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ABSTRACT  

 

Divergent host use has long been suspected to drive population differentiation and 

speciation in plant-feeding insects. Evaluating the contribution of divergent host use to 

genetic differentiation can be difficult, however, as dispersal limitation and population 

structure may also influence patterns of genetic variation. In this study, we use double-digest 

restriction-associated DNA (ddRAD) sequencing to test the hypothesis that divergent host use 

contributes to genetic differentiation among populations of the redheaded pine sawfly 

(Neodiprion lecontei), a widespread pest that uses multiple Pinus hosts throughout its range 

in eastern North America. Because this species has a broad range and specializes on host 

plants known to have migrated extensively during the Pleistocene, we first assess overall 

genetic structure using model-based and model-free clustering methods, and identify three 

geographically distinct genetic clusters. Next, using a composite-likelihood approach based 

on the site frequency spectrum and a novel strategy for maximizing the utility of linked RAD 

markers, we infer the population topology and date divergence to the Pleistocene. Based on 

existing knowledge of Pinus refugia, estimated demographic parameters, and patterns of 

diversity among sawfly populations, we propose a Pleistocene divergence scenario for N. 

lecontei. Finally, using Mantel and partial Mantel tests, we identify a significant relationship 

between genetic distance and geography in all clusters, and between genetic distance and host 
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use in two of three clusters. Overall, our results indicate that Pleistocene isolation, dispersal 

limitation, and ecological divergence all contribute to genome-wide differentiation in this 

species, and support the hypothesis that host use is a common driver of population divergence 

in host-specialized insects. 

 

INTRODUCTION 

 

Since the first application of protein electrophoresis to the study of variation in Drosophila 

pseudoobscura (Hubby & Lewontin 1966; Lewontin & Hubby 1966), genetic markers have been a 

standard tool for making inferences about the processes shaping variation within and between 

populations. Although the types of polymorphisms employed in population genetic studies have 

changed over the years (Avise 2004; Hartl & Clark 2007; Gnirke et al. 2009; Davey et al. 2011), a 

long-standing assumption has been that the patterns they reveal are largely the product of neutral 

evolutionary processes (but see McVicker et al. 2009; Lohmueller et al. 2011; Charlesworth 2012; 

Phung et al. 2016). In isolated populations, for example, genetic drift will give rise to genome-wide 

genetic divergence. Even in the absence of complete isolation, a decline in dispersal rates, and 

therefore gene flow, at increasing geographical distances can permit divergence via drift. This 

process, which has been dubbed “isolation-by-dispersal-limitation” (IBDL; Orsini et al. 2013), is 

expected to produce a pattern of isolation-by-distance (IBD), in which individuals or populations 

exhibit increasing genetic divergence as the geographic distance between them increases (Wright 

1943).  

To date, IBD has been documented in a wide range of taxa, leaving little doubt that dispersal 

limitation is an important driver of population divergence in nature (Slatkin 1993; Peterson & Denno 

1998; Jenkins et al. 2010; Meirmans 2012). Over the last decade, however, there has been a growing 

appreciation that ecology can also play a prominent role in shaping genome-wide patterns of genetic 

differentiation (Nosil et al. 2009a; Wang & Summers 2010; Orsini et al. 2013; Wang & Bradburd 
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2014). For example, if divergent or disruptive natural selection favors different traits in different 

environments and populations harbor genetic variation for these traits, local adaptation is expected to 

occur (Williams 1966; Servedio 2004; Kawecki & Ebert 2004; Nosil et al. 2005; Räsänen & Hendry 

2008; Blanquart et al. 2013). Local adaptation may in turn reduce gene flow between populations via 

multiple mechanisms, including selection against immigrants, habitat-based assortative mating, and 

reduced hybrid fitness (Nosil 2012; Shafer & Wolf 2013; Wang & Bradburd 2014). This 

environmentally based reduction in gene flow could then promote drift at neutral loci in a manner 

analogous to geographical isolation. This process has been dubbed isolation-by-adaptation (IBA; 

Nosil et al. 2008; Funk et al. 2011).  

IBA is expected to give rise to a pattern of isolation-by-environment (IBE), in which 

populations or individuals from different environments exhibit greater neutral genetic differentiation 

than those from the similar environments, independent of geographical distance (Wang & Summers 

2010; Bradburd et al. 2013; Sexton et al. 2014; Wang & Bradburd 2014).  Under the right 

circumstances, IBA may ultimately lead to the formation of new species (Nosil 2012). As such, the 

IBE pattern is consistent with (but not unique to, see Wang & Bradburd 2014) incipient ecological 

speciation, in which reproductive isolation evolves as a byproduct of divergent natural selection 

(Schluter 2009; Thibert-Plante & Hendry 2010; Nosil 2012). Two recent reviews suggest that IBA is 

pervasive in nature (Shafer & Wolf 2013; Sexton et al. 2014), and comparative work suggests that 

ecological divergence is a common driver of speciation (Funk et al. 2006). It remains to be seen, 

however, if particular selection pressures (e.g., differences in temperature, humidity, photoperiod, 

resource availability, predator regimes, etc.) predictably generate patterns of IBE, and what conditions 

are required for IBA to proceed to full reproductive isolation (Nosil et al. 2009b; Nosil 2012; Shafer 

& Wolf 2013). 

One scenario under which IBA may be expected to occur is between populations of 

herbivorous insects utilizing different host plants. Most plant-feeding insects (~90%) are habitat 

specialists inextricably linked to their hosts throughout their life (Bernays & Chapman 1994). This 

parasitic lifestyle provides multiple potential sources of IBA. For example, as many insects mate 
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exclusively on their host, changes in host preference will result in assortative mating (Bush 1975a; 

Prokopy et al. 1988; Berlocher & Feder 2002; Drès & Mallet 2002; Matsubayashi et al. 2010). 

Additionally, the intimate interaction between an insect and its host plant is expected to generate 

strong selection for host-associated traits, sometimes at the expense of fitness on other hosts (Via 

1991; Feder & Filchak 1999; Cornell & Hawkins 2003; Nosil & Crespi 2006; Singer 2008; but see 

Jaenike 1990). When these fitness trade-offs exist, immigrant inviability and poor hybrid performance 

will also reduce gene flow (Via et al. 2000; Rundle & Whitlock 2001; Linn et al. 2004; Nosil et al. 

2005; Matsubayashi et al. 2011).  Given these numerous mechanisms for reducing gene flow, 

specialization on different host plants may frequently produce IBE patterns. However, while 

intraspecific host specialization is extensively documented in insects (Feder et al. 1988; Via 1999; 

Nosil et al. 2002; Drès & Mallet 2002), only a handful of studies have examined host-related IBE or 

IBA (Nosil et al. 2008; Razmjou et al. 2010; Funk et al. 2011; Goodman et al. 2012). At present, 

these studies are still too few to draw general conclusions regarding the relationship between 

divergent host use and neutral genetic divergence. 

In addition to IBDL and IBA, genetic variation within species is also shaped by historical 

events such as isolation (via vicariance or dispersal) and changes in population size (bottlenecks and 

range expansions). For example, isolation in different refugia during the last glacial maximum 

(~20,000–18,000 years ago) and post-glacial range expansions have impacted patterns of genetic 

variation in many organisms (Hewitt 1996, 1999, 2000; Soltis et al. 2006; Jaramillo-Correa et al. 

2009). Except under specific colonization scenarios (e.g., sequential colonization, Orsini et al. 2013), 

these historical events will give rise to patterns distinct from IBD. For example, when formerly 

isolated populations come into contact, pairwise genetic divergence can be more strongly influenced 

by historical isolation than by current geographical distance. Given sufficient time and gene flow, this 

historical signal will erode. However, if the formerly isolated populations are locally adapted, gene 

flow could remain low enough that the historical signal becomes permanent (De Meester et al. 2002; 

Orsini et al. 2013). Thus, to fully understand extant patterns of differentiation, we must 

simultaneously consider history, geography, and ecology. 
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In this study, we utilize double-digest restriction-association DNA sequencing 

(ddRADseq; Peterson et al. 2012) to test the hypothesis that divergent host use contributes to 

genetic differentiation among populations of the redheaded pine sawfly (Neodiprion 

lecontei), a widespread pest species that utilizes multiple pine (Pinus) species throughout its 

range in eastern North America (Benjamin 1955; Wilson et al. 1992). This hypothesis 

predicts that population pairs from different hosts will be more genetically differentiated than 

pairs from the same host, after controlling for the impact of geography. Given that this 

species has a large geographical range and specializes on host plants that experienced 

isolation and range changes during the Pleistocene (Webb 1988; Wells et al. 1991; 

MacDonald et al. 2000; Walter & Epperson 2001; Godbout et al. 2005; Schmidtling 2007; 

Eckert et al. 2010), we first assess overall genetic structure using both model-based 

(Alexander et al. 2009) and model-free (Jombart et al. 2010) clustering methods. Next, to 

gain insight into the historical events that gave rise to observed genetic clusters, we use a 

composite-likelihood method based on the site frequency spectrum to test alternative 

divergence scenarios and to estimate demographic parameters (Excoffier et al. 2013). Finally, 

having identified distinct genetic clusters, we evaluate the relationship between genetic 

divergence, geography, and host use using Mantel and partial Mantel tests (Mantel 1967; 

Sokal 1979; Smouse et al. 1986). Together, our results indicate that historical isolation, 

dispersal limitation, and ecological divergence contribute to genetic differentiation in this 

species and support the hypothesis that host use is a common driver of population divergence 

in host-specialized insects. 
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MATERIALS AND METHODS 

