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Eight decades after the modern synthesis, the role of gene flow in speciation remains con-
tentious. Because gene flow is a homogenizing force and sister species frequently occur in
allopatry, geographic isolation was assumed to be a requirement for the majority of speci-
ation events for most of the 20th century. More recently novel theory, genome-wide DNA
sequence data and computational tools have provided evidence to challenge this assumption,
demonstrating speciation with gene flow is both plausible and more common than previously
thought. These results have prompted a shift in emphasis from the geography of diverging
populations to the interplay of underlying evolutionary mechanisms. Yet convincing empir-
ical examples remain rare, and imprecise language blurs the distinction between classical
models of sympatric or parapatric speciation and allopatric speciation followed by extensive
secondary contact and hybridization. When and where—if ever—is speciation with gene
flow likely to occur? What, exactly, does “speciation with gene flow” indicate about the
constancy and timing of migration? Can our tools distinguish even distinguish among these
parameters? Tropical mountains are the most species-rich terrestrial environment on earth,
with significant geographic complexity and strong, temporally stable environmental gradi-
ents to generate selection. These features provide a powerful natural laboratory to address
fundamental questions in speciation, but research effort has historically lagged behind studies

of temperate regions due to obstacles of access and cost.



In this dissertation I use empirical data, theory, and evolutionary simulations to explore
the role of gene flow during speciation events in tropical mountains. In Chapter 1, I validate
a method for collecting genome-wide DNA sequence data from historical museum specimens
and develop a bioinformatic pipeline to assemble loci and call variants. I apply this approach
to degraded DNA from historical museum samples of a poorly known New Guinea kingfisher
species, Syma torotoro, inferring population genetic structure in contiguous forest habitats.
This methodology allows me to overcome logistical difficulties inherent to work in remote
tropical environments to achieve appropriate sample sizes. In Chapter 2, I combine these
data with additional samples from its montane sister species, Syma megarhyncha, and test
a hypothesis of speciation with gene flow across an elevational gradient in Syma. I find
evidence of assortative mating the face of extensive historical and contemporary gene flow,
suggesting selection across mountainsides can maintain species limits in the face of incomplete
reproductive isolation. In Chapter 3, I use theory and evolutionary simulations to explore the
probability and genomic signature of speciation with alternating periods of isolation and gene
flow. I find speciation with even brief lulls in gene flow is significantly easier than speciation
with gene flow every generation and difficult to distinguish by standard methods. However,
I also find periodic gene flow leaves a distinctive signature in common population genetic
summary statistics, potentially a promising method for evaluating the timing of migration
events in speciation genomic studies. Together, these results suggest gene flow likely plays
an underappreciated role in avian speciation in tropical mountains, highlighting the need to

encompass increased complexity in verbal and quantitative models.
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Chapter 1

EVALUATING HYBRIDIZATION CAPTURE WITH RAD
PROBES AS A TOOL FOR MUSEUM GENOMICS WITH
HISTORICAL BIRD SPECIMENS

*Zachary R. Hanna, Anna Sellas, and John P. Dumbacher were coauthors on the version

of this manuscript published in Ecology and Fvolution: https://dx.doi.org/10.1002/ece3.3065



1.1 Abstract

Laboratory techniques for high-throughput sequencing have enhanced our ability to gener-
ate DNA sequence data from millions of natural history specimens collected prior to the
molecular era, but remain poorly tested at shallower evolutionary time scales. Hybridiza-
tion capture using restriction site-associated DNA probes (hyRAD) is a recently developed
method for population genomics with museum specimens. The hyRAD method employs
fragments produced in a restriction site-associated double digestion as the basis for probes
that capture orthologous loci in samples of interest. While promising in that it does not re-
quire a reference genome, hyRAD has yet to be applied across study systems in independent
laboratories. Here, we provide an independent assessment of the effectiveness of hyRAD on
both fresh avian tissue and dried tissue from museum specimens up to 140 years old and
investigate how variable quantities of input DNA affect sequencing, assembly, and popula-
tion genetic inference. We present a modified bench protocol and bioinformatics pipeline,
including three steps for detection and removal of microbial and mitochondrial DNA contam-
inants. We confirm that hyRAD is an effective tool for sampling thousands of orthologous
SNPs from historic museum specimens to describe phylogeographic patterns. We find that
modern DNA performs significantly better than historical DNA better during sequencing
but that assembly performance is largely equivalent. We also find that the quantity of in-
put DNA predicts %GC content of assembled contiguous sequences, suggesting PCR bias.
We caution against sampling schemes that include taxonomic or geographic autocorrelation

across modern and historic samples.



1.2 Introduction

Over the past three decades, novel laboratory techniques have enhanced our ability to gen-

erate DNA sequence data from millions of natural history specimens collected prior to the

molecular era (Payne and Sorenson, 2002). The advent of ancient DNA methods has al-

lowed researchers to obtain both nuclear and mitochondrial DNA (mtDNA) sequences from

extinct taxa (Cooper et al., [1992; [Fleischer et al., 2006), explore changes in genetic diversity

and population genetic structure over time (Habel et al., [2014; Weber et al., 2000)), incor-

porate threatened or difficult-to-collect taxa into population genetic or phylogenetic studies

(Guschanski et al., 2013; [Linck et al. 2016]), and take advantage of extant biological col-

lections to boost sample size and inferential power (Linck et al., |2016; Wojcik et al., [2010).

Now, high-throughput sequencing has dramatically increased both the overall efficiency of

data collection and the total amount of sequence data that it is possible to collect from mu-

seum specimens (Hofreiter et al., 2001} Rizzi et al., 2012)) by overcoming scalability hurdles

intrinsic to traditional Sanger sequencing methods (Soltis and Soltis, [1993; [Wandeler et al.,

2007).

Although high-throughput sequencing has already proved widely useful for incorporating

museum specimens into phylogenomic studies (Besnard et al., |2016; Burbano et all [2010;

McCormack et al., 2012)), its application for collecting genome-wide markers at the popu-

lation level has lagged behind its use for addressing questions at deeper evolutionary time

scales due to limitations in the most commonly employed library preparation methods for

reduced-representation Illumina sequencing (Suchan et al.,|2016). The limitations of historic

museum samples include their high degree of fragmentation and low concentration of long

DNA fragments, which reduces the amount of flanking sequence that can be captured using

ultraconserved element probes (Faircloth et al., 2012) and lowers the likelihood that mul-

tiple restriction digest recognition sequences are retained in a given DNA fragment (Baird,

et al.l |2008; [Peterson et al., |2012). Only in the past few years have library preparation pro-

tocols suitable for population genomics become available (Bi et al., [2013; |Jones and Good,




2016; McCormack et al., 2016]), but their recent proliferation has meant that few have yet
to be applied to multiple study systems in independent laboratories (McCormack et al.,
2016)). As a result, our understanding of the efficacy and biases of different approaches to
reduced-representation genome sequencing from degraded DNA remains incomplete relative
to either Sanger sequencing (Soltis and Soltis, [1993; [Wandeler et al.| |2007)), or high-coverage,
single-sample whole genome sequencing (Poinar et al., |2006]).

One promising but under-tested approach to museum genomics suitable for population-
level studies is hybridization capture of restriction site-associated DNA (RAD) probes
(hyRAD) (Suchan et al. [2016). Briefly summarized, the hyRAD method uses fragments
produced by a double digest RAD (ddRAD) protocol (Peterson et al., [2012; Suchan et al.)
2016)) as the basis for biotinylated probes that capture orthologous loci in other samples,
allowing them to be enriched and indexed for pooled Illumina sequencing. Although the
method requires a high molecular weight DNA sample to produce the probe set, hyRAD
offers advantages over other targeted capture methods in requiring no prior knowledge of the
organism’s genome, such as transcriptome data or pre-existing sequences for probe design (Bi
et al., 2013; McCormack et al., 2016). Additionally, because hyRAD relies on hybridization
capture of orthologous regions across samples rather than retained restriction-site recognition
sequences, the method mitigates the concerns of allelic dropout due to polymorphisms at
restriction sites with increasing phylogenetic distance intrinsic to other RAD-based protocols
(Gautier et al., 2013]).

In their original paper, [Suchan et al.| (2016)) validated their method by applying it to both
fresh tissue and museum specimens of a butterfly (Lycaena helle) and grasshopper (Oedaleus
decorus). They discussed the impact of library preparation, sample type, and bioinformatics
pipeline on the number of SNPs produced. Here, we provide an independent assessment of
the effectiveness of hyRAD using both fresh avian tissues and dried tissue taken from museum
specimens up to 140 years old. We present a modified version of the hyRAD protocol aimed at
increasing efficiency and minimizing reagent use and employ a custom bioinformatics pipeline

with steps for detecting and removing microbial contamination in raw reads, contiguous



sequences, and SNPs. We utilize hyRAD data to describe phylogeographic patterns in a
New Guinea forest kingfisher (Syma torotoro) and we expand the available description of
hyRAD’s performance by investigating how variable input DNA affects sequencing, assembly,

and population genetic inferences.

1.3 Methods

1.8.1 Study species, sampling, and DNA extraction

A major promise of museum genomics is the ability to conduct population-level studies in
regions that are too logistically difficult to be amenable to broad modern sampling programs.
The island of New Guinea is an apt example of this scenario, with poorly known biodiver-
sity, large historical collections, rugged terrain, and ongoing political instability (Mack and
Dumbacher, 2007 |Pratt and Beehler, |2015]). Phylogeographic research in New Guinea has
been limited (Deiner et al., 2011} Dumbacher and Fleischer| 2001)), especially in the species
inhabiting the island’s ring of lowland tropical rainforest. To evaluate the efficacy of for use
in a broader study of the phylogeography of lowland new Guinea, we sampled 21 individu-
als of forest interior resident S. torotoro (Yellow-billed Kingfisher), representing five named
subspecies and the breadth of the species’ range on the island of New Guinea (Table .
For seven individuals, we extracted whole-genomic DNA from fresh tissue using a DNeasy
tissue extraction kit (Qiagen, Valencia, CA, USA) following the manufacturer’s protocol.
For the remaining 14 individuals, we extracted DNA from the toepads of museum study
skins in a dedicated ancient DNA laboratory at the California Academy of Sciences using
a phenol-chloroform and centrifugal dialysis method described elsewhere (Dumbacher and
Fleischer], 2001). No modern DNA or post-PCR products are handled in this laboratory,

which is located on a separate floor from the main genetics facility.
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Figure 1.1: Bioinformatics pipeline for S. torotoro hyRAD data. We demultiplexed
100 bp paired-end reads from three genomic libraries and filtered for adapter contamina-
tion/quality scores (A), or adapter contamination/quality scores and E. coli contamination
(A1). Reads were clustered (as consensus fasta files) (B), and repeat regions removed from
probes (C). After determining which assembled clusters were orthologous with probe regions
(D), we merged flanking regions from on-target loci in modern samples with the repeat-free
probe sequence to create a pseudo-reference genome (E). To identify which contigs rep-
resented contamination in the original probe sample library from exogenous microbes or
mitochondrial DNA, we BLAST searched against both the NCBI nt database and a full
mitochondrial genome from S. torotoro relative Halcyon sanctus (F). We aligned quality fil-
tered reads to this pseudo-reference (G), called SNPs to produce a raw.vcf file for historic and
modern DNA libraries separately (H). After filtering SNPs for origin in contaminant contigs
and then restricting our matrix to sites present in both sample types (I), we filtered SNPs
by read depth, quality scores, probability of being variable sites, and minor allele frequencies

(J) prior to downstream analyses.
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1.8.2  Library preparation, hybridization capture

We prepared samples for reduced-representation whole genome sequencing using a modified
version (Hanna and Sellas;, 2017) of Suchan et al.’s (2016) hyRAD method aimed at increasing
efficiency of reactions and reducing reagent use. We present this protocol in a detailed
bench-ready version online (https://github.com/calacademy-research/hyRADccg) and
summarize it below.

To produce biotinylated probes, we performed a double restriction digest with enzymes
MIuCl and Sphl (New England Biolabs) on 400 ng of high molecular weight DNA extracted
from fresh tissue of a single S. t. ochracea individual. After ligation of adapters to fragments,
we size-selected the resulting fragments on a Pippin Prep (Sage Science, Beverly, MA, USA)
with a target peak at 270 bp and “tight” size selection range. We ran 16 cycles of real-time
polymerase chain reaction (RT-PCR) and purified products by gel excision and a Zymoclean
Gel Recovery Kit (Zymo Research). We preserved one aliquot of this product for sequencing
while performing an additional MluCl/Sphl double digest to remove adapters from a second
aliquot. We labeled this deadapterized aliquot with biotin-14-dATP, using a BioNick DNA
Labeling System (Thermofisher Scientific).

To produce whole genome libraries, we sheared high molecular weight DNA from mod-
ern tissue samples to 400 bp using a M-220 Focused-ultrasonicator (Covaris). DNA from
museum specimen toepads was already fragmented as a product of natural degradation as-
sociated with the age of the samples and was therefore left untreated. For both modern
and historic samples, we used a Kapa Hyper Prep Kit (Kapa Biosystems) to prepare dual-
indexed libraries. We amplified libraries using 5-13 cycles of RT-PCR. After quantifying
DNA content in each sample, we made standardized dilutions of each sample and combined
equal amounts of these dilutions to create one pool of modern DNA samples (n=6) and two
pools of ancient DNA samples (n=7 each). We used a 1-1.5x ratio of AmPure XP beads
to remove small DNA fragments throughout the protocol and assessed DNA quantity and
quality with a Qubit 2.0 fluorometer and an Agilent 2100 Bioanalyzer between all major
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steps.

To perform hybridization capture reactions, we incubated each pool of samples with
250 ng of biotinylated probe for 72 hr at 55C in a solution containing 20x saline-sodium
citrate (SSC), 50x Denhardt’s Solution, 0.5 mol/L EDTA, 10% sodium dodecyl sulfate (SDS),
and a blockers mix containing Chicken Hybloc (0.5 pg/pl), IDT’s xGen Universal Blocking
Oligo-TSHT-i5 (0.05 nmol/ul), and IDT’s xGen Universal Blocking Oligo-TSHT-i7 (0.05
nmol/pul). Following hybridization, we prepared 50 1 Dynabeads MyOne Streptavidin C1
beads for use by washing three times with 1x binding buffer containing 2 mol/L NaCl, 10
mmol/L Tris-HCI (pH 7.5), 0.5% Polysorbate 20 (Tween-20), and 1 mmol/L EDTA, and
final resuspension in 70 ul 2x binding buffer. We then bound the probes to the beads by
mixing and incubating at room temperature for 30 min. After performing three 500 ul washes
of the bead-probe mixture using a prewarmed buffer containing 10% SDS with 0.1x SSC,
we concentrated our final pooled libraries in 30 gl 10 mm Tris-HCI, 0.05% Tween-20 (pH
8-8.5). We next amplified these libraries using RT-PCR for 9-2 cycles, cleaned using 1.2x
Ampure XP beads, and quantified using Qubit. We sent a single final pool with equimolar
amounts of all three hybridized pools to University of California Bekeley’s QB3 Vincent J.
Coates Genomics Sequencing Laboratory (hereafter called “QB3”) for sequencing with 100

bp paired-end sequence reads on a single lane of an Illumina HiSeq 4000.

1.3.8  Sequence read quality control, assembly, and alignment

To clean and quality filter reads, assemble reads into contigs, align sequences across
samples, and map reads to merged alignments for SNP discovery, we used a custom
pipeline combining in-house R scripts as well as pre-existing genomics tools and wrap-
per scripts from QB3’s two de novo targeted capture bioinformatics pipelines (https:
//github.com/CGRL-QB3-UCBerkeley; “denovoTargetCapturePopGen” and “denovoTar-
getCapturePhylogenomics”). We present our full pipeline online as both a tutorial and
a list of shell commands (https://github.com/elinck/hyRAD/) (Figure|l.1)).

We first processed reads from our probe library with pyRAD version 2.17 (Eaton, 2014
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to create a pseudo-reference genome to use as the basis for aligning sequences from samples
in our hybridization capture reactions. After quality filtering reads and trimming adapter
contamination, pyRAD used the vsearch algorithm (Rognes et al., [2016) to cluster reads
into loci within samples, cluster loci into stacks between samples, and aligned putatively
orthologous loci using MUSCLE version 3.8 (Edgar, 2004). We implemented strict adapter
filtering, retained reads longer than 70 bp after trimming, set a minimum sequence identity
threshold of 97% for clustering, and kept four sites per cluster with a Phred Quality Score
<20. (This strict identity threshold was selected to generate an estimate of the total number
of fragments in our probe library.) We removed repetitive genomic regions and paralogs
with the NCBI BLAST+ version 2.4 tool BLASTn (Boratyn et al) 2013) by aligning the
output file of assembled clusters against itself and retained only cluster sequences that aligned
uniquely to themselves using an e-value of 0.00001.

To remove reads that failed to pass Illumina quality control filters, trim reads for
quality and adapter contamination, merge overlapping reads, remove PCR duplicates,
and remove endogenous F. coli contamination, we used QB3’s denovoTargetCapturePop-
Gen “2-ScrubReads” wrapper around the Trimmomatic version 0.36 (Bolger et al. 2014)),
Bowtie 2 (Langmead, 2010), Cutadapt (Martin, 2011), Cope (Liu et al., 2012), FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and FLASh (Mago
and Salzberg, [2011) tools. We assembled cleaned and filtered reads for each sample using
QB3’s denovoTargetCapturePhylogenomics wrapper script “2-GenerateAssembliesPhylo”
around the SPAdes version 3.8.1 genome assembler (Bankevich et al., 2012), which au-
tomatically selects a k-mer value based on read length and dataset type. To determine
which contigs from our capture libraries were orthologous with probe regions, we used the
denovoTargetCapturePopGen wrapper “5-FindingTargets” around the BLAST+ (Boratyn
et al) 2013) and cd-hit-est (Fu et all 2012) tools. Analyzing samples from modern and
historical DNA separately, we used a clustering identity threshold of 95% and permitted 100
bp of sequencing flanking the core probe region. After determining matches, we collapsed

overlapping, orthologous contigs from all modern samples with the probe library to generate
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an extended pseudo-reference genome to which we aligned cleaned reads using QB3’s den-
ovoTargetCapturePopGen wrapper “7-Alignment” around the Novoalign version 3.04.06 tool
(http://www.novocraft.com/products/novoalign/). We ran Novoalign with an average

library insert size of 235 and a maximum alignment score of 90.

1.3.4 SNP discovery

Traditional SNP calling algorithms based on allele counting and quality scores are charac-
terized by high degrees of uncertainty with low-coverage sequence data (Korneliussen et al.,
2014)). We incorporated uncertainty into genotype estimation by calling SNPs and estimat-
ing allele frequencies using an empirical Bayesian framework implemented in the software
ANGSD version 0.913 (http://www.popgen.dk/angsd/index.php/ANGSD). ANGSD uses
the likelihood of all 10 possible genotypic configurations for each site passing quality filters
in all individuals to estimate a site frequency spectrum, which is then used as a prior to
estimate the posterior probabilities for all possible allele frequencies at each site in each
sample. Using these estimates, we called SNPs with a 95% probability of being variable and

a minimum minor allele frequency of 5%.

1.3.5 Contamination control and data filtering

In order to identify if any contigs in our assemblies represented off-target mtDNA captures,
we performed a BLAST+ (Boratyn et al., 2013) nucleotide search with each of our assemblies
as a query against a database of the full mitochondrial genome of S. torotoro relative Halcyon
santcus. We then removed all matching contigs from each sample’s assembly fasta with in-
house R scripts ( “excerptcontiglDs.R” and “cutcontigsbatch.R”) and used these mtDNA-free
sequences for all subsequent assembly performance calculations. To prepare our sequence
alighment in .sam/.bam format for SNP calling, we followed Bi et al. (2013) in hierarchi-
cally filtering out individuals, contigs, and sites that appeared to be quality outliers and
implemented additional steps for regions derived from microbial contamination or mtDNA.

We determined no individuals had abnormal coverage (defined as <1/3 or >3x the average
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coverage across all individuals) and we created merged, sorted BAM files and generated raw
variant call format files (.vef) with samtools version 1.3 (Li et al., 2009) and bcftools version
1.3.1 (Narasimhan et al., |2016]), processing modern and historical DNA samples separately.

Because our SNP matrix was derived independently from our assemblies, we performed
a second step of contamination filtering by removing SNPs originating from read alignments
to regions of exogenous microbial DNA and/or mtDNA present in the original probe sample
RAD library. We used our full pseudo-reference genome as the query in a search of the
entire BLAST+ (Boratyn et al., 2013) nucleotide database and our H. sanctus mtDNA
BLAST+ database. We then used Henderson and Hanna’s [Henderson and Hannaj (2016))
“GltaxidIsVert.py” script to identify sequences that were potentially microbial in origin and
performed a second BLAST+ search with this subset to further select only the subset of
contigs that had their best or only alignment with nonvertebrate reference genomes. To
exclude such sequences as well as those aligning with mtDNA sequence, we used the vcftools

“_remove-indels”

version 0.1.11 “-not-chr” flag and removed indels in the same step with the
flag.

We estimated independent empirical gene coverage and site depth distributions using
QB3’s denovoTarget CapturePopGen “O-preFiltering” script and used these distributions as
input to the QB3 “10-SNPcleaner” script. Run separately for modern and historical samples,
this script removed all sites with coverage below 6x, sites missing in more than half of our
samples, and sites with variant identity biases associated with quality score, mapping quality,
or distance of alleles from the ends of reads. Because hydrolytic deamination of cytosine (C)
to uracil (U) residues is the most common form postmortem nucleotide damage present in
historic museum specimens, which may result in misincorporation of thymines (Ts) instead
of uracil during PCR amplification and bias population genetic inference, this script also
eliminated all C to T and G to A SNPs (Axelsson et al., 2008; Briggs et al., |2007; [Hofreiter
et al., 2001)). Finally, we used the BEDtools version 2.26.0 “intersect” function (Quinlan
and Hall| [2010) to retain only the sites that passed all filters for both historic and modern

specimens.
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1.3.6  Statistical analyses

To assess the differences in sequencing and assembly performance between modern and his-
torical samples, we implemented Wright’s two-sample t tests in the R (Team, [2018). We
evaluated differences between groups in the mean percentage of duplicate reads, the mean
number of on-target contigs, the mean length of on-target contigs, and the percentage of
sequenced reads successfully mapping to our pseudo-reference genome. Because some com-
monly used polymerases bias against amplification of targeted DNA in favor of the GC-rich
microbial contamination common to extracts from museum specimens (Dabney and Meyer,
2012), we assessed differences in GC content present in assembled on-target contigs. In or-
der to determine whether sample age, initial sample DNA concentration, or sequencing effort
were significant predictors of %GC content among historical samples and mean number or
length of on-target contigs, we used simple linear regression. We used stepwise model selec-
tion with corrected Akaike information criterion (AIC) scores to determine best-fit models
and did not include interaction terms to avoid over-parameterization given our small sample

size.

1.3.7 Population genetic clustering and discriminant analysis of principal components

Although accurate estimation of population genetic structure in S. torotoro was not the
primary goal of our study, we were nonetheless interested in assessing hyRAD’s ability to
produce biologically meaningful results by testing whether our data reflected the signature
of phylogeographic processes such as isolation by distance (IBD) and vicariance, rather than
the signature of DNA degradation, contamination, or other artifacts of library preparation
and sequencing. We implemented k-means clustering and discriminant analysis of principal
components (DAPC) in the R package adegenet (Jombart|, 2008), using 100% complete
data matrix (1,690 SNPs) to avoid biasing inferences with nonrandom patterns of missing
data. We retained all principal component (PC) axes for k-means clustering and inspected

both population assignments and change in Bayesian information criterion (BIC) scores
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Figure 1.2: Differences in sequencing and assembly performance between historical
and modern DN A extractions. We observed significantly higher specificity (¢ = 17.711,
df = 14.015, p <.001), sensitivity (¢ = -12.928, df = 14.014, p <.001), fold enrichment (¢
= 17.711, df = 14.015, p <.001), and average coverage (t = 6.248, df = 7.555, p <.001)
in modern samples. We recovered a significantly higher total number of on-target loci in
modern samples (¢ = 12.239, df = 5.221, p <.001), but significantly higher mean %GC
content in historic samples (¢t = 6.997, df = 13.368, p <.001). We observed no significant
differences between modern and historic samples for mean contig size or mean percentage of

duplicate reads.
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across multiple values of K to select an optimal partitioning scheme. To maximize among-
population variation and calculate ancestral population membership probabilities for each
sample, we performed DAPC on the first six PCs using two discriminant axes. We then chose
to retain these six PCs to optimize the a-score value for our data, which is the difference
between the proportion of successful reassignment of the analysis and values obtained using
random groups. However, because the change in BIC scores failed to clearly indicate any
“true” value of K, we repeated our analysis with clustering assignments for K values of
1-8. To explore correlations between our three retained PCs and variables expected to differ
between modern and historic samples (specificity, sensitivity, fold enrichment, age, initial
concentration), we again performed simple linear regressions. Finally, to test for patterns
of IBD across our samples, we performed a Mantel test among all individuals based on 999

simulated replicates using the R package ade4 (Thioulouse and Drayl 2007)).

1.4 Results

1.4.1 Hybridization capture experiments and sequencing

We obtained a total of 397 million sequence reads for the probe and hybridization capture
libraries, successfully demultiplexing 20/21 samples, with one sample failing due to barcode
error. The total reads per sample ranged from 1.6 million to 30.7 million, and the aver-
age number of reads per sample did not vary significantly between modern and historical
samples (¢t = 0.946, df = 14.6, p = .359). Of the original 397 million reads, 19.8% passed
initial [llumina quality filters, contamination checks, adapter trimming, and removal of PCR
duplicates (Table . The resulting number of cleaned reads per sample ranged from ap-
proximately 16,000 to 3.1 million, with an average count of 766,662, and significantly fewer
reads for historic samples (¢ = 3.185, df = 13.088, p = .007). Most reads lost to quality
control were PCR duplicates, with a range of 50.9%-91.1% duplicate reads per sample. 2,455
reads were removed as E. coli contamination from 12 of 20 individuals (range 1-2,318 reads

per individual) (Table . The average depth of read coverage per sample, calculated as
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Table 1.2: Results of microbial and mitochondrial contamination removal at three distinct
steps. Raw reads were filtered for E. coli contamination; assemblied contigs were filtered for
mitochondrial DNA; SNP matrices were filtered for both microbial DNA and mitochondrial
DNA.

Contamination filtering step Source  Total count Count removed Percent removed

Raw reads Modern 13,942,179 4 <0.001
Historic 548,415 2,451 0.44

Assembled contigs Modern 296,828 8 <0.001
Historic 36,109 53 0.15

SNP matrix Modern 6,915,902 6,620 <0.001
Historic 749,091 3,945 0.53

the read depth per base averaged across the length of the pseudo-reference genome, ranged
from 7.6 to 26.4, and was significantly lower in historic samples (¢t = 3.754, df = 12.632, p
=.002).

1.4.2  Assembly and alignment results

Assembly of our probe library in pyRAD resulted in a total of 554,048 contigs and 61.9
million nucleotides (nt), which was reduced to 160,014 unique contigs and 16.1 million nt after
excluding repetitive regions. We captured orthologous loci from all successfully sequenced
samples, and after merging the probe library with flanking regions from assemblies of other
modern tissue samples our extended pseudo-reference genome contained 29,297 loci. The
number of contigs per sample that was orthologous to our probe library ranged from 55 to
23,155 and was significantly higher in modern samples (Table [1.2] Figure [1.2).

Across all samples, we discarded 55%-92% of the total number of assembled clusters as
off-target loci, losing significantly more from historic samples (¢ = 6.6035, df = 16.889, p

<.001). We removed an additional eight contigs from the modern samples and 53 contigs
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Figure 1.3: Among historic samples, the number of trimmed reads was a significant predictor
of the number of captured loci (R* = .872, p <.001) and the initial sample DNA input
quantity was a significant predictor of percent GC content in on-target assembled contigs

(R* = .370, p = .016).

from the historic samples due to their mitochondrial origin (Table . Mean contig size
ranged from 401 to 611 nt and did not differ significantly between modern and historic
samples. However, the historic samples had significantly fewer contigs exceeding 1 knt in
length (¢ =-3.181, df = 5.004, p = .025). The percentage of reads passing quality filters that
successfully mapped to the pseudo-reference genome (also known as specificity) ranged from
51.8% to 57.7% and was significantly higher on average for modern samples (Figure [I.2).
Additionally, %GC content was significantly higher in historic than modern samples (Figure
[1.2). Among historic samples, the number of cleaned reads was a significant predictor of the
number of captured loci and sample input DNA quantity was a significant predictor of %GC

content in on-target assembled contigs (Figure [1.3]).
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1.4.8 SNP discovery and filtering

We identified two contigs of mitochondrial origin and eight contigs of potential nonvertebrate
origin in our pseudo-reference genome and excluded all sites from these contigs in our align-
ment prior to SNP calling (Table2.1)). Using ANGSD, we identified 39,105 high-quality SNPs
with at least a 95% probability of being variable from 3,206 loci, for a matrix completeness
of 62.8% (or 37.2% missing data across all individuals). Per individual, the proportion of
missing sites ranged from 5.6% to 90.6%), with a significantly higher mean percentage missing
data for historic samples (54.5%) than modern samples (28.3%) (¢t = 6.727, df = 14.594, p
>.001). The total number of SNPs in our data matrix decreased linearly after the first 10
individuals when we increased the minimum number of individuals successfully genotyped

to retain each SNP (Figure [1.4)).
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1.4.4 Population genetic clustering and discriminant analysis of principal components

Discriminant analysis of principal components analysis of our 100% complete data matrix
revealed a linear pattern of increase in the total amount of genetic variation explained when
retaining additional PCs. Replicate attempts to optimize a-score values alternatively sug-
gested retaining either five or six PCs to maximize discrimination ability without overfitting
the model. Similarly, BIC scores from DAPC decreased in an approximately linear fashion
as more clusters were added and did not indicate a clear shift to a slower rate of BIC change.
Therefore, we repeated our analysis for values of K from 1 to 8, which revealed patterns of
increasingly fine, geographically coherent structure from K = 1 to K = 5 (Figure [L.5)). At
K = 2, DAPC separated individuals from mainland Papua New Guinea (PNG) from indi-
viduals in western New Guinea and Normanby Island in PNG, which also reflected the break
between modern and historic samples. At K = 3, DAPC identified an additional cluster
from West Papua that included individuals from the southwest New Guinea Coast and the
Aru Islands. At K = 4, DAPC isolated an individual from the northern slope of the Arfak
Mountains in Western New Guinea, which, collected in 1877, was also the oldest sample
included in our study. A fifth cluster distinguished the single individual from Normanby
Island, PNG. At K = 6 and greater, DAPC began subdividing individuals into additional
clusters without a shared geographic basis. Our Mantel test did not find statistically sig-
nificant correlation between geographic and genetic distance (p = .251). Linear regression
analyses showed significant correlations between all variables and PC1 but no other PC and

sample variable pairs (Table .
1.5 Discussion

1.5.1 HyRAD is an effective tool for sampling thousands of orthologous SNPs from historic

museum specimens

In their description of hyRAD, [Suchan et al.| (2016]) suggest that it allows “sequencing of

orthologous loci even from highly degraded DNA samples” and can be used to retrieve
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Table 1.3: P values for simple linear regression between PC axes and sample variables.

Specificity  Sensitivity Fold enrichment Age Initial concentration
PC1 <.001 <.001 <.001 <.001 <.001
PC2 .076 .b34 .076 242 253

PC3 437 335 437 .466 .52
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sequence data using museum samples up to 100 years old.

Our hybridization capture experiments in an independent laboratory with an independent
study organism (S. torotoro) largely support this conclusion. Assessed by the total number
assembled contigs, orthologous loci, SNPs collected, and number of SNPs recovered across
multiple individuals (Table ; Figure , our modified version of Suchan et al.’s hyRAD
protocol generated sufficient quantities of genome-wide data for a wide range of phylogenetic
and population genetic questions. In particular, we note that our application of standard
library preparation methods for both modern and historic libraries (as opposed to protocols
optimized for degraded DNA, as in [Suchan et al. (2016))) does not appear to have negatively
affected data recovery rates. We believe this reflects the relative robustness of the approach
to different taxa, laboratory conditions, specimen preparation conditions, and bioinformat-
ics pipelines. Even with stringent filtering for quality and postmortem damage, our 100%
complete data matrix of 1,690 SNPs is similar to the number of orthologous SNPs collected
in similar studies of museum genomics that used UCE capture (McCormack et al.| [2016)),
exon sequence capture (Bi et al.l 2013)), or even ddRAD methods with fresh tissues (Shultz
et al., 2016), with the caveat that differences in starting material, evolutionary timescale,
and experimental design preclude direct comparisons across studies. For phylogenetic or
population genetic analyses methods that correct for nonrandom patterns of missing data,
our full matrix of 39,105 SNPs potentially offers significant power to resolve rapid, recent
divergences, detect fine scale patterns of population structure, infer historical effective popu-
lation sizes with high accuracy, and reveal histories of drift, selection, and migration (Toews
et al., 2015)).

Suchan et al.| (2016)) included historical museum specimens up to 58 years old in their
validation experiment and up to 100 years old in their pilot study. We successfully captured
55 on-target loci, including four contigs exceeding 1 knt in length, from a specimen collected
in 1877, and as many as 508 loci from specimens collected from 1896 to 1934 (Table [1.1]).
Moreover, and contrary to similar analyses by Suchan et al. (2016) and McCormack et al.

(2016)), we found no significant linear relationship between age and assembly or sequencing
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success metrics across historical samples. While this is possibly an artifact of small sam-
ple size relative to both previous studies, it may also suggest a relatively shallow trend of
degradation during a period when many bird specimens in natural history museums were
originally collected. This is an encouraging result for researchers looking to make use of

these specimens as a genomic resource.

1.5.2  Variation in sequencing and assembly performance across sample types reduces effi-

ciency

Our small sample size prevents us from making broad conclusions about factors affecting vari-
ation in enrichment, sequencing, and assembly performance. However, preliminary statistical
analyses revealed variation between modern and ancient DNA libraries across numerous met-
rics. Modern DNA samples had significantly higher specificity (% mapped cleaned reads),
sensitivity (% of probe sequence with at least 1x coverage), and fold enrichment (the fold
increase in % mapped reads over baseline random expectations) (Figure . While initially
intuitive, our findings contrast with the results of Bi et al. (2013) and Suchan et al.| (2016),
who found improved capture efficiency with historic samples, potentially related to smaller
fragment size. We encourage future studies to explore how variation in hybridization capture
protocols affects relative performance of different sample DNA sources.

Encouragingly, there were no significant differences between the two sample populations
for the overall percentage of duplicate reads. However, we wish to highlight the high percent-
age of duplicate reads present in all samples (50.9%-91.1%). This may be due to combination
of the relatively high number of amplification cycles used to amplify libraries with low input
DNA prior to pooling. While high duplicate read percentages have also been reported in
RADseq studies with fresh tissue (Andrews et al., |2016), this inefficiency is important to
consider when working with valuable, low-quality historical samples, as increased sequencing
effort may be required to generate sufficient read depth for variant detection and accurate
assembly of contiguous sequences.

Lastly, following assembly, the total number of captured on-target loci was higher among
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modern samples, likely reflecting higher copy number and limited degradation of DNA from
fresh tissues. In contrast, mean contig length did not vary significantly among samples,
indicating similar assembly performance relative to the amount of high-quality data for each
sample type. While we believe this result will prove robust to different assembly methods, we
encourage future studies to explore their influence on resulting assemblies and downstream

analyses.

1.5.8  Input DNA quantity predicts GC content, suggesting PCR bias

Although inferences are similarly limited by sample size, our regression analyses largely failed
to reveal significant correlations between input DNA /sequencing variables and assembly
performance except in two comparisons (Figure . First, an increase in the number of
filtered reads was positively correlated with the total number of assembled on-target contigs,
which matches a standard expectation of increased recovery with greater sampling of a
genomic library with an uneven distribution of fragments, suggested for our libraries by
the high levels of duplication (Table . Second, the initial quantity of input DNA in a
sample was negatively correlated with %GC content in resulting assemblies, for example,
the two samples in our study that with the lowest input DNA quantity also the highest
percentage of GC content across all assembled contigs (Table . This finding may reflect
biased PCR enrichment of GC-rich exogenous microbial contamination in samples with low
initial input DNA quantity (Dabney and Meyer, 2012)) and explain the significantly higher
GC content of historic samples overall. While our SNP calling pipeline and data filtering
removed sites potentially originating from nonvertebrate sequences (although see further
discussion below), we nonetheless recommend researchers interested in applying hyRAD to
historical specimens heed the recommendations of recent empirical studies (Gamba et al.,
2016) to select an extraction protocol suited to degraded DNA and maximize input tissue

quantity whenever possible.
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1.5.4  Geographic and/or tazonomic autocorrelation with input DNA type is potentially prob-
lematic with hyRAD studies

We implemented rigorous and conservative laboratory and bioinformatic protocols to re-
duce the influence of exogenous DNA contamination and postmortem DNA degradation,
the results of which we summarize as a reference for future studies in Table [I.2] Despite
these precautions, repeated DAPC with different parameters failed to change a basic pattern
where all modern DNA samples (n = 6) clustered until the chosen K value of ancestral
populations was seven or more (Figure . Unfortunately, as the close geographic proxim-
ity of modern DNA samples would also lead to this pattern, we could not easily determine
from our sampling scheme if this pattern reflected biological reality or whether factors cor-
related with sample type, such as undetected microbial contamination, DNA degradation,
and/or library amplification artifacts, were affecting population genetic inference. We first
attempted to disentangle its potential drivers during PCA and DAPC analyses by examining
histograms of %GC content per read for anomalous distributions, but failed to detect a sig-
nificant second peak indicative of contamination with exogenous GC-rich microbes. We next
performed linear regressions with specificity, sensitivity, fold enrichment, specimen age, and
input DNA quantity as predictors for each of our first three retained PCs. From these regres-
sion analyses, we found significant correlations of all variables with PC1, but no other PCs
(Table . While these results are consistent with the possibility that biased sequencing
performance affected population genetic inference, the exact mechanism responsible remains
unclear. To avoid artifacts related to the separate treatment of different sample types, we
suggest randomizing individuals from both modern and historic DNA sources throughout
library preparation, hybridization capture, and sequencing. Additionally, we suggest re-
searchers intending to use hyRAD in studies with both modern and historic tissue attempt
to avoid geographic and taxonomic autocorrelation wherever possible and include a control

in their sampling scheme to indicate potential DNA input quality problems.
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1.5.5 The phylogeography of S. torotoro reflects biogeographic barriers in New Guinea

Our DAPC results are consistent with previous studies of lowland avian phylogeography in
New Guinea, and we interpret them as independent confirmation the ability of hyRAD to
reveal biologically meaningful patterns. K-means clusters recovered for three ancestral pop-
ulations reflect broad trends in codistributed taxa and expected patterns of genetic variation
given geographic barriers and the geologic history of New Guinea (Figure (Deiner et al.,
2011; Dumbacher and Fleischer, [2001). Although IBD across all samples was not significant
(see Results for details), the initial division of samples into mainland eastern and western
clusters is consistent with both the primary latitudinal axis of the island and the barriers to
gene flow in lowland forest taxa presented by the Bewani Mountains and Trans-Fly savan-
nah region (Deiner et al., 2011; Mack and Dumbacher, 2007)). Inclusion of Normanby Island
subspecies S. t. ochracea in the western New Guinea cluster is consistent with previous stud-
ies that have reported genetic similarity between other taxa in far eastern and far western
New Guinea, such as birds of the genus Pitohui (Dumbacher and Fleischer, [2001)). Samples
from southwest New Guinea clustered with those from the Aru Islands, suggesting shared
ancestry among these currently allopatric populations. This is potentially explained by both
the linkage of these landmasses during the Pleistocene via the Sahul Shelf (Voris|, 2000) and
the subsequent emergence of previously identified barriers to avian gene flow to the north,
east, and west in the form of the Central Ranges, the Trans-Fly Savannah, and Aetna Bay,
respectively (Dumbacher and Fleischer, 2001; Deiner et al.,2011)) Our analysis reveals broad
similarities between the phylogeography of S. torotoro and the codistributed lowland bird
species Colluricincla megarhyncha (Deiner et al., |2011), albeit with lower resolution due to
the inherent limitations of our sampling. We believe that future studies of resident lowland
forest species with similar ranges that use hyRAD or other means of capturing nuclear DNA
markers will continue to aid in building a cohesive picture of the comparative phylogeography

of this biodiverse region.
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Chapter 2

SPECIATION WITH GENE FLOW ACROSS AN
ELEVATIONAL GRADIENT IN NEW GUINEA KINGFISHERS
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2.1 Abstract

The role of environmental gradients in speciation remains contentious. Theory suggests
speciation without geographic isolation is plausible if divergent natural selection is strong
enough to counteract gene flow, but empirical examples are elusive. Tropical mountains
provide strong and temporally stable environmental gradients that can promote local adap-
tation and population genetic structure. Pairs of closely related species with adjacent but
divergent elevational ranges are common in these environments, a pattern that suggests para-
patric speciation (i.e., speciation with moderate gene flow), but have rarely been studied in
a speciation genomics framework. Here we use genomic data from modern and historical
museum specimens to provide evidence for speciation with gene flow across an elevational
gradient in a pair of New Guinea kingfishers. We find that the lowland species Syma torotoro
and montane species S. megarhyncha form discrete genotypic clusters with bimodal variance
in phenotypic traits. Nevertheless, demographic inference, D-statistics, and phylogenetic
networks indicate range-wide gene flow over long time periods, with divergence concentrated
in small regions of the genome shaped by positive selection. We propose these data can be
explained by a “magic trait” model of ecological speciation where selection on body size also
affects mate choice. Our results provide a rare validation of theoretical models of adaptive
speciation and are consistent with a strong influence of tropical thermal stability on diver-
sification. We suggest selection across elevational gradients can effectively maintain species
boundaries in the face of incomplete reproductive isolation, a mechanism contibuting to high

tropical biodiversity.
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2.2 Introduction

Adaptation across environmental gradients is ubiquitous in nature (Turesson, 1925; McCor-|

mack and Smith| 2008; |Cheviron and Brumfield, 2009)), but its role in promoting speciation

remains contentious (Coyne and Orr, 2004; Mallet|, 2005 Fitzpatrick et al. 2008; Mallet,

. Disruptive natural selection can lead to local adaptation that restricts gene flow
between populations in different environments if it becomes paired with a mechanism to pro-
mote nonrandom mating such as a pleiotropic “magic trait,” linkage disequilibrium between
separate loci involved with local adaptation and assortative mating, or habitat preference
leading to ecogeographic isolation (Rundle and Nosil, |2005; |Vial 2009; Nosil, 2012). A ro-
bust body of theory suggests this process is possible under a range of circumstances ,
11966; [Endler], 1977} Kirkpatrick and Ravignél, [2002; Doebeli and Dieckmannl, [2003; Doebeli

et al., [2005; Hua Xial 2016)). However, many evolutionary biologists dismiss its relevance in

natural systems as it is unlikely compared to models of speciation without gene flow and

because there are few obvious empirical examples (Coyne and Orr, 2004)). Despite a recent

shift from the traditional emphasis on the geography of diverging populations to a focus on

measuring relative rates of gene flow (Fitzpatrick et al., 2008; Mallet, 2008; Butlin et al.,

2008)), intermediate values of migration only imprecisely map on to conceptual models. Per-

haps as a result, the most compelling studies of speciation without geographic isolation have

focused on a single, relatively compact deme (Schliewen et al |1994} Savolainen et al., 2000;

Ryan et al., [2007). Yet if speciation with some degree of gene flow is common, as Nosil has

argued (Nosil, 2008b)), it is likely parapatric divergence that predominates. Testing for its

occurrence in a diverse range taxa will help clarify when it is likely to occur and spur the
development of more accurate models.
Both the emphasis on the geography of speciation and skepticism towards speciation with

gene flow were deeply seeded by the writings German-American zoologist Ernst Mayr (Mayr,

11942, |1963; |Coyne, |1994)), a prominent architect of the Modern Synthesis. Mayr’s theory of

“geographic” (or allopatric) speciation was rooted in his detailed study of the birds of the



30

island of New Guinea and nearby islands in Northern Melanesia (Mayr, |1942, |1963). Mayr
observed that putative sister species or geographically differentiated races nearly always had
non-overlapping geographic ranges on separate islands, isolated mountains, or in lowland
basins separated by mountain ranges. Consequently, he suggested geographic differentiation
in isolation was nearly always a better explanation for speciation than divergence in sympa-
try, in part because it allowed Bateson-Dobzhansky-Muller Incompatibilities (Dobzhansky),
1937) or other isolating factors to accumulate in the absence of the homogenizing influence
of gene flow. Initially implicating drift as the primary evolutionary force driving speciation,
his views later shifted to emphasize founder effects (Provine), |2004) while conceding a role
for natural selection (Nosil, 2008al).

Recent theory and empirical work has undermined the generality of Mayr’s intuitive
central assumption, which held that contemporary distribution of species can be used to
infer their arrangement at the time of divergence. Models of speciation that invoke biotic
interactions between diverging populations suggest suggest that reproductive isolation may
evolve more readily in the presence of competition and an environmental gradient than in
strict allopatry (Doebeli and Dieckmann| 2003). Phylogenetic comparative approaches have
been applied to evaluate the frequency of alternate modes of speciation, but are hampered
by the lability of species ranges over evolutionary time scales and their limited information
on underlying mechanisms (Losos and Glor, 2003)). Demographic modeling using genomic
data from multiple young species pairs has similarly found that the arrangement of current
species ranges fails to predict inferred rates of ancestral gene flow (Penalba et all 2017).
Moreover, genome-wide DNA sequence data has profoundly altered our understanding of
the speciation process. We now understand speciation is far more dynamic than previously
assumed: reticulation of lineages is common across the tree of life and may be a generative
force for adaptive variation or even speciation itself, while species limits can be maintained
by selection in the face of significant gene flow (Brelsford et al., 2011} [Kumar et al., 2017;
Schumer et al., |2018b; [Edelman et al. 2018).

[ronically, Melanesia, the very region that was so important to Mayr’s theory and ecology
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and evolution more broadly (Wilson, |1959; Diamond, (1972bl |1973)), has seen comparatively

little modern research in the emerging discipline of speciation genomics (but see [Stryjew-

ski and Sorenson| (2017)), in part due to logistical difficulties facing fieldworkers. While

allopatric divergence following dispersal or vicariance is doubtless an important factor in the

origin of species in tropical areas like New Guinea (Smith et al., [2014)), the importance of

abiotic and biotic ecological variables in driving evolutionary processes agnostic to geogra-

phy is increasingly recognized (Polato et al., 2018)). Ecologists have long known that reduced

seasonal variation in temperature drives strong thermal stratification across tropical moun-

tainsides (Polato et al., [2018; |Janzen, [1967; |Sheldon et al., 2018), a pattern correlated with

high beta diversity (Jankowski et al. 2009; |Cadena et al. 2012)), especially among closely

related species (Terborgh and Weske, |1975; Freeman and Freeman| [2014). Because many

tropical taxa are residents that appear to show low rates of dispersal and have a “slow pace

of life” (Wiersma et al., 2007; Harvey et al., 2017a; Smith et al.l [2017), strong disruptive

selection could plausibly counteract migration to drive adaptive divergence.

Local adaptation across tropical elevational gradients has been documented by clines

in functional genes and intraspecific population genetic structure (Cheviron and Brumfield,

2009; DuBay and Witt], 2014; Funk et al., 2016; Gadek et al., [2018)). This has been shown

theoretically to “scale up” to speciation under a scenario of niche expansion (Hua Xia, [2016)),

but empirical evidence remains mixed. Phylogenetic and phylogeographic comparative stud-

ies suggest this process has occurred in Ithioma butterflies (Elias et al. 2009) and Andean

amphibians and reptiles (Arteaga et al. 2016). In Andean birds, a broad consensus holds

that elevational replacements primarily form through divergence in allopatry followed by sec-

ondary contact and displacement (Cadena et al., 2012 DuBay and Witt, [2014} Caro et al.|

2013;|Cadena and Céspedes)), despite equivocal results in some tests. Yet we are aware of only

one study that has used population genomics to evaluate speciation across elevational gra-

dients, which found strong evidence that adaptation to altitude drives speciation in Senecio

ragwort plants in temperate Italy (Chapman et al. 2013} |Osborne et al., [2013). The ques-

tion of the relative contribution of adaptation in the presence of gene flow across elevational
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Table 2.1: Alternate speciation hypotheses with predicted patterns from different data types

and their associated references in the literature.

Hypothesis Description

Genomic Predictions

Phenotypic Predictions

Geographic Predictions

Hy Null hypothesis: not distinct
species
H, Single parapatric speciation

event followed by range expansion

H, Parallel parapatric speciation
events
Hjy Allopatric speciation event

followed by range expansion

No population genetic

structure congruent with
species limits 1 2007

Reciprocal monophyly of

megarhyncha and torotoro l 2007);

support for isolation-with-migration

model (10); widespread introgression

(IBehm et al.| 2010 |Seehausen et al.| 2008);

extensive reticulation in phylogenetic
network (Martin et al.|[2019

Isolated megarhyncha populations

nested within clade of torotoro 2012);

two species demographic model poorly
2012
2010| |Sechausen et al.|[2008);

extensive reticulation in phylogenetic
network (Martin et al.|[2019

Reciprocal monophyly of

megarhyncha and torotoro l H

support for strict isolation or secondary

supported

(Behm et al.

contact model (Nosil 2012‘: limited introgression

(IBehm et al.| 2010| |Seehausen et al.| 2008);

limited reticulation in phylogenetic

network l 2019

; widespread introgression

S. megarhyncha larger and

Freeman

has lower call (

clinally distributed (

S. megarhyncha larger and has

lower call 2017); bimodal

distribution of morphological and

bioacoustic traits (Cadena et al.||2018

Polyphyletic high elevation

lineages larger and have lower

call ; bimodal distribution

of morphological and bioacoustic traits

not aligned with current species

S. megarhyncha larger and has

lower call 2017); bimodal

distribution of morphological

and bioacoustic traits

e a]

2017); variation
Cadena et al.

No prediction

Limited elevational range

overlap in areas of allopatry

(Schluter and McPhail||1992

Limited elevational range

overlap in areas of allopatry

(Schluter and McPhail|[1992

Elevational range overlap
in areas of allopatry (if niche

displacement)

(Schluter and McPhail||1992

gradients to speciation and broader patterns of tropical biodiversity remains open.

The Yellow-billed and Mountain Kingfishers Syma torotoro and S. megarhyncha (Aves:

Alcedinidae) are putative sister taxa that segregate by elevation and vary only subtly in

phenotype (Mayr], 1942; Pratt and Beehler, 2015; [Diamond, 1972a)). The lowland species

S. torotoro is reportedly smaller with a higher-pitched call, and primarily found below 700

m, above which it is replaced by the slightly larger, deeper-voiced S. megarhyncha (Pratt

and Beehler| [2015) in at least two discontinuous mountain ranges. Among New Guinea’s

many elevational series, the distribution and morphological conservatism of Syma has led

systematists to suggest speciation driven by colonization of montane forest (Rand, |1936]),
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though Mayr discounted this possibility in New Guinea mountain birds generally (Mayr,
1942). However, species limits and range-wide variation have never been quantitatively as-
sessed, and observed differences might instead reflect phenotypic plasticity or clinal variation
of a single widespread lineage (Caro et al., [2013).

Here we use genome-wide DNA sequences, bioacoustic data, and morphometric analyses
to infer the mode of speciation in Syma kingfishers. We developed predictions for alternate
speciation hypotheses that could explain the current distribution of these species (Table
; Figure , and looked for the genomic signatures of gene flow and natural selection.
Multiple lines of evidence support a scenario of parapatric speciation across an elevational
gradient followed by range expansion into currently discontinuous montane forest habitat.
Our data provide a rare empirical validation of models of adaptive speciation, and highlight
how selection across elevational gradients can maintain species boundaries in the face of

incomplete reproductive isolation, a mechanism for generating high tropical biodiversity.

2.3 DMethods

2.8.1 Study system

Yellow-billed Kingfisher Syma torotoro and Mountain Kingfisher Syma megarhyncha (Aves:
Alcedinidae) are the sole members of their genus. Tree kingfishers (subfamily Halcyoninae),
they are endemic to New Guinea, its satellite islands, and the Cape York Peninsula of
Australia. S. torotoro is found in tropical lowland forest and savannah from sea level to
500 m elevation, or less commonly to 1100 m (Pratt and Beehler| [2015). S. megarhyncha
is found from 600 m to 2700 m or higher (Pratt and Beehler, 2015). Though cited as
a classic example of congeneric elevational replacements occurring in parapatry (Diamond,
19724)), their elevational ranges have also been reported to either overlap (Gregory, 2017)
or be separated by a substantial gap (Freeman and Freeman| 2014; Sam et al., 2014)). Both
species are omnivorous territorial interior forest residents and differ only in S. megarhyncha’s

larger body size, deeper call, and the extent of black on the top of its bill in one subspecies
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Figure 2.1: Simplified hypotheses for the origin of elevational elevational series.
A) Range expansion across a local elevational gradient exposes a population to disruptive
natural selection, leading to local adaptation that restricts migration across the gradient until
reproductive isolation develops as a byproduct. Dispersal to other mountain ranges occurs
after speciation (H; in Table 1). B) Parallel speciation events driven by local adaptation
across two elevational gradients (H;). C) A single population splits following a dispersal event
or vicariance and develops reproductive isolation in allopatry. Following range expansion
and secondary contact in multiple mountain granges, niche displacement leads to separate

elevational distributions (H3).
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(Pratt and Beehler| |2015)). Insular S. torotoro subspecies S. t. ochracea differs substantially

from its conspecifics and S. megarhyncha in call, and is intermediate in size.

2.3.2  Morphological and bioacoustic data

We measured bill length, bill depth, tarsus, wing chord, and tail length from 72 museum
specimens of Syma torotoro (n=40) and S. megarhyncha (n=32) at the American Museum
of Natural History, representing all described subspecies. Using these data, we performed
principal component analyses in R (Team, 2018) with normalized variables, and used PC1
to build mixture models using the R package mclust v. 5.4.1, which we evaluated with
a maximum likelihood classification approach (Scrucca et al. 2016). We downloaded all
available vocalizations from S. torotoro (n = 34) and S. megarhyncha (n = 14) from xeno-
canto and Cornell’s Macaulay Library. We filtered these data for quality and quantified a
suite of bioacoustic variables using the warbleR package v. 1.1.14 in R (Araya-Salas and
Smith-Vidaurrel [2017)), analyzing 278 distinct vocalizations from S. torotoro and 106 from
S. megarhyncha in total. We ran PCA with normalized variables on the output, and used
these data to alternate species delimitation models using the same approach as with our

morphological data.

2.8.8  Sampling, library preparation, and DNA sequencing

We extracted DNA from fresh tissues (n=6) and toepad samples from historical museum
specimens (n=34) from 30 individuals of S. torotoro (n=30) and 10 individuals of S.
megarhyncha (n=10). These individuals represented the full extent of both species’ ranges
in New Guinea and Australia (Table , and included all described subspecies. These
are: S. t. flavirostris in southern New Guinea, northern Australia, S. t. ochracea in the
D’Entrecasteaux Archipelago, oceanic islands off the southeastern peninsula of Papua New
Guinea; S. t. meeki in southeastern Papua New Guinea; S. t. pseuestes in south-central

New Guinea; S. t. tentelare of the Aru Islands; S. m. megarhyncha of the eastern Central
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Ranges; S. m. wellsi of the western Central Ranges; and S. m. sellamontis of the mountains
of the Huon Peninsula.

We extracted DNA from fresh tissues using a Qiagen DN Aeasy kit and the manufacturer’s
recommended protocol. For historical toepad samples (collected 1877-1977), we extracted
DNA using either a using a phenol-chloroform and centrifugal dialysis method (Dumbacher
and Fleischer, 2001)) (for reduced representation sequencing) or a standard salt extraction
protocol (for whole genome resequencing). Due to constraints of cost and time, we employed
two complementary sequencing approaches. On a subset of samples (n=20), we performed
reduced representation genome sequencing using a hybridization capture with RAD probes
(hyRAD) approach, described in detail elsewhere (Linck et al.,|2017)). We sent the remaining
samples to the UC Berkeley’s Vincent J. Coates Genomic Sequencing Laboratory, where lab-
oratory staff prepared genomic libraries for low coverage whole genome sequencing (WGS)
using [llumina TruSeq Nano kits and a modified protocol that skipped sonication and enzy-
matically repaired fragments with RNAse. They then pooled (n=20) and sequenced these

samples with 150 base pair paired-end reads on a single lane of an Illumina HiSeq 4000.

2.3.4 Sequence assembly and variant calling

We processed demultiplexed reads with a custom bioinformatic pipeline optimized
for handling degraded DNA data and available at https://github.com/elinck/syma_
speciation/. Briefly, we trimmed raw reads for adapters and low quality bases using bb-
duk from BBTools version 38.06 suite of bioinformatics tools. We aligned these reads to an
unpublished draft genome of Woodland Kingfisher Halcyon senegalensis from the Bird 10K
Genome Project using bbmap with a k-mer value of 12, a maximum indel length of 200 bp,
and a minimum sequence identity of 0.65. We used PicardTools v. 2.17.8 and GATK v. 3.6.0
(McKenna et al, 2010) to append read groups and perform local realignment on .bam files.
We then used mapDamage 2.0.9 to account for postmortem damage to DNA from historical
museum specimens by rescaling quality scores (Jonsson et al., 2013). We performed multi-

sample variant calling using the UnifiedGenotyper tool in GATK v. 3.6.0, and filtered our
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variant calls for missing data, coverage, and quality with VCFtools 0.1.16 (Danecek et al.,
2011). To complement our nuclear DNA sequences, we assembled near-complete mitochon-
drial genomes from a majority of individuals using a baiting and iterative mapping approach
implemented MITObim v 1.9.1. (Hahn et al., |2013), which we ran for 10 cycles using a
complete mtDNA genome from close relative Todiramphus sanctus as a reference (Andersen

et al., 2015)).

2.3.5 Population structure inference

We evaluated population genetic structure within and between species using both nonpara-
metric and model-based clustering approaches. We performed principal component analysis
of genotypes (PCA) and identified putative genetic clusters for K=2 through K=4 using
adegenet v. 2.1.1 and a 95% complete dataset with 66,917 SNPs from all individuals pass-
ing quality filters and a minimum minor allele frequency of 0.05. After first determining
that small sample sizes made unsupervised inference inappropriate for our data and resulted
in extremely high cross validation error (Puechmaille, |2016|), we implemented model-based
clustering using ADMIXTURE v. 1.3.0 (Alexander et al. 2009) and population priors from

the K=3 K-means clustering result.

2.3.6  Phylogenetic inference

We constructed a consensus neighbor joining tree in the R package ape v. 5.1 (Paradis et al.,
2004)), implementing Sanderson’s nonparametric rate smoothing with A=1 using a 22,226
SNP dataset of all individuals passing quality filters with no more than 5% missing data
per site, a minimum minor allele frequency of 0.05, and a minimum depth of coverage of 3x.
To evaluate and visualize gene tree variance, we generated 500 additional neighbor joining
trees by resampling 10,000 SNPs from the matrix with replacement, and plotted them on the
consensus tree using the densiTree() function in ape. We used the same underlying distance
matrix to compute a phylogenetic network using the Neighbor-Net approach (Bryant and
Moulton, [2004) implemented in SplitsTree (Huson and Bryant, 2006 with default parame-
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ters. We inferred a maximum likelihood tree with an alignment of mtDNA genomes from
the majority of individuals using RAXxML through the CIPRES portal (Miller et al., |2010)

with default parameters.

2.3.7 Demographic inference

We calculated the joint site frequency spectrum (JSFS) using a SNP dataset with a mini-
mum per site depth of 3x and a minimum quality of ()=30, thinned to 1 site for every 50
kbp to reduce the influence of linkage disequilibrium. We then defined four nested models
which differed by level and timing of gene flow (Figure [2.5): isolation with migration (IM),
isolation with initial migration (IIM), secondary contact (SC), and strict isolation (SI). All
models featured a split of an ancestral population into two daughter lineages of arbitrary
size, followed by a second time period allowing population growth. After initially optimizing
parameters using the “optimize_log” method, we ran 25 additional optimizations, allowing
a 1-fold random perturbation of parameter values each time. We selected the model with
the maximum log-likelihood and estimated parameter uncertainty using 100 bootstrapped
frequency spectra and the Godambe Information Matrix. We converted parameter values
to real units using a genome-wide mutation rate of 2.3z107° (Smeds et al., [2016), an effec-
tive sequence length scaled to reflect our LD-thinned SNP dataset, and a generation time
estimate of two years, and generated parameter uncertainty estimates using a Godambe In-
formation Matrix. To evaluate changes in historical effective population size through time in
greater detail, we used SMC++ (Terhorst et al., [2017)), which accounts for the distribution
of variation across the genome. We masked continuous stretches of homozygosity greater
than 30 kb, included all contigs longer than 1210° bp, assumed a generation time of 2 years,
and again assumed mutation rate of 2.32107%. We visualized uncertainty by refitting mod-
els to 10 bootstrap replicates per population, resampling both individuals and contigs with

replacement.
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2.3.8 Introgression

We explicitly tested for introgression between lineages using a four taxon test implemented in
ANGSD with the “doAbbababa” function, described in detail elsewhere (Korneliussen et al.)
2014; Green et al.| 2010)). We calculated D for each combination of individuals conforming
to the topology (mega,ochr),toro), and assessed significance by block jackknife over 1 mbp
windows. We summarized results by collapsing individual tests representing the same geo-
graphic comparisons and calculating median Z scores and the proportion of individual tests
that were significant given a cutoff of Z=3.59, which is equivalent to p=0.005 after perform-
ing a Bonferroni correction for multiple comparisons (n=31). These comparisons included S.
torotoro, insular S. t. ochracea and three S. megarhyncha populations: S. megarhyncha in
the mountains of the Huon Peninsula, S. megarhyncha in the eastern Central Ranges, and

S. megarhyncha in the far western Central Ranges.

2.3.9 Genome scans and tests for positive selection

We assessed levels of divergence across the genome by calculating Wright’s Fsp, Dxy, and
7 for each species in 50 kbp windows with a 10 kbp step size using scripts written by Simon
Martin (https://github.com/simonhmartin/genomics_general), using a VCF file filtered
for a minimum () score of 30 and a minimum depth of 3x with a total of 1,858,764 SNPs and
102,606,487 total sites. To assign chromosome identity to scaffolds and windows, we aligned
the H. senegalensis draft genome to the chromosome-level genome assembly of Taenopygia
guttata (Warren et al) 2010) using NUCmer in MUMmer v. 3.1 (Delcher et al., [1999),
allowing a maximum gap of 1000 bp and using a minimum sequence identity threshold
of 10 kbp per contig. We evaluated correlations among summary statistics using simple
linear models implemented in R (R Core Team, 2018). To formally test for the signature of
positive selection in the genomes of both species, we used the program RAiSD (Alachiotis and
Pavlidis, 2018)). We calculated Wright’s Fsr, Dxy, and 7 for each species in nonoverlapping

50 kbp windows, and used these statistics to identify a set of scaffolds hosting Fsr outlier
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windows at the P = 0.005 threshold. We then created an identically sized set non-Fgr
outlier windows using random sampling without replacement, and ran RAiSD on species-
specific .vcf files including only these scaffolds. To establish a value of composite selective
sweep summary statistic to use as a threshold for a false positive rate of 0.05, we used the
program SFS_CODE (Hernandez, [2008) to simulate data similar to our own but under the
influence of purifying selection, outputting a .vcf file to analyze with RAiSD using the “-k
0.05” option.

2.4 Results

2.4.1 DNA sequencing from historical specimens

We extracted DNA and generated genome-wide sequence data from all historic toepad sam-
ples across both species’ relatively inaccessible distributions, with collection dates ranging
from 1896 to 1973 and including 3 individuals collected by Ernst Mayr himself in 1929. We
present a detailed description of reduced representation hyRAD data elsewhere ([Linck et al.,
2017). On average we were able to align 83.3% of reads to the draft Halcyon senegalensis
genome, ranging from 35.5% to 92.37% across individuals; this broad range likely reflects
high DNA degradation in a handful of samples. Whole genome resequencing data had an
average depth of coverage of 5.38x per individual, ranging from 1.92x to 12.12x. Following
variant calling and filtering for depth of coverage and quality, a 95% complete data matrix
including 37 individuals and both WGS and hyRAD data had 66,917 SNPs, which was fur-
ther reduced to 10,351 SNPs after thinning to 1 site for every 50 kbp to reduce the influence
of linkage disequilibrium. A second matrix of whole genome resequencing data alone had
78,882,912 SNPs, which was reduced to 1,858,764 SNPs after filtering for a minimum depth

of coverage of 3x and a minimum quality score of 30.
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Figure 2.2: Genomic and phenotypic data provide evidence of assortative mating.
A) Sampling localities for Syma kingfishers across New Guinea and Australia, color-coded
by genotype PC1 and scaled by number of individuals. B) Principal component analysis of
genotypes, colorcoded by the best fit k-means clustering result (K=3). C) Illustration of
S. megarhyncha (top) and S. torotoro (bottom), by Kevin Epperly. D) The first principal
component of bioacoustic parameters measured from vocalizations is bimodally distributed
by species. E) The first principal component of morphological data is bimodally distributed
by species. F) A maximum likelihood phylogeny from near-complete mitochondrial genomes
supports reciprocal monophyly of S. torotoro and a clade with S. megarhyncha and S. t.
ochracea. Highlighted clades have full bootstrap support. Note S. t. ochracea occurs on
oceanic islands off southeastern Papua New Guinea. G) A consensus neighbor-joining tree

overlaid with trees bootstrapped from 10,000 loci is concordant with relationships revealed

by mitochondrial data.
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2.4.2  Species limits and phylogeny

Analysis of genome-wide DNA sequence data, morphometrics, and calls supported Syma
torotoro and S. megarhyncha as distinct, assortatively mating lineages (Figure . Princi-
pal component analysis of genotypes identified elevation (and by extension current species
limits) as the primary axis of genetic differentiation, with PC1 explaining 17.02% of total
variance and separating S. torotoro and S. megarhyncha into discrete clusters (Figure ;
Figure ) with little evidence of hybrid genotypes. PC1 explained 6.31% of total variance
and separated insular subspecies S. t. ochracea into a third discrete cluster. The best-fit
model from a k-means clustering analysis (as identified by BIC scores) perfectly recovered
these groups (Figure ) Using assignments from this best-fit model as population priors,
supervised inference of population structure in ADMIXTURE (Alexander et al. [2009) re-
covered identical clusters (log-likelihood= —104066.81; cross validation error: 0.5974) with
no evidence of recent hybridization (Figure . Unsupervised inference of population struc-
ture for K=2 through K=5 assigned clusters that were discordant with both species identity
and geography, with high cross-validation error (0.6822-1.113), suggesting the analysis was
inappropriate due to uneven sampling (Puechmaille, [2016|) or small total sample size.
Analyses of phenotypic data formed discrete clusters concordant with genomic results
and consistent with morphological differentiation by elevation. Bill width and depth, tarsus,
wing chord, and tail length were significantly larger in Syma megarhyncha after correcting
for multiple comparisons in Welch’s two sample T-tests (all comparisons p < 121077), and
species was a significant predictor of PC1 in a linear model (p < 12107'). Following prin-
cipal component analysis, PC1 explained 81.47% of variance across all five traits. Bayesian
Information Criterion (BIC) selected two distinct normal distributions out of normal mixture
models (NMMs) fit to PC1 (log-likelihood= —378.0914) (Figure 2.2D). Calls of S. torotoro
had a significantly higher frequency (p < 12107°) but did not differ in duration. Species
was a significant predictor p < 1x107°) of PC1 in a principal component analysis of the

24 bioacoustic variables quantified in warbleR (Araya-Salas and Smith-Vidaurre) 2017)), and
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explained 35.72% of total variance. Because NMMs assume independence of observations,
we did not perform formal model fitting for bioacoustic data, but a frequency distribution
strongly suggests values are bimodally distributed by species identity (Figure )

A maximum likelihood phylogeny (Stamatakis, [2014) from near-complete mtDNA
genomes further supported the distinctiveness of S. megarhyncha and S. torotoro, but un-
expectedly recovered mainland S. torotoro as sister with a clade containing S. megarhyncha
and insular endemic subspecies S. t. ochracea (Figure 2.2F). Within S. torotoro, a clade
of four individuals with full bootstrap support from the southeast peninsula of Papua New
Guinea was separated from the remaining individuals, but with little other apparent geo-
graphic structure across the tree. Because we expected the assumption of strict bifurcation
underpinning many methods of phylogenetic inference to be explicitly violated by recent gene
flow between species, we evaluated evolutionary relationships using resampled neighbor join-
ing trees. Neighbor-joining trees are an empirical description of the distance matrix among
individuals, and their behavior under admixture has been described (Kopelman et al., [2013)).
We recovered the same four major clades as in our mtDNA phylogeny in a consensus neigh-
bor joining tree using a 95% complete data matrix from all individuals passing quality filters.
Neighbor joining trees estimated from resampling a subset of these data with replacement
indicated substantial discordance within species. Nodes in the consensus tree separating S.
torotoro from S. megarhyncha and S. t. ochracea, and S. megarhyncha from S. t. ochracea,
were present in all 500 resampled trees. The bipartition separating four S. torotoro individ-
uals from the southeast peninsula from the remainder of the clade was present in 469 /500

trees.

2.4.3 Demographic history and introgression

A formal test for introgression, a phylogenetic network analysis, and demographic inference
indicate a long history of gene flow between S. torotoro and S. megarhyncha. We performed
ABBA-BABA tests between S. torotoro and the three subspecies of S. megarhyncha in

isolated mountain ranges, and between S. t. ochracea and these taxa. These tests can
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Figure 2.3: Evidence for long-term introgression between species. A) Median values
for Z-scores from D-statistics (“ABBA-BABA tests”) in pairwise comparisons between S.
torotoro and allopatric S. megarhyncha and S. t. ochracea populations. Comparisons are
color-coded by the proportion of individual combinations in each test that were significant,
ranging from 0 to 1.0 and from black (low) to off-white (high). B) A phylogenetic network
supported previously inferred species limits but revealed extensive reticulation. C) Demo-
graphic inference from the joint site frequency spectrum supported a model of isolation with
migration, but with broad uncertainty across replicate parameter optimizations. Models
(IIM, IM, SC, and SI) are defined in Methods. D) Trajectories of ancestral population sizes

for indicate a bottleneck at the last glacial maximum, and are likely biased by gene flow.
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distinguish gene flow from incomplete lineage sorting in discordant genealogies (Green et al.)
2010)). We found evidence of widespread introgression, with each tested pairwise comparison
revealing significant median Z scores, even after correction for multiple comparisons (Figure
). Of these, the proportion of individual tests that were significant ranged from 0.74-1.0.
Intriguingly, there was also evidence of introgression between S. t. ochracea and mainland S.
torotoro, and S. t. ochracea and two out of three S. megarhyncha populations (Figure 3A).
There was no evidence of gene flow between the far western population of S. megarhyncha
and far eastern S. t. ochracea. These results were mirrored by a distance-based phylogenetic
network analysis (Figure ), which showed clear distinctions among the three lineages
shaped by large reticulations, a pattern consistent with introgression over long time periods
(Martin et al., [2019).

We formally evaluated alternate demographic hypotheses by fitting the empirical joint site
frequency spectrum (JSFS) to the its expected distribution using moments v. 1.0.0, which
uses ordinary differential equations to model the evolution of allele frequencies (Jouganous
et al., 2017). We tested models that shared growth in the most recent of two time periods
following an initial divergence but differed in which of the two time periods migration was
allowed in, if any (Figure . Across all parameter optimizations, a model of isolation
with migration (IM; e.g., parapatric speciation with incomplete reproductive isolation) had
the highest log-likelihood (-538.72), followed by a model of initial isolation with migration
(IIM; parapatric speciation leading to strong reproductive isolation), with a maximum log-
likelihood of -552.46, and then a model of secondary contact, with a maximum log-likelihood
of -565.69 (Figure [2.3[C). An allopatric speciation (“strict isolation”; SI) model was poorly
supported (maximum log-likelihood -723.79). Both the wide range of likelihoods across runs
and large standard deviations associated with parameter values for all models (Table [2.2)
indicated difficulty reaching a global optima and / or poor fits for a more complex scenario
involving selection.

Parameter estimates varied widely across models, but broadly agreed in indicating greater

ancestral than contemporary population sizes, larger populations in lowland species S. toro-
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toro, and greater gene flow from S. torotoro to S. megarhyncha than the reverse (approxi-
mately 2-17 migrants per generation versus 0-2, respectively). Historical effective population
size trajectories inferred in SMC++ (Terhorst et al., 2017) were nearly identical in both
species (Figure ), likely due to the confounding effects of gene flow, but agreed with re-
sults from moments in indicating large ancestral effective population sizes and a pronounced
bottleneck at the last glacial maximum assuming a two-year generation time (Clark et al.)

2009).

2.4.4  Natural selection and genomic divergence

Analysis of WGS data suggests S. torotoro and S. megarhyncha diverge primarily in small
regions of the genome shaped by positive selection. Genome scans of divergence in 50 kb
sliding windows were broadly consistent with expectations of speciation with gene flow driven
by disruptive natural selection, revealing globally low to moderate genetic divergence (mean
Fs1r=0.0947) defined by 21 autosomal Fgr peaks (Figure ; Figure ) The Z chro-
mosome showed low interspecific divergence, suggesting a limited role in speciation (Irwin,
2018)), though this may represent an artifact of high intraspecific diversity due to misin-
corporation of reads from the W chromosome in unsexed females. Correlations between
summary statistics suggested a role for both structural reductions in recombination and
positive selection in shaping Fgr peaks. Fgr was negatively but weakly correlated with
Dxy (p < 12107, R? = 0.1271), Tuorotoro (p < 121071, R? = 0.2427), and Tpegarhyncha
(p < 12107 R? = 0.3785) (Figure S3B). Dxy was positively and strongly correlated
With Tyorotore (P < 12107 R?* = 0.9214) and Tegarhynena (p < 12107'°) R? = 0.8495)
(Figure ) Fsr was approximately exponentially distributed, while Dxy, Tiorotoro, and
Tmegarhyncha Showed higher median values (Figure ) However, a method for detecting
selective sweeps based on multiple signatures (Alachiotis and Pavlidis, 2018) indicated a
strong role for positive selection in generating Fsr outliers. First, the value of the compos-
ite selective sweep summary statistic p was significantly greater within peaks than without

(Wilcox-Mann-Whitney U test; p < 221071°) (Figure 2.4B). Second, the total number of
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candidate selective sweeps within Fsr outlier regions was enriched relative to a random sub-
set of nonoutlier windows, given a false positive rate of 0.05 (Figure 2.7(C). Lastly, empirical
values for Tpegarhyncha ON chromosome 5 were significantly lower than expected under purify-
ing selection alone (Wilcox-Mann-Whitney U test; p < 22107'°), based on values generated
by forward-time simulations (Hernandez|, 2008) (Figure [2.7C).

2.5 Discussion

Speciation across environmental gradients is commonly invoked in explanations of high trop-
ical species richness and the latitudinal biodiversity gradient (Caro et al., 2013; Schneider
et al.|,|1999; |[Portik et al., 2017; Beheregaray et al. [2015). Tropical elevational gradients have
high levels of temporally stable thermal stratification (Janzen, 1967) that has been linked to
selection for narrow thermal physiologies (Sheldon et al. 2018]), reduced upslope or downs-
lope dispersal (Polato et al., 2018), and high beta diversity (Jankowski et al., 2009). As a
result, they have frequently been studied as a stage for this process (Mayr, 1942; |Cadena
et al.l [2012; Funk et al., |2016; Arteaga et al., 2016; [Caro et al., 2013 [Moyle et al., 2017)).
Yet previous comparative phylogenetic studies have overwhelmingly supported models of
divergence in allopatry followed by secondary contact and range displacement, particularly
in vertebrates (Arteaga et al., 2016 Caro et al. 2013; Moyle et al., [2017). Our finding of
well-defined species limits (Figure in the face of extensive historical and contemporary
introgression (Figure suggests that selection across elevational gradients is sufficient to
maintain species boundaries with little evidence of strong postzygotic isolation. This result
provides rare validation of an intuitive and widely cited but poorly buttressed theory: that
selection across environmental gradients can serve as a motor for tropical diversification,
either as the primary driver of speciation (e.g., in ecological speciation models) or as a force
for reinforcement and disruptive selection after the build-up of partial reproductive isolation
in allopatry.

We believe Syma provides a rare example of speciation with gene flow driven by niche

expansion and disruptive selection across an elevational gradient (Hua Xia, [2016]), rather
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than allopatric speciation by another mechanism. Multiple lines of evidence are difficult
to reconcile with an extensive period of isolation followed by secondary contact and niche
displacement. Divergence in morphometric traits, the most visible phenotypic difference
between S. torotoro and S. megarhyncha (Figures , ), is largely thought to reflect
ecological adaptation in allopatric populations (Ricklefs and Bermingham, 2007; Winger and
Bates, 2015). While this may arise as a result of character displacement from competition
in populations experiencing secondary contact (Diamond et al., [1989), it presumes sufficient
reproductive isolation has developed to permit coexistence without genetic homogenization
and the fusion of lineages. In Syma, D-statistics in replicated pairwise comparisons across
both species’ full range, (Figure 2.3A), demographic inference (Figure 2.3(C), and a phy-
logenetic network analysis (Figure ) refute this with evidence for extensive gene flow
between species. Further, several lines of evidence suggest gene flow has occurred since
nearly their initial divergence. Extensive reticulation in a phylogenetic network paired with
an apparent absence of individuals with recent hybrid ancestry in our dataset is consistent
with low rates of hybridization over long time periods (Martin et al., 2019), as expected if
interspecies mating occurs in the limited area of contact between parapatric ranges (Fig-
ure 2.3B). Though this reticulation may also be shaped by incomplete lineage sorting, the
relatively old divergence date and small effective population size of S. megarhyncha (Table
2.2)) suggests introgression is at least partly responsible for this pattern. Similarly, support
for an isolation-with-migration model (Figure 2.3C) over a model of secondary contact indi-
cates historical as well as contemporary gene flow. Finally, significant introgression between
mainland S. torotoro and insular endemic S. t. ochracea can be most easily explained by
the sorting of introgressed loci following its split with S. megarhyncha, which would indicate
gene flow between mainland lineages. (We note our data indicate S. t. ochracea deserves
species status, to be formally proposed in a future manuscript.)

However, we emphasize that for most cases, parapatric speciation (and its vaguer, spa-
tially agnostic variant “speciation with gene flow”) are overly simplified models of what is

likely a highly dynamic process over evolutionary time scales. Nor are genomic data ever
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likely to completely eliminate the possibility of a period of allopatry in the history of diverg-
ing lineages (Strasburg and Rieseberg, 2011; Martin et al., [2013). A more likely scenario
with similar signatures might consist of numerous interdigitated periods of gene flow and
isolation, driven by fluctuating local population sizes or by Pleistocene glacial cycling and
its compression of elevational zones throughout New Guinea Hope (2014). Indeed, recent
surveys on Mt. Wilhelm and Mt. Karimui in Papua New Guinea found a large gaps in
the elevational ranges of S. torotoro and S. megarhyncha (Freeman and Freeman, [2014; Sam
et al., 2014])), in contrast to earlier studies (Diamond, 1972a)), suggesting that populations are
effectively allopatric at short horizontal distances. We suspect periodic gene flow is difficult
to distinguish using data from site frequency spectra alone, but may be detected using other
summary statistics, a process to be elaborated on elsewhere.

Though we did not identify the targets of selection, our data suggest disruptive positive
selection has led to high divergence in small regions of the genome against a background
of long-term introgression. These genomic “islands” have become a hallmark of the high
throughput sequencing era and have been shown in wide range of nonmodel organisms (Nosil,
2012; Bay and Rueggl 2017). Early interpretations of the pattern as a clear signature of
speciation with gene flow—where Fgr peaks correlate to genes for traits under disruptive
selection while low Fg7 regions remain susceptible to introgression—have been complicated
by evidence numerous processes can produce similar distributions, including selective sweeps
in allopatry or recombination rate variation (Cruickshank and Hahn| 2014; |[Bay and Ruegg;,
2017; Irwin et al., 2018 \Via, 2012 Burri, 2017). Using multiple signatures of selective
sweeps paired with simulations to establish a false positive threshold, we found Fgr peaks
were enriched for candidate sweeps in both species (Figure , Figure ), with values of
7 on S. megarhyncha chromosome 5 (the site of one major peak) reduced below expectations
under purifying selection alone. Evidence from multiple summary statistics across the same
genomic windows can also help tease apart underlying mechanisms in some cases (Irwin
et al.,|2018)): for instance, low absolute differentiation (Dxy) in genomic islands can indicate

Fsr values are inflated by low intraspecific diversity due to reduced recombination, casting
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doubt on models of divergence with gene flow (Cruickshank and Hahn, 2014). Here, our
data defy easy description, highlighting the limits of this approach. A handful of major
Fsr peaks stand out against a background of low Fgr windows, with a global average of
0.0947 (Figure ; Figure ) However, Dyxy shows only a weak correlation with Fgr
values (Figure ): low in some Fsp peaks and high in others, consistent with the likely
hypothesis that recombination rate, selection against hybrid ancestry, disruptive selection,
and gene flow have interacted to form a complex mosaic in the genomes of S. torotoro and
S. megarhyncha. (Given the limitations of short-read sequencing data, we concede these
patterns may be influenced by either an undetected structural rearrangement or alignment
artifacts.)

As adaptive differentiation in morphology appears to have occurred during the initial
stages of lineage divergence (either in the presence of gene flow or accompanied by it shortly
afterwards), Syma is plausibly a case of ecological speciation sensu Nosil and Schluter (Run-
dle and Nosil, 2005} Nosil, 2012; Schluter], 2009). We propose this may have been facilitated
by a so-called “magic trait”, or trait under environmentally-mediated selection that also
influences reproductive isolation (Servedio et al., 2011). Magic trait models are among the
easiest ways to explain speciation with gene flow (Nosil, 2012)), and perhaps especially ap-
ply to birds, where intrinsic incompatibilities are rare and prezygotic isolation is thought to
play a major role in speciation (Edwards et al., 2005; Price, |2008). While we lack strong
evidence for a target of disruptive selection or a specific mechanism to link it to reproductive
isolation, we speculate selection on body size may also affect mate choice. Morphometric
data from Syma are consistent with Bergmann’s rule and its prediction of larger body size
in the higher elevation cooler climate species, S. megarhyncha (but see Freeman| (2017))).
As one of only three kingfisher species found above 2000 m in New Guinea and the only
regional kingfisher that is a high elevation specialist, Syma megarhyncha is likely to have
a thermal physiology under stronger selective constraint for warm environments, requiring
greater adaptive divergence in body size to colonize montane environments. An increase in

body size might directly lower frequency calls as a biproduct of morphological divergence,
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and assortative mating might act on either trait individually or in tandem (Derryberry et al.)
2018; Slabbekoorn and Smith, [2002; [Zhen et al., 2017)).

What does Syma reveal about the origin of elevational series of congeners and by exten-
sion their significant contribution to tropical montane biodiversity (Freeman and Freeman,
2014)7 First, our results suggest disruptive selection across elevational gradients can effec-
tively maintain species limits in the absence of strong postzygotic reproductive isolation, a
finding with broad relevance to speciation in tropical mountains regardless of the geographic
mode of divergence or levels of gene flow. In a scenario of secondary contact without adap-
tation to divergent elevational niches, Syma lineages would likely have fused. This suggests
allopatric divergence in isolation may not be sufficient to drive many speciation events in
tropical mountains. Second, aspects of Syma’s natural history may serve as a guide to where
to expect speciation with gene flow in birds: species that are vocal nonlearners, have a con-
served climatic niche, and have a small realized range and total area of suitable habitat.
While New Guinea is large and geologically complex, it is dwarfed by other tropical mon-
tane regions, which potentially have increased odds for speciation in allopatry (Pratt and
Beehler| [2015; Price, 2008]). Yet even if speciation across elevational gradients remain a rare
exception among birds, the conditions that make it possible in Syma are more common in
other taxa. Indeed, preliminary studies suggest it may be a much more common mechanism
in amphibians, insects, and plants (Funk et al. 2016; Elias et al., 2009; |Arteaga et al., 2016;
Chapman et al., 2013). We highlight the importance of natural history studies of poorly
known tropical organisms in establishing candidates for further investigation with genomic
and experimental approaches.

Ernst Mayr’s emphasis on geographic isolation profoundly shaped the study of speciation
and diversification, establishing the primacy of divergence in allopatry and highlighting the
significance of coexistence in sympatry to species concepts and speciation theory (Coyne,
1994; Nosil, 2008a) Though famously a skeptic of sympatric speciation and its relatives
(Mayr, (1963), he retained an appreciation of ecological factors in population divergence

(Nosil, |2008a)—contrasting perspectives shaped by his foundational experience as an or-
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nithologist, natural historian and systematist in New Guinea. Yet contemporary speciation
research integrating genomic data with traditional analyses of phenotype and distributional
data has only recently been applied to the New Guinea birds Mayr knew so well (Stryjewski
and Sorenson|, 2017)), and continues to be difficult to implement due to massive logistical
hurdles. Much as the study of ancient DNA has revolutionized our understanding of human
prehistory (Green et all [2010), widespread use of whole genome sequences from historic
museum specimens has the potential to reshape our understanding of the speciation pro-
cess in understudied tropical regions with few contemporary data and pressing conservation
challenges. As this occurs, we expect much of Mayr’s seminal work to gain new significance,
as case studies like Syma highlight the continued relevance of the spatial organization of
populations while enriching previously simple narratives of the role of selection and gene

flow in the origin of species.
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Figure 2.6: Diagrams of demographic models
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implemented in moments.

Table 2.2: Time scaled parameter values and standard deviations for the maximum likelihood

optimization of each model tested with joint site frequency spectrum-based demographic

inference in moments.

Parameter IM (SD) IIM (SD) SC (SD) SI (SD

Nineg 106049278.19 (10594095899.99)  60579620.96 (27780976.82) 1000897.40 (4239177.62) 0238.85 (43846.68)

Nior 159173.09 (86403707.39) 2545587.85 (10952902.31)  22683700.58 (1101240437.82) 36584.85 (205321.52)
Nineg 19815.13 (1630633.17) 54725.12 (302722.54) 11001.51 (2176.37) 3241053.20 (18733219.57)
Nior 12292.60 (363945.45) 149968.18 (733993.96) 29232.10 (72528.20) 5745.92 (35692.55)

T 2136554.73 (969702508.95) 93825473.64 (57666506.07) 17630682.86 (903397204.23)  1270.08 (6066.55)

T 77060.64 (4003285.38) 60728.46 (295712.88) 66475.59 (377322.25) 1209.56 (7760.79)
Muegtor 0.28 (106.22) 0.14 (0.01) 1.81 (2.62) NA

Miormeg  2.03 (15.98) 17.62 (25.08) 3.14 (0.09) NA
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Chapter 3

ON THE RELATIVE EASE OF SPECIATION WITH
PERIODIC GENE FLOW

*(C.J. Battey is a coauthor on a version of this manuscript in preparation for publication.
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3.1 Abstract

Population genetic theory and genomic data from a wide range of taxa suggest speciation
with gene flow between incipient lineages is common. However, in most cases it is unknown
whether gene flow occurs throughout the process of speciation or if current patterns of diver-
sity reflect admixture on secondary contact after partial reproductive isolation has evolved
in allopatry. Though cycles of isolation and contact are thought to have played a major role
in shaping extant biodiversity, the genomic consequences of this process have been rarely
studied. Here we develop a simple model of speciation through Bateson-Dobzhansky-Muller
incompatibilities in the face of periodic gene flow, and validate our model with forward time
simulations. We additionally use empirical atmospheric C'O, concentration data from the
Vostok Ice Cores to simulate cycles of isolation and secondary contact in a tropical mon-
tane landscape, and ask whether they can be distinguished from a standard isolation-with-
migration model by summary statistics or joint site frequency spectrum-based demographic
inference. We find speciation is more likely under periodic migration rather than constant
gene flow given equivalent effective migration (Nm), and that this process leaves a distinct
signature in common population genetic summary statistics. In contrast, demographic in-
ference from the site frequency spectrum fails to distinguish between periodic migration
and isolation-with-migration. Our results suggest speciation with periodic gene flow may
be a common force in generating species diversity through Pleistocene climate cycles, and

highlight the limits of simple models of speciation with gene flow.
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3.2 Introduction

Eight decades after the modern synthesis, the relative roles of gene flow, geography, and
natural selection in speciation elude easy synthesis. For most of the 20th century, divergence
in strict allopatry was assumed to be the dominant, if not the only, mode of speciation in

most taxa, leading to an emphasis on the geography of diverging populations and an implicit

suggestion of a major role for genetic drift (Dobzhansky), 1937; Mayr} (1942, |1963; |Coyne and|

Orr, 2004; Provine, [2004]). While a burgeoning body of theory demonstrated the plausibility

of speciation with gene flow in a range of circumstances (Smith, [1966} Felsenstein, (1981}

\Gavrilets, 2003), a lack of clear empirical examples and the related difficulty of disproving a

null hypothesis of allopatric speciation did little to contest this paradigm.
More recently, a renewed emphasis on the role of natural selection in speciation in the

context of adaptive radiations and “ecological” speciation has questioned the requirement

of strict isolation (Schluter, 2001} |Via, 2009; Nosil, |2012). The rise of genomic datasets

from a wide array of model and nonmodel organisms and the concordant development of
sophisticated statistical tools for demographic inference has further complicated previous
assumptions (Nosil, 2008b). Coalescent theory and genome-wide genetic markers provide the

basis for simultaneous model selection and inference of parameter values, now implemented

in a range of computational tools (Nielsen and Wakeley, 2001) (Hey and Nielsen, 2007;

\Gutenkunst et al., [2009; Hey, 2010} lJouganous et al.| [2017). As much as an early consensus

from the current proliferation of studies applying these methods can be gleaned, it appears
that gene flow between lineages at various points in the speciation continuum is more common
than previously assumed (Mallet|, 2008, Nosil, [2008b} |[Strasburg and Rieseberg), 2008 (Cui
et al., 2013; Martin et al) 2013; Kumar et al., 2017; [Linck et al., |2019).

While more complex models of speciation dynamics can be applied using these methods,

e.g., by allowing parameter values to vary at different loci across the genome (Rougeux et al.,

2017), model selection has largely treated migration (m; the probability a given allele is an
immigrant) as an average rate in one of a maximum of two time periods (Figure [3.1))
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and Hey, |2013). Traditional isolation with migration models are therefore distinguished
from secondary contact by the presence of a time period (77 to T3) where m=0. Even this
relatively sophisticated model is clearly a dramatic simplification of speciation dynamics in
most systems, however, where alternative assumptions of continuous gene flow (recurrent
migration every generation) or strict isolation are unrealistic in most cases. For example,
divergence in allopatry is widely believed to be the dominant mode of speciation in birds
(Mayr, 1963; [Price, 2008)). Yet the extreme vagility of many bird taxa poses the question
of how readily geographic classifications of speciation map on to realized rates of gene flow,
leading some workers to strongly advocate for strictly process-based definitions (Fitzpatrick
et al., 2008; Mallet, 2008). Further complications arise from the imprecise, redundant lan-
guage associated with the study of speciation itself (Harrison, 2012).

An alternative to either divergence in strict isolation or in the face of recurrent migration
involves alternating phases of interbreeding and isolation, i.e., speciation with intermittent
(or “cyclical” / “periodic”) gene flow. Cyclical processes are common over geologic, evolu-
tionary, and ecological time scales, and include predator-prey dynamics (Elton and Nicholson,
1942)), glacial cycling (Roy et al., [1996)), ecological succession (Levin and Paine, [1974)), and
fluctuating population sizes (Vucetich et al. 1997). Yet the role of cyclical processes in
generating or retarding evolutionary change has seen relatively little attention (Duckworth
and Semenov, 2017)). |[Ehrendorfer| (1959) proposed that “differentiation-hybridization” cycles
were responsible for evolutionary patterns in the flowering plant genus Achillea, viewing hy-
bridization as a strictly homogenizing force, an idea further developed by Rattenbury] (1962)
as an explanation for the diversity and persistence of the New Zealand flora. In phylogeog-
raphy, Pleistocene glacial cycles in Boreal regions and the Amazon have been invoked to
explain both diversification (Lovette, [2005)) and patterns of genetic diversity and population
genetic structure (Klicka and Zink| 1999)), though the link between population subdivision
and speciation remains unclear (Harvey et al., 2017b).

Recently, He et al.| (2019)) proposed that cycles of gene flow and isolation constituted a

new model of speciation, which they term mixing-isolation-mixing (or MIM), and suggest it
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can lead to accelerated rates of diversification. Given its relaxed requirements and flexible
application to a range of potentially stochastic histories, speciation with periodic gene flow
is plausibly more common than either speciation in strict allopatry or with continuous gene
flow. Furthermore, recent studies on hybridization as a generative force in evolution, through
either homoploid hybrid speciation (Gompert et al., [2006; Brelsford et al., [2011; Schumer
et al., 2014, 2018a) or adaptive introgression (Delmore et al., 2015; Norris et al., 2015;
Racimo et al., 2015; Irwin et al| 2018) suggest the interaction of gene flow and isolation
could promote accelerated speciation under some circumstances.

If the MIM model (hereafter “speciation with periodic gene flow”) is indeed common and
a more realistic description of speciation dynamics in many circumstances, a more explicit
description of its features and assessment of its likely consequences and genomic signature will
be useful for a broad range of evolutionary biologists. Here, we use theory and simulations to
ask 1) if speciation is indeed easier to achieve under periodic migration rather than continuous
migration given equivalent effective migration (Nm); 2) how time between migration pulses
scales with waiting time to speciation; 3) whether periodic gene flow determined by a realistic
scenario of glacial cycling leaves a distinct signature in commonly applied summary statistics;
and 4) if joint site frequency-based approaches to demographic inference can distinguish

divergence with periodic migration from traditional models of speciation with gene flow.

3.3 DMethods

3.3.1 Analytical model

To evaluate the relative ease of speciation with periodic gene flow compared to speciation
with continuous gene flow, we compare waiting times to speciation (average time until re-
productive isolation develops between two diverging populations) using simple analytical
models. First, we develop a general expectation of waiting time given two constant specia-
tion rates. Consider a scenario of alternating periods of migration (at a constant rate m>0)

and isolation (m = 0) between populations K; and Ks, which we model as n alternating
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Figure 3.1: A simple model of speciation with periodic gene flow. Parameter values:
m=probability an allele represents a migrant in a given generation; a= total time spent in
isolation; 1 — a= total time spent exchanging migrants; n=total number of time periods;

A= speciation rate in isolation; A= speciation rate with gene flow.
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states of equal length , characterized by their different expected times to speciation (Figure
. Let the rate of speciation (i.e., the probability of speciation occurring in a given time
period 7) equal the reciprocal of the waiting time to speciation (either 7, meaning the
waiting time to speciation in isolation, or 7?7, meaning the waiting time to speciation with
recurrent migration), which we denote A! and A2 respectively. The mean expected waiting
time to speciation is the reciprocal of the weighted sum of the speciation rates under isolation

and under migration:

n
- 1
Sl e

To explore the behavior of Equation 1 under different regimes of migration and isolation,

Tt

we input speciation rates determined by Gavrilets’ neutral Bateson-Dobzhansky-Muller icom-
patibility (BDMI) model of the evolution of genetic incompatibilities on a holey adaptive
landscape (Dobzhanskyl, 1936 Gavrilets, [2003)). Full formulae and justification are provided
elsewhere (Gavrilets et al., |1998; |Gavrilets, 1999, 2003); a brief description of the model
follows:

Consider a panmictic ancestral population of diploid organisms fixed for genotype AABB
without recombination and then split into two completely isolated daughter populations, K
and Ks. In Ki, let A mutate to a and B mutate to b unidirectionally at an equal rate of
i per generation. The combination of alleles a and B result in a single genotype is lethal
or otherwise precludes hybrid viability; A and b remain compatible. Speciation is inevitably
complete with when the genotype aabb is fixed in the only population with mutation (by
drift alone). We define T" as the time to speciation, or average waiting period in generations
to go from the ancestral state to complete reproductive isolation. In the absence of positive
selection or gene flow, i.e., a scenario of allopatric speciation by mutation and drift alone,
the average waiting time to speciation will be the time to fixation of two neutral alleles (a
and b), which is approximately two times the reciprocal of its mutation rate and unrelated

to effective population size (Nei, |1976)):
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1 2
T =2%—=—(2)
T

We next use Gavrilet’s (2003) extension of this model to describe parapatric speciation,
i.e., speciation with limited gene flow (0<m<0.5) between two demes. Following subdivision
of Ky and Kj, a portion m of K; each generation is supplied by immigrants from K, with
ancestral genotype AABB. Again assuming divergence in K; is driven only by neutral
mutation at a per generation rate of u for both alleles, and assuming that m is much larger

than the mutation rate, the average waiting time to speciation is given by:

m\ 1 m
"=(24+—|—-~—= (3
( M)M L ®)

Given equal time is spent exchanging migrants as in allopatry, we calculate the arithmetic

mean of these speciation rates (\') :

1 p 1 P u<m>+;ﬂ:2,um+4u2:2u(m+2,u)<4)
m

P RV L
RN om 8m 8m

The average waiting time across all time periods is given by its reciprocal:

e (5)
2p(m + 2p)

We now consider speciation with periodic gene flow if n time periods 7 are unequal.
Let a equal the proportion of time spent in isolation and 1 — « equal the proportion of
time exchanging migrants at a constant rate m>0, and let the rate of speciation equal the
reciprocal of the expected times to speciation 7% and 7%, given by A! and A\2. The total

expected waiting time to speciation is again simply the reciprocal of the weighted sum of the

speciation rates:

n
Y a4 (1 — a)A? (6)

Given Equations 2 and 3, total expected waiting time to speciation can be calculated by:

Tt



65

Tt = “ (7).
ra(t)+(1-a) (L) ()

3.3.2  Stmulating cyclical speciation

We validated our simple models using forward-time evolutionary simulations implemented
in SLiM v. 3.1 (Haller and Messer, 2019), with diploid genotypes, constant population
size, and non-overlapping generations. All parameters were chosen to closely approximate
the model in |Gavrilets| (2003). For all simulations, we set a mutation rate of 12107% and
a recombination rate of 121078, We modeled BDMI loci as two sites 1 bp in length on
either end of a 100 bp long chromosome; each of the three genomic “regions” (BDMI locus
A, BDMI locus B, and a 98 bp intron) on this chromosome had a specific mutation type,
and both BDMI loci had a fitness coefficient of 0.5 to reduce computational time. While
this selective advantage violates the assumption of neutrality behind Equations 2 and 3
(Nei, [1976; Gavrilets|, 2003)) and therefore precludes direct comparison with analytical values,
relative expected waiting times to speciation should remain valid assuming a constant fitness
coefficient. We considered speciation complete when mutations were fixed in both BDMI loci
in population K5, and did not end the simulation until this occurs; mutations were prevented
from occurring on BDMI loci in population K, which solely used as a donor of ancestral
alleles in simulations involving gene flow. Outputting the final generation (i.e., waiting time
to speciation) each time, we ran 25 replicates of all models. To simulate allopatric speciation,
we used a single population of size n=>50. To simulate parapatric speciation, we established
two populations of size n=50 each, and set unidirectional migration from population K;
to population K5. We simulated speciation under periodic gene flow using three different
values of a (the proportion of time spent in allopatry): 0.50, 0.1, and 0.01. We modified
the migration rate parameter m across each value of a to fix the total effective migration
(Nm) across the entire simulation, and initiated periods of allopatry every other generation,

every 10 generations, and every 100 generations respectively. We again considered speciation
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complete with the fixation of both BDMI loci in K;. SLiM scripts for all simulations are

available at https://github.com/elinck/speciation_periodic_migration.

3.3.8 Simulating glacial cycles of isolation and contact

As a distinct goal from our analytic model of speciation and our forward time simulations to
validate it, we were interested in whether cycles of gene flow and isolation between diverging
populations would leave unique genomic signatures given biologically realistic parameter
values. To test this, we simulated population divergence and secondary contact both 1)
mediated by Pleistocene glacial cycles and 2) under a standard isolation-with-migration
model using the coalescent simulator msprime v. 0.7.1 (Kelleher et al.,|2016). We determined
the timing and duration of gene flow between populations using empirical atmospheric C'O,
concentration values from the Vostok Ice Core dataset (Petit et al. [1999). A collaborative
drilling project in East Antarctica, the Vostok Ice Cores provide direct records of historical
variation in atmospheric trace-gas composition through entrapped air inclusions, and cover
four glacial cycles from 417,160 to 2,342 years before present ([Petit et al., 1999).

We simulated a 52107 bp region for two populations of size n = 1210°, using a recom-
bination rate of 1210~%, mutation rate 1210~%, and allowing 10 migrants per generation
(i.e., m=0.0001) when atmospheric CO, fell below 250 ppm (Figure [3.2)). This configura-
tion effectively mimics connectivity dynamics in a tropical montane landscape, where cooler
temperatures allow the expansion of forest habitat between adjacent peaks. We started and
concluded the simulation with periods of isolation, allowing 8 periods of migration of varying
duration in total. After completing each simulation, we calculated Wright’s Fs1 between pop-
ulations, and then used the approximation Fsr ~ m (Wang, 2004)) to determine a
constant migration rate resulting in equivalent equilibrium Fsr for a paired simulation under
a standard isolation with migration model (i.e., a model with continuous gene flow). We oth-
erwise used identical parameters as our periodic migration simulation. In total, we ran 100
replicates of each scenario. We compared patterns of genetic variation between simulations

by calculating a range of standard summary statistics both between and within popula-
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Figure 3.2: Atmospheric C'O, concentration data from the Vostok Ice Cores, color coded by

migration rate in msprime simulations of populations diverging with periodic gene flow.
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Figure 3.3: Demographic model parameters implemented in moments for A) periodic gene

flow and B) constant gene flow (i.e., isolation-with-migration). Nu; and Nus are parameters

for the effective population size of populations 1 and 2, respectively; m is the symmetrical

migration rate during a given time period Ty through 7%.

tions using scikit-allel (Miles et al., [2019)) implemented in custom Python scripts (available

at https://github.com/elinck/speciation_periodic_migration). These statistics are:

the number of segregating sites (SNPs); mean pairwise genetic distance (7); Tajima’s D;

Watterson’s 0; observed heterozygosity; Weir & Cockerham’s Fsr; Dxy, the average length

of identical-by-state haplotype blocks; and the skew of identical-by-state haplotype blocks.
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3.3.4  Demographic inference

As speciation processes are often studied using joint site frequency spectrum-based (JSFS)
demographic inference, we were used our coalescent simulations to see whether this family of
methods could distinguish between a model of periodic gene flow and a standard isolation-
with-migration model using moments v. 1.0.0 (Jouganous et al., [2017). To model the
evolution of allele frequencies under different demographic scenarios, moments analytically
solves for the expected site frequency spectrum using numerical solutions of an appropriate
diffusion approximation of allele frequencies (Jouganous et al., 2017)). We defined two models
which closely mimicked the demographic history of our msprime simulations: a periodic
migration model, which allowed four time periods of migration interdigitated with periods of
isolation, for a total of 8 time periods following population divergence; and an isolation with
migration model (Figure[3.3). Both models featured symmetrical migration and independent
effective population sizes (parameters m, Nul, and Nu2). We initially optimized parameters
using the “optimize_log” method, and ran 25 additional replicates with a 1-fold perturbation
of parameter values to ensure convergence. As model complexity made a likelihood ratio test
inappropriate, we compared the distribution of log-likelihood values between models using a

Wilcox-Mann-Whitney U test.
3.4 Results

3.4.1 Analytical model

We plot T* against u for different values of « in Figure [3.4] generated by Gavrilet’s models
of speciation by BDM incompatibilities. Though simplified, these equations capture the
intuitive relationship between allopatric and parapatric speciation, e.g., that moderate gene
flow erodes differences between diverging populations and results in a longer average waiting
time to speciation. For example, assuming a mutation rate of ;4 = 1210~® and a migration
rate of m = 0.1, T® = 2210% generations under a model of allopatric speciation and TP =

1210% in a under a model of parapatric speciation—i.e., parapatric speciation takes five
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Figure 3.4: Analytical results for the relationship between BDM loci mutation rate and wait-
ing time to speciation under alternate models of speciation, by proportion of total divergence

time spent in allopatry («).

million times longer. (In the absence of positive selection, speciation is clearly unlikely in
both scenarios.) Notably, speciation is more likely under a model of periodic gene flow than
continuous gene flow given a constant number of migrants across the entire divergence period
for all three values of a. Further, as o approaches 1 — « in value, the average waiting time

to speciation with period migration approaches its value under strict isolation.

3.4.2  Simulating cyclical speciation

Our simulation of speciation by BDM incompatibilities broadly supported the predictions
of our analytical model. The median time to speciation was lowest in isolation, highest
under constant migration, and intermediate under periodic migration becoming increasingly
longer as the proportion of time spent in allopatry was decreased (Figure . Interestingly,
despite the expected trend in median waiting time, the outlier lowest waiting time values
across all simulations occurred under periodic migration. These data hint at a bimodal

distribution; given our limited number of replicates, we suggest it is an artifact of sampling.
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Figure 3.5: Forward time simulations of the waiting time to speciation by BDM incompat-
ibilities under alternate models of speciation and different proportions of total divergence

time spent in allopatry («).

The interquartile range (IQR) was greatest when aw = 0.01 and lowest when o = 1. However,
the distribution of waiting time values for = 0.01 is bimodal with right skew, suggesting
its low IQR may be an artifact of sample size and that variance is negatively correlated with

«a, reflecting stochasticity in the waiting time to fixation in isolation.

3.4.3  Simulating glacial cycles of isolation and contact

Despite controlling for equilibrium Fsr (which was identical between periodic and continuous
migration scenarios; Wilcox-Mann-Whitney U test, p = 0.89), summary statistics could
easily distinguish simulations of periodic and continuous migration (Figure . The total
number of SNPs, 7w, Watterson’s 6, Tajima’s D, observed heterozygosity, and Dxy were all
significantly higher in continuous migration simulations (Wilcox-Mann-Whitney U test, p <
2.221071%). Identical-by-state haplotype blocks both between and within populations were
significantly longer under periodic migration (p < 2.2210716). The skew of identical-by-state

haplotype blocks was greater within populations under periodic migration (p < 2.22107!9)
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Figure 3.6: The distribution of summary statistics from simulations of periodic gene flow
determined by Vostok Ice Core atmospheric CO; concentrations ( “periodic”) and a standard

isolation-with-migration model (“continuous”).

and between populations under continuous migration, though distributions were broadly
overlapping (p = 0.04978). There was no difference in the distribution of identical-by-state
haplotype blocks over 100,000 bp in length (p > 0.05).

3.4.4  Demographic inference

Across all parameter optimization replicates run in moments, the periodic migration model
had the single highest log-likelihood (-2008.240), while the maximum log-likelihood for a
model of continuous migration was -2763.830. However, the distribution of likelihoods for
both models was broadly overlapping (Figure [3.7), and did not differ significantly (Wilcox-
Mann-Whitney U test, p = 0.7005).
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Figure 3.7: Log-likelihood values for 25 replicate parameter optimizations of demographic
inference of population genomic data simulated under a model of periodic gene flow and

under a model of continuous gene flow.

3.5 Discussion

3.5.1 Speciation with periodic gene flow

Since the inception of the field, speciation research has grappled with the question of whether
reproductive isolation can develop while diverging populations exchange migrants (Darwin,
1859; [Wagner], [1873; [Mayr] [1963; [Smith|, 1966} Coyne and Orr, [2004; [Fitzpatrick et al.| [2008;
Mallet|, 2010). The inherent limitations of biogeographic definitions of speciation have lead
to newer, more precise models, based on underlying processes (Schluter] [2009; [Nosil, |2012)
and / or the presence or absence of gene flow (Pinho and Hey}, 2010). Our study of divergence
with periodic gene flow found that genetic isolation is relatively more likely to occur com-
pared to a model of continuous migration but difficult to distinguish by commonly applied
methods for testing alternate speciation hypotheses with genomic data. These results suggest
periodic gene flow between isolated populations may be an underappreciated force in gen-

erating species diversity under realistic conditions, and indicate gene flow-based definitions
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are themselves a broad category containing related but distinct speciation processes.

Our analytical model describes the expected waiting time to speciation given alternating
periods of isolation and migration of specific durations and specific speciation rates (Fig-
ure ; Equations 2 and 6). By using speciation rates determined by Gavrilets’ models
of allopatric and parapatric speciation by BDM incompatibilities (Gavrilets et al., [1998;
Gavrilets, 1999, 2003)), we demonstrate that speciation with periodic gene flow can be nearly
as likely (i.e., has a similar expected waiting time) as allopatric speciation when an equal
amount of time is spent in isolation as exchanging migrants (Figure . Further, speciation
with periodic gene flow remains substantially easier to achieve than speciation with constant
migration even when as little as 1% of the total period of divergence is spent in isolation
(Figure . This reflects an important property of our model, which is that total expected
waiting time to speciation is equivalent to the harmonic mean of expected waiting times
under alternate migration regimes. We thus know the average waiting time to speciation
given periodic gene flow will always be less than or equal to its value given constant migra-
tion with equivalent effective migration (Nm). Intuitively, this application of the harmonic
mean mirrors its use in estimating effective population size in the face of recurrent bottle-
necks (Vucetich et al., [1997), and highlights the relationship between effective population
size and effective migration rate (4Nm). These parameters together shape the time-averaged
coalescent rate.

As it represents a specialized case of speciation in the face of periodic gene flow, we
highlight several potential limitations of our simple model. First, while our validations with
forward time simulations reflect the expected relative median waiting time to speciation for
different modes of speciation and different values of «, they are not intended to exactly mimic
the speciation rates of (Gavrilets| (2003). We therefore cannot perform a direct comparison
of values or examine whether the waiting time to speciation holds constant across a wide
range of mutation rates. Second, we model alternating periods of isolation and gene flow
as independent, “memoryless” units: partial reproductive isolation developing in one time

period is unrelated to the probability of reproductive isolation developing in the next pe-
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riod, instead contributing to an average across the entire history of divergence. This might
alternately lead to an underestimate (if migration substantially reduces the frequency of a
BDM locus allele) or overestimate (if the frequency of the BDM locus allele is little reduced
by migration after progressing substantially towards fixation) of waiting time to speciation.
Third, we ignore the possibility that reinforcement, adaptive introgression, or many other
evolutionary processes might interact with modeled dynamics (though these will be discussed
below). Finally, we explore only a single model for evolving reproductive isolation between
diverging populations. Could other isolating barriers—e.g., the evolution of a phenotype
used in mate choice—have unique behavior under periodic gene flow? We encourage others

to explore this interesting question with further theory and simulations.

3.5.2  Cycles of isolation and contact leave distinct genomic signatures

Repeated periods of isolation and migration between diverging populations are commonly
cited in discussions of the impact of Pleistocene glacial cycles on extant biodiversity (Klicka
and Zink| 1997} [Avise and Walker| 1998} [Klicka and Zink, [1999; /Ayoub and Riechert| 2004
Lovettel |2005; He et al., [2019). Pleistocene glacial cycles and their effects on global climate
(e.g., forest refugia in a drier Amazon) have been invoked as a mechanism for explaining both
extant species richness and phylogeographic diversity in birds (Klicka and Zink) [1997] [1999;
Weir and Schluter, |2004; |Lovette, 2005; Lamb et al., 2019), plants (Vuilleumier, |1971; Bonac-
corso et al., 2006; He et al 2019)), insects (Knowles, [2000; |Ayoub and Riechert, [2004), fish
(April et al.; 2013)), and mammals (Hundertmark et al.; 2002)). These studies have primarily
evaluated a hypothesis of a Pleistocene effect by comparing molecular clock divergence time
estimates between phylogroups to the timing of the last glacial maximum, sometimes to the
point of controversy (Arbogast and Slowinski, |1998)).

Our simulations using empirical atmospheric C'O; concentration data from the Vostok Ice
Cores provide data that may be useful in more rigorously evaluating hypotheses of the role of
glacial cycles. We were surprised to find that periodic gene flow was readily distinguishable

from continuous gene flow by multiple summary statistics commonly applied to genomic
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data (Figure . These data suggest that neutral evolutionary processes have profoundly
different effects in two scenarios that are often treated under the umbrella of “divergence with
gene flow.” For example, metrics reflecting genetic diversity and effective population size (e.g.,
Dxy, observed heterozygosity, m, Watterson’s 6) are reduced under periodic migration given
equivalent equilibruim Fgp, likely reflecting the increased strength of genetic drift during
periods of isolation, when the effective population size of both lineages is reduced in the
absence of recurrent migration and its input of novel genetic diversity. For similar reasons,
the mean length of identical-by-state haplotype blocks is greater under periodic migration:
the average population-scaled recombination rate (p = 4Ner) is reduced across the entire
timeline of divergence, preventing rapid breakdown of uniparentally inherited chromosomal
regions. While our study necessarily reflects a narrow window of parameter space, we believe
these statistics provide a useful starting point for detecting gene flow pulses at deeper time

scales (Harris and Nielsen, 2013)).

3.5.83 Inferring speciation with demographic modeling

Joint site frequency spectrum based demographic model testing-conducted by comparing em-
pirical data with the expected JSFS, as calculated by diffusion approximation (Gutenkunst
et al., 2009), differential equations (Jouganous et al., 2017), or other approaches (Gronau
et al., 2011)—is widely used to evaluate alternate speciation hypotheses (Hey, 2010; Nosil,
2012; [Rougeux et al., 2017)). These studies have provided much of the recent evidence for
speciation with gene flow (Butlin et al.; 2008; |Jénsson et al., 2013; |[Filatov et al., 2016;
Rougeux et al., 2017) and led Nosil to suggest the process might be common (Nosil, [2008b)).
Our finding that a realistic model of periodic gene flow is difficult to distinguish from an
isolation with migration model using JSFS-based model testing sounds a cautionary note,
at least insofar as “speciation with gene flow” and its analogs are used to refer to traditional
models of parapatric or sympatric speciation without any period of allopatry. Given its
reduced waiting time compared to these processes (Figure , we suggest studies claiming

that initial population divergence occurred in the face of gene flow argue for its plausible
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selective driver rather than relying on imprecise estimates of the timing of migration alone

(Strasburg and Rieseberg, [2011). However, we highlight that many studies that use “spe-

ciation with gene flow” apply it broadly, including cases of secondary contact prior to the

development of complete reproductive isolation (Rougeux et all |2017). While we remain

agnostic to its appropriate context, this ambiguity seems to be a continuation of a problem

of language usage in speciation research more broadly (Harrison| [2012).

3.5.4  Complexity in speciation and future directions

The advent of affordable genome-wide DNA sequence data for nonmodel organisms and con-
current leaps in theory and computational methods have spurred a renaissance in speciation

research (Nielsen and Wakeley|, 2001} [Fitzpatrick et al., 2008} [Mallet], 2008} [Nosil, 2008b};

Rougeux et al 2017). This new work has transformed our understanding of speciation,

suggesting it is profoundly shaped by selection and frequently characterized by extensive

introgression between diverging lineages (Mallet, 2008; (Cui et al., [2013; [Toews et al., |2016;

Kumar et al., 2017). Our study highlights another dimension of complexity in speciation the-

ory and research, and indicate temporal heterogeneity in rates of gene flow deserves increased
scrutiny.

Beyond the findings reported in this paper, we believe several aspects of speciation with
periodic gene flow provide promising research directions. First, hybridization is increasingly

recognized as a generative force in evolution; adaptive introgression can increase fitness across

population and species boundaries (Norris et al, 2015; [Racimo et al.;[2015), and occasionally

lead to the evolution of reproductive isolation itself (Gompert et al., 2006; Brelsford et al.,
2011} [Schumer et al., 2014, 2018a; Barrera-Guzmn et al., |2018). Periodic gene flow could

provide raw material for these processes, increase the efficacy of selection by boosting Ne,

or facilitate reinforcement (Coyne and Orr, 2004), accelerating speciation. Second, while the

constancy and timing of gene flow between diverging populations is an important parameter
and connects the historical emphasis on biogeography with the population genomic era, the

selective pressures driving speciation are likely more useful for the long-term goal of devel-
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oping general predictions for when and where it will occur (Kumar et al.| [2017). Though
difficult to identify from genomic data alone, we believe the underlying mechanisms generat-
ing reproductive isolation form the most useful framework for classifying modes of speciation,
and encourage the development of new methods to identify them (Schluter, 2009). Finally,
demographic inference based on the site frequency spectrum will likely remain an important
tool in speciation research, but it is limited by its lack of haplotype information. Machine
learning approaches approaches based on realistic forward-time simulations and multiple
summaries of genetic data (e.g., Schrider and Kern (2018])) or even raw genotype matrices
(Flagel et all 2019) represent a largely untapped frontier in our quest to understand the

mechanisms underlying biological diversity.
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