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 ABSTRACT 13 

The flora and fauna of island systems, especially those in the Indo-Pacific, are renowned for their 14 

high diversification rates and outsized contribution to the development of evolutionary theories. 15 

The total diversity of geographic radiations of many Indo-Pacific fauna is often incompletely 16 

sampled in phylogenetic studies due to the difficulty in obtaining single island endemic forms 17 

across the Pacific and the relatively poor performance of degraded DNA when using museum 18 

specimens for inference of evolutionary relationships. New methods for production and analysis 19 

of genome-wide datasets sourced from degraded DNA are facilitating insights into the complex 20 

evolutionary histories of these influential island faunas. Here, we leverage whole genome 21 

resequencing (20X average coverage) and extensive sampling of all taxonomic diversity within 22 

Todiramphus kingfishers, a rapid radiation of largely island endemic ‘Great Speciators.’ We find 23 

that whole genome datasets do not outright resolve the evolutionary relationships of this clade: 24 

four types of molecular markers (UCEs, BUSCOs, SNPs, and mtDNA) and tree building 25 

methods did not find a single well-supported and concordant species-level topology. We then 26 

uncover evidence of widespread incomplete lineage sorting and both ancient and contemporary 27 

gene flow and demonstrate how these factors contribute to conflicting evolutionary histories. Our 28 

complete taxonomic sampling allowed us to further identify a novel case of mitochondrial 29 

capture between two allopatric species, suggesting a potential historical (but since lost) hybrid 30 

zone as islands were successively colonized. Taken together, these results highlight how 31 

increased genomic and taxon sampling can reveal complex evolutionary patterns in rapid island 32 

radiations.  33 

KEYWORDS: Artefactual branch effect, incomplete lineage sorting, Indo-Pacific, mitochondrial 34 

capture, incomplete, molecular phylogenetics, whole genome resequencing   35 
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Islands play an outsized role in the study of speciation of wild populations (Wallace 1881; 36 

MacArthur and Wilson 1967; Whittaker et al. 2017). Indeed, some of the most influential 37 

examples of species diversification stem from island systems. These include the adaptive 38 

radiations of Darwin’s finches in the Galapagos (Darwin 1859; Grant and Grant 2006; 39 

Lamichhaney et al. 2015), Hawaiian silverswords and honeycreepers (Baldwin and Sanderson 40 

1998; Lerner et al. 2011; Landis et al. 2018), and Caribbean Anolis lizards (Mahler et al. 2010). 41 

Though these examples have provided substantial insights in evolutionary biology, they are 42 

unique cases in which results may not be generalizable to other groups of organisms. Conversely, 43 

many lineages have evolved equally rapidly on islands without morphological novelty or obvious 44 

adaptive consequences—hereafter referred to as geographic radiations (Rundell and Price 2009; 45 

Simões et al. 2016). As distinct from adaptive radiations, geographic radiations occur across 46 

spatially structured landscapes, such as island archipelagos, without the evolution of key 47 

innovations or obvious adaptive changes (Moyle et al. 2009; Lieberman 2012; Moen and Morlon 48 

2014). By studying organisms that occur across island systems, researchers can more readily 49 

parse how these forces shape the evolutionary history of clades during bouts of rapid and 50 

successive speciation events.  51 

However, the study of rapid geographic radiations across island systems is not without its 52 

challenges. For example, neutral processes like genetic drift and mutation are stronger 53 

evolutionary forces in small populations such as those found in island systems (Baum et al. 54 

2017). Additionally, rapid and successive speciation events contribute to short internode 55 

distances that prove difficult for phylogenetic inferences (Whitfield and Lockhart 2007; Bagley 56 

et al. 2020; Roycroft et al. 2020). These events also contribute to incomplete lineage sorting 57 

(ILS), which is more frequent when successive speciation events occur at a faster rate than the 58 
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coalescence of alleles (Degnan and Salter 2005; Maddison and Knowles 2006; Scornavacca and 59 

Galtier 2017). These issues are magnified when historical samples are included in analyses 60 

(Smith et al. 2020; Ernst et al. 2022; Roycroft et al. 2022), a necessary, yet adverse, byproduct of 61 

the gaps in modern genetic sampling. As our ability to collect better genetic data from degraded 62 

samples increases, empirical studies are turning to historical samples to include these range-63 

restricted or rarely collected populations to broadly sample the entirety of geographic radiations.  64 

The varied geographic radiations across the Indo-Pacific, encompassing southeast Asia 65 

eastward to Polynesia, have contributed to many aspects of ecological and evolutionary theories 66 

in wild populations. These include the early foundations of biogeography (Müller 1846; Wallace 67 

1863, 1881; Lydekker 1896), the Theory of Island Biogeography (MacArthur & Wilson, 1967), 68 

the ‘Great Speciator’ paradox (Diamond et al., 1976), taxon cycles (Wilson, 1959, 1961), and 69 

allopatric speciation (Mayr 1942, 1963). Considered to be the main mechanism of speciation, 70 

allopatric speciation invokes geographic isolation as a critical aspect of reproductive isolation 71 

and subsequent lineage diversification. Prior to his work on speciation and the Biological Species 72 

concept (Dobzhansky 1937; BSC; Mayr 1940, 1942), Ernst Mayr wrote extensively on the 73 

phenotypic differences and evolutionary histories of many avian geographic radiations as curator 74 

of ornithology at the American Museum of Natural History. He was particularly interested in 75 

describing geographic variation based on avian specimens collected during the Whitney South 76 

Seas Expedition (Chapman 1935), including honeyeaters (Mayr 1932a), Rhipidura fantails 77 

(Mayr 1931a), Pachycephala whistlers (Mayr 1932b), and kingfishers (Mayr 1931b, 1935, 78 