 

Study system 

Neodiprion is a Holarctic genus of conifer-feeding sawflies (Order: Hymenoptera; Family: 

Diprionidae). Like many plant-feeding insects, Neodiprion sawflies have an intimate and life-long 

association with their host: adults mate on the host plant, eggs are laid within the host tissue, larvae 

spend their entire feeding period on the natal host and spin cocoons on or directly beneath the host 

(Benjamin 1955; Coppel & Benjamin 1965; Wilson et al. 1992; Knerer 1993). This tight association 

is accompanied by extremely specialized feeding habits, with most species utilizing a single or small 

handful of host-plant species in the genus Pinus. Given these features, it has long been hypothesized 

that host shifting frequently drives population divergence and speciation in this genus (Ghent & 

Wallace 1958; Alexander & Bigelow 1960; Knerer & Atwood 1972, 1973; Bush 1975a, b). Consistent 

with this hypothesis, recent comparative work demonstrates that host shifts are associated with 

speciation events (Linnen & Farrell 2010). However, these interspecific data cannot distinguish 

between a scenario in which changes in host use drove speciation and a scenario in which host shifts 

occurred immediately after speciation was completed via some other mechanism. Thus, Neodiprion 

provides an excellent system for testing the hypothesis that host-related selection is a general driver of 

differentiation within species of host-specialized insects and for connecting IBA within species to the 

origin of reproductive barriers between species.  

 

Sample collection and DNA extraction 

 We sampled N. lecontei throughout its range in eastern North America. In total, we sampled 

88 individuals from 77 localities and 13 different host-plant species. To explore broad-scale 

demographic patterns within this species, we chose a sampling scheme that maximized the number of 

localities included and sequenced only a single individual per locality/host combination (Table S1). 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

We adopted this sampling strategy in part because simulations suggest that prioritizing demes over 

individuals within demes can produce more accurate demographic parameter estimates, avoiding the 

potential confounding effects of population sub-structure (Städler et al. 2009; Chikhi et al. 2010; 

Sousa et al. 2014). In addition, our sampling scheme maximized the range of geographical and 

ecological distances sampled for this species and, by including individuals sampled from the same site 

but on different hosts whenever possible, minimized eco-spatial autocorrelation. Together, these 

features can improve our ability to disentangle the contributions of geography and ecology to genetic 

differentiation (Shafer & Wolf 2013; Wang & Bradburd 2014). Finally, although our limited sampling 

of individuals within populations precluded us from estimating population differentiation at individual 

loci (due to high variance in allele frequencies at each locus), by sampling many independent loci 

across the genome, we could nevertheless obtain good genome-wide estimates of population 

differentiation (Patterson et al. 2006; Willing et al. 2012; Wang & Bradburd 2014).  

Individuals were collected as mid- to late-instar feeding larvae and either frozen at -80ºC or 

placed in 100% ethanol and stored at -20ºC until use. In addition, nine individuals included in this 

study were reared to adulthood in the lab and preserved at -80ºC upon emergence (Table S1). DNA 

was extracted from preserved larvae and adults using either a Qiagen DNeasy Tissue Kit (Qiagen Inc., 

Valencia, CA) or a CTAB/Phenol-Chloroform-Isoamyl alcohol method based on Chen et al. (2010). 

A Quant-iT High-Sensitivity DNA Assay Kit (Invitrogen – Molecular Probes, Eugene, OR, USA) was 

used to estimate DNA concentrations. DNA quality was assessed by examining A260/280 ratios using 

a Take3 Micro-Volume Plate (BioTek Instruments, Inc., Winooski, VT, USA). We also visualized 

each DNA extraction on a 0.8% agarose gel to ensure no samples were degraded. 

 

ddRAD library preparation and sequencing 

To generate a multi-locus dataset for characterizing genetic variation in N. lecontei, we 

employed ddRAD sequencing (Peterson et al. 2012). Based on an estimated genome size of 350 Mb 

for N. lecontei (determined using flow cytometry) and fragment recovery via examination of test 
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restriction digests (performed as described in Peterson et al. 2012), we selected the enzyme pair NlaIII 

and EcoRI (NEB, Ipswich, MA). Libraries were prepared in sets of up to 48 individuals, grouped by 

DNA yield, and randomized with respect to sampling location, with each sample assigned one of 48 

unique 5-basepair (bp) in-line barcode sequences during adapter ligation (Table S1, S2). Each set of 

48 samples was then pooled for automated selection of a 376-bp fragment (+/- 38 bp) on a PippinPrep 

(Sage Science, Beverly, MA), followed by 12 rounds of high-fidelity PCR amplification (Phusion 

High-Fidelity DNA Polymerase, NEB, Ipswich, MA) using PCR primers that included one of 12 

unique Illumina multiplex read indices (Table S3). After verifying library quality on a Bioanalyzer 

2100 (Agilent, Santa Clara, CA), libraries were sent to Beckman Coulter Genomics (Danvers, MA, 

USA), where they were sequenced using 100bp paired-end reads on an Illumina HiSeq 2000 and an 

Illumina HiSeq RapidRun 2500.  

Data processing and SNP genotyping 

Raw sequence reads were first demultiplexed using the pipeline described in Peterson et al. 

(2012). We then used TRIMMOMATIC (v0.30; Bolger et al. 2014) to remove restriction enzyme 

recognition sites and to trim the forward reads to a minimum 4-base sliding window quality score of 

20. After quality filtering, we aligned our forward reads to a high-coverage genome assembly for N. 

lecontei (Vertacnik et al. 2016; coverage: 112x; scaffold N50: 244kb; GenBank assembly accession: 

GCA_001263575.1) using the very sensitive local alignment mode in BOWTIE2 (v2.2.3; Langmead & 

Salzberg 2012). We then used SAMTOOLS (v0.1.19; Li et al. 2009) to exclude reads that mapped to 

more than one location in our N. lecontei reference genome. Next, we used STACKS (v1.37; Catchen et 

al. 2013) to extract loci from the reference alignments, retaining only those loci with at least 10x 

depth of coverage per individual (-m 10). We chose 10x to enable high-confidence genotype calls 

(Kenny et al. 2011; Peterson et al. 2012) and to minimize the inclusion of loci impacted by allele 

dropout (caused by polymorphism within the restriction site), which are expected to have lower 

coverage on average than loci that lack null alleles (Arnold et al. 2013; Gautier et al. 2013; but see 

Schweyen et al. 2014). 
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After an initial round of SNP calling, we excluded two individuals that showed missing data 

at >70% of SNP loci (Table S4). In addition, because Neodiprion sawflies employ a haplodiploid sex 

determination system and as several of the analysis methods we used assume diploid data, we 

excluded putative haploid males. To infer ploidy, we relied on heterozygosity estimates because (1) 

the majority of our samples were preserved larvae, which could not be sexed using morphology, and 

(2) adult sex is not always a reliable indicator of ploidy due to occasional diploid male production 

(Smith and Wallace 1971; Harper et al. 2016). We estimated the percentage of heterozygous sites for 

each individual using the --het option in VCFTOOLS (v0.1.12b; Danecek et al. 2011) and excluded six 

putatively haploid individuals that had markedly low heterozygosity compared to other individuals 

sampled within the same geographical region (Table S4). The paucity of haploid males in our sample 

is not surprising given our tendency to use the largest available individuals for extraction (which tend 

to be diploids) and the fact that N. lecontei colonies tend to have heavily female-biased sex ratios 

(Wilson et al. 1992; Craig and Mopper 1993; Harper et al. 2016; personal observation). 

 In total, we excluded eight individuals due to missing data or suspected haploidy, producing a 

final dataset of 80 N. lecontei individuals. To the remaining individuals, we applied additional filters 

to further reduce the impact of allele dropout, which has the potential to bias population genetic 

parameters (Arnold et al. 2013; Gautier et al. 2013). First, we excluded all sites with more than 10% 

missing data for population structure analyses, or more than 50% missing data for demographic 

analyses. Second, because sites violating Hardy-Weinberg equilibrium often represent genotyping 

error (e.g., via undetected paralogs or alignment errors which can lead to an excess of heterozygotes; 

Hosking et al. 2004), we performed exact tests of Hardy-Weinberg equilibrium (Wigginton et al. 

2005) and excluded sites displaying heterozygote excess with p-values significant at the 0.01 level. 

For the population structure dataset, we also included only one SNP per RAD locus to minimize 

linkage disequilibrium (LD) between SNPs. Finally, we note that our analyses assume that RAD 

markers evolve neutrally and reflect genome-wide patterns, making them useful for inferring 

demographic history and detecting IBD/IBE (Sousa & Hey 2013). In the discussion, we consider the 

impact of violating the assumption of neutrality on our conclusions. 
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 Data processing and all other analyses were performed on either the University of 

Kentucky’s Lipscomb High Performance Computing Cluster or through the University of Texas at 

Austin’s Texas Advanced Computing Center Stampede system, accessed through the NSF XSEDE 

user portal (Towns et al. 2014). 

 

Detection of population structure 

To investigate population structure in N. lecontei, we used two individual-based approaches. 

First, we used a maximum-likelihood-based clustering algorithm, implemented in the program 

ADMIXTURE (v1.23; Alexander et al. 2009), to determine the proportion of genetic ancestry of each 

individual from a specified number of ancestral populations (K) without a priori population 

designation. We tested a range of values for K from 1 to 10, and performed 100 independent runs for 

each value of K. The most suitable K was determined by comparing 5-fold cross-validation (CV) error 

values across different values of K as described in the ADMIXTURE manual. To assess assignment 

similarity across 100 replicates for the optimal K, we used the Greedy algorithm implemented in 

CLUMPP (v1.1.2; Jakobsson & Rosenberg 2007) to calculate pairwise matrix similarity statistics (G). 

We considered pairs of runs with G>0.90 to have converged on the same solution, and then averaged 

ancestry proportions across all runs with the same solution. Following this initial set of cluster 

analyses, we evaluated evidence for hierarchical structure by performing additional ADMIXTURE 

analyses within each identified cluster, again testing K = 1-10, but with 10 independent runs per K per 

cluster (Evanno et al. 2005). 

Second, we explored population structure using discriminant analysis of principal components 

(DAPC), which is a multivariate approach that transforms individuals’ genotypes using principal 

components analysis (PCA) prior to a discriminant analysis to maximize differentiation between 

groups while minimizing variation within groups (Jombart et al. 2010). DAPC was implemented 

using the dapc function in the ADEGENET package (v1.3-9.2; Jombart 2008) of the R statistical 

framework (v.3.0.2; R Core Team 2013). As DAPC requires group assignment a priori, we employed 
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a K-means clustering algorithm implemented in ADEGENET to identify the optimal number of clusters 

from K=1 to K=10. Different clustering solutions were then compared using Bayesian Information 

Criterion (BIC), following Jombart et al. 2010. To avoid over-fitting of discriminant functions, we 

used α-score optimization to evaluate the optimal number of principle components (PCs) to retain in 

the analysis. To assess similarity of assignment solutions between different numbers of retained PCs 

and between DAPC and ADMIXTURE, we used CLUMPP to calculate pairwise similarity statistics. 

Final population assignments for use in downstream analyses (demographic modeling and 

IBD/IBE) were determined considering ADMIXTURE results, DAPC results, and sampling location. 

When there was disagreement between ADMIXTURE and DAPC assignments, individuals were 

assigned based on their sampling location. After assigning individuals to clusters, we used ARLEQUIN 

(v3.5.2; Excoffier & Lischer 2010) to summarize genetic diversity for (1) all individuals assigning to 

each cluster and (2) only those individuals with >90% ADMIXTURE ancestry for a given cluster.  

Demographic modeling 

To gain insight into the historical processes that generated the observed population structure, 

we compared alternative demographic models and inferred demographic parameters from the site 

frequency spectrum (SFS), using the composite-likelihood method implemented in FASTSIMCOAL2 

(v2.5.2.21; Excoffier et al. 2013). Although this method discards LD information, which can be 

especially useful to disentangle different modes of gene flow [e.g., single pulses of admixture from 

continuous migration (Harris & Nielsen 2013 and references therein)], SFS-based methods are 

nevertheless useful for inferring divergence times, population tree topologies, and historic migration 

rates (e.g., Gutenkunst et al. 2009, Lukic & Hey 2012, Excoffier et al. 2013, Laurent et al. 2015). 

Model choice 

On the basis of our population structure analyses (see Results), we compared sixteen distinct 

demographic models with three populations, corresponding to samples from North, Central, and South 

(Fig. S1). These included four divergence scenarios: (1–3) all possible bifurcating topologies for the 

three populations and (4) simultaneous divergence of all three populations (Trifurcation). We modeled 
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each scenario under four conditions: without post-divergence gene flow; with post-divergence gene 

flow; with post-divergence gene flow and allowing for exponential growth in all populations; and 

with post-divergence gene flow, allowing for exponential growth in Central and South, and 

considering a bottleneck in North. All input files and scripts utilized in demographic analyses, 

including template and parameter estimation files for all models, are available on DRYAD. A summary 

of all defined parameters and their search ranges are given in Table S5. 

For the demographic analyses, we used the filtered SNP data (10x coverage, <50% missing 

data, removal of loci violating HWE for heterozygous excess) to generate the joint population SFS. 

We considered the minor allele frequency spectrum (folded SFS) because we lack a good outgroup to 

determine the ancestral state of each allele, and used a mutation rate of 3.5 × 10
-9

, based on an 

estimate from Drosophila melanogaster (Keightley et al. 2009). Given that FASTSIMCOAL2 assumes 

all sites are independent, we investigated the LD patterns within and among the RAD loci. Although 

we do not have access to a linkage map to orient our scaffolds in relation to each other, we used 

VCFTOOLS’ --geno-r2 option to determine the correlation among the genotypes (r
2
) between RAD loci 

located on the same scaffold (Danecek et al. 2011). Because these analyses suggested RAD loci are 

largely independent, and that no large linked blocks exist in our data (see Results), we considered 

sites within RAD loci to be linked, and sites between RAD loci unlinked.  

The likelihoods obtained with FASTSIMCOAL2 are an approximation, and become close to the 

exact value if computed from the joint population SFS and a set of independent (unlinked) SNPs 

(Excoffier et al. 2013). Use of linked markers, however, should not bias parameter estimation, as 

composite likelihoods converge to the correct parameters that maximize the likelihood (Stephens 

2007; Excoffier et al. 2013).  Therefore, with our patterns of linkage in mind, we took a two-step 

approach to model choice. First, we estimated the parameters that maximized the likelihood for each 

model based on the three population SFS (3D-SFS) including linked sites (“all-SNPs” dataset). To 

account for local LD patterns, we partitioned the scaffolds into “blocks”; with each block 

corresponding to a RAD locus. The 3D-SFS was then generated by resampling three individuals from 

each population per block, keeping only SNPs without missing data across all sampled individuals. 
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The SFS were generated by down-sampling SNPs to ensure no missing data, and hence equal sample 

sizes across all SNPs, as is usually done to maximize the number of sites in the observed SFS (e.g., 

Marth et al. 2004, Gazave et al. 2013, Coffman et al. 2014). Second, we used the inferred parameter 

estimates to re-compute the likelihoods of each model based on a 3D-SFS containing only a single 

SNP per RAD locus (“single-SNP”), such that we approximate likelihoods with a set of independent 

(unlinked) SNPs. Because the single-SNP 3D-SFS comprised a set of potentially independent SNPs, 

the recalculated likelihoods should closely approximate the true likelihood, allowing application of 

the Akaike information criterion (AIC) for model choice. The single-SNP 3D-SFS was built as the all-

SNPs dataset, but by sampling only one SNP at random per RAD locus. These two steps were 

required due to the limited number of SNPs (<10,000) in the single-SNP dataset (Table S6), which 

would result in a limited power to infer demographic parameters (Excoffier et al. 2013).  

We further explored support for the most likely population topology in two ways. First, we 

examined whether differences among models were due to the FASTSIMCOAL2 coalescent 

approximation by comparing the likelihood distribution for the four asymmetrical migration models, 

as these were favored over more complex models (see Results). These distributions were obtained by 

recomputing the likelihood based on 100 expected SFS approximated using 200,000 coalescent 

simulations under the parameters that maximize the likelihood for each model. These distributions 

inform us about the variance due to the FASTSIMCOAL2 approximation, and a considerable overlap 

among models would indicate no real differences. Second, we considered models with two 

populations, and estimated the corresponding divergence times and migration rates for each pair of 

populations (North/Central, North/South, and South/Central). Rather than comparing the likelihoods 

of the alternative models and the corresponding AIC values, we investigated whether the estimated 

times of divergence between populations were consistent with the most likely topology according to 

the AIC values. For these analyses, we used the all-SNPs dataset to generate two-population pairwise 

SFS (2D-SFS) for each pair of populations. This was done by following the procedure described 

above for the 3D-SFS, but sampling independently the set of blocks (and SNPs) for each pair of 

populations, keeping five individuals per population.  
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Parameter estimation 

Once the best model was determined, we performed a final parameter estimation step based 

on marginal pairwise 2D-SFS. The advantage of using multiple 2D-SFS over a single 3D-SFS for 

parameter estimation is that the size of the SFS and the number of zero entries are reduced, making it 

easier to fit the observed SFS (Excoffier et al. 2013). To generate the 2D-SFS, we followed the 

procedure we used to generate the 3D-SFS, using the all-SNPs blocks but down-sampling to seven 

individuals per population. 

While our linked all-SNP dataset should not bias parameter estimates (Stephens 2007; 

Gutenkunst et al. 2009; Excoffier et al. 2013), confidence intervals can be too narrow due to pseudo-

replication stemming from the use of linked sites (Tang et al. 2005; Stephens 2007). We therefore 

used a block-bootstrap approach to obtain confidence intervals (CI), which accounts for the LD 

dependency structure in our data (Keinan et al. 2007; Bickel et al. 2010), and is commonly used to 

obtain CI in population genomics analyses with linked SNPs (e.g., Keinan et al. 2007; Alexander et 

al. 2009). We thus re-sampled with replacement the 1,507 scaffolds of the original dataset (i.e., 

assuming that each scaffold was a block), such that the total number of resampled sites (including the 

monomorphic sites) of each bootstrap replicate was approximately the same (± 1%) as in the original 

dataset.  

The likelihood values reflect the fit of our models to the joint-population SFS, but to assess 

whether the best selected model could reproduce the observed SFS we visually examined the fit of the 

expected SFSs (mean of 100 SFSs approximated as above) to the observed marginal one dimensional 

SFS (1D-SFS), marginal pairwise 2D-SFS, and joint 3D-SFS. Additionally, since several migration 

rate estimates were low (see Results), we performed additional simulations to determine which rates 

were different from zero. To do so, we compared the likelihood distribution (based on 100 expected 

SFSs approximated with 200,000 coalescent trees) under the “full” model, where all migration rates 

could be larger than zero, with the corresponding distribution for eight “nested” models, setting each 

of the eight migration rates to zero. The rationale of this comparison is similar to the one underlying 
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likelihood ratio tests; i.e., if setting a given migration rate to zero leads to a marked decrease in the 

likelihood compared to the “full” model, it suggests that migration rate is important, as setting it to 

zero decreases the fit.  

To examine the impact of our filtering and assignment decisions, we repeated the model 

choice and parameter estimation as described above using two alternative datasets, including (1) only 

SNPs with less than 10% missing data, and (2) individuals that assign with 90% or greater 

ADMIXTURE assignment to each cluster. Due to computational limitations, we did not perform block-

bootstrapping for these alternative datasets.  

All of the SFS-based analyses were done by pooling SFS entries with less than 10 SNPs (-

C10 option), running 100 independent FASTSIMCOAL2 runs (selecting the parameters of the run 

attaining the maximum likelihood), each consisting of 40 ECM optimization cycles and using 200,000 

coalescent simulations. The joint SFS were generated using a combination of custom scripts 

(available on DRYAD) and ARLEQUIN (v3.5.2; Excoffier & Lischer 2010). 

 

 Inference of glacial refugia 

Because demographic analyses supported a Pleistocene divergence scenario (see Results), we 

examined relationships between heterozygosity, latitude, and longitude within each cluster to infer 

possible locations of glacial refugia and patterns of postglacial range expansions. In particular, 

populations closest to glacial refugia are expected to have the highest genetic diversity (measured in 

each individual as the percentage of sites that are heterozygous) and diversity is expected to decline in 

the direction of postglacial range expansion (Hewitt 1996, 1999). The strength and significance of the 

relationships between diversity and latitude/longitude in different regions were evaluated using 

Spearman’s rank correlation tests implemented in STATA (v13.1; StataCorp LP, College Station, TX). 
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Isolation-by-distance and isolation-by-environment 

To evaluate the relationship between geography, ecology (host use), and genetic divergence, 

we performed a series of Mantel tests and partial Mantel tests (Mantel 1967; Sokal 1979; Smouse et 

al. 1986). To account for historical population structure, we performed separate tests for each of the 

genetic clusters identified by the population structuring analyses (Kuchta & Tan 2005; Meirmans 

2012). These tests required genetic, geographic, and ecological distance matrices.  

To describe genetic differentiation between pairs of individuals, we used Rousset’s â, which 

is analogous to the FST/(1-FST) ratio (Rousset 2000). Briefly, for a pair of individuals i and j, Rousset’s 

distance â is given by aij = (Qw-Qij)/(1 – Qw), where Qij is the probability of identity by state of gene 

copies between individuals and Qw is the probability of identity within individuals (estimated from all 

pairs of individuals in the sample). We calculated pairwise Rousset’s â (Rousset 2000) range-wide 

and for each cluster using SPAGEDI (v1.4b; Hardy & Vekemans 2002). We calculated the genetic 

distance matrix for each cluster considering only those individuals within the cluster. For the 

geographic matrix, we estimated the linear geographic distance separating each pair of individuals 

using the Geographic Distance Matrix Calculator (available at 

http://biodiversityinformatics.amnh.org/open_source/gdmg). To create the ecological distance matrix, 

we coded host use as a discrete trait: pairs collected on the same host species were assigned a distance 

of 0, and those collected on different hosts were assigned a distance of 1.  

To test for IBD, we performed partial Mantel tests (Smouse et al. 1986) in which we 

examined the correlation between genetic and geographical distance matrices, while controlling for 

ecological distance. To test for IBE, we performed partial Mantel tests (Smouse et al. 1986) 

examining the correlation between genetic and ecological distance, while controlling for geographical 

distance. Finally, to investigate the extent of eco-spatial autocorrelation in our data, which can have a 

strong impact on the performance of IBE tests, we performed Mantel tests (Mantel 1967) that 

evaluated the relationship between the ecological and geographical distance matrices (Shafer & Wolf 

2013).  
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To determine the extent to which uncertainty in population assignment impacted our results, 

we also repeated region-specific IBD/IBE analyses after dropping from each cluster: (1) all 

individuals with ADMIXTURE ancestry estimates <70% for a given cluster and (2) all individuals with 

ADMIXTURE ancestry estimates <90% for a given cluster. 

All Mantel and partial Mantel tests were performed in PASSAGE2 (v2.0.11.6, Rosenberg & 

Anderson 2011), and significance was determined via 10,000 permutations.  

 

RESULTS 

 

Sequencing, RAD clustering, and SNP discovery  

 In total, we obtained an average of 2.2 ± 1.6 (SD; standard deviation) million reads per 

individual, 2.0 ± 1.4 million of which were retained after quality filtering. After mapping and 

removing putative paralogs, we retained an average of 1.2 ± 0.8 million reads per individual for SNP 

calling. STACKS recovered an average of 12,734 ± 4,738 loci per individual, which contained a total of 

44,832 SNPs. After dropping two individuals with extensive missing data and six putative haploids 

(Table S4), and applying the <10% missing data filter, the number of SNPs was reduced to 13,990. 

After a subsequent Hardy-Weinberg filter, we retained a total of 13,946 putatively neutral SNPs. The 

numbers of retained SNPs under additional filters are given in Tables S6-S7. 

 

Population genetic structure 

Using ADMIXTURE’s cross-validation procedure, we found that K=3 was the optimal number 

of genetic clusters in 100% of the runs (Fig. S2). Unlike ADMIXTURE, the DAPC method chose K=4 

as the optimal number of genetic clusters to describe our data, although the BIC scores for K=3 and 

K=4 were nearly equal (Fig. S3). The -score optimization procedure suggested that assignment 
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requires only a small number of retained PCs (Fig. S4). In particular, the maximum -score was 

obtained for one PC, which describes ~5% of the total variance, and -scores remain high until ~5–

10PCs (25–50% variance explained), after which they drop off (Fig. S5). 

Given the apparent disagreement between ADMIXTURE and DAPC analyses, we explored 

clustering solutions under both K=4 and K=3. Under K=4, both ADMIXTURE and DAPC produce 

multiple conflicting assignment solutions [mean G across 100 ADMIXTURE runs = 0.77 (range: 0.48-

1.00); mean G across DAPC runs incorporating 1-10 PCs = 0.88 (range: 0.62-1.00)], many of which 

lacked a clear biological interpretation (e.g., Fig. S6A, C, D). By contrast, individual admixture 

proportions for K=3 were stable across all 100 ADMIXTURE runs (mean G = 0.99; range 0.97-1.00) 

and across DAPC analyses with different numbers of PCs (mean G = 0.96; range 0.90-1.00). 

Assignment results were also similar, but not identical, across DAPC analyses and ADMIXTURE 

analyses [mean G = 0.94 (range 0.85-1.00); Fig. 1B; Table S8]. Given the unstable and dissimilar 

assignment solutions under K=4 within and between assignment methods, the greater stability and 

biological interpretability of K=3 assignment solutions, and the near identical BIC scores achieved by 

K=3 and K=4 in the DAPC analyses; we considered K=3 for all subsequent analyses.  

Individual population assignments indicate that the three clusters correspond to geographic 

regions, which we will refer to as “North,” “Central,” and “South” (Fig. 1A, B; Table S9). Although 

most individuals assign primarily to a single cluster, admixture is evident in some Central individuals, 

particularly those in close geographic proximity to North and South. Performing additional clustering 

analyses on individuals assigning to each of the three clusters failed to detect obvious hierarchical 

structure (i.e., within clusters, K=1 always had the lowest CV score; Fig. S7). Nevertheless, we note 

that Central is subdivided in some K=4 assignment solutions (Fig. S6). This, combined with the 

elevated inbreeding coefficient in this cluster (e.g., due to Wahlund effect, Table 1), may be indicative 

of additional population structure in this region. Similarly, although it was never subdivided in our 

clustering solutions, North also has an elevated inbreeding coefficient that may be indicative of 

substructure (Table 1).   
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Using the three clusters as populations, FST estimates from ARLEQUIN suggest moderate to 

strong differentiation among the three regions, with the highest levels of differentiation observed 

between North and the other two regions (North/South FST = 0.47; North/Central FST = 0.34; 

South/Central FST =0.13).  North also had reduced genetic diversity compared to the other two regions 

(Table 1). Although Central and South had comparable levels of heterozygosity, Central had 

considerably more private alleles, suggesting that reduced FST between South and Central may be due 

to recent admixture rather than shared ancestry. Genetic summary statistics are similar when 

considering only those individuals with >90% admixture assignment probability (Table S10). These 

among-region differences in genetic diversity are accompanied by consistent differences in larval 

morphology (Figs. 1C, S8; personal observation).  

 Demographic modeling 

 The analysis of patterns of linkage between SNPs in RAD loci located in the same scaffold 

showed that LD decays rapidly to values close to zero (r
2
<0.05), suggesting that different RAD loci 

can be considered statistically independent (Fig. S9).  

Across all levels of complexity, models in which North and Central are sister taxa achieved 

the greatest likelihood scores. The model allowing asymmetrical migration between groups was 

favored over all other models, with a relative likelihood of 0.801 (Table 2). This topology was also 

supported by considering models with two populations, as the divergence time of North from Central 

is the most recent and similar times were estimated for North/South and Central/South divergence 

(Table S11). We also note that there is no overlap in likelihood distributions among models, 

indicating that likelihood differences across models cannot be explained by the variance in the 

FASTSIMCOAL2 approximation, further suggesting that the (North, Central), South topology is 

supported by our data (Fig. S10).  

The maximum-likelihood parameter estimates for our chosen model and the 95% confidence 

intervals generated by non-parametric block-bootstrapping are given in Table 3. ML estimates for 

population size suggest a large Ne for Central and South and a much smaller Ne in the North (Table 3), 
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consistent with the genetic diversity estimates (Table 1). All migration rates appeared to be non-zero, 

excepting those between South and the ancestor of North and Central (Fig. S11). Estimates suggest 

moderate gene flow (2Nm>1.0) from North into Central and between Central and South, which is 

consistent with our ADMIXTURE results (Fig. 1). Assuming a range-wide average of three generations 

per year for N. lecontei (Benjamin 1955; Wilson et al. 1992), we dated the two divergence times to 

~25,000 and ~45,000 years before present (YBP), coinciding with the late Pleistocene and last glacial 

maximum (Table 3, Fig. 2A). Overall, we found that this model provided a reasonably good fit for the 

marginal 1D-SFS of all populations (Fig. S12), and the joint 3D-SFS (Fig. S13) used for model 

choice. A similarly good fit was obtained for the pairwise 2D-SFS (Fig. S14) used for the parameter 

estimation. 

Model choice was largely robust to filtering and assignment decisions, with the (North, 

Central), South topology always obtaining the highest likelihood score (Tables S12-S13).  

Additionally, both alternative datasets (>90% assignment probability; <10% missing data) yielded 

similar parameter estimates to our primary dataset (Table 2, S14, S15). We note, however, that the 

number of SNPs available for the dataset with <10% missing data was almost half that of the other 

datasets (Table S7), and hence we expect a higher degree of uncertainty for those analyses. 

 

Inference of glacial refugia 

Regression analyses revealed a significant reduction in genetic diversity with decreasing 

longitude (East-to-West) in North ( = 0.48; p = 0.016) and with decreasing latitude (North-to-South) 

in South ( = 0.75; p < 0.0001). A marginally non-significant reduction in diversity with increasing 

latitude (South-to-North) was also detected in Central ( = -0.34; p = 0.067; Figs. 2B, S15). Based on 

these patterns, refugia locations and post-glacial colonization routes are proposed in Fig. 2B (see 

Discussion). 
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Isolation-by-distance and isolation-by-environment 

Although we find significant IBD and IBE in the “Whole Range” analysis of N. lecontei 

(Table 4), some of this signal is likely an artifact of differentiation among clusters. The impact of 

cluster membership on genetic differentiation is evident in Fig. 3: for a given geographical distance, 

the magnitude of genetic divergence is strongly dependent on where individual pairs were sampled. 

Nevertheless, Mantel tests also revealed significant IBD within each of the three clusters (Table 4; 

Fig. 4), regardless of the ADMIXTURE cut-off explored (Table S16). Of the three clusters, South had 

the strongest relationship between geographical distance and genetic differentiation, even after 

accounting for its smaller range overall (Table S17). The shape of the IBD relationship also varied 

among regions (Fig. 4). In particular, while the Mantel correlation r remains high at all examined 

intervals in South, r drops after 450 km in the North and Central clusters (Table S17).  

 Partial Mantel tests indicate significant IBE in the South and Central clusters, but not the 

North (Table 4). This effect is most pronounced in the South, where inspection of the IBD/IBE plot 

clearly indicates that, for a given geographical distance, genetic divergence is lower for pairs collected 

on the same host than for those collected on different hosts (Fig. 4). Considering more stringent 

assignment cut-offs, significant IBE is still recovered in both Central and South at the 70% 

ADMIXTURE assignment cut-off; and in South only at the 90% cut-off (Table S16).  

Examination of the relationship between geography and host use reveals that, within regions, 

the magnitude of eco-spatial autocorrelation is low enough (r = 0.07–0.21; Table 4) to permit accurate 

estimation of IBE correlations (based on simulations described in Shafer & Wolf 2013).  

DISCUSSION 

 

Like many species, genetic variation in Neodiprion lecontei appears to have been 

shaped by evolutionary processes acting at multiple spatial and temporal scales. Population 

structure analyses support the existence of three genetic clusters within N. lecontei. These 
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clusters correspond to different geographic regions (North, Central, and South), each of 

which harbors a distinct assemblage of host plants. Demographic analyses support 

Pleistocene divergence followed by post-divergence gene flow. Within each cluster, we detect 

significant isolation-by-distance, and we also detect significant isolation-by-environment due 

to host plant within two of the three clusters. Here, we interpret these results in light of Pinus 

phylogeography and Neodiprion biology and discuss their implications for population 

divergence and speciation in plant-feeding insects.  

 

Influence of historical processes on genetic differentiation in N. lecontei  

Demographic analyses suggest that isolation and colonization associated with 

Pleistocene events have had a lasting impact on genome-wide variation in N. lecontei. 

Specifically, our data suggest that a distinct Southern lineage diverged from the ancestor to 

North and Central approximately 135,000 generations ago, followed by a split between North 

and Central 77,000 generations ago. Assuming an average of three generations per year for N. 

lecontei (Benjamin 1955; Wilson et al. 1992) and a mutation rate of 3.5 × 10
-9

 (Keightley et 

al. 2009), this dates the divergence events to ~45,000 years before present for the split of the 

South lineage and ~25,000 years before present for the North/Central split. This timing is 

consistent with glaciation during the middle Wisconsin and the onset of the last glacial 

maximum, respectively (Richmond & Fullerton 1986). 

Prior to the onset of the last glacial maximum, the glacial margin was located near the 

Great Lakes region, and pines likely existed south of their current locations (Delcourt & 

Delcourt 1981). At peak glaciation, at least four different Pinus refugia are thought to have 

existed. Fossil pollen records indicate that there was a major Pinus refugium centered on 

present day North and South Carolina (Webb 1988; MacDonald et al. 2000). In addition, 

three refugia have been proposed on the basis of population genetic data from different Pinus 
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species: (1) P. taeda and P. palustris on the western gulf coast, in current day Texas and 

Mexico (Wells et al. 1991; Schmidtling 2007; Eckert et al. 2010); (2) P. banksiana and/or P. 

resinosa refuge on the exposed northeastern Atlantic coast (Walter & Epperson 2001; 

Godbout et al. 2005); and (3) P. taeda, P. elliotti, and P. caribaea in southern Florida and the 

Caribbean islands (Wells et al. 1991; Schmidtling 2007; Eckert et al. 2010). As glaciers 

retreated, pines expanded from these refugia to their current distributions, with multiple 

species-specific expansion routes proposed (see references above; Jaramillo-Correa et al. 

2009). 

Based on current knowledge of Pinus phylogeography and our demographic modeling 

results, we propose the following Pleistocene divergence scenario for N. lecontei (Fig. 2; 

Table 3). Prior to the last glacial maximum, a large ancestral population of N. lecontei likely 

existed in a continuous distribution across some portion of the eastern United States. Like 

other animal and plant taxa (Soltis et al. 2006, Jaramillo-Correa et al. 2009), the population 

then split into largely isolated groups during the middle Wisconsin glaciation, with the 

ancestor of North and Central to the west and the ancestor of South to the east of the 

Appalachian Mountains. Then, as glaciers advanced across eastern North America during the 

late Wisconsin, a second split occurred when a portion of the western lineage became isolated 

in the small Atlantic coast refugium (North) and the remainder (Central) was pushed to the 

Texas/Mexico refugium. Throughout this time, the eastern lineage (South) likely occupied the 

much larger Pinus refugium near present day North and South Carolina. 

As glaciers retreated and pines expanded their range, so too did N. lecontei. 

Examination of the spatial distribution of genetic diversity within each region suggests that 

North expanded westward towards the Great Lakes region, Central expanded northward 

across the middle of the United States, and South expanded towards southern Georgia and 

Florida (Figs. 2B, S15). Following range expansion, the three clusters came into contact and 
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began exchanging genes.  South and Central are currently experiencing moderate and 

symmetrical gene flow, and ancestry proportions are indicative of a wide area of admixture 

(Table 3; Fig. 1). Eventually, the signature of historical isolation between South and Central 

may be lost altogether.  

In contrast, North appears to be resistant to gene flow from the other clusters. 

Although there is considerable gene flow from North into Central, there is little gene flow 

into North from either Central or South (Table 3). These results are consistent with 

monopolization, in which colonization of a new area by a small founding population followed 

by rapid local adaptation yields a resident population that is highly resistant to the successful 

establishment of migrants (De Meester et al. 2002; Orsini et al. 2013). This process is 

expected to produce a persistent pattern of isolation-by-colonization (IBC), in which genetic 

differentiation reflects historical colonization and founder effects rather than current 

geographical or ecological distance (Orsini et al. 2013; Spurgin et al. 2014). Indeed, 

monopolization may explain why North has maintained markedly lower genetic diversity 

than the other regions, despite extensive contact with Central (as evidenced by the 

asymmetric gene flow estimates between North and Central; Table 3). 

Although we have proposed what we believe to be a realistic historical scenario based 

on our existing data, we stress that this is a provisional hypothesis that should be revisited as 

additional data become available. In particular, it is possible that our results have been 

impacted by sampling gaps, biases associated with clustering algorithms, and biases 

associated with ddRAD markers. First, our population sampling has several gaps, most 

notably at the western and northern extremes of the range (Fig. 1A). Based on our 

hypothesized scenario, we predict that samples from these regions, which are closer to our 

proposed refugia, will harbor greater genetic diversity compared to existing samples. 

Increased sampling within each of the three regions could also shed light on some 
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unexplained patterns in the data. For example, although genetic diversity is significantly 

correlated with longitude in North, there are two outliers with markedly higher diversity (Fig. 

S15). One possible explanation for these outliers, testable with additional sampling, is that 

there was a second North refugium and/or colonization route (e.g., as has been proposed for 

the northern pines P. banksiana and P. resinosa; Walter & Epperson 2001; Godbout et al. 

2005). Additional sampling would also give us more power to detect hidden substructure 

within regions. For example, although our current data indicate that K=1 best explains 

variation within Central, elevated FIS (Table 1) and clustering solutions found under K=4 

(Fig. S6) suggest that there may be undetected structure in this region. 

A second important consideration we must take into account is the fact that model-

based clustering methods have a tendency to overestimate population structure in the 

presence of IBD (Frantz et al. 2009; Schwartz & McKelvey 2009). When this occurs, 

sampling gaps can strongly influence cluster assignment (Rosenberg et al. 2002; Serre & 

Pääbo 2004; Schwartz & McKelvey 2009; but see Rosenberg et al. 2005). Although there are 

sampling gaps and significant range-wide IBD in our data (Fig. 3; Table 4), several lines of 

evidence support our interpretation that there are three distinct genetic clusters, including: 

detection of these clusters by both model-based and model-free clustering algorithms, 

pronounced differences in patterns of genetic variation and morphology among the three 

clusters, and demographic modeling results that support population divergence during the last 

glacial maximum and earlier.  

In addition, we also have to consider the impact of marker choice. While ddRAD has 

emerged as a flexible and cost-effective method for generating markers, this method also has 

several limitations (Davey et al. 2013; Puritz et al. 2014). Foremost among them is the 

problem of allele dropout (ADO), which occurs when polymorphism within the restriction 

site or unequal PCR success masks the presence of a SNP allele (Casbon et al. 2011; Arnold 
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et al. 2013; Gautier et al. 2013; Schweyen et al. 2014). Because ADO inflates homozygosity, 

it can bias estimates of genetic diversity and differentiation (McCormack et al. 2013; Arnold 

et al. 2013; Gautier et al. 2013). Although we have attempted to minimize the impact of ADO 

by minimizing PCR cycles and requiring stringent SNP coverage and completeness filters, it 

is likely that our parameter estimates are impacted to some degree by ADO. Encouragingly, 

changing the stringency of our completeness filters to allow more ADO (<50% vs. <10% 

missing data) had little impact on our overall conclusions (Table S13, S15). Finally, we note 

that demographic parameters were inferred assuming our SNP markers are neutral, and hence 

our estimates could be biased if a large proportion of RAD loci were affected by linked 

selection.  

Although many details remain to be fleshed out, our existing data strongly suggest 

that historical events contribute to patterns of genetic differentiation in N. lecontei. Less clear 

are the relative contributions of natural selection and drift to these patterns. On one hand, the 

persistent small effective population size in North would have promoted genetic drift. On the 

other hand, the three geographical regions differ in their assemblages of host plants and in 

additional factors (e.g., winter duration and intensity) that may generate divergent selection 

among regions. However, strong correlations between cluster range, geography, and ecology 

make it almost impossible to disentangle the contribution of these processes to genetic 

differentiation. Fortunately, we can gain additional insight into the importance of drift and 

selection by examining how geography and ecology shape genetic differentiation within 

regions. 

Beyond investigating the demographic history of this particular species, we have also 

introduced a novel approach for demographic analysis with RADseq data. In particular, the 

generation of RADseq data for non-model organisms is becoming increasingly common 

(Andrews et al. 2016), but the vast majority of researchers either (1) use all SNPs and ignore 
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physical linkage, or (2) use a single SNP per RAD locus. Both approaches can be problematic 

because (1) with linked SNPs, we cannot appropriately calculate likelihoods or perform non-

parametric bootstrap to infer confidence intervals, and (2) sampling a single site per locus 

considerably reduces the number of SNPs available for demographic inference. Here we 

suggest a general strategy for dealing with RADseq data, which consists of using all SNPs for 

parameter estimation, followed by adjustment of likelihood/AIC scores via recomputing 

likelihoods with a single SNP per RAD locus, and a non-parametric block-bootstrap approach 

to compute parameter CIs. 

 

Impact of geography within clusters: IBD 

A pattern of isolation-by-distance reflects a balance between divergence due to drift and 

homogenization via gene flow. When gene flow is too high or low relative to the strength of genetic 

drift (which is inversely proportional to effective population size), IBD patterns will be absent 

(Peterson & Denno 1998; Hutchison & Templeton 1999). These scenarios are unlikely for N. lecontei 

because significant IBD was detected in all three geographical regions. However, the strength and 

shape of the IBD relationship differed among the three regions (Table 4; Fig. 4). There are several 

possible explanations for these differences, including differences in the number of generations that 

have elapsed since an area was colonized, population size, and the presence of barriers to dispersal 

within clusters (Slatkin 1993; Crispo & Hendry 2005). Although differences in dispersal capabilities 

and maximal distance sampled are additional explanations that are commonly invoked to explain 

differences in IBD patterns (e.g., Peterson & Denno 1998; Crispo & Hendry 2005; Moyle 2006), we 

do not consider these further because (1) adult dispersal behavior is similar across all regions 

(Benjamin 1955; Wilson et al. 1992), and (2) the observed differences in IBD persist even after 

controlling for sampling scale (Table S17). 
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Under a scenario in which an ancestral population invades a new area and gives rise 

to all descendant populations, Slatkin (1993) demonstrated that the IBD pattern arises first 

between neighboring populations and then expands outwards over time. Thus, the strength of 

IBD in a non-equilibrium population is expected to correlate positively with the number of 

generations that have elapsed since colonization (Slatkin 1993; Hutchison & Templeton 

1999). Of the three regions, the South is the only one for which the entire region was 

unglaciated during the last glacial maximum (~20,000 to 18,000 years ago; Hewitt 1996). 

The average number of generations per year, which is strongly predicted by the length of the 

growing season (number of frost-free days), also differs among the regions: 4–5 per year in 

South, 2–3 per year in Central, and 1–2 per year in North (Benjamin 1955; Wilson et al. 

1992). Thus, compared to the other regions, the South cluster has most likely been 

continuously present in the region for many more generations, thus providing more time for 

IBD to emerge at different spatial scales. Similar differences have been reported in other taxa 

inhabiting glaciated and unglaciated areas (Hutchison & Templeton 1999; Rafiński & Babik 

2000; but see Crispo & Hendry 2005). Curiously, despite having the northernmost extent and 

fewest generations per year (and thus likely to have had the least time for IBD to emerge), the 

strength of the IBD relationship is stronger in North than in Central. One possible explanation 

for this difference is that undetected population structure (see above) may have impacted the 

IBD signal in the Central region. 

Two additional patterns in the IBD plots require some explanation. First, pairwise 

Rousset’s â estimates for North appear much higher in Figure 4 than in Figure 3 (note, 

however, that the shapes of the IBD relationship are the same). This difference stems from the 

fact that Rousset’s â estimates are calculated using (and positively correlated with) the 

average level of homozygosity across all sampled individuals. Because average 

homozygosity is higher in North than in the range-wide data, Rousset’s â is higher when 
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considering only North individuals (Fig. 4A). Second, in both the North and Central plots, 

there are clear outliers in which markedly low genetic divergence is observed between 

individuals at moderate to large geographical distances. The simplest explanation for these 

outliers is that they are the result of recent long-range dispersal facilitated by human planting 

activity. In particular, just as widespread shipment of seedlings from nurseries for 

reforestation efforts and ornamental planting has promoted long-range gene flow among 

Pinus populations (Schmidtling 2001), these activities likely promoted N. lecontei dispersal 

as well. In support of this hypothesis, we have first-hand experience with this dispersal 

mechanism, having received pine seedlings from another state that (unintentionally) bore 

viable N. lecontei eggs (personal observation).  

Although finer-scale demographic analyses are needed to investigate structure within 

regions and to make inferences regarding the prevalence of long-range dispersal, our results 

demonstrate that dispersal limitation is an important contributor to genetic differentiation in 

N. lecontei. Additionally, our results indicate that populations inhabiting recently glaciated 

areas may not yet be in regional migration-drift equilibrium (Slatkin 1993; Hutchison & 

Templeton 1999; Crispo & Hendry 2005). As such, quantitative estimates of the strength of 

IBD and IBE in N. lecontei from range-wide data will be shaped by a complicated and 

spatially heterogeneous mix of current and historical processes and should be interpreted with 

caution (Marko & Hart 2011; Wang & Bradburd 2014). Nevertheless, our data suggest that 

for distances up to ~450 km, the relationship between geography and genetic distance is 

monotonic and remarkably similar across the three regions (r = 0.45–0.48; Table S17).  

Impact of ecology within clusters: IBE 

While IBD has been investigated in a wide range of phytophagous insects (e.g., 

Peterson & Denno 1998), IBE studies in these organisms are still rare. For example, across a 

large number of IBE studies compiled in two recent meta-analyses (Shafer & Wolf 2013; 
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Sexton et al. 2014), only four studies examined host-associated IBE in insects. Three of these 

four studies reported statistically significant IBE (or, if phenotypic divergence was measured, 

IBA) after controlling for geography (Nosil et al. 2008; Razmjou et al. 2010; Funk et al. 

2011), whereas a fourth study did not find evidence of IBE (Goodman et al. 2012). Here, we 

find similarly mixed results within a single species. As was the case of IBD, patterns of IBE 

are strongest in the South (Table 4). By contrast, there is no discernible relationship between 

host use and divergence in the North. This result does not necessarily indicate, however, that 

there is a lack of divergent selection on host use in the North (Thibert-Plante & Hendry 2010; 

Nosil 2012). In fact, reciprocal transplant experiments and host preference assays indicate 

that there is at least some ecological divergence between North populations associated with P. 

banksiana and those associated with P. resinosa (personal observation). Whether or not 

divergent selection creates a generalized barrier to gene flow that is detectable at neutral loci 

(thus producing a pattern of IBE) depends on multiple factors, including recombination, 

migration rate, effective population size, time since colonization, and the strength of 

divergent selection (Thibert-Plante & Hendry 2010). 

Although our results suggest that divergent host use contributes to population 

differentiation in N. lecontei, the methodology we have employed has several limitations. 

First, Mantel and partial Mantel tests have been criticized due to a lack of power and/or high 

Type I error rate (Raufaste & Rousset 2001; Harmon & Glor 2010; Legendre & Fortin 2010; 

Guillot & Rousset 2013; but see Castellano & Balletto 2002; Cushman & Landguth 2010; 

Diniz-Filho et al. 2013). In the context of IBE studies, these tests have demonstrably high 

false positive rates when there is spatial autocorrelation in the data (i.e., under high levels of 

IBD and eco-spatial autocorrelation; Guillot & Rousset 2013). This effect is evident in our 

own range-wide data: even after controlling for IBD, the range-wide IBE estimate is 

markedly higher than any of the within-cluster IBE estimates (Table 4). Here, we have tried 
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to reduce false positives by employing a sampling design that minimizes eco-spatial 

autocorrelation within each region. Encouragingly, simulations under comparable levels of 

IBD and similarly low correlations between environmental and geographic distance (ranging 

from 0.07–0.21; Table 4) yielded reasonable approximations of IBE effect size (Shafer & 

Wolf 2013).  

Nevertheless, given the presence of any autocorrelation in the data, results from 

partial Mantel tests should be interpreted with caution. Fortunately, several recently 

developed statistical methods offer powerful alternatives to partial Mantel tests for studying 

IBE (Freedman et al. 2010; Bradburd et al. 2013; Wang et al. 2013; Wang 2013). Although 

our sampling design and limited ecological data preclude us from using these methods at this 

time, our Mantel-based results remain useful in that they: (1) provide an initial test of the a 

priori hypothesis that divergent host use contributes to genetic differentiation among 

populations of N. lecontei, (2) provide quantitative estimates of the strength of IBE using a 

widely used metric (partial Mantel correlation coefficients) that will facilitate comparisons 

with other taxa (e.g., as in Shafer & Wolf 2013; Sexton et al. 2014), (3) include estimates of 

eco-spatial autocorrelation that will enable better interpretation of IBE results (Shafer & Wolf 

2013), and (4) will inform sampling design in future studies seeking to more accurately 

quantify the relative contributions of IBE and IBD to neutral genetic divergence.  

A second limitation in our investigation of IBE is that we have distilled 

“environment” into a simple dichotomous variable: same or different host plant species. 

Generally speaking, continuous scoring is preferable to discrete, and, under some 

circumstances, discrete scoring appears to inflate effect sizes (Gelman & Hill 2006; Shafer & 

Wolf 2013). The individuals included in this study were collected on 13 different pine 

species. Given limited sampling of individuals on each host species, we categorized pairs as 

having the same or different host as a first step to determining the extent to which host use 
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shapes genetic variation in N. lecontei. However, this approach ignores a great deal of 

variation across Pinus species that may impact the strength of divergent selection and, 

therefore, the signal of IBE. For example, because female sawflies use their saw-like 

ovipositors to embed their eggs directly into living host plant tissue, one potential source of 

divergent host-based selection is needle width (Kapler & Benjamin 1960; Knerer & Atwood 

1973; Codella & Raffa 2002; Bendall et al. in press). Beyond host use, additional selection 

pressures, such as the intensity and duration of the winter, could drive neutral genetic 

divergence among populations. For example, variation in diapause response has been 

documented among N. lecontei populations sampled at different latitudes (Knerer 1983). 

Thus, accurate quantification of the impact of “ecology” on neutral genetic divergence will 

require that we quantify host dissimilarity (preferably along as many morphological and 

chemical axes as possible) and take additional environmental variables into consideration. 

 

 

Finally, if a large number of our RAD markers are impacted by divergent selection 

(either directly or via linkage), the pattern of IBE we have detected may be attributable to 

selection rather than to IBA (which impacts neutral variation). Thus, additional work is 

needed to assess genome-wide patterns of selection within and between N. lecontei 

populations. If our RAD markers do evolve neutrally as we have assumed, there are multiple 

non-mutually exclusive processes that could explain the observed pattern of IBE, including: 

natural selection against immigrants, selection against hybrids, sexual selection against 

hybrids, and biased dispersal (Nosil 2012; Wang & Bradburd 2014). Importantly, while some 

of these processes involve divergent selection, and thus are consistent with local adaptation 

and incipient ecological speciation, others do not (e.g., divergent sexual selection that is 

unrelated to the environment or biased dispersal in the absence of divergence in 
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performance). Ultimately, identifying causal mechanisms underlying IBE in N. lecontei will 

require lab- and field-based experiments (e.g., Via et al. 2000; Nosil & Crespi 2006; Egan & 

Funk 2009). 

 

Implications for speciation 

Taken together, our data indicate that geography and history explain the majority of 

observed genome-wide differentiation within N. lecontei. For example, whereas within-

region Fisher’s transformed effect sizes of IBE range from 0.10-0.18 after controlling for 

IBD; IBD effect sizes range from 0.49-1.04 after controlling for IBE (Table 4). Although 

these Mantel-based estimates should be interpreted with caution (see above), they 

nevertheless suggest that IBDL contributes more than IBA to genetic differentiation. This 

need not imply, however, that isolation and drift are also the main drivers of reproductive 

isolation. For example, empirical data from other insect systems suggest that considerable 

reproductive isolation can exist with little to moderate genome-wide divergence (Nosil et al. 

2009b; Michel et al. 2010; Hahn et al. 2012; Nadeau et al. 2012; Smadja et al. 2012; Via et 

al. 2012).  Moreover, theoretical models of “genome-wide congealing” suggest that once a 

population has accumulated sufficient divergently selected variation, populations 

undifferentiated at neutral loci can rapidly split into reproductively isolated lineages (Feder et 

al. 2014; Flaxman et al. 2013, 2014). To disentangle the contributions of selection and drift to 

speciation, we must quantify the relationship between reproductive isolation and geography 

and ecology (Funk et al. 2002, 2006). Given the multiple geographical and historical contexts 

in which host use divergence has occurred, N. lecontei provides a particularly powerful 

system for investigating the contribution of these processes to neutral divergence and 

reproductive isolation. 
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Analysis of interspecific data—the products of speciation—provides yet another way 

to make inferences regarding the contribution of different processes to species formation. 

Whereas comparative analyses indicate that Neodiprion speciation occurred in multiple 

geographical contexts, divergence in host use is consistently associated with speciation and 

with reduced interspecific gene flow (Linnen & Farrell 2010). Although we now know that 

host use divergence contributes to genetic divergence both within (this study) and between 

(Linnen & Farrell 2010) species, a causal link between host use divergence and speciation has 

not yet been established. Thus, a major goal of future work on this system is to determine the 

sources of divergent selection and the genetic mechanisms linking ecological divergence to 

reproductive isolation. 

Conclusions  

Together, our results support the hypothesis that divergent host use is a general driver 

of neutral genetic divergence in plant-feeding insects. Coupled with previous comparative 

work, these data also suggest that, in at least some cases, host divergence leads to the 

formation of new species. Our results also demonstrate the importance of taking historical 

processes into account when investigating IBD and IBE. These results also set the stage for 

future work on this system that will: (1) more precisely quantify the contributions of IBDL 

and IBA to neutral differentiation, (2) evaluate the contribution of history, ecology, and 

geography to the strength of reproductive isolation, and (3) explore causal mechanisms 

linking divergent host use to population differentiation and speciation. Finally, we note that 

there are at least five eastern North American Neodiprion species (including N. lecontei) that 

have independently evolved similar geographical and host ranges (Linnen & Farrell 2008, 

2010). This replication represents a unique opportunity to investigate the repeatability of the 

historical, geographical, and ecological patterns we have identified in N. lecontei, thus 

providing insight into the predictability of evolution. 
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Table S1. Sampling locations for all individuals included in this study. 

Table S2.  5-bp barcodes with associated P1 adapter sequences. 

Table S3.  PCR first read indexes. 

Table S4. Percent missing data and proportion of heterozygous sites per individual. 

Fig. S1.  Five full-migration divergence scenarios tested in FASTSIMCOAL2. 

Table S5. List of demographic parameters and search ranges.  

Table S6. Summary of SNP recovery under different data filters and cluster assignment cutoffs 

(ADMIXTURE and adegenet). 

Table S7. Summary of SNP recovery under different data filters and cluster assignment cutoffs 

(FASTSIMCOAL2). 

Fig. S2. Average CV error scores for each K across 100 independent ADMIXTURE runs. 

Fig. S3. BIC plot for DAPC. 

Fig. S4. Plots of -score over 20 PCs with spline interpolation. 

Fig. S5. Cumulative percent variance explained as a function of the number of retained principal 

components. 
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Fig. S6. Ancestry proportions (ADMIXTURE) and assignment probabilities (DAPC) for K = 4. 

Table S8. Pairwise matrix similarity statistics (G) for K=3. 

Table S9. Sampling location, cluster assignment, ancestry proportions, and assignment probabilities 

for 80 N. lecontei individuals. 

Fig. S7. Average CV error scores for each K across 10 independent ADMIXTURE runs for North (A), 

South (B), and Central (C) clusters. 

Table S10.  Genetic diversity summary statistics for each population (maximal 0.90 ADMIXTURE 

ancestry cut-off). 

Fig. S8. Comparison of mid-instar head capsule coloration. 

Fig. S9. Correlation among genotypes (r
2
) between (A) and within (B) RAD loci on the same 

scaffold. 

Table S11. Demographic parameters inferred under 2-population bifurcation models. 

Fig. S10. Comparison of Log-likelihood for asymmetric migration demographic models. 

Fig. S11. Effect of migration rates on the likelihood of chosen model. 

Fig. S12. Fit of the expected marginal 1D-SFS. 

Fig. S13. Fit of the expected joint 3D-SFS. 

Fig. S14. Fit of the expected pairwise 2D-SFS. 

Table S12. Summary of likelihood scores for asymmetric migration demographic models (maximal 

0.90 ADMIXTURE ancestry cut-off).   

Table S13. Summary of likelihood scores for asymmetric migration demographic models (≤10% 

missing data).  

Table S14. Demographic parameters inferred under the full migration, North-South bifurcation model 

(maximal 0.90 ADMIXTURE ancestry cut-off). 

Table S15. Demographic parameters inferred under the full migration, North-South bifurcation model 

((≤10% missing data). 

Fig. S15. Relationship between genetic diversity (proportion of heterozygous sites) and geography, by 

region. 

Table S16. Mantel and partial Mantel test results for alternative assignment cutoffs, by geographical 

region.  

Table S17. Mantel correlation coefficients describing the relationship between geographical and 

genetic distances across different geographical distance intervals within each region.  
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Table 1. Genetic diversity summary statistics for each population. Population assignments were as in 

Table S9 and ddRAD data were filtered as described in the text [10x coverage, ≤10% missing data, 

and a Hardy Weinberg equilibrium filter excluding sites with heterozygote excess (p-value ≤ 0.01); 

total number of markers = 5474]. Genome-wide averages of observed heterozygosities (Ho) and 

inbreeding coefficients (FIS) were calculated using polymorphic loci only.  Expected heterozygosities 

(He) for each population were calculated using loci that were polymorphic in any of the populations 

(“all”); and that were polymorphic within regions (“region”). 

 

Population 
Polymorphic 

sites 

Private 

alleles 

He 

(all) 

He 

(region) 

Ho 

(region) 
FIS 

North 1112 292 0.049 0.232 0.158 0.237 

Central 3994 1865 0.133 0.184 0.134 0.205 

South 3102 1174 0.109 0.191 0.162 0.105 

  

Table 2. Summary of the likelihoods for the sixteen demographic models tested. Lhood(ALL SNPs) 

and Lhood(1SNP) correspond to the mean likelihood computed with the datasets containing “all 

SNPs” (including monomorphic sites) and a “single SNP” (without monomorphic sites) per RAD 

locus, respectively. Mean likelihoods were computed based on 100 expected site frequency spectra 

simulated according to the parameters that maximized the likelihood of each model. Topology names 

for each model are as indicated in Figure S1. AIC scores and relative likelihoods (Akaike’s weight of 

evidence) were calculated based on the “single SNP” dataset following Excoffier et al 2013.  

 

Topolog

y 

Migrati

on 

allowe

d? 

Exponen

tial 

growth? 

North 

bottlene

ck? 

log10(Lhood

) ALL 

SNPs 

log10(Lhoo

d) 

1 SNP 

# 

Paramet

ers 

AIC 
ΔAI

C 

Relative 

likeliho

od 

North- 

South 

No No No -46502.02 -7381.4 7 
34006.

70 

75.6

9 
0.000 

North-

Central 
No No No -46475.82 -7369.0 7 

33949.

44 

18.4

3 
0.000 

South-

Central 
No No No -46502.18 -7381.6 7 

34007.

60 

76.5

9 
0.000 

Trifurcat

ion 
No No No -46501.54 -7380.4 5 

33998.

07 

67.0

6 
0.000 

North- Yes No No -46470.49 -7365.0 15 
33947. 16.2

~0.000 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

South 25 4 

North-

Central 
Yes No No -46462.24 -7361.5 15 

33931.

01 
0 0.851 

South-

Central 
Yes No No -46467.69 -7363.8 15 

33941.

57 

10.5

6 
0.004 

Trifurcat

ion 
Yes No No -46470.28 -7364.7 11 

33937.

93 
6.91 0.027 

North- 

South 

Yes Yes No -46469.48 -7362.8 18 
33942.

91 

11.9

0 
0.002 

North-

Central 
Yes Yes No -46461.17 -7361.7 18 

33937.

82 
6.80 0.028 

South-

Central 
Yes Yes No -46463.73 -7363.9 18 

33948.

15 

17.1

3 
~0.000 

Trifurcat

ion 
Yes Yes No -46467.72 -7363.3 14 

33937.

39 
6.37 0.035 

North- 

South 

Yes Yes Yes -46467.45 -7361.5 20 
33940.

86 
9.85 0.006 

North-

Central 
Yes Yes Yes -46461.25 -7362.1 20 

33943.

82 

12.8

1 
0.001 

South-

Central 
Yes Yes Yes -46463.58 -7364.1 20 

33953.

08 

22.0

7 
0.000 

Trifurcat

ion 
Yes Yes Yes -46466.06 -7362.4 16 

33936.

93 
5.92 0.044 

 

Table 3. Demographic parameters inferred under the asymmetrical migration, North-Central 

bifurcation model. Maximum-likelihood point estimates for parameters are taken from the run 

reaching the highest composite likelihood. Migration rates scaled according to population effective 

sizes (2Nm) are given forward in time. The 95% confidence intervals were generated from 100 block-

bootstrapped datasets. Estimates of divergence and bottleneck times are given in years, assuming 

three generations per year (Benjamin 1955; Wilson et al. 1992). Estimates of the effective sizes (Ne) 

are given in number of haploids. 

  
95% CI 

Parameter ML Estimate Lower Bound Upper Bound 

North Ne 35323 30982 43175
 

Central Ne 315250 279211 362863 
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South Ne 201161 179538 233121 

Ancestral Ne 417251 401164 451283 

North+Central Ancestor Ne 1932776 449915 1987435 

North/Central divergence time (years) 25675 19987 31668 

South/North+Central div. time (years) 45016 37917 62030 

2Nm (Central to North) 0.12 0.09 0.16 

2Nm (North to Central) 1.10 0.75 1.14 

2Nm (South to North) 0.02 0.00 0.05 

2Nm (North to South) 0.11 0.04 0.20 

2Nm (South to Central) 1.37 1.16 1.85 

2Nm (Central to South) 1.01 0.74 1.23 

2Nm (AncestorNorth+Central to South) 0.25 0.00 4.69 

2Nm (South to AncestorNorth+Central) 0.02 0.00 0.12 

 

 

Table 4. Mantel and partial Mantel test results by geographical region. Pearson’s r, P-value, 

and Fisher-transformed effect size (Zr) (Fisher 1921; calculated following Shafer and Wolf 

[2013]) are given for simple Mantel tests (Matrix 1, Matrix 2) and partial Mantel tests (Matrix 

1, Matrix 2 | list of matrices held constant). Population assignments include all individuals 

assigned to each cluster, as described in Table S9. 

 

Comparison r P-value Zr 

Whole Range 

   Geographic, Genetic 0.66 <0.0001 0.80 

Geographic, Genetic | Host (IBD) 0.61 <0.0001 0.70 

Host, Genetic 0.45 <0.0001 0.49 

Host, Genetic | Geographic (IBE) 0.32 <0.0001 0.34 

Geographic, Host (eco-spatial auto.) 0.34 <0.0001 0.36 

North 
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Geographic, Genetic 0.59 <0.0001 0.68 

Geographic, Genetic | Host (IBD) 0.57 <0.0001 0.65 

Host, Genetic 0.20 0.0090 0.20 

Host, Genetic | Geographic (IBE) 0.10 0.1337 0.10 

Geographic, Host (eco-spatial auto.) 0.21 0.0122 0.22 

Central 

   Geographic, Genetic 0.45 <0.0001 0.49 

Geographic, Genetic | Host (IBD) 0.45 <0.0001 0.49 

Host, Genetic 0.16 0.0247 0.16 

Host, Genetic | Geographic (IBE) 0.14 0.0431 0.14 

Geographic, Host (eco-spatial auto.) 0.07 0.1339 0.07 

South 

   Geographic, Genetic 0.79 <0.0001 1.07 

Geographic, Genetic | Host (IBD) 0.78 <0.0001 1.04 

Host, Genetic 0.26 0.0002 0.27 

Host, Genetic | Geographic (IBE) 0.18 0.0063 0.18 

Geographic, Host (eco-spatial auto.) 0.19 0.0033 0.20 
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