expected to see a concordant reduction in the fraction

of ddRAD loci that map successfully. Regardless, our

primary interest was to test the homogeneous distribu-

tion of the reads, and we do not expect phylogenetic

distance to have a substantial impact on our mapping

results.

Demographic modelling

We implemented two separate approaches to model the

demographic history of the six taxon pairs. One

approach, G-PhoCS (Gronau et al. 2011), used a full-

likelihood, multispecies coalescent model where the

input data were the entire sequence for each ddRAD

locus. The second approach, fastsimcoal2 (Excoffier

et al. 2013), was a composite-likelihood method that

simulated the expected joint site frequency spectrum

(SFS) where the input data were a SFS produced from

SNPs in the ddRAD loci. Because estimating the mar-

ginal likelihood in G-PhoCS has been shown to be unre-

liable, model comparison using Bayes Factors is not yet

possible in the program (pers. comm. I. Gronau). Only

the composite-likelihood method, fastsimcoal2, allowed

us to test likelihood of the data given alternative demo-

graphic models, but we present G-PhoCS parameter

estimates from both pure isolation and isolation with

migration models. Using these two approaches, we

assessed both the similarity and uncertainty in parame-

ter estimates between methods.

G-PhoCS is based on the MCMCcoal model, which

employs a multispecies coalescent framework to esti-

mate divergence times and effective population sizes

from multilocus sequence data (Yang 2002; Rannala &

Yang 2003), but additionally allows for modelling gene

flow between populations along user-defined migration

bands (Gronau et al. 2011). We wrote a custom module

to convert the alleles file output from PYRAD into the G-

PhoCS format. We then estimated the timing of diver-

gence (s) between the Tumbes and Mara~n�on Valley

populations and the population mutation rate parame-

ter for extant and ancestral lineages (h) in models that

allowed and disallowed migration. G-PhoCS uses

gamma (a, b) distributions to specify the prior distribu-

tions for h, s and msx. These parameters are the popula-

tion standardized mutation rate parameter (h = 4Nel for

a diploid locus, where l is mutations per nucleotide site

per generation); the species divergence time parameter

(s = Tl; T = species divergence time in millions of

years); and the migration rate per generation parameter

(msx 9 hx/4 = Msx), which is the proportion of individu-

als in population x that arrived by migration from

population s per generation. We performed two sets of

G-PhoCS analyses using different priors (s–h: ([prior 1:

1, 300] and [prior 2: 1, 30]) that represented shallow to

deep phylogeographic divergences and smaller to larger

h values by changing the shape parameter (a) and scale

parameter (b), which have a mean a/b and variance

s2 = a/b2. We ran pure isolation models and models

with bidirectional gene flow. For the models that

allowed migration, we specified a prior distribution of

(1, 10) on the migration band. Posterior estimates of the

migration rate from G-PhoCS are influenced by the

prior distribution (e.g. Gronau et al. 2011; Smith et al.

2014a); thus, we include migration bands to assess how

gene flow may have influenced other demographic

parameters, but not as accurate estimates of migration.

We converted G-PhoCS s and h estimates using the

Zebra Finch genome-wide mutation rate

(2.21 9 10�9 substitutions/site/year; Nam et al. 2010)

assuming a generation time of 1 year. We ran each

model multiple times for 500 000 generations, sampling

every 100, and we performed MCMC diagnostics in TRA-

CER version 1.6 (Rambaut & Drummond 2010).

We used a complimentary demographic approach by

employing fastsimcoal2 (Excoffier et al. 2013) to obtain

estimates of migration, explicitly test different demo-

graphic models and provide a comparison to G-PhocS

parameter estimates. fastsimcoal2 uses coalescent simu-

lations to model different demographic scenarios from

the site frequency spectrum (SFS) from large multilocus

data sets (Excoffier et al. 2013). We used a custom

Python script to convert the VCF file from PYRAD into

@a@i format – a concise summary of the within and

among population genetic diversity at biallelic sites

(Gutenkunst et al. 2009) – and randomly selected one

SNP per locus to reduce linkage bias. We then used

© 2017 John Wiley & Sons Ltd
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@a@i to create a folded joint SFS for each taxon pair.

Because the SFS is calculated from a complete data

matrix, @a@i provides a function for averaging over

missing data by projecting the full data set down to a

smaller number of samples per population. We calcu-

lated and visualized all possible projections of the full

SFS down to a range of values from 5 9 5 to 11 9 11

samples per population. We elected to project the SFS

for all taxon pairs down to 8 9 8 samples, a resolution

we found suitable to maximize the number of segregat-

ing sites comprising the SFS, following the recommen-

dation of the @a@i developers. We performed

simulations using a two-population model that repre-

sented the Tumbes and Mara~n�on Valley populations,

and we varied the presence and direction of migration

among models. For all models, we specified extant and

ancestral effective population sizes (Ne) to have a prior

range of 50 000–1 000 000 with a log uniform distribu-

tion and divergence time (TDIV) to have a prior range

of 100 000–3 000 000 generations. Prior ranges for

migration are specified below, and all ranges were log

uniform converted. The isolation models were as fol-

lows: (M1) no migration (three free parameters), (M2)

symmetric migration (four free parameters; M12:

1 9 10�3 - 20), (M3) asymmetric migration (five free

parameters; N1M1: 1 9 10�3 - 20; N2M2: 1 9 10�3 - 20),

(M4) unidirectional migration (four free parameters;

Mara~n�on Valley to Tumbes; N1M1: 1 9 10�3 - 20) and

(M5) unidirectional migration (four free parameters;

Tumbes to Mara~n�on Valley; N1M1: 1 9 10�3 - 20). For

each set of simulations, we specified the sample sizes

(Tumbes: n = 9; Mara~n�on Valley: n = 9) to match the

resolution of our SFS. We ran 100 000 simulations with

100 independent replicates for each model. To increase

performance, we specified two cores per process with

the runtime parameter ‘-c 2’. We then used an informa-

tion theory approach for model selection (Burnham &

Anderson 2003), which entailed estimating the DAIC,

relative likelihood and AIC weight for each model, and

selecting the best-fit model. For the best-fit model for

each taxon pair, we performed 50 parametric bootstraps

to produce mean and 95% confidence intervals for each

parameter. Parameter values are presented as absolute

values that were converted by fastsimcoal2 using the

Zebra Finch genome-wide mutation rate (Nam et al.

2010).

Results

We collected thousands of loci and SNPs for six taxon

(subspecies or species) pairs from 9–14 individuals per

population that have distinct taxa in the Tumbes and

Mara~n�on Valley of northwestern South America

(Table S1, Supporting information). For convenience, we

will refer to these taxon pairs by their generic names:

Melanopareia, Thamnophilus, Campylorhynchus, Mimus,

Arremon and Saltator. See Materials and methods section

for full details on taxonomy. We multiplexed 136 sam-

ples on two lanes of an Illumina HiSeq 2500. This pro-

duced an average of 12 654 clusters per sample with a

mean coverage depth of 199 (SD = 769) for all ingroup

samples (except three that were omitted), where 46% of

the clusters had a mean depth >59 (mean = 369,

SD = 1049). Excluding two additional samples that

were removed, we obtained 14 739–49 866 variable

sites, 6130–25 775 parsimony informative sites and

4407–7186 SNPs per taxon pair (Table 1). We also col-

lected data from one outgroup per taxon pair with the

number of loci varying from 4 to 2770. Given the vari-

able success at sequencing outgroup taxa, we excluded

outgroups from downstream analyses. In total, between

6 and 34% of reads were properly paired and success-

fully mapped to an annotated reference genome of the

Zebra Finch (Fig. S1, Supporting information). The per-

centage of overall mapping success per taxon pair was

qualitatively correlated with phylogenetic distance from

the Zebra Finch. Of the reads that successfully mapped

with their mate pair, on average 2.3% mapped to the Z

chromosome, 0.1% to the mitochondrial genome, and

83.48% to autosomes and 14.21% to unplaced scaffolds

(Fig. S1, Supporting information). There was a tendency

for larger chromosomes to have fewer mapped reads,

and smaller chromosomes to have more mapped

reads given their size (Fig. S1, Supporting information).

We assessed the degree of genetic structure among

the Tumbes and Mara~n�on Valley populations and

within population genetic variation. The number of

SNPs used in STRUCTURE analysis for each taxon pair was

as follows: Thamnophilus: n = 5468; Melanopareia:

n = 6385; Campylorhynchus: n = 4568; Mimus: n = 4407;

Table 1 Summary of ddRAD loci for each taxon pair from

PYRAD

Taxon pair n Var. sites PSI SNPs

Num. of

loci

Thamnophilus 22 21 404 9606 5468 1049–4514
Melanopareia 17 37 296 18 794 6385 187–4728
Campylorhynchus 23 14 739 6130 4568 2091–4535
Mimus 22 18 933 8857 4407 206–3529
Arremon 19 34 161 15 421 5257 726–3510
Saltator 21 49 866 25 775 7186 1886–4840

Column names are as follows: n, sample size; Var. Sites, the

total number of variable sites; PSI, the total number of parsi-

mony informative sites; SNPs, the total number of single

nucleotide polymorphisms; and Num. of Loci, the range of

number of loci across the individuals in each taxon pair.
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Arremon: n = 5255; Saltator: n = 7186 (Table 1). STRUCTURE

analysis indicated that the most likely number of clus-

ters was two (K = 2) for each taxon pair except for

Thamnophilus and Campylorhynchus, which were best

explained by three clusters (K = 3; Table S2; Figs 2, S3,

Supporting information; see Fig. S2, Supporting infor-

mation for museum Accession nos for each individual).

Additionally, the average likelihood score and the high-

est DK value were not congruent across cluster values

for Saltator (Table S2; Figs S2, S3, Supporting informa-

tion). The poorer fit of Thamnophilus and Campy-

lorhynchus to a two-population (Tumbes – Mara~n�on

Valley) model may be due to the shallow divergence of

these taxon pairs, potentially gene flow from an unsam-

pled population in Tumbes, or genetic drift (Falush

et al. 2016). The degree of admixture varied across the

taxon pairs, and we assessed these patterns in more

detail in the demographic modelling section. Pairwise

distance heatmap plots showed similar results as the

STRUCTURE analysis, with clustering among the areas and

with varying levels of admixture across the pairs

(Fig. 3). In addition, the heatmaps further show that the

Mara~n�on Valley individuals are genetically more similar

to each other than the Tumbes individuals are to each

other (Fig. 3). Pairwise divergences per site (Dxy) were

lower in Campylorhynchus (0.003), Thamnophilus (0.004)

and Mimus (0.005) than Saltator (0.010), Melanopareia

(0.010) or Arremon (0.009). Within populations in each

area, p (mean = 0.004; SD = 0.001) and hW
(mean = 0.005; SD = 0.002) were higher in the Tumbes

populations and mean Tajima’s D was higher in the

Mara~n�on Valley populations (mean = 0.094; SD = 0.114;

Table 2).

Demographic modelling

Each G-PhoCS analysis took approximately 300–500 h

per run (on a single Intel Core i7 3.4–4.0 GHz) to

achieve sampling convergence, with the isolation with

migration models taking longer. The number of unique

loci used in both demographic analyses for each taxon

pair was as follows: Thamnophilus: n = 7604; Melanopar-

eia: n = 7133; Campylorhynchus: n = 6903; Mimus:

n = 5620; Arremon: n = 5959; Saltator: n = 8195. For sim-

plicity, we present G-PhoCS models with symmetric

migration and prior 1 (s–h: [1, 300]) and present pure

isolation model results elsewhere (Table S3, Supporting

information). The G-PhoCS pure isolation and isolation

with symmetric gene flow produced similar divergence

times estimates and the parameter estimates were

robust to the two priors we used (prior 1: s–h: [1, 300];
prior 2 s–h: [1, 30]). Mean divergence times ranged from

0.103 to 1.678 Ma and the 95% highest posterior densi-

ties spanned from 0.009 to 0.077 Ma (Fig. 4; Table S3,

Supporting information). Ancestral population sizes

were on average 5.19 and 29 higher than the Mara~n�on

Valley and Tumbes populations, respectively, and ran-

ged from 0.495 to 1.550 million individuals. The 95%

highest posterior densities for ancestral Ne spanned

from 0.024 to 0.068 million individuals (Fig. 4; Table S3,

Supporting information). The Tumbes population sizes

(mean = 0.519 million individuals; SD = 0.278) averaged

29 larger than the Mara~n�on Valley population sizes

(mean = 0.253 million individuals; SD = 0.179; Table S3,

Supporting information).

For fastsimcoal2, each model selection replicate took

between 12 and 36 h (on a Nehalem 2.93 GHz CPU),

depending on the number of parameters in the model.

Total compute time, given that we ran 50 independent

replicates for five different models for each of six taxon

pairs, was approximately 36 000 h, with a wall-time of

1080 h. For all six taxon pairs, the best-fit demographic

model was isolation with asymmetric migration. The

relative likelihoods for the asymmetric migration mod-

els were 1.0 or near 1.0 in all cases, and the next most

likely models were isolation with unidirectional or sym-

metric migration (Table 3). Mean divergence times ran-

ged from 1.320 to 2.667 Ma, and the 95% confidence

intervals obtained from the parametric bootstrapping

spanned from 1.106 to 2.940 Ma (Fig. 4; Table S3, Sup-

porting information). Ancestral Ne were on average

5.791 times higher than Ne in Mara~n�on Valley popula-

tions, with means ranging from 0.574 to 0.904 million

individuals and 95% confidence intervals spanning

from 0.566–0.973 million individuals (Fig. 4; Table S3,

Supporting information). In three of the taxon pairs,

one daughter population (Tumbes) was larger than the

ancestral population. The Tumbes Ne (mean = 0.623

million individuals; SD = 0.230) were an average 8.89

larger than the Mara~n�on Valley Ne (mean = 0.075 mil-

lion individuals; SD = 0.013). The migration rate from

Tumbes into Mara~n�on Valley across taxon pairs (0.225–
0.762 individuals/generation) was 5.5–71.29 higher

than from Mara~n�on Valley into Tumbes (0.009–0.041
individuals/generation). (Table S3, Supporting informa-

tion)

Discussion

In contrast to a traditional comparative model where

codistributed species either evolve idiosyncratically or

in concert, we inferred that populations of birds occur-

ring in the dry forests of northwestern South America

became isolated over a broad time frame but showed

congruent modes of diversification. We found that pop-

ulations differentiated between Tumbes and the

Mara~n�on Valley from 0.1 �2.9 Ma, which allowed us to

reject a single mechanism as being responsible for
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isolation. Next, we found overall congruence in effec-

tive population size patterns that likely reflects that

Tumbes and Mara~n�on Valley had more expansive dry

forests in the past, which is supported by Late Pleis-

tocene fossil evidence near Tumbes (Oswald & Stead-

man 2015). Finally, we found congruence in the mode

of population differentiation and inferred that the best-

fit demographic model for all pairs was isolation with

asymmetric gene flow. This result is not only important

in showing the importance of gene flow during the

diversification of these two bird faunas, but highlights a

novel and general pattern of isolation with gene flow.

Concordant and discordant demographic history

We found similarity in the effective population sizes of

the daughter and ancestral populations. Our estimates

of ancestral population size are consistent with the pre-

diction that arid-adapted taxa had larger ancestral pop-

ulation sizes historically when dry forest was more

expansive in the region (Oswald & Steadman 2015).

Based on estimates of Ne from our G-PhoCS analyses,

all six pairs had larger ancestral populations than either

of the daughter populations. However, the fastsimcoal2

analyses found that ancestral Ne was larger in only

three of the pairs. In the remaining three pairs, the

Tumbes and ancestral Ne values were similar or slightly

smaller. Demographic congruence was also observed

within the Mara~n�on populations, which had smaller Ne

than Tumbes populations. This demographic congru-

ence likely reflects the smaller geographic area of the

Mara~n�on Valley in comparison with Tumbes. The

higher genetic variation in Tumbes may also be due to

more fragmented dry forests and arid habitats across a

larger region relative to the Mara~n�on Valley. These frag-

ments could produce increased genetic structuring west

of the Andes, although our sample size was too limited

in geographic scope to detect it. Future fieldwork and

sampling would further clarify the degree of genetic

structuring among populations in Tumbes.

Model selection strongly favoured isolation with

asymmetric gene flow from the Tumbes into the

Fig. 2 STRUCTURE plots (K = 2) for each taxon pair showing assignment probability (y-axis) of each individual to Tumbes (green) and

Mara~n�on Valley (blue). Each bar represents an individual. Figure S2 (Supporting information) has the STRUCTURE plots with each bar

labelled with collection locality, abbreviated species name and museum Accession no. [Colour figure can be viewed at wileyonlineli-

brary.com]
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Mara~n�on Valley in all six taxon pairs. Speciation with

gene flow is a well-described phenomenon that is docu-

mented in many systems (Nosil 2008), but, to our

knowledge, the repeated cases of asymmetric gene flow

that we observed are unique. This pattern is likely not

the product of allopatric divergences followed by sec-

ondary contact with recent gene flow. All six taxon

pairs are phenotypically different between the areas,

which is the basis for their taxonomic classification as

subspecies or species pairs, and there are no records of

intermediate forms that would suggest contemporary

hybridization or clinal variation. Thamnophilus is the

only taxon pair in our data set in which the two popu-

lations may be coming into secondary contact in the

Mara~n�on Valley (Schulenberg et al. 2007), but hybrid

phenotypes have not been documented. The relatively

subtle phenotypic differences among each area likely

reflect recent divergence between populations and the

ecological similarity between the two areas. Our models

indicate a high probability of gene flow after isolation,

but it is unclear if this gene flow happened at the same

time across species, for instance when a suitable habitat

Fig. 3 Pairwise distance heatmap plots for each of the six taxon pairs. Warmer colours show individuals that are more genetically

dissimilar and cooler colours show more similar individuals. Individuals from the Mara~n�on Valley (red) and Tumbes (blue) are

denoted with a coloured bar. [Colour figure can be viewed at wileyonlinelibrary.com]

Table 2 Population genetic summary statistics based on SNP

data for the six focal taxon pairs occurring in the Mara~n�on Val-

ley and Tumbes

n p HO/HE hW Taj. D

Mara~n�on Valley

Thamnophilus 10 0.002 0.148/0.128 0.004 �0.010

Melanopareia 8 0.003 0.076/0.098 0.004 0.198

Campylorhynchus 14 0.002 0.108/0.123 0.004 0.051

Mimus 13 0.002 0.010/0.124 0.004 �0.032

Arremon 9 0.004 0.088/0.114 0.006 0.253

Saltator 12 0.004 0.099/0.142 0.006 0.104

Tumbes

Thamnophilus 12 0.003 0.184/0.229 0.004 �0.106

Melanopareia 9 0.005 0.132/0.176 0.006 0.081

Campylorhynchus 9 0.002 0.176/0.210 0.003 �0.015

Mimus 9 0.004 0.166/0.224 0.005 0.103

Arremon 10 0.006 0.121/0.194 0.007 0.097

Saltator 9 0.005 0.109/0.168 0.007 0.186

Column names are as follows: n, sample size; p, average
nucleotide differences per site; HO/HE, observed and expected

heterozygosity; hW, Watterson’s Theta; and Taj. D, Tajima’s D.
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corridor existed (i.e. during glacial periods). The rate of

gene flow varied across taxon pairs, but it was less than

one migrant per generation, which in part explains how

different phenotypes evolved in each area in the face of

gene flow (Slatkin 1985, 1987). The generality of six

repeated cases of isolation with asymmetric migration

suggests that a shared factor that underlies the direc-

tionality of gene flow.

A general pattern of isolation with asymmetric gene

flow is likely due to either more favourable dispersal

conditions in one direction, differences in dispersal

propensities and/or source-sink dynamics. There does

not appear to be an extra physiological cost for dispers-

ing in only one direction as is seen along elevational

gradients in Andean birds (Cheviron & Brumfield 2009;

DuBay & Witt 2014), because conditions should be the

same in both directions. The asymmetry in size between

Tumbes and the Mara~n�on Valley could produce a

source-sink dynamic where the higher number of indi-

viduals in Tumbes is more likely to disperse into the

smaller geographic area of the Mara~n�on Valley. El Ni~no

events result in higher rainfall within Tumbes, leading

to temporary mesic conditions and increased resource

availability (Richter 2005; Muenchow et al. 2013). These

dynamic conditions in Tumbes could lead to a higher

dispersal propensity in birds, allowing them to track

resources (Oswald et al. 2016). In contrast, the Mara~n�on

Valley is more climatically buffered from El Ni~no

events because of the Andes (Bendix & Bendix 2006),

leading to abiotic stability, which may cause popula-

tions to be more sedentary (Tripet et al. 2002; Salisbury

et al. 2012). The underlying mechanism(s) influencing

gene flow across northwestern Per�u likely also acted in

conjunction with Quaternary glacial–interglacial cycles

that influenced the availability of suitable dispersal

habitat in the region.

Our divergence time estimates between the Mara~n�on

Valley and Tumbes populations ranged widely (0.1–
2.9 Ma), suggesting that a singular event was not

responsible for the differentiation of the two bird fau-

nas. Taking into account the uncertainty from both

methods, the taxon pairs diverged in two (fastsimcoal2)

to five (G-PhoCS) different time periods. These results

also indicate that divergence most likely occurred after

the final uplift of the Andes. Nonavian dry forest taxa

typically have pre-Pleistocene divergences (Pennington

et al. 2010; Werneck et al. 2012; Magalhaes et al. 2014),

whereas most of the divergences in our data set post-

date Andean uplift but pre-date the stronger and longer

glacial cycles starting approximately 0.8 Ma (Lambeck

et al. 2002). Pleistocene glacial–interglacial cycles likely

had a repeated impact on the distribution and extent of

dry forest in northwestern South America, but it is not

apparent from our analysis that these cycles directly

isolated populations. Alternatively, nonsimultaneous

isolation could have happened via jump dispersal

between the areas mediated by the dispersal ability of

each species. Irrespective of the actual mechanism iso-

lating these taxa, our results are consistent with other

systems that show the historical assembly of Neotropi-

cal biotas is a protracted process (e.g. Smith et al. 2012).

Full- vs. composite-likelihood models

The coalescent methods fastsimcoal2 and G-PhoCS both

offer flexible and powerful approaches for modelling

demographic history, but we found clear differences

that impact inferences in our study. We were able to

analyse relatively large multilocus data sets and obtain

stable parameter estimates in less than 8 weeks with

both programmes. These findings were recovered in

both the full- and composite-likelihood models we

employed, but the full-likelihood approach typically

had narrower uncertainty around parameter estimates.

Among the important distinctions between the method

outputs were that the fastsimcoal2 95% CIs from the

parametric bootstrapping for divergence time were 7–
239 wider than the 95% highest posterior density

0.0 0.5 1.0 1.5

Ancestral Eff. Pop. size

Ne NeNe

Saltator

Arremon

Mimus

Campylorhynchus

Melanopareia

Thamnophilus

0.0 0.5 1.0 1.5

Tumbes Eff. Pop. size

0.0 0.5 1.0 1.5

Marañón Valley Eff. Pop. size

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Divergence time

Time (Ma)

Fig. 4 Plots showing comparative demographic patterns from the six taxon pairs from fastsimcoal2 (red) and G-PhoCS (blue). From

left to right: Ancestral Ne, Tumbes Ne, Mara~n�on Valley Ne and divergence time of populations. Ne is in units of millions of individu-

als. Y-axis shows each of the taxon pairs. [Colour figure can be viewed at wileyonlinelibrary.com]
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(HPD) obtained from G-PhoCS posterior distributions

(Fig. 4). The typically younger divergence times from

G-PhoCS are likely linked to higher estimated ancestral

Ne. In three cases, the fastsimcoal2 estimates were con-

siderably older than the estimate from G-PhoCS. The

uncertainty surrounding Ne estimates varied between

the two approaches, with fastsimcoal2 population esti-

mates being up to 3.3 times narrower for the Mara~n�on

Valley Ne 95% CIs. In contrast, the Tumbes and the

ancestral Ne from G-PhoCS had up to 3.4 and 6.0 times

narrower 95% HPD, respectively. As shown elsewhere

(Gronau et al. 2011; Smith et al. 2014a), the migration

estimates obtained from G-PhoCS are not robust to the

prior and are used to obtain a more accurate estimate

of divergence time, but not an accurate estimate of gene

flow. In addition to being able to model migration rates,

fastsimcoal2 provides a flexible means of comparing the

likelihood of data under different demographic models,

which is not possible in G-PhoCS. The ability to differ-

entiate between varying demographic histories in this

study provides an additional layer of inference not

observable with even highly precise parameter

estimates.

The trade-off between the precision of parameter esti-

mates and model selection between the two software

packages has important implications for phylogeo-

graphic inference. On one hand, precise parameter esti-

mates provide increased resolution in coupling a

genetic pattern to a hypothesized process responsible

for the observed genetic variation. On the other hand,

parameter estimates alone, irrespective of their uncer-

tainty, do not provide an objective means of differenti-

ating between alternative diversification scenarios

(Carstens et al. 2009). By including demographic model

selection, our study was able to capture an aspect of

population history that is shared across six taxon pairs.

If we had relied solely on divergence times, we would

have concluded that the processes responsible for popu-

lation isolation were entirely idiosyncratic, despite the

fact that congruence in best-fit demographic models

across the six taxon pairs indicates that the mode of

population differentiation remained conserved over mil-

lions of years. It is unclear if the differences we

obtained between G-PhoCS and fastsimcoal2 are unique

to our data, but the distinction between precision in

parameter estimates vs. the broad utility of demo-

graphic model selection for phylogeographic inference

is general. There is a clear need moving forward, for

model-based methods that can test the congruence in

demographic histories in structured populations as has

been developed for Sanger-based multilocus data

(Huang et al. 2011) and unstructured populations using

the aggregate site frequency spectrum (Xue &

Hickerson 2015).

In sum, we used genome-wide genetic variation to

model the population histories of bird species that are

found in discontinuous dry forests in northwestern

South America. We tested whether codistributed species

showed similar patterns in the timing of isolation, effec-

tive population size and mode of diversification. Using a

full-likelihood coalescent model, we inferred from

sequence data that divergence times between taxon pairs

occurring in the Tumbesian and Mara~n�on Valley dry for-

ests did not overlap. We used a complementary simula-

tion-based approach and performed demographic model

selection from the site frequency spectrum. Using this

Table 3 Demographic model selection results showing the

likelihood of each model for each of the six taxon pairs. The

models are as follows: M1 – Isolation with no migration; M2 –
Isolation with symmetric migration; M3 – Isolation with asym-

metric migration; M4 – Isolation with unidirectional migration,

Mara~n�on Valley to Tumbes; M5 – Isolation with unidirectional

migration, Tumbes to Mara~n�on Valley.

Thamnophilus AIC ΔAIC

Relative

likelihood

AIC

Weight

M1 17524.770 396.170 0.000 0.000

M2 17332.430 203.830 0.000 0.000

M3 17128.600 0.000 1.000 1.000

M4 17529.454 400.854 0.000 0.000

M5 17216.290 87.690 0.000 0.000

Melanopareia

M1 33403.494 902.406 0.000 0.000

M2 32556.182 55.094 0.000 0.000

M3 32501.088 0.000 1.000 1.000

M4 33121.966 620.878 0.000 0.000

M5 33085.510 584.422 0.000 0.000

Campylorhynchus

M1 16095.496 175.074 0.000 0.000

M2 16100.472 180.050 0.000 0.000

M3 15920.422 0.000 1.000 1.000

M4 16092.480 172.058 0.000 0.000

M5 15957.552 37.130 0.000 0.000

Mimus

M1 24721.770 970.148 0.000 0.000

M2 24018.928 267.306 0.000 0.000

M3 23751.622 0.000 1.000 1.000

M4 24724.120 972.498 0.000 0.000

M5 23925.748 174.126 0.000 0.000

Arremon

M1 24179.392 771.338 0.000 0.000

M2 23516.456 108.402 0.000 0.000

M3 23408.054 0.000 1.000 1.000

M4 24099.642 691.588 0.000 0.000

M5 23681.134 273.080 0.000 0.000

Saltator

M1 42428.942 1147.446 0.000 0.000

M2 41404.602 123.106 0.000 0.000

M3 41281.496 0.000 1.000 1.000

M4 42116.736 835.240 0.000 0.000

M5 41858.786 577.290 0.000 0.000
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method, we found strong support for a common diversi-

fication model of isolation with asymmetric gene flow

between areas in all six taxon pairs. We further found

congruence across species showing that ancestral popu-

lation sizes were larger in the past and that contempo-

rary population size patterns correlate with the

geographic area of each dry forest. Our results highlight

both the discordance in the absolute timing of diversifi-

cation in co-distributed species and the congruence in

demographic processes (i.e. genetic differentiation, asym-

metric gene flow) that operate on different timescales.
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Fig. S1 Plot of ddRAD reads from each species mapped to the

Zebra finch (Taeniopygia guttata) genome. On the Y-axis are

chromosomes 1–28, Z sex chromosome, the mitochondrial gen-

ome (MT), and unmapped (Un). The X axis shows the percent-

age of the reads that mapped to the chromosome relative to

the total size of the genome. The percentage size of each chro-

mosome is shown in black. The taxon pairs are as follows:

Arremon (aqua), Campylorhynchus (maroon), Melanopareia (dark

yellow), Mimus (red), Saltator (green), and Thamnophilus (blue).

Fig. S2 STRUCTURE plots (K = 2), with sample IDs, for

each taxon pair showing assignment probability (y-axis) of

each individual to Tumbes (green) and Mara~n�on Valley (blue).

Each plot has the focal genus name as a title with each individ-

ual represented below the bar. The individual name begins

with ‘Tum’ or ‘Mar’, which indicates that that individual was

collected in Tumbes or the Mara~n�on Valley, respectively.

Labels end with the shortened scientific name. ThaBer = Tham-

nophilus bernardi, MelEle = Melanopareia elegans, MelMar = Mela-

nopareia maranonica, CamFas = Campylorhynchus fasicatus,

MimLon = Mimus longicaudatus, ArrAbe = Arremon abeillei,

SalStr = Saltator striatipectus. Shortened scientific names are fol-

lowed by the museum accession number. More detailed col-

lecting localities and museum information can be found in

Table S1.

Fig. S3 Alternative STRUCTURE plots for taxon pair that have

K = 3 as the most likely model. Each bar represents an individ-

ual, and the y-axis shows the assignment probability of each

individual to the three populations (K). The individual name

begins with ‘Tum’ or ‘Mar’, which indicates that that individ-

ual was collected in Tumbes or the Mara~n�on Valley, respec-

tively. Labels end with the shortened scientific name. ThaBer =
Thamnophilus bernardi, CamFas = Campylorhynchus fasicatus, and

SalStr = Saltator striatipectus. Shortened scientific names are fol-

lowed by the museum accession number.
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Table S1 Museum accession numbers and locality information

for specimens. Museum abbreviations are as follows: LSUMZ =
Louisiana State University Museum of Natural Science,

FLMNH = Florida Museum of Natural History, UWBM =
Burke Museum, KU = University of Kansas Biodiversity Insti-

tute, AMNH = American Museum of Natural History.

Table S2 STRUCTURE output from Structure Harvester for

each focal taxon pair including the Number of populations (K),

Number of replicates, Mean log-likelihood score, Log-likeli-

hood standard deviation (SD), First- and Second-order likeli-

hood rate of change, and ΔK value.

Table S3 Demographic modeling output from fastsimcoal2 and

G-PhoCS. The top table shows fastsimcoal2 model for the best-

fit model (isolation with asymmetric gene flow) output with

maximum likelihood estimates, and mean and 95% confidence

intervals from 50 bootstrap replicates for: ancestral, Mara~n�on

Valley, and Tumbes Ne; migration rates from Mara~n�on Valley

to Tumbes and Tumbes to Mara~n�on Valley; and divergence

time between Mara~n�on Valley and Tumbes. The middle table

shows the G-PhoCS output for the isolation model with gene

flow using prior 1 (s–h: ([1, 300]) with mean and the highest

posterior density for: ancestral, Mara~n�on Valley, and Tumbes

Ne; migration rates from Mara~n�on Valley to Tumbes and

Tumbes to Mara~n�on Valley; and divergence time between

Mara~n�on Valley and Tumbes. The bottom table shows the G-

PhoCS output for the pure isolation model using prior 1 with

mean and the highest posterior density for: ancestral, Mara~n�on

Valley, and Tumbes Ne; and divergence time between

Mara~n�on Valley and Tumbes.
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