1941). The extensive phenotypic variation across these geographic radiations was influential in 79 

the development of his evolutionary theories (Mayr 1940, 1942, 1963). Mayr’s work on the 80 

geographic variation of Halcyon kingfishers—now Todiramphus (Moyle 2006)—led to his 81 
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coinage of the ‘superspecies’ concept (Mayr 1931b), or what we now refer to as geographic 82 

radiations. The superspecies concept describes a taxonomic ‘grey zone’ in which the varied 83 

insular populations that comprise a geographic radiation may be recently diverged, having 84 

developed distinctive phenotypic characteristics in isolation; however, they could not be treated 85 

as separate species given our inability to assess reproductive isolation between allopatric 86 

populations, a requirement of the Biological Species concept (Dobzhansky 1937; Mayr 1942, 87 

1963; Mayr and Diamond 2001).  88 

Due to changing prevailing definitions of species and new advances in molecular 89 

systematics, there have been drastic impacts on the taxonomy of geographic radiations and 90 

subsequent estimations of their species richness. Alternative views on species boundaries, such 91 

as the Generalized Lineage Species Concept (de Quieroz 1998; de Queiroz 1999), led to an 92 

increase in recognized species-level diversity within allopatric superspecies complexes. For 93 

example, there has been a sea change in the way species limits are applied to insular geographic 94 

radiations, due to the resolution of paraphyly or recognition of phylogenetically divergent 95 

lineages, including in whistlers (Andersen et al. 2014; Marki et al. 2018), thrushes (Reeve et al. 96 

2023), pittas (Irestedt et al. 2013), Australasian robins (Kearns et al. 2016), monarch flycatchers 97 

(Andersen et al. 2015a, 2021; McCullough et al. 2021), white-eyes (Lim et al. 2019), sunbirds (Ó 98 

Marcaigh et al. 2022), and kingfishers (Andersen et al. 2013; Sin et al. 2022). Increasingly, our 99 

understanding of speciation with gene flow in these radiations has brought a more nuanced 100 

approach to species limits (Nosil 2008; Campbell et al. 2018; Gyllenhaal et al. 2020; Mapel et al. 101 

2021).  102 

Todiramphus kingfishers represent the most species-rich and widespread genus within its 103 

taxonomic order (Aves: Coraciiformes), distributed from the Red Sea to French Polynesia (Fig. 104 
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1). They are generalist predators, not obligate plunge-diving piscivores, as their common name 105 

suggests. The Collared Kingfisher (Todiramphus chloris) is among the most widespread and 106 

polytypic avian superspecies complexes in the Indo-Pacific. Andersen et al. (2015b) argued for a 107 

revised classification based on a phylogeny that found no less than 10 species embedded within 108 

the T. chloris species complex, thus rendering T. chloris paraphyletic. Moreover, this study 109 

found that multiple instances of sympatry and obvious reproductive isolation within this group 110 

suggested that species limits within Todiramphus, and especially within the T. chloris species 111 

complex, were inadequately circumscribed.   112 

Subsequent analyses highlighted the rapid diversification rate of Todiramphus kingfishers 113 

(Andersen et al. 2018; McCullough et al. 2019), rivaling the textbook geographic radiation of 114 

Zosterops white-eyes (Moyle et al. 2009; Lim et al. 2019). Unsurprisingly, the phylogenetic 115 

history of Todiramphus kingfishers has proven recalcitrant, likely owing to their high speciation 116 

rate and relative limitations of prior Sanger and reduced-representation sequencing datasets 117 

(Andersen et al. 2015b, 2018; McCullough et al. 2019). More focused work employing RADseq 118 

data, particularly assessing a major clade within the genus once considered a part of the T. 119 

chloris complex, has highlighted a case of mitochondrial discordance within one clade of 120 

Todiramphus comprising the migratory Sacred Kingfisher (T. sanctus), Islet Kingfisher (T. 121 

colonus), and Torresian Kingfisher (T. sordidus; DeRaad et al. 2023). However, this study found 122 

negligible levels of gene flow between these species and instead showed patterns consistent with 123 

high rates of incomplete lineage sorting.  124 

Because of the relatively rapid timing and phylogenetic diversity in the group, 125 

Todiramphus kingfishers provide an opportunity to investigate how and when rapid radiations 126 

occur across the Indo-Pacific. Todiramphus kingfishers originated in Sahul (Australia and New 127 
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Guinea; Andersen et al. 2018), having diverged from its sister taxon Syma approximately 10.3 128 

Ma (McCullough et al. 2019). Since then, they dispersed eastward to French Polynesia and 129 

westward across Southeast Asia to western India and as far as the Arabian Peninsula (Fig. 1). 130 

The genus exhibits a high degree of secondary sympatry in island systems. For example, five 131 

Todiramphus species can be found on Halmahera Island, Indonesia (17,780 km2; Woodall 2001), 132 

and three species can be found on the much smaller Tetepare Island, Solomon Islands (118 km2; 133 

McCullough et al. 2023). These kingfishers show marked geographic diversity, with noticeable 134 

differences in plumages and body size within the same archipelago (e.g., Cinnamon-banded 135 

Kingfisher T. australasia in the Lesser Sundas) or continental landmasses (Blue-black Kingfisher 136 

T. nigrocyaneus in New Guinea). Of the 29 currently recognized extant species of Todiramphus 137 

(Clements et al.2023; Gill et al. 2024), 28 occur on islands and seven are single-island endemics 138 

(Fry et al. 1992; Woodall 2001). At the subspecific level, for which there are 93 named taxa, 70 139 

occur only on islands and 28 are restricted to single islands (Fig. S1). Indeed, they occur on 140 

nearly every island from Southeast Asia, through Wallacea, Melanesia, Micronesia, and 141 

Polynesia—they truly are a quintessential geographic radiation.  142 

Various studies have addressed species-level relationships at the family and ordinal levels 143 

(Moyle 2006; Andersen et al. 2018; McCullough et al. 2019) or have addressed specific clades 144 

(Andersen et al. 2015b; O’Connell et al. 2019; DeRaad et al. 2023). Yet to date, only half of the 145 

total taxonomic diversity within Todiramphus has been included in a phylogenetic analysis due 146 

to the lack of accessible modern tissue samples. Owing to these sampling gaps, the taxonomy 147 

and evolutionary history of Todiramphus kingfishers remains unresolved. In this study, we 148 

employed whole-genome resequencing of all 93 extant Todiramphus taxa to produce the first 149 

fully sampled phylogeny of one of Mayr’s classic examples of a geographic radiation. From 150 
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whole genome resequencing data of 127 samples, we extracted four types of molecular data for 151 

phylogenetic inferences: ultraconserved elements (UCEs), single nucleotide polymorphisms 152 

(SNPs), Benchmarking Universal Single-Copy Orthologs (BUSCOs), and mitochondrial 153 

genomes (mtDNA). In doing so, we provide the most detailed study to date on the evolution of 154 

one of the most widespread of the ‘Great Speciator’ genera. Our results reveal how incomplete 155 

lineage sorting and gene flow during a rapid radiation have contributed to phylogenetic 156 

uncertainty as well as another case of mitochondrial discordance within this complex. Together, 157 

our study highlights the complicated evolutionary history of one of the Indo-pacific’s greatest 158 

avian radiations.  159 

 160 

METHODS 161 

Sampling and laboratory methods 162 

We sampled at least one individual for all extant and named Todiramphus taxa (Table S1). 163 

Because the number of taxa considered for each species varies widely, our species-level 164 

sampling ranged from a single sample representing the monotypic Somber Kingfisher (T. 165 

funebris) to 22 samples representing all the taxa within the widespread Pacific Kingfisher (T. 166 

sacer). We also sampled two populations of T. sacer that Mayr considered as possible separate 167 

taxa but refrained from naming both as separate subspecies, from Tucopia Island, Solomon 168 

Islands and Aneityum Island, Vanuatu (Mayr 1931b). Moreover, we sampled multiple 169 

individuals for two range-restricted Beach Kingfisher taxa that exhibit various head-color 170 

morphotypes (T. saurophagus admiralitis and T. s. anachoreta which have green/blue or white 171 

color on their heads). The only Todiramphus species we did not sample was the extinct 172 

Mangareva Kingfisher (T. gambieri), whose species is represented by a single specimen 173 
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collected from Mangareva Island in 1838 (Thibault and Cibois 2017). Many Todiramphus taxa 174 

are endemic to a few or single islands across the Indo-Pacific and are thus rarely collected, so we 175 

relied heavily on clippings of toepads from museum study skins (n = 76, 59% of total sampling). 176 

All other samples were either sourced from blood (n = 4) or ethanol- or frozen-preserved tissue 177 

samples (n = 47) loaned to us from natural history collections. Our sampling scheme spans 178 

nearly one and a half centuries of collecting effort by countless collectors (1887–2019, toepads 179 

span 1887–1987). In total, we had 127 samples representing all 92 extant diversity within the 180 

genus; because of differing levels of sample quality, not all samples are present in each generated 181 

dataset (Table S1). We chose four representatives from each of the three kingfisher subfamilies 182 

as outgroups, sourced from higher-level work on genomic evolution across the family (Eliason et 183 

al. 2023). Because DNA sourced from museum specimens is known to have higher rates of 184 

degradation than high quality tissues, we treated toepad-sourced samples differently than tissue-185 

sourced samples at all stages of wet lab work (see Appendix 2 for more details). We prepared 186 

libraries with Kapa Biosystems Hyper Prep Kit and the iTruStub dual-indexing system 187 

(baddna.org) using established protocols at the University of New Mexico. We pooled toepad- 188 

and tissue-sourced libraries separately (10–15 toepad libraries per lane and 15–16 tissue libraries 189 

per lane) and sequenced them across 12 S4 PE-150 lanes of an Illumina NovaSeq 6000 at the 190 

Oklahoma Medical Research Foundation. 191 

 192 

Bioinformatic processing  193 

We trimmed demultiplexed raw reads with trimmomatic v.0.39 (Bolger et al. 2014) and aligned 194 

cleaned reads to a Collared Kingfisher (T. chloris collaris) reference genome (Eliason et al. 195 

2022) using BWA v.0.7.17 (Li and Durbin 2009) and GNU Parallel (Tange 2021). We used 196 
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MarkDuplicatesSpark, implemented in GATK v.4.2.6.1 (McKenna et al. 2010; Van der Auwera 197 

and O’Connor 2020), to tag and remove duplicate reads. We assessed individual genome 198 

summary statistics (i.e., CollectAlignmentSummaryMetrics, CollectInsertSizeMetrics, and 199 

depth) with Picard v.2.26.11 (Broad Institute 2019) and samtools v.1.15 (Danecek et al. 2021). 200 

We used GATK v.3.8.1 to identify and realign indels (RealignerTargetCreator, IndelRealigner) 201 

to produce final BAM files for extraction of different types of molecular markers for downstream 202 

phylogenetic analyses.   203 

 204 

Extraction and analysis of Ultraconserved Elements (UCEs) 205 

We used the Phyluce v.1.7.0 (Faircloth 2016); described in full at https://github.com/faircloth-206 

lab/ phyluce) Python package to harvest thousands of UCE loci in silico (specifically following 207 

the phyluce Tutorial III: Harvesting UCE Loci From genomes). We used samtools to convert the 208 

final BAM file to fasta and then to 2.bit format using fatoTwoBit (Kuhn et al. 2013). Next, we 209 

aligned the tetrapods UCE 5k probe set to each genome and extracted loci with 500 bp flanking 210 

regions with “phyluce_probe_slice _sequence_from_genomes”. We then followed the typical 211 

bioinformatic steps implemented in the phyluce pipeline starting from “phyluce_assembly_get 212 

_match_counts.” We aligned each locus with MAFFT (Katoh and Standley 2013) without 213 

initially trimming the ends of UCE loci, instead trimming using TrimAL v.1.4.rev15 (Capella-214 

Gutiérrez et al. 2009) with the “-automated1” flag and degenerated_DNA matrix (available at 215 

https://github.com/inab/trimal/ blob/trimAl/dataset/matrix.Degenerated_DNA) to allow for 216 

ambiguous bases.  217 

 During preliminary phylogenetic exploration, we determined that many of the toepad-218 

sourced samples had exceptionally long branches (see below for phylogenetic analyses and Table 219 
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S1 for these samples). Biologically unrealistic long branches such as these can contribute to 220 

long-branch attraction and therefore incorrect phylogenetic relationships (Felsenstein 1978); this 221 

issue has been shown as a byproduct of poor alignment trimming contributing to “dirty ends” of 222 

UCE loci sourced from historical samples, including those sourced from avian toepads 223 

(McCormack et al. 2015; Smith et al. 2020; Salter et al. 2022). We removed these artefactual 224 

“dirty ends” following the bioinformatic pipeline by Smith et al. (2020; see Appendix 2 for 225 

further information). Our final UCE dataset was a  90% complete matrix comprising multiple 226 

individuals for some taxa that had at least 105 of 117 samples present at each UCE locus (Table 227 

S3).  228 

 We used multispecies coalescent tree (MSC) and concatenated maximum likelihood 229 

(ML) methods to analyze UCE datasets. Because gene tree histories could conflict with the 230 

overall species tree, we used two species tree methods that account for gene tree heterogeneity 231 

(Kubatko and Knowles 2023). First, we used SVDquartets (Chifman and Kubatko 2014) 232 

implemented in Paup* 4.0a168 (Swofford 2003); this quartet-based method uses a concatenated 233 

alignment and site pattern frequencies of splits to estimate a species tree and has been shown to 234 

perform well for large multilocus datasets (Wascher and Kubatko 2021). To decrease 235 

computation time in Paup*, we split up the 117-sample, 90% complete matrix into two, 236 

overlapping subsets of taxa (each with 69 samples). For each subset, we analyzed all possible 237 

quartets and assessed support with 100 BS. Next, we used the summary-statistic method 238 

ASTRAL-III v.1.15.2.4 (Zhang et al. 2018; Rabiee et al. 2019) to estimate the species tree. This 239 

summary-statistic MSC method is sensitive to fragmentary data and depends on high quality 240 

gene trees (Mirarab 2023). Because toepad-sourced samples often have a higher degree of 241 

missing data within individual alignments, we used a series of filtering steps to produce a final 242 
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set of high quality gene trees. To do so, we 1) filtered the 90% complete matrix to drop samples 243 

from individual alignments if they comprised more than 25% of ambiguous nucleotides (N) and 244 

70% of gaps; 2) filtered our gene trees based on different thresholds of parsimony informative 245 

(PI) sites (>50 PI sites and 1,583 gene trees; >100 PI sites and 125 gene trees; see Appendix 2 246 

for more details).  For ASTRAL, we increased the number of searches (-r) and subsampling (-s) 247 

from the default of 4 to 8. To estimate a concatenated ML phylogeny of the 90% complete 248 

matrix, we used RaxML-NG v.1.2.0 (Kozlov et al. 2019), assuming a general time-reversible 249 

model of nucleotide substitution and gamma-distributed rates among all sites (GTR+G) and 250 

evaluated support with the autoMRE function (set to 1000 BS). Finally, we inferred a partitioned 251 

maximum likelihood phylogeny with IQtree 2.1.4 (Chernomor et al. 2016; Minh et al. 2020b), 252 

implementing modelfinder and assessing support with 1,000 replicates of Ultrafast bootstraps 253 

(Hoang et al. 2018).  254 

 255 

Processing and analysis of single-copy orthologous loci (BUSCOs) 256 

Because of their conserved nature in coding regions of the genome, single-copy orthologous 257 

genes (Benchmarking Universal Single-Copy Orthologs [BUSCOs; Simão et al. 2015) have been 258 

shown to be informative molecular markers at both deep and shallow timescales (Waterhouse et 259 

al. 2018; Timilsena et al. 2022; Alaei Kakhki et al. 2023). Prior to extracting thousands of 260 

BUSCO loci for phylogenetic inference, we masked low coverage sites from the final BAM files. 261 

Generally, we calculated read depths with mosdepth 0.3.3 (Pedersen and Quinlan 2017), 262 

generated consensus sequences with bcftools 1.19 (Li 2011; Danecek and McCarthy 2017) 263 

implemented in a custom function in R 4.3.2 (R Development Core Team 2013), and used 264 

bedtools v2.31.1 (Quinlan and Hall 2010) to mask sites with less than five reads. We extracted 265 
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thousands of BUSCO loci from the genomes using BUSCO 5.4.6 (Manni et al. 2021a, 2021b). 266 

During initial phylogenomic analysis, it became clear that extracting these data from the lower 267 

coverage toepad genomes yielded problematic alignments that contributed to an artificial pattern 268 

in which these low coverage toepad genomes grouped together rather than within the clades that 269 

matched those inferred with SNP and UCE datastets (Fig. S3). Because all of these data are 270 

aligned to the same reference, we instead ran BUSCO on the high quality T. chloris collaris 271 

reference genome and used BED coordinates of 8,337 BUSCO loci to extract these same regions 272 

from all of our samples. To do so, we converted the metaeuk output for our reference sample to 273 

gff3 coordinate format using the python script MetaeukToGff.py (https://github.com/Andy- B-274 

123/MetaeukToGff3). With GFFread v0.12.8 (Pertea and Pertea 2020), we extracted individual 275 

genes in amino acid (AA) format from all samples. We created locus-specific files with 276 

faSomeRecords (Kuhn et al. 2013) and removed short duplicates within loci with keep-277 

longest.py (https://gist.github.com/mkweskin/8869358). Because all loci—regardless of whether 278 

adequate coverage of sequence data is present—are extracted based on this approach, we filtered 279 

out loci that were entirely composed of missing data or invariant sites as well as those that did 280 

not have PI sites to produce a matrix of 8,012 AA loci for 109 samples.   281 

 To determine if protein-coding loci inferred similar phylogenetic histories to the SNP and 282 

UCE datasets, we also inferred phylogenies for the BUSCO loci with MSC and ML methods. 283 

Similar to how we treated UCE data, we performed additional steps to filter BUSCO loci for 284 

MSC analyses in order to produce high quality gene trees as input into ASTRAL. Though every 285 

sample in our dataset was present at each of these loci regardless of presence of data, many 286 

toepad samples comprised 50% or more of ambiguous sites. We dropped these individual 287 

samples from BUSCO alignments with the same python script noted in the UCE processing 288 
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section by the ambiguous character from “N” to “X”. In a similar fashion as the UCE datasets, 289 

we filtered BUSCO loci by the number of PI sites. With a threshold of 20 PI AA sites (4,177 290 

gene trees), a similar artefactual pattern of toepad-sourced samples cluster was apparent (Fig. S4) 291 

that disappeared with a threshold of 100 PI AA sites (470 gene trees). We increased the number 292 

of searches (-r) and subsampling (-s) to 8. We inferred a maximum likelihood phylogeny for the 293 

concatenated matrix of 8,012 loci with IQtree 2.1.4 and assessed support with 1,000 ultrafast 294 

bootstraps. During model selection, we confined substitution models to the Q.bird matrix and did 295 

not allow for partition merging (Chernomor et al. 2016; Kalyaanamoorthy et al. 2017; Minh et al. 296 

2021). 297 

 298 

Processing and analysis of Single Nucleotide Polymorphisms (SNPs) 299 

We performed variant discovery and genotyping on realigned BAM files with UnifiedGenotyper 300 

in GATK 3 using a scatter-gather approach. Recent work has shown that the results of this 301 

program are comparable to HaplotypeCaller in GATK 4 and ANGSD (Korneliussen et al. 2014) 302 

for non-model organisms (Aguillon et al. 2021). With VCFtools, we initially filtered SNPs that 303 

were successfully genotyped in at least 90% of samples, had a minimum quality score of 30, 304 

minimum depth of 3, and a minor allele count of 3. Because toepad-sourced samples had 305 

significantly higher missing data, we removed samples that were missing at 55% or more sites in 306 

this initial dataset. This only affected poorly sequenced toepad-sourced samples in which we had 307 

several representatives per taxon. One sample of T. n. nigrocyaneus (AMNH 301866) fell 308 

marginally below this threshold, but since it had less missing data than our other T. n. 309 

nigrocyaneus sample, thus we still included it in the final VCF file (see Table S1). After 310 

dropping these six toepad samples, we then produced a SNP dataset in which all samples were 311 
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successfully genotyped at all sites, as well as only keeping bi-allelic SNPs every 5,000 bp. Our 312 

final dataset comprised 85,156 SNPs from 119 samples representing all Todiramphus taxa.   313 

We implemented three different ML, MSC, and distance-based network methods for tree 314 

building using SNP data. First, we converted the VCF file to nexus format with nucleotide data 315 

using the ruby script convert_vcf_to_nexus.rb (available on https://github.com/mmatschiner/ 316 

tutorials/blob/master/species_tree_inference_with_snp_data/src/convert_vcf_to_nexus.rb). We 317 

used this alignment for ML inference in IQtree, correcting for ascertainment bias (+ASC) to limit 318 

branch length overestimations and assessed support with 1,000 BS replicates. Second, we 319 

analyzed the SNP alignment using all possible quartets with SVQquartets and assessed support 320 

with 1,000 BS replicates. Third, we generated a phylogenetic network to visualize the genetic 321 

distances between all samples. We used R package StAMPP v1.6.3 (Pembleton et al. 2013; R 322 

Development Core Team 2013) to produce a pairwise genetic distance (Nei’s D; Nei 1972) 323 

matrix as input into SplitsTree4 v 4.18.13 (Bryant and Moulton 2004; Huson and Bryant 2006) 324 

to produce a Neighbor-Net phylogram.  325 

 326 

Extraction and analysis of Mitochondrial genomes  327 

We generated mitogenomes by mapping the trimmomatic cleaned reads to a reference 328 

mitogenome of T. sanctus vagans (GenBank: NC011712, (Pratt et al. 2009) using the singularity 329 

version of Mitofinder V1.4.1 (Allio et al. 2020). We checked these alignments by eye for 330 

incorrect internal stop codons and dropped spurious samples from gene alignments if initial 331 

phylogenetic analyses inferred them as an outgroup to Todiramphus (suggesting a incorrectly 332 

mapped NUMT sequence rather than true mitochondrial DNA; (Nacer and Raposo do Amaral 333 
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2017). We used IQtree v2.2.2.6 to infer a maximum likelihood phylogeny of the 12 mtDNA 334 

genes and assessed support with 1,000 BS replicates.  335 

 336 

Tests for incomplete lineage sorting and gene flow 337 

To test for incomplete lineage sorting, we calculated gene and site concordance factors 338 

for the BUSCO and 90% complete UCE matrix trees inferred with IQtree. Gene (gCFs) and site 339 

concordance factors (sCFs)  are two additional measures for assessing topological support by 340 

revealing the level of gene tree species tree discordance in phylogenomic datasets to assess the 341 

extent of ILS. We pared down each of these datasets to a subset of 34 tips that encompassed 342 

higher-level relationships across Todiramphus. To calculate gCFs, we chose to use the more 343 

informative gene trees that we produced for ASTRAL in order to limit noise introduced by 344 

thousands of low-signal gene trees. We calculated cGFs from UCE-based gene trees with >50 345 

PIsites (1,583 gene trees) and BUSCO-based gene trees with >20 PI AA sites (4,155 gene trees) 346 

with the superfluous tips not included in our 34-tip subset dropped ad hoc. We calculated sCFs, 347 

using the maximum likelihood implementation with --scfl flag (Minh et al. 2020a; Mo et al. 348 

2023), from the pared down concatenated alignments.  349 

We estimated the phylogenetic network for the UCE gene tree dataset (1,583 gene trees) 350 

with Species Networks applying Quartets (SNaQ; Solís-Lemus and Ané 2016) implemented in 351 

Julia (Bezanson et al. 2017). SNaQ is a maximum pseudolikelihood approach to infer 352 

phylogenetic networks while simultaneously accounting for ILS and gene flow with a coalescent 353 

model based on quartet concordance factors (Baum 2007). We counted quartets and calculated 354 

concordance factors with the ‘countquartetsintrees’ function in PhyloNetworks (Solís-Lemus et 355 

al. 2017). After removing our outgroup, the Blue-caped Kingfisher (Actenoides hombroni), from  356 
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 357 

Figure 1. Ranges and evolutionary relationships of all Todiramphus kingfishers. A) Partitioned 358 

maximum likelihood phylogeny of 4,942 UCE loci from the 90% complete matrix. Circles on nodes 359 

indicate support values less than 100 bootstrap support. B). Ranges of 29 species-level groups with 360 

diagonal lines showing sympatry and colors corresponding to tips. Letters corresponding to species 361 

ranges are as follows: A, T. enigma; B, T. funebris; C, T. diops; D, T. lazuli; E, T. macleayii, F, T. 362 

colonus, G, T. albonotatus. See Figure S1 with these ranges directly labeled with taxon names. C) 363 
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Unrooted phylogenetic network based on pairwise divergence among all samples, produced from a 364 

complete set of 85,165 SNPs. Note that some branch lengths have been artificially shortened, denoted by 365 

double slashes. See Figure S17 for subspecific labels. Illustrations created by Jenna McCullough and 366 

names are as follows: i, T. nigrocyaneus; ii, T. farquhari; iii, T. reichenbachii; iv, T. sacer; v, T. sanctus; 367 

vi, T. saurophagus; vii, T. tristrami; and viii, T. leucopygius.  368 

 369 

our gene trees, our 33-tip dataset comprised 40,920 unique quartets which proved 370 

computationally intractable to analyze together. Instead, we produced three subsets of 3,000 non-371 

overlapping randomly selected quartets as input into SNaQ, using hm= 0–4 with 10 runs each. 372 

For each subset, we kept adding edges until the likelihood scores no longer improved and chose 373 

the tree with the best overall likelihood (though we report the best tree for each subset).  374 

 Mitochondrial data revealed discordant topologies for some T. sacer taxa and T. colonus 375 

and T. sordidus (discussed in detail in the Results section); to specifically test for gene flow 376 

between non-sister taxa, we used Dsuite v0.5 (Malinsky et al. 2021) to perform four-taxon 377 

ABBA-BABA tests. We used our 119-sample filtered SNP dataset, in which each sample was 378 

present at a given site and each SNP was at least 5,000 bp apart (85,156 SNPs) as input and used 379 

the Dtrios module for block Jackknifing of 20 SNP windows across the genome (4,256 SNPs per  380 

window) to calculate D and f4-ratio statistics (Durand et al. 2011; Patterson et al. 2012) for every 381 

possible quartet topology. We analyzed two different datasets: 1) a species-level dataset in which 382 

all subspecific taxa were lumped into their respective species’ tip, except for T. sacer regina (as 383 

it was not monophyletic with the rest of T. sacer; see Results) and 2) the same as #1 but pared 384 

down for fewer species and the treatment of five T. sacer taxa that were recovered within the 385 

mitochondrial T. sanctus clade as separate tips: T. sacer vicina and four microendemics of 386 

Temotu Province, Solomon Islands, T s. regina, vicina, ornatus, utupuae, and brachyurus. The 387 
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remaining T. sacer taxa were grouped within a “polynesian” and “melanesian” tip based on the 388 

two clades recovered in the UCE IQtree topology (Fig. 1). We incorporated a false discovery rate 389 

(FDR)-adjusted statistical significance threshold (Benjamini and Hochberg 1995), which is 390 

recommended by the developer when running more than one trio (Malinsky et al. 2021). Our 391 

FDR-adjusted p-threshold was 0.0000137 (3,654 pairwise tests for 29 tips in both datasets).  392 

  393 

RESULTS 394 

The average coverage of assembled genomes was 20X with differences between toepad- (n = 66, 395 

average depth 10X with range of 4.6–27.9X) and tissue-sourced genomes (n = 47, average depth 396 

34.8X, 11.9–98X; Table S1, Fig S5). Tissue-sourced genomes were relatively complete, with an 397 

average 96.2% (standard deviation ±0.72%) of the 8,338 single-copy BUSCO loci (Table S4, 398 

Figs. S6–7). Toepad-sourced genomes, on the other hand, averaged 55.9 ± 33.7% single-copy 399 

BUSCO loci; though this was higher for those with more than 10X average coverage (88 ± 400 

14.9%). Average depth for toepad-sourced genomes did not negatively scale with collection date; 401 

perhaps not surprisingly, the relative data quality from the datasets extracted from these genomes 402 

did scale with average depth (Fig. S7). Ten of the 127 genomes produced for this project, all 403 

sourced from toepad material, were not high enough in coverage to produce adequate data for 404 

inclusion in each of the four genetic datasets (we highlight in which datasets samples were 405 

present in Table S1).  406 

We extracted several datasets with varying numbers of samples for UCE, BUSCO, SNP, 407 

and mtDNA data (Table S3). Our 90% complete UCE matrix with 117 samples comprised 4,942 408 

loci and 4,531,264 bp. Our BUSCO datasets, differing based on thresholds of within-locus PI 409 

AA sites, comprised 8,012 (>20 PI sites per locus threshold, total length 5,102,241 AA sites) 410 
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with 108 samples. Our 100% complete SNP dataset, with one SNP per 5 kb, comprised 85,156 411 

SNPs for 119 samples. We recovered complete or partial mitochondrial genomes for 111 412 

samples.  413 

 414 

Topological conflict between nuclear data types and tree-building methods 415 

The backbone of the Todiramphus tree is characterized by many short internodes, suggesting 416 

rapid and successive speciation events early in the evolution of this group. We found 417 

phylogenetic conflict between datasets and methods due, in part, to these short internodes. When 418 

just considering species-level relationships, we did not find a single well-resolved topology that 419 

matched across any two datasets or tree-building methods (Fig. 2). The first three main branches 420 

of the tree rarely varied across analyses, with Blue-black Kingfisher (T. nigrocyaneus), Rufous-421 

lored Kingfisher (T. winchelli), and Sombre Kingfisher (T. funebris), respectively. Only in one 422 

analysis did we find T. winchelli fully supported as the first branch of the genus instead of T. 423 

nigrocyaneus (UCE SVDquartets tree; Fig. S8). We found conflicting phylogenetic signals for 424 

the next major branch (Fig. 2), as we either recovered: 1) the Australian endemic Rufous-backed 425 

Kingfisher (T. pyrrhopygius; Figs. S9–10), 2) a small clade of four species as the next branch 426 

(referred to as the “leucopygius clade”; Figs. 1, S11–18), or 3) T. pyrrhopygius sister to the 427 

leucopygius clade (Fig. S8). Gene and site concordance factors for the UCE and BUSCO IQtree-428 

inferred topologies revealed that both datatypes strongly favored conflicting topologies: 76% of 429 

1,583 best UCE gene trees and 59% of concatenated 90% complete UCE alignment (4,531,264 430 

bp in length) favored the earlier branching T. pyrrhopygius topology whereas a similar 431 

percentage of the significantly larger BUSCO dataset (4,155 gene trees and 5,102,241 AA sites) 432 

favored the leucopygius clade branching prior to T. pyrrhopygius (Fig. 3). The Lesser Sundas  433 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 29, 2024. ; https://doi.org/10.1101/2024.08.28.610082doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.28.610082
http://creativecommons.org/licenses/by-nc-nd/4.0/


PHYLOGENOMICS OF A GREAT SPECIATOR GENUS 
 

434 

Figure 2. Comparisons of trees from UCE, BUSCO, SNP, and mtDNA datasets with red branches 435 

highlighting differences from the UCE maximum likelihood tree. Double asterisks (**) indicate samples 436 

sourced from toepad samples. We collapsed nodes with <85 bootstrap support and note those with 99–85 437 

BS. We grouped lineages that were consistently inferred as a clade for simplicity: T. sacer et al. includes 438 

T. reichenbachii and T. recurvirositris. Note that T. pelewensis and T. cinnamominus are considered a 439 

single tip (“cinnamominus et al..”) except in Panels H and I.  440 

 441 

endemic species, Cinnamon-banded Kingfisher (T. australasia) was always supported as sister to 442 

the clade comprising the bulk of diversity within the genus: the Vanuatu Kingfisher (T. 443 

farquhari) and all other species. We consistently found support for two major clades within 444 

Todiramphus: 1) an entirely oceanic island clade and 2) an Australasian clade (Fig. 1). We 445 

hereafter refer to these as the “Oceanic clade” and the “Australasian clade” even though some 446 

taxa within the Australasian clade also inhabit oceanic islands.  447 
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Within the Oceanic clade, we found support for three subclades: 1) a subclade of two 448 

microendemics in Micronesia, the Palau Kingfisher (T. pelewensis) and the extinct-in-the-wild 449 

Guam Kingfisher (T. cinnamominus), 2) a subclade of eastern Polynesian species (referred to  450 

hereafter as such, comprising T. veneratus, T. gertrudae, T. tutus etc.), and 3) a subclade 451 

comprising Flat-billed Kingfisher (T. recurvirostris), Pohnpei Kingfisher (T. reichenbachii), and 452 

T. sacer (i.e., the “sacer clade”) sister to the Polynesian subclade. The relationships between 453 

these subclades were largely consistent, even though sCF of the relationship between the east 454 

Polynesian clade and the sacer clade showed that alternative topologies were favored at nearly 455 

the same proportion as the inferred topologies for both BUSCO and UCE datasets (Fig. 3). 456 

However, most of the discordance between analyses and data types were mostly restricted to 457 

whether T. recurvirostris and T. sacer regina diverged earlier than T. reichenbachii and crown T. 458 

sacer (supported by UCE data; Figs. S8–11, 15) or not (supported by SNP and BUSCO data; 459 

Figs. S13–14, 16). Whereas the placement of T. sacer regina (Wallis and Futuna), represented by 460 

two toepad-sourced genomes (6.8 and 14.5 average coverage), varied between different clades 461 

across analyses, we never inferred a topology in which T. sacer regina was within crown T. 462 

sacer. UCE ML analyses instead found T. s. regina sandwiched between two other 463 

microendemic species in a ladderized branching pattern: T. recurvirostris (Samoa), T. s. regina, 464 

and T. reichenbachii (Pohnpei I.; Figs. S1, S9–10). With some support, we also found T. s. 465 

regina: 1) sister to T. recurvirostris (Fig. S8), 2) branching prior to T. recurvirostris (Fig. S15), 466 

3) as the first branch of the Oceanic clade (Fig. S14), or 4) as the first branch within the T. 467 

sanctus complex (Fig. S16). The unrooted phylogenetic network placed T. sacer regina as 468 

similarly distant from T. sacer as T. recurvirostris (Figs. 1C; S17).  469 
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Within the Australasian clade, eight species formed four subclades: three species 470 

complexes (Sacred Kingfisher T. sanctus, Torresian Kingfisher T. sordidus, and Collared 471 

Kingfisher T. chloris) and a clade comprising the largely oceanic island species (Islet Kingfisher 472 

T. colonus, Mariana Kingfisher T. albicilla, Beach Kingfisher T. saurophagus, and Melanesian 473 

Kingfisher T. tristrami). Todiramphus sanctus, one the few migratory species in the genus 474 

(though four of five subspecies are sedentary and endemic to Pacific Islands), was supported as 475 

the first branch in the Australasian clade. Across the nuclear datasets, most of the species-level 476 

discordance between analyses centered on the second branch within the clade: whether it was T. 477 

sordidus (Figs. S8B, 14), T. chloris (Fig. S8A), a sister relationship between the two (Figs. S10, 478 

16), or so poorly supported we considered it a polytomy with the colonus clade (Figs. S9, 11–13, 479 

15).  480 

 481 

Mitochondrial discordance and new cases of mtDNA capture within Todiramphus 482 

Compared to nuclear DNA, the mitochondrial data revealed a different picture of the 483 

evolutionary history of Todiramphus kingfishers in three major ways (Figs. 4, S19). First, the 484 

mtDNA-inferred topology matched the ML UCE data in which pyrrhopygius diverges prior to 485 

the “leucopygius” clade (Figs. S9–10, 18). Second, it was the only dataset to show the eastern 486 

Polynesian clade (i.e., T. veneratus et al.) sister to the rest of the Oceanic clade and Australasian 487 

clade. Third, it was the only phylogeny to recover T. chloris as the first branch of the 488 

Australasian clade and instead recover a significantly different topology from all nuclear 489 

datasets: T. colonus sister to T. sanctus and T. sordidus. This relationship has been highlighted 490 

before (DeRaad et al. 2023) and was therefore expected. However, we recovered a strongly 491 

supported topology of five T. sacer taxa embedded within the T. sanctus clade, most  492 
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 493 

Figure 3. Site (sCF) and gene (gCF) concordance factors of UCE and BUSCO topologies show a high 494 

degree of ILS present in the evolutionary history of Todiramphus kingfishers. A) Partitioned 90% 495 

complete UCE matrix (4,942 loci, total 4,531,264 bp) inferred in IQtree with gCFs calculated from gene 496 

trees of loci with at least 50 parsimony informative sites (PIs; 1,583 gene trees). B) Partitioned BUSCO 497 

topology (8,012 loci, total 5,102,241 amino acid sites) inferred in IQtree with gCFs calculated from gene 498 

trees of loci with >50 PI amino acid sites (4,155 gene trees).  499 

 500 

closely associated with the migratory taxon T. s. sanctus and sedentary T. sanctus macmillani 501 

(endemic to Loyalty Islands, NE of New Caledonia). This group of T. sacer taxa with T. sanctus 502 
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mitochondrial DNA included T. sacer regina and four allopatric microendemics of Temotu 503 

Province of Solomon Islands (T. sacer ornatus, vicina, brachyurus, and utupuae). Apart from our 504 

inability to determine the relationship of T. s. regina with nuclear data, these four other Temotu 505 

T. sacer taxa were either supported as the first few sequentially branching lineages of the T. 506 

sacer clade (Figs. S9–10, 14–16) or had equivocal support values deeper in the sacer complex 507 

(Figs. S11, 14–15) across nuclear datasets. In the unrooted phylogenetic network, three of these 508 

five taxa were inferred to be early branching and independent lineages on par with splits shown 509 

in other species-level taxa (i.e., T. recurvirostris and T. reichenbachii; Figs. 1C, S17). We had 510 

sequenced multiple individuals of all these taxa (n = 2–3 samples) to confirm their curious 511 

placement as sequentially branching at the base of the T. sacer complex. Yet, we did not find that 512 

all individuals of each taxon had T. sanctus mtDNA: T. sacer ornatus and T. sacer vicina had at 513 

least one individual in T. sanctus and T. sacer clades, whereas all samples for T. sacer 514 

brachyurus, regina, and utupuae were recovered within T. sanctus.  515 

 516 

Patterns of gene flow  517 

ABBA-BABA tests uncovered biologically plausible scenarios of gene flow across both subsets 518 

of data (species-level and the pared down dataset to investigate gene flow between T. