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Abstract

Phylogeographic inference has typically relied on analyses of data from one or a few

genes to provide estimates of demography and population histories. While much has

been learned from these studies, all phylogeographic analysis is conditioned on the data,

and thus, inferences derived from data that represent a small sample of the genome are

unavoidably tenuous. Here, we demonstrate one approach for moving beyond classic

phylogeographic research. We use sequence capture probes and Illumina sequencing to

generate data from >400 loci in order to infer the phylogeographic history of Salix melan-
opsis, a riparian willow with a disjunct distribution in coastal and the inland Pacific

Northwest. We evaluate a priori phylogeographic hypotheses using coalescent models for

parameter estimation, and the results support earlier findings that identified post-Pleisto-

cene dispersal as the cause of the disjunction in S. melanopsis. We also conduct a series

of model selection exercises using IMa2, Migrate-n and ∂a∂i. The resulting ranking of

models indicates that refugial dynamics were complex, with multiple regions in the

inland regions serving as the source for postglacial colonization. Our results demonstrate

that new sources of data and new approaches to data analysis can rejuvenate phylogeo-

graphic research by allowing for the identification of complex models that enable

researchers to both identify and estimate the most relevant parameters for a given system.
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Introduction

One of the central objectives of phylogeographic

research has been to investigate how climatic shifts that

occurred during the Pleistocene have influenced the

distribution and genetic structure of organisms (e.g.

Hewitt 1996; Avise et al. 1998). Of particular interest

has been the identification of glacial refugia, using

genetic (Soltis et al. 1997; Crespi et al. 2003; Tribsch &

Schonswetter 2003) and environmental (Hugall et al.

2002; Carstens & Richards 2007; Waltari et al. 2007)

data, largely because understanding refugial dynamics

is critical both to conservation/management and to

understanding patterns and processes of speciation.

Phylogeographers have commonly located putative

refugia by identifying regions of high genetic diversity

(e.g. Brunsfeld & Sullivan 2005), but some studies have
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conducted statistical tests of refugial locations by

employing either parametric simulation (e.g. Knowles

et al. 2007), Bayesian (Morgan et al. 2011) or information

theoretic (Provan & Maggs 2011) approaches. Investiga-

tions such as these exemplify statistical phylogeogra-

phy, an increasingly quantitative discipline that relies

on analytical methods that implement complex and

parameter-rich models.

The willow Salix melanopsis is one of ~150 plant and

animal complexes with disjunct populations in both the

inland rainforests of the northern Rocky Mountains and

the Cascades and coastal ranges (Nielson et al. 2001).

Because of the diversity of taxa that display this dis-

junction, biogeographers have been motivated to

explain the environmental processes that produced this

pattern (Brunsfeld et al. 2001; Shafer et al. 2010), with

the disjunction attributed to either pre-Pleistocene vicar-

iance or post-Pleistocene dispersal. Carstens et al. (2005)

presented evidence that dispersal led to the disjunction

in S. melanopsis, but the posterior probability of this

model was lower than that exhibited by other species.

This result inspired additional work in S. melanopsis.

Brunsfeld et al. (2007) investigated northern popula-

tions of S. melanopsis using ~1800 bp of cpDNA from

the matK gene; however, demographic history was diffi-

cult to infer from the ML estimate of genealogy. Haplo-

types from most S. melanopsis grouped into two clades

that were considered products of separate refugia in the

Salmon and Clearwater River drainages. In addition,

two other clades of S. melanopsis haplotypes were pres-

ent, but corresponded to phenotypes that were consid-

ered separate races (lowland, subalpine) by Brunsfeld

et al. (1992). Carstens & Richards (2007) used parametric

simulation to conduct tests of phylogeographic models.

The tests rejected a model where S. melanopsis was

partitioned into multiple refugia, but could not reject a

model of expansion from a single refuge at the end of

the Pleistocene. These results have two potential short-

comings: they are based on fixed parameter estimates

from a single genetic locus that are not likely to be

accurate (e.g. Felsenstein 2006), and they only reflect the

history of the chloroplast genome, which may not

match that of the nuclear genome. Consequently, Tsai

& Carstens (2012) expanded this work by collecting

data from four additional nuclear loci using Sanger

sequencing. They compared demographic models using

approximate Bayesian computation (ABC) and thus did

not rely on fixed parameter estimates. The model with

the highest posterior probability was a single refuge

model with population expansion (P = 0.684), but a

model of compartmentalized refugia (in the Salmon and

Clearwater drainages) contained a nontrivial portion of

the posterior density (P = 0.264). In summary, S. melan-

opsis probably dispersed to the coast from inland popu-

lations at the close of the Pleistocene, and the available

data suggest but do not demonstrate conclusively that

this expansion was from a single refuge.

Our approach to data analysis proceeds by consider-

ing the results of existing work as tentative findings that

should be evaluated. As such, we analyse our data using

several approaches. First, we use Lamarc 2.0 (Kuhner

2006), a coalescent-based method that estimates the

extrinsic rate of population expansion from a single

population, as suggested by Tsai & Carstens (2012). Sec-

ond, we analyse our data using IMa2 (Hey & Nielsen

2007), which incorporates a model that was previously

used to test regional biogeographic hypotheses in a

range of organisms (Carstens et al. 2005). Third, we uti-

lize two methods designed to help us explore Pleistocene

refugial structure. Our approach will evaluate the find-

ings of previous research using a larger data set and

devote particular attention to the question of the refugial

dynamics, which has proven difficult to address. Where

possible, we evaluate multiple demographic models per

analysis and quantify the relative fit of these models to

the data. This model selection approach allows for

parameter estimation, but also the identification of the

demographic parameters that are required to understand

the history of S. melanopsis in the Pacific Northwest.

Although recent phylogeographic work has expanded

beyond single-locus studies, genomic scale data sets

remain rare. Here, we utilize two emergent technologies,

sequence capture probes (Good 2011; McCormack et al.

2012) and Illumina sequencing, to sequence targeted

regions of the Salix melanopsis genome in samples from

12 river drainages in the temperate rainforests of the

Pacific Northwest of North America (Fig. 1). The result-

ing data (408 loci, 335 SNPs) are used to explore demo-

graphic models and estimate relevant genetic parameters

in a manner that accounts for uncertainty in the underly-

ing models. Our data are expected to have several advan-

tages over those collected in previous studies. First, it is

likely that these data are more representative of the

actual genetic variation across the S. melanopsis genome

because we do not screen for polymorphism prior to data

collection. Second, the amount of data should enable a

more detailed parameterization of demographic models

and allow us to develop a more clear understanding of

how S. melanopsis responded to deglaciation.

Materials and methods

Design of capture probes and library preparation

Because Salix melanopsis is a riparian specialist, samples

were chosen from the major river drainages within its

range in Washington and Idaho (Fig. 1), including 13

from the Clearwater and six from the Salmon drainages
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(sites of putative refugia), as well as 12 from the north-

ern drainages (recently deglaciated) and eight from the

western coastal and Cascades drainages. In addition,

sequence from a single Salix alba was collected to polar-

ize SNPs and for potential use as an outgroup. Leaf tis-

sue was sampled from herbarium specimens at the

University of Idaho Stillinger Herbarium (Table S1,

Supporting information), and whole-genomic DNA was

extracted using a Qiagen DNeasy Plant Extraction kit.

For each sample, 200 ng of whole-genomic extraction

was sheared to lengths of 200–300 bp using a Bioruptor

in the Louisiana State University Genomics Facility.

After shearing, samples were quantified using a Qubit

(Life Technologies), end-repaired and A-tailed using

enzymes purchased from NEB. Illumina sequencing

adapters (each containing a 12 bp barcode; Hamady

et al. 2008) were ligated to the product, and the libraries

were again quantified using a Qubit. Rather than

sequencing RADTags (e.g. Emerson et al. 2010) or some

other reduced representation library (e.g. Barbazuk et al.

2005), we used RNA capture probes (e.g. Good 2011) to

target specific regions of the S. melanopsis genome.

Capture probes were designed from sequences acquired

by randomly sequencing DNA fragments from a single

S. melanopsis individual on a partial Roche 454 sequenc-

ing plate during a project described by Zellmer et al.

(2012). RNA baits were designed by J-M Rouillard

(Mycroarray, Inc), and a custom set of biotinylated

120-mer baits was synthesized by Mycroarray. Nearly

800 loci, each 120–300 bp, were targeted by the probe

set, and baits were tiled at 60-bp intervals for loci that

exceeded 120 bp. The library was hybridized to the

baits following manufacturer instructions, washed, re-

hybridized and washed again. To generate a sufficient

sample for sequencing, emulsion PCR (Williams et al.

2006) was used to amplify the library following the

wash steps. Sequencing was conducted by multiplexing

eight individuals in each of five channels of an Illumina

GAiiX located at the LSU Genomics facility using 108-bp

reads. An average of 3.02 9 107 sequence reads per

channel were obtained, or 3.76 9 106 per sample (Table

S2, Supporting information). In addition, we included

sequence data from four autosomal loci collected by Tsai

& Carstens (2012) and from a single chloroplast locus

collected by Brunsfeld et al. (2007).

Bioinformatics processing

Initial data processing occurred using the FASTX-Toolkit

(Gordon & Hannon 2012; http://hannonlab.cshl.edu/

fastx_toolkit/index.html). A Perl script was written to

process sequence offloads from each channel as follows.

First, quality scores were converted to Sanger format,

and reads were filtered to retain only those reads with

>90 bases of >q20 (Phred scale), corresponding to a >99%
chance of the base being correct. Sequences were demul-

tiplexed (allowing a single error in the barcode sequence)

and trimmed to remove the barcode sequence. Sequences

were then mapped to a reference sequence, which was a

combination of sequences from two assemblies. For the

first assembly, we mapped the sequences from S. melan-

opsis that were used to design the initial probe set to the

Populus trichocarpa (also Salicaceae) genome using tools

provided by Phytozome (http://www.phytozome.net/

poplar). Specifically, we used a BLASTN search (Altschul

et al. 1990), with the E threshold set to �1, and the BLO-

SUM6 comparison matrix. We then excised a 2-kb region,

centred on the mapped sequence and used these

sequences as references. Because not all of the sequences

for the capture probes mapped to Populus, we also gener-

ated de novo assembly of reads from the S. alba individual

using Velvet (Zerbino & Birney 2008) and Velvet Opti-

miser 2.1.7 (S Gladman; http://bioinformatics.net.au/

software.shtml). In cases where de novo alignments also

mapped to Populus, we chose the former for use as our

reference. Once these reference sequences were gener-

ated, we mapped sequence reads from each individual to

these sequences using BWA (Li & Durbin 2009). SAMtools

(Li et al. 2009) was then used to generate a pile-up of all

samples and to call SNPs; we generated a pile-up consist-

ing of all individuals with the MPileup command and

required >100X coverage per SNP with a minor allele fre-
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Fig. 1 Map of sample collection sites. Collection localities are

marked with numbers that correspond to those of Table S1.

Also shown are the four biogeographic regions (named and

outline in dashed dark lines) as well as the maximum extent of

glacial advance during the last glacial maximum (marked with

a dashed white line).
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quency of >0.2. Note that the high coverage requirement

did not impact the coverage across samples in the vari-

ous alignments, as we had nearly the same number of

individuals in the alignments when we reduced the req-

uisite coverage to 10X. To infer haplotypes, data were

phased using Phase version 2.1 (Stephens et al. 2001; Ste-

phens & Donnelly 2003). For each alignment, the Phase

input was generated using a Perl script, and sites were

inferred with a certainty threshold of 95%. In the Phase

output, all sites that could not be inferred within the

threshold were replaced with missing data for down-

stream analyses. After phasing, input files for the analy-

ses described below were assembled with custom

Python scripts. Scripts used for the processing or analy-

sis of the data are available from Dryad.

Characterizing patterns of genetic variation

Summary statistics were estimated using Compute, a

component of the Libsequence package (Thornton

2003). To test for population structure among river

drainages and among regions (coastal, northern drain-

ages, Salmon, Clearwater; see Fig. 1), we conducted an

analysis of molecular variance (AMOVA) in GeneticStudio

version 131 (Dyer 2009) with 1000 permutations. In

addition, because isolation by distance is often a driver

of intraspecific genetic divergence, we performed a

Mantel test to test for isolation by distance. To estimate

population structure, we used the software Structure

(Pritchard et al. 2000), which implements a clustering

algorithm that groups individuals based on multilocus

genotypes. Invariant sites from variable loci were

excluded and linkage was assumed if more than one

SNP was present at a particular locus. We then used

these genotypic data as the input for Structure. The

number of populations (k) was tested from 1 to 13,

corresponding to the number of sampled river drain-

ages (Table S1, Supporting information), using sample

locality as a prior. This represents a conservative

approach, as the use of a locality prior does not generally

bias the results in cases where there is no signal for struc-

ture in the data (Hubisz et al. 2009). Fifteen independent

Markov Chain Monte Carlo (MCMC) replicates of

500 000 steps were run, with the first 100 000 discarded

as burn-in. The most likely set of cluster membership

coefficients for each k was identified using the Greedy

algorithm in CLUMPP (Jakobsson & Rosenberg 2007), and

data were visualized in DISTRUCT (Rosenberg 2004).

Estimating the rate of population expansion using
Lamarc

Previous work has identified expansion from a single

refuge as a demographic model with a good fit to

S. melanopsis. Accordingly, we analysed our data using

Lamarc 2.0 (Kuhner 2006) to estimate h = 4Nel and

population growth (c). The analysis was conducted

using a Bayesian search with priors for h = 0.00001, 100;

and c = �500, 1000. Four adaptively heated Markov

chains (with temperatures of 1.0, 1.1, 1.2 and 3.0) were

utilized, with 100 000 recorded trees (with the first

10 000 discarded as burn-in).

Exploring regional biogeographic patterns

Several biogeographic hypotheses have been proposed

to explain the observed disjunct distribution of S. melan-

opsis as having resulted either from ancient, pre-Pleisto-

cene vicariance, or from post-Pleistocene dispersal

along a southern or northern route (Brunsfeld et al.

2001). Because divergence times and migration rates

between eastern and western populations are the key

parameters that differentiate biogeographic models for

each of these hypotheses, we followed Carstens et al.

(2005) and estimated these parameters using an isola-

tion-with-migration model. The vicariance model

predicts deep population divergence between the inland

and coastal forests with low rates of migration, while

models that include recent dispersal predict shallow

population divergence with high rates of migration.

An isolation-with-migration model, as implemented

in IMa2 (Hey & Nielsen 2007; Hey 2010), was used to

test these hypotheses by dividing the samples into

coastal and inland populations. This approach estimates

key demographic parameters: h = 4Nel, the timing of

population divergence from an ancestral population (τ)
and gene flow between the populations (m). We analy-

sed two data sets; the first consisted of all polymorphic

loci that included samples from both the inland and

Cascades regions. The second consisted of 20 loci with

sequence available across all individuals. For each, we

experimented with prior bounds before defining the

upper bounds of the priors (h = 15; τ = 5; m = 20). Runs

included a burn-in period of 10 000 steps and a geomet-

ric heating scheme that varied between �g1 = 0.9 and

�g2 = 0.999, and consisted of 100 coupled Markov

chains. Convergence was explored by examining the

effective sample sizes and plots of the posterior densi-

ties of parameters. We computed the model probabili-

ties of nested submodels following Carstens et al.

(2009).

Inferring the structure of Pleistocene refugia

The Clearwater River drainage has been considered a

likely refugium for inland rainforest species because it

was the northernmost drainage to the south of the max-

imum advance of the last Pleistocene glacier and

© 2013 John Wiley & Sons Ltd
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because there are numerous inland rainforest endemics

whose distributions are restricted to this drainage

(Brunsfeld et al. 2001). Immediately to the south of the

Clearwater drainage is the Salmon River drainage,

which has also been suggested as a putative site for a

Pleistocene refugium (Nielson et al. 2001). Because Salix

melanopsis is found in both drainages, we explored both

single refugium (Clearwater) and dual refugia (Clear-

water and Salmon) biogeographic models. Because refu-

gial populations are expected to contribute to the newly

founded populations, estimating gene flow is critical to

inferring postglacial migration dynamics. We estimated

gene flow under a coalescent framework using the pro-

gram Migrate-n (version 3.2.16; Beerli & Felsenstein

2001; Beerli 2006). Parameters were first estimated

under a model that allowed gene flow to occur among

all regions. For the full analysis, we used all variable

loci that included at least one sample in each of four

biogeographic regions (i.e. the coastal, northern, Clear-

water and Salmon drainages). Initial values were calcu-

lated using FST, and we used model averaging to

estimate migration rates and h values. Migrate-n

analyses were conducted using a static heating strategy

with four short chains (with temperature values of

1.0, 1.5, 3.0, and 1.0 9 106) and a single long chain.

200 000 steps were recorded every 100 generations with

10 000 steps discarded as burn-in. Stationarity of the

Markov chain was assessed by examining ESSs for each

parameter.

In addition to estimating gene flow using the full

model in Migrate-n, we also designed several reduced

models that were intended to represent various hypoth-

esized refugia (Fig. 2). In addition to estimating param-

eters under these reduced models, we calculated the

marginal likelihood of each and then compared these

migration models following Beerli & Palczewski (2010).

Thermodynamic integration with B�ezier approximation

(implemented in Migrate-n) was used to estimate

marginal likelihood and calculate model probability.

This approach allows us to calculate the relative poster-

ior probability of the models so that we identify the

models with high probability given the data, and subse-

quently make inferences regarding the putative refugia.

Note that the data for this analysis consisted of the 20

polymorphic loci with the sequence available across all

individuals (as in the IMa2 analysis, above) because

patterns of missing data may introduce spurious results

in the model comparison (P. Beerli, personal cummuni-

cation). Search strategies were as above.

One potential shortcoming of the Migrate-n analysis

is that it does not explicitly model among-population

divergence or population expansion. Therefore, we also

evaluated a set of models that parameterize population

divergence along with other processes (including

migration and population expansion) using ∂a∂i 1.6.2

(Gutenkunst et al. 2009). Whereas Migrate-n uses

sequence data to evaluate population histories using the

coalescent, ∂a∂i uses SNP frequency data to evaluate

histories. ∂a∂i summarizes SNP data in the form of

allele frequency spectra (AFS) generated from all biall-

elic SNPs. Evolutionary processes such as population

divergence, expansion and migration influence the AFS.

∂a∂i uses a diffusion equation to simulate changes in

the AFS density distribution under each model and

then compares the resulting AFS with an AFS generated

from empirical data. Parameter estimates were opti-

mized using the nonlinear BFGS optimization routine

implemented in ∂a∂i.
We used three sets of models for analysis of the his-

tory of the three inland populations (Clearwater,

Salmon, and northern drainages): the full model param-

eterized with each of the three possible patterns of

divergence (i.e. topologies), a set of three models

described by the authors of an earlier study (Brunsfeld
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Fig. 2 Schematic of migration models. Nine biogeographic

models (numerically labelled at lower left) used for model

testing in Migrate-n are shown. Biogeographic regions are

abbreviated as follows: Salmon (Sa), Clearwater (Cl), northern

drainages (nd) and Cascades and coastal drainages (Ca). For

each, arrows depict the directionality of gene flow among pop-

ulations. For example, model 1 (upper left) posits that the

Clearwater and Salmon exchange alleles, while the former is

the source for the Cascades and coastal drainages, while the

latter is the source for the northern drainages.
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et al. 2007) and a set of models with simplified parame-

ters (Fig. 3). In addition, we evaluated two sets of two-

dimensional models; the first collapsed two populations

in the inland region, and the second included sam-

ples from the coastal ranges and was intended as

comparable to the IMa2 analysis (Fig. S1, Supporting
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information). We compared the three- and two-popula-

tion models separately because the AFS used for each

class was of a different dimensionality (due to the

different number of populations), and thus, the likeli-

hoods calculated by ∂a∂i are not equivalent. The com-

posite likelihoods of the models given the data are

calculated by ∂a∂i under the assumption the SNPs are

not linked, and we are violating this assumption with

approximately half of our data (i.e. in those loci that

contain more than one SNP). This violation would be

problematic if we were to apply a standard statistical

cut-offs in a test for statistical significance (e.g. using a

v2 distribution in a likelihood ratio test). However,

because the pattern of linkage is consistent across

model comparisons, there is no reason to expect that

the composite likelihoods are biased as a function of a

particular model, and thus, we apply an information

theoretic approach to model selection by calculating the

Akaike information criterion score (Akaike 1974) and

other metrics as described in the study by Burnham &

Anderson (2002).

Results

Bioinformatics processing

Our raw data consisted of approximately 75 million

sequence reads, with ~99% matched to one of the eight

Golay barcodes. 59 million reads passed the quality

filter and were aligned to the reference sequences

using BWA, and ~53% of these reads were assembled

into contigs that were used to call SNPs in down-

stream analyses (Table S2, Supporting information).

The remaining sequences appear to represent either

fragments of genomic DNA that did not hybridize to

the capture probes and were not removed during the

purification step, or genomic DNA that hybridized to

one of the capture probes that did not assemble de

novo or align to the Populus genome. A total of 408

loci were assembled to reference sequences

(~½ mapped to Populus); approximately three-fourths

of these were invariant, and the polymorphic loci

contained a total of 335 SNPs (Fig. S2; Table S3,

Supporting information).

Descriptive analyses

Summary statistics were calculated for each polymor-

phic locus (Table 1). AMOVA results (Table 2) did not

find significant genetic structure among the four biogeo-

graphic regions (P = 0.945), but genetic structure was

present among the individual river drainages

(P < 0.001). Additionally, the Mantel test did not show

a significant signal for isolation by distance among the

samples (P = 0.483), suggesting that factors other than

simple geographic distances are influencing genetic

structure in Salix melanopsis. This result is in contrast

with the isolation-by-distance results in the study by

Tsai & Carstens (2012), suggesting that this analysis is

sensitive to differences in the number of samples, loci

or polymorphism. The clustering algorithm imple-

mented in Structure revealed genetic structure at

several levels of K (Fig. S3, Supporting information),

but this genetic structure did not appear to be concor-

dant with geographic locations (Figs. S4 and S5, Sup-

porting information). As our analyses were conducted

Table 1 Average, minimum and maximum values for assorted summary statistics for variable loci. Summary statistics are shown for

three different classes of polymorphic loci, along with the number in each class (in parentheses). Shown are the number of Salix mel-

anopsis samples sequenced (number), the length of each locus (length), the number of segregating sites (S), the number of haplotypes

(nhap), the haplotype diversity (hap div), Watterson’s Theta (hW), nucleotide diversity (p) and Tajima’s D (D)

Loci Number Length (bp) S nhap hap div hW p D

Identified via Sanger sequencing* (5)

Ave 24.70 568.6 15.0 10.40 0.81 0.00805 0.00794 �0.29

Min 24 141 8 8 0.71 0.00338 0.00175 �1.54

Max 38 1159 23 12 0.87 0.01261 0.01611 0.75

Assembled by aligning to Populus trichocarpa (51)

Ave 13.17 1144.1 2.75 1.78 0.22 0.01071 0.01106 0.65

Min 4 95 1 2 0.12 0.00079 0.01055 �1.14

Max 37 1673.1 5 4 0.67 0.13716 0.08658 2.26

Assembled de novo using Velvet (49)

Ave 28.5 311.2 2.98 6.23 0.36 0.00699 0.00446 �0.96

Min 8 76 1 2 0.09 0.00037 0.00395 �2.00

Max 38 1327 22 19 0.93 0.02820 0.02711 1.73

*Includes four nuclear and one chloroplast locus (Tsai & Carstens 2012).
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with the location prior, we consider this strong evi-

dence for a lack of genetic structure in these data.

Estimating the rate of population expansion using
Lamarc

Lamarc was used to estimate hper site = 0.0105 (0.0099,

0.0113) and c = 146.2 (89.5, 268.2). As in the study by Tsai

& Carstens (2012), the extrinsic rate of population

expansion is positive and does not include 0 in the 95%

credible interval, indicating that the population is likely

larger in size in the present than it was in the past

(Lamarc documentation). However, these results are

smaller than those reported previously (Tsai & Carstens

2012), possibly due to the overall lower levels of poly-

morphism in the data.

Exploring regional biogeographic hypotheses

Regional biogeographic hypotheses were tested using

an isolation-with-migration model (implemented in

IMa2). Because not all loci were sequenced in each indi-

vidual, we initially analysed a data set containing all

variable loci in which at least one individual from both

the coastal and inland regions was sequenced (i.e. for

the IMa2 analysis, there were 79 variable loci with

samples sequenced in both regions). When these loci were

included in an analysis, the Markov chain had difficulty

reaching a stable region of high probability, and after

200+ million generations, the ESS values for τ were <5
(for our data, τ consistently represented the lowest ESS

value). However, the Markov chains of an analysis of a

20-loci data set (consisting of five loci generated with

Sanger sequencing and 15 loci for which there were no

missing data) were able to reach large ESS for the τ
parameter of 1058 in 97 h (864 865 steps for the 100

coupled chains), and we report these results here

(Table 3). Estimates of divergence time (τ = 0.0095) and

migration rates to the coastal drainages (m = 2.22) are

consistent with the recent dispersal hypothesis posited

by Brunsfeld et al. (2001).

To further explore these models, we also conducted

model selection following Carstens et al. (2009). In this

approach, the model probabilities of the nested models

contained within the full model (i.e. implemented in

IMa2) are calculated and compared. Gene flow is

included in all of the most probable of the nested IMa2

models, and it is symmetrical in the submodel with the

highest model probability (Table 4). Because models

that do not include gene flow contain none of the total

model probability, we can strongly reject ancient vicari-

ance as a contributing factor to the disjunct distribution

in S. melanopsis. Assuming a generation time of 5 years

(as assumed by Brunsfeld et al. 2007) and a mutation

rate of 7.0 9 10�9 (estimated for Arabidopsis thaliana;

Ossowski et al. 2010), inland and coastal populations

are estimated to have been isolated for at least 450 gen-

erations (2700 generations if we assume a mutation rate

inferred for Populus; Tuskan et al. 2006). Effective popu-

lation sizes (assuming the Arabidopsis mutation rate) for

the inland populations and coastal populations were

~25 000 and 2000 individuals, with an intermediate

ancestral population size (~15 000). These sizes would

be larger by a factor of ~6 assuming the rate inferred

for Populus. In addition, the effective migration rates

(i.e. 2 Nm) into the coastal and inland populations were

0.19 and 0.18, respectively. These values support previ-

ous assertions that the coastal populations were the

result of post-Pleistocene expansion from the inland

populations (Carstens et al. 2005).

Table 2 AMOVA results. Samples are divided into four regions

(Cascades, Salmon, Clearwater and northern Drainages) and

within each region into river drainages. Significance was

assessed using 1000 bootstrap replicates. Shown for each level

are the degrees of freedom (d.f.), sum of squares (SS) and

mean of squares (MS)

Source d.f. SS MS

Among region 3 56.4647 18.8216

Among population 9 157.9982 17.5554

Error 25 391.5988 15.6640

Total 37 606.0617

Parameter Value P

/RT 0.0050 0.9450

/PR 0.0432 0.5480

/ST 0.0480 0.0010

Table 3 Parameter estimates under the full isolation-with-migration model. Shown are estimates made using the program IMa2

(Hey & Nielsen 2007). The point estimates and credible range for population divergence (τ), h = 4 Nel and gene flow backwards in

time (M) are shown

IMa2 (20 loci) τ hA hI hC mIC mCI

HiPt 0.0095 1.265 2.09 0.1650 2.220 0.1800

95% HPD interval 0.003, 0.048 0.94, 1.71 1.71, 10.63 0.06, 0.72 1.86, 10.82 0.30, 3.93

Model averaged 0.082 1.421 1.945 0.678 10.318 1.293
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Inferring the structure of Pleistocene refugia

In addition to conducting tests of regional biogeographic

models, we wanted to further explore refugial dynamics

by exploring rates of gene flow among the four main

biogeographic regions. Estimates of migration were

generally high into the coastal and Cascades drainages,

as well as the Clearwater and northern drainages

(Table 5). While rates into the Salmon drainages were

lower, the credible intervals of all estimates were

broadly overlapping and, based on the full model,

we can conclude that gene flow is prevalent in S. melan-

opsis.

We also used Migrate-n following Beerli & Palczew-

ski (2010) and Provan & Maggs (2011) to calculate the

posterior probability of nine models that restrict migra-

tion to patterns that characterized different putative

refugia (Fig. 2). We found strong support for a model

first proposed by Brunsfeld et al. (2007). This model

posits that the Clearwater drainage was the source of

the western populations and that the Salmon drainage

served as the source for the northern populations.

Given the high posterior probability of this model

(P > 0.99; Table 6), results from the Migrate-n analyses

suggest that (i) there were multiple refugia in the

inland temperate rainforest located to the south of the

glacier and (ii) that these refugia served as the source

for different regions at the close of the Pleistocene.

However, because Migrate-n does not parameterize the

historical divergence of populations, we also conducted

model selection using a method that estimates this

parameter.

Demographic models were explored using ∂a∂i. Simi-

lar to the approach used with Migrate-n, we calculated

the probability of modeli | data for multiple models,

ranked these probabilities using information theory and

conducted model averaging of the parameter estimates.

The model with the highest probability given the data

describes the Clearwater drainage as the source for the

northern drainages (rather than the Salmon), but does

include gene flow among all drainages. This model

does not include population expansion, but does incor-

porate differing h values among drainages and posits

that ancestral populations were substantially smaller

than the modern populations (consistent with both the

Lamarc and IMa2 results). As in the Migrate-n results,

this model is supported at a very high probability

(wi = 0.95; Table 7), indicating that we are capable of

discriminating among complex models with our data.

We also explored two-dimensional models and found

that a model that treated the Salmon and Clearwater as

a single refuge that was the source for the northern

drainages had a substantially higher likelihood given

the data than models that treated the Salmon and Clear-

water as separate.

Discussion

Phylogeographic inferences in Salix melanopsis

The goal of this investigation is to explore how the

riparian specialist Salix melanopsis responded to the

environmental changes that accompanied the retreat of

the last glacier some 20 000 years before present. The

Table 4 Shown are models considered by IMa2, the number of parameters for each model, its AIC score, AIC differences (Di), model

likelihoods and model probabilities (wj). All values were calculated following Burnham & Anderson (2002)

Description Model k log(P) AIC Di Model likelihood wi

hA h/h2 M1 M1 ABCDD 4 �1.588 11.175 0.000 1.000 0.386

hA h/h2 M1 M2 FULL 5 �1.047 12.094 0.919 0.632 0.244

hA h/hA M1 M1 ABADD 3 �3.330 12.660 1.484 0.476 0.184

hA h/hA M1 M2 ABADE 4 �3.196 14.391 3.216 0.200 0.077

hA h/h1 M1 M1 ABBDD 3 �4.653 15.307 4.131 0.127 0.049

hA h/h1 M1 M2 ABBDE 4 �4.504 17.008 5.833 0.054 0.021

hA hA h2 M1 M2 AACDE 4 �4.527 17.054 5.878 0.053 0.020

hA hA hA M1 M2 AAADE 3 �5.654 17.308 6.132 0.047 0.018

hA hA hA M1 M1 AAADD 2 �30.354 64.708 53.532 0.000 0.000

hA hA h2 M1 M2 AACDD 3 �30.212 66.424 55.248 0.000 0.000

hA h1 h2 M2 ABC0D 4 �55.391 118.782 107.607 0.000 0.000

hA hA hA AAA00 1 �460.517 923.034 911.859 0.000 0.000

hA hA h2 AAC00 2 �460.517 925.034 913.859 0.000 0.000

hA h1 hA ABA00 2 �460.517 925.034 913.859 0.000 0.000

hA h1 h1 ABB00 2 �460.517 925.034 913.859 0.000 0.000

hA h1 h2 ABC00 3 �460.517 927.034 915.859 0.000 0.000

hA h1 h2 M1 ABCD0 4 �460.517 929.034 917.859 0.000 0.000

Σ Model likelihood = 2.588
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current distribution of S. melanopsis is disjunct in the

Pacific Northwest, with populations in the coastal and

Cascades ranges as well as in the inland temperate rain-

forest of the northern Rocky Mountains. Analyses pre-

sented here support earlier findings that attribute the

formation of this disjunct distribution to post-Pleisto-

cene expansion from an inland refuge. First, direct esti-

mate of population divergence indicates that coastal

populations have been separate for hundreds of genera-

tions, but given the estimate of 5 years per generation

provided by Brunsfeld et al. (2007) and a mutation rate

between that of Arabidopsis and Populus, this divergence

is likely Holocene in origin. Second, estimated migra-

tion rates from the inland to coastal populations are

high in Migrate-n (2 Nm = ~2.8), IMa2 (~ 2.2) and ∂a∂i
(~2.8). Taken together, these results confirm that recent

dispersal can account for the disjunct distribution in

S. melanopsis and are consistent with prior work in the

system (Carstens et al. 2005). A more intriguing ques-

tion involves the refugial dynamics within the inland

regions.

We used two model selection approaches to explore

refugial population dynamics (Migrate-n and ∂a∂i), and
the optimal model was strongly supported in each

(Fig. 4). However, these models are not entirely compa-

rable. In the optimal model from the Migrate-n analysis,

the northern drainages are colonized from the Salmon

refuge, whereas the Clearwater served as the source for

the northern drainages in the ∂a∂i analysis. While

migration rates are much higher in the Migrate-n

analysis than they are in the ∂a∂i analysis, estimates

of h = 4 Nel are similar. This suggests that these

approaches are interpreting the shared polymorphism

in a different manner. In Migrate-n, shared polymor-

phism is largely attributed to gene exchange, while ∂a∂i
also incorporates temporal population divergence. The

later should be an important parameter to consider

because it allows us to differentiate between a single

and dual refuge model. However, gene flow between

the Salmon and Clearwater drainages is present in all

of the models with any support given the data (i.e. both

Migrate-n and ∂a∂i). Rather than expecting to find a sin-

gle refuge located in either of these drainages, it might

be better to envision either multiple refugia in individ-

ual river canyons in both drainages or a refuge that

encompassed regions of both drainages. It is also worth

Table 5 Parameter estimation using Migrate-n. Parameters

estimated under the full model are shown, with gene flow

shown using values that are not scaled by the mutation rate.

These values are comparable to those estimated using IMa2

and dadi. Populations are abbreviated as follows: Cascades (1);

Clearwater (2); northern drainages (3); and Salmon (4)

Parameter 2.50% Mode 97.50%

h1 0.002 0.00397 0.00574

h2 0.00247 0.00417 0.0058

h3 0.0022 0.00404 0.0058

h4 0.00067 0.00237 0.00407

M2->1 1.18 2.92 4.95

M3->1 1.03 2.56 4.48

M4->1 1.22 2.96 5.19

M1->2 1.27 2.64 4.56

M3->2 1.49 3.06 5.21

M4->2 1.37 2.89 4.92

M1->3 1.33 2.85 5.22

M2->3 1.53 3.45 5.80

M4->3 1.49 3.47 5.77

M1->4 0.34 1.45 3.18

M2->4 0.37 1.58 3.41

M3->4 0.31 1.41 3.03

Table 6 Model selection with Migrate-n. Shown are model number (see Fig. 2), verbal descriptions of the models, the pattern of

migration, harmonic estimates of the marginal likelihood (lmL) and the posterior model probability (P). Bolded text in the third col-

umn indicates which of the populations are refugia in a particular model. Populations are abbreviated as follows: Cascades (Ca);

Clearwater (CL); Salmon (Sa); and northern drainages (N)

No. Description of model Migration pattern Harmonic lmL P

1 Two refugia, with Clearwater as source of Cascades and Salmon as

source for northern

Ca<-Cl<->Sa->No �43872.35 0.99976

2 Two refugia, with Salmon as source of Cascades and Clearwater as

source for northern

Ca<-Sa<->Cl->No �43880.67 0.00024

3 Single refuge (Clearwater) Sa<->Cl->N; Cl->Ca �43950.06 0.00000

4 Stepping stone (Clearwater) Cl->Ca->N->Sa �43966.94 0.00000

5 Single refuge (Salmon) Cl<->Sa->N; Sa->Ca �43997.26 0.00000

6 Stepping stone (Salmon), with Clearwater source for Cascades Sa->Cl->Ca; Cl->N �44039.82 0.00000

7 Stepping stone (Salmon) Sa->Cl->N->Ca �44122.03 0.00000

8 Clearwater and Salmon are sources, sending migrants to

Cascades and northern, respectively, and those exchange migrants

Cl->Ca<->N < -Sa �44150.8 0.00000

9 Clearwater and Salmon are sources, sending migrants to northern

and Cascades, respectively, and those exchange migrants

Cl->N < ->Ca<-Sa �44259.9 0.00000
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noting that in contrast to previous findings (Tsai &

Carstens 2012), the ∂a∂i analysis did not find support

for models that included population expansion. This

finding could result from the smaller number of sam-

pled individuals in this study, from the conservative

SNP calling that may eliminate true SNPs that are pres-

ent at low frequency, or be indicative that previous

studies were errant.

Pull-down methods

Recent advances in sequencing technology have

dramatically expanded the data available to phylogeo-

graphic investigations. While this increase has clear

benefits, such as the expansion in the analytical meth-

ods applicable to the discipline (e.g. AFS approaches

such as ∂a∂i), the data collected using next-generation

sequencing are also likely to be improved samples (in

the statistical sense) of the actual genomic variation of

the focal species. In this regard, it is useful to compare

the data collected here to previous efforts in S. melanop-

sis. Tsai & Carstens (2012) collected sequence data from

four autosomal loci identified by designing primers

derived from the Populus genome and screening with

three individuals suggested by Brunsfeld et al. (1992).

Four loci that contained multiple variable sites were

selected for further sequencing. The loci collected by

Tsai & Carstens (2012) are more variable, on average,

than those collected here (Fig. S2, Supporting informa-

tion). Researchers who use similar screening protocols

should view this as a cautionary tale. While it is unclear

how broadly such sampling strategies can bias phyloge-

ographic analyses, it is clear that ascertainment bias can

lead to an overestimation of heterozygosity (Rogers &

Table 7 Model selection and parameter estimates using ∂a∂i. For each model, the log likelihood (�lnL), number of parameters (k),

Akaike information criterion score (AIC), AIC differences (Di), model likelihoods and probabilities (wi) and parameter estimates (Fig.

S2) are shown. Parameters include h# = 4 Nel, timing of population divergence (T#) and expansion (Te; if applicable) as well as rates

of gene flow into various lineages (m#). Models are grouped into three groups, corresponding to the dimensionality of the allele fre-

quency spectrum (AFS). The first analyses samples from the Salmon, Clearwater and northern drainages; the second collapses two of

these three groups into a single population; the third compares the inland to the coastal samples

Inland temperate rainforest—three-dimensional AFS Optimized parameter estimates

Model name �lnL k AIC Di wi hA Te T1 T2 m1 m2 m3 m4 h1 h2 h3

SCN—no c 331.664 10 683.33 0.00 0.950 0.15 4.08 0.33 0.01 1.69 1.49 — 1.30 4.42 3.04

SCN—equal h 337.202 8 690.40 7.08 0.028 0.04 2.69 4.52x 0.18 0.01 1.20 1.43 — 3.75 — —

SCN—no c, no M 338.687 7 691.37 8.05 0.017 0.06 — 0.01 0.00 — — — — 0.07 0.24 0.46

SCN—all 336.939 10 693.88 10.55 0.005 0.61 1.27 3.36 0.59 0.43 3.00 1.67 — 0.57 3.51 1.92

CSN—all 342.744 10 705.49 22.16 0.000 0.31 0.78 3.85 0.41 0.74 3.00 1.35 — 0.55 4.38 1.70

SCN—Brunsfeld model 345.453 9 708.91 25.58 0.000 0.08 — 5.53 2.68 0.23 1.76 4.68 — 0.44 3.50 6.13

SCN—no c, equal h 349.778 7 713.56 30.23 0.000 0.01 — 0.01 0.01 — — — — 0.21 — —
SCN—no c, no M,

equal h
354.255 5 718.51 35.18 0.000 0.14 — 0.01 0.01 — — — — 0.30 — —

SCN—Carstens model 371.995 11 765.99 82.66 0.000 0.26 6.34 9.99 0.64 0.37 3.05 0.96 4.10 0.66 1.13 3.23

NSC—all 409.803 10 839.61 156.28 0.000 0.13 2.00 5.64 0.35 1.10 1.00 0.54 — 0.78 2.67 3.99

SCN—Miller model 492.43 9 1002.86 319.53 0.000 0.13 — 1.16 6.06 0.39 0.48 2.14 — 0.72 1.48 1.37

Inland temperate rainforest—two-dimensional AFS Optimized parameter estimates

Model name �lnL k AIC Di wi hA Te T1 m1 m2 h1 h2

S+C, N—all 102.69 7 219.38 0.00 1.000 0.31 2.99 7.02 3.01 5.00 4.10 1.11

S+N, C—all 118.169 7 250.34 30.96 0.000 0.07 2.53 10.00 1.61 1.76 2.30 2.82

C+N, S—all 124.587 7 263.17 43.79 0.000 4.46 1.46 0.35 1.68 5.00 0.45 1.14

Biogeographic hypotheses—two-dimensional AFS Optimized parameter estimates

Model name �lnL k AIC Di wi hA T1 m1 m2 h1 h2

Isolation only 107.656 4 223.31 0.00 0.742 0.08 0.001 — — 0.12 0.03

Isolation-with-migration 106.711 6 225.42 2.11 0.258 0.06 10.00 2.41 2.82 3.27 2.75

Dispersal from inland 112.648 5 235.30 11.98 0.002 0.06 5.92 1.43 — 5.47 0.66

Dispersal from

Cascades

118.721 5 247.44 24.13 0.000 0.09 3.44 2.80 — 0.23 6.24
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Jorde 1996), which may in turn influence our ability to

detect putative refugia. However, because sequencing

capture probes allow us to collect both polymorphic

and monomorphic data, the question of whether to

analyse all the loci or only the polymorphic loci is

newly relevant. We have chosen to analyse only poly-

morphic loci, but it is worth exploring the extent to

which this might influence our analyses. Analyses such

as the AMOVA, Structure and ∂a∂i utilize only the SNPs

in the data set and thus are not influenced by our

decision. However, coalescent-based methods such as

Lamarc, IMa2 and Migrate-n might be influenced,

because overall estimates of h = 4 Nel may vary

depending on whether monomorphic loci are included.

To explore this subject, we re-ran some analyses using

additional invariant loci and found that estimates of

some parameters were slightly different (Tables S4 and

S5, Supporting information). However, because all

analyses are conditioned on the data, they might be

expected to change slightly as different data are analy-

sed.

How should we analyse phylogeographic data?

Traditionally, phylogeographic data have been analysed

by summarizing genetic variation with statistics (e.g.

FST, hw) or estimating parameters using a particular

model (e.g. Nm with Wright’s island model, genealo-

gies under a phylogenetic model). Although such

summaries and estimates are formally generated,

researchers often interpret these values in a qualitative

manner, resulting in overinterpretation (Knowles &

Maddison 2002) and leaving the inferences vulnerable

to confirmation bias (Nickerson 1998). While model-

based methods have become common in phylogeo-

graphic investigations (Knowles 2009), the role that

these models play in the inference process remains var-

ied. Most commonly, the models are used to estimate

parameters, and the parameter estimates form the basis

of the phylogeographic inferences.

Various analytical methods implement specified

demographic models, including some of the approaches

used to analyse our data (i.e. IMa2 and Migrate-n).

These methods often include advanced machinery for

parameter estimation, but at the cost of flexibility in the

particular details of the demographic model. Our goal

for this work was to understand the recent history of

Salix melanopsis and, in particular, how postglacial habi-

tat was colonized. Parameter estimates contain clues

regarding this history but may be difficult to interpret.

For example, consider estimates made under the

Migrate-n model: rates of migration are uniformly high,

the credible intervals broadly are overlapping, and h for

the coastal population is much lower than the inland

populations (Table 5). We might infer from this pattern

that coastal populations have been recently founded

from inland refugia, but if this is the case, why are the

levels of gene flow from the inland to the coast so

nearly matched by those in the opposite direction?

Faced with difficulties in inference such as these,

researchers have turned to custom tests of phylogeo-

graphic hypotheses. For example, Knowles (2001)

designed explicit models of refugial structure that

differed in the timing and pattern of diversification.

Salmon Clearwater
Northern 

Drainages

m1 = 0.01 m2 = 1.49

m3 = 1.69 T1 = 4.08 
(17,800 gbp)

T2 = 0.33 
(590 gbp)

θs = 0.005

θc = 0.007

θn = 0.002

θA = 0.0002

-  Migrate-n model

- š model

Sa

Cl

nd

Ca

Inland Coastal

T1 = 0.08 
(4500 gbp)

θI = 0.0028 θc = 0.0009

θA = 0.0026

m = 13.6

- IMa2 model (a)

(b)

(c)

mnd = 9.47

mca = 9.31

mc l = 6.89

θnd = 0.0127

θca = 0.0079

θcl = 0.0058

θsa = 0.0048msa = 3.47

Fig. 4 The optimal models from each of the model selection

analyses are shown. (a) depicts the model from the Migrate-n

analysis, (b) depicts the model from the IMa2 analysis, and (c)

depicts the model from the ∂a∂i analysis. The parameters esti-

mated under each model are shown (model averaged values

are shown for the IMa2 model) and have been converted to

comparable units of h per site, gene flow (measured by the rate

that alleles come into the population per generation) and popu-

lation divergence in generations before present (gbp).
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The probability of data given the assumption that the

model is true was calculated using coalescent simula-

tions to build null distributions of a summary statistic

and rejecting or failing to reject based on some cut off.

The inference that diversification was in part due to iso-

lation in multiple glacial refugia from Knowles (2001)

was largely informed by the rejection of certain explicit

models.

Phylogeographic hypothesis tests have two substan-

tial shortcomings: they rely on simulations conducted

under a fixed set of parameter values, and they can

only reject or fail to reject a model. These shortcomings

result from the statistical framework; the null distribu-

tions and critical values are tools developed for experi-

mental science. Phylogeography is a historical science

lacking experimental controls and replication, and

phylogeographic hypothesis testing is an attempt to

adopt conventional statistical tools to the discipline. We

did not employ hypothesis testing here because we lack

a clear null hypothesis and thus wish to evaluate multi-

ple models. This is a difficult task for hypothesis test-

ing, due to both the reduced power brought about by

multiple comparisons and the requisite interpretation of

and model that cannot be rejected as equivocal. Rather,

we have proceeded in several analyses by calculating

the probability of multiple models given the data and

then by ranking these models using information theo-

retic approaches (e.g. Anderson 2008). In doing so, the

models serve as exploratory tools that guide inference

through the identification of models that are probable

given the data, rather than a hypothesis to be tested.

Demographic model selection should be a tool for phy-

logeographic inference because it enables a quantitative

evaluation of which parameters (and thus which biologi-

cal processes) are important to consider. For example, our

results indicate that both temporal divergence and gene

flow among populations have contributed to the current

patterning of genetic diversity within S. melanopsis.

This is evident both across the disjunction (i.e. the inland

and coastal populations) and in the postglacial dynamics

of the inland populations. However, if demographic

model selection is to play an important role in the next

generation of phylogeographic analysis, several chal-

lenges must be met. One of these is to increase the flexibil-

ity of the methods. For example, IMa2 can calculate the

relative probabilities of submodels for a pair of diverging

populations, but not more. A second challenge is to fairly

define the set of models under consideration. Although

programs such as ∂a∂i allow users to specify a wide range

models, in most systems (as in S. melanopsis) the analyses

will not exhaust the possible set of models, and in these

cases, it is possible that some very realistic models were

not considered. Finally, the question of sample partition-

ing remains. In most cases, our samples were divided in

part using prior information and geography, but also as

dictated by the particulars of the analysis (i.e. into two

groups for the IMa2 analysis, three for the ∂a∂i and four

for the Migrate-n analyses), and these groupings of

samples might not be biologically meaningful. Conse-

quently, it can be difficult to compare the results from the

various approaches (e.g. the optimal models of the

Migrate-n and ∂a∂i analyses). Regardless of these chal-

lenges, demographic model selection and multimodel

inference have allowed us to reduce our dependence on

the results of parameter estimation and to base our infer-

ences on the identification of important biological

processes. The implementation of model selection in

approaches such as ∂a∂i, Migrate-n, IMa2 as well as ABC

methods (reviewed by Csill�ery et al. 2010) represents an

important advance for a field that is no longer data

limited.
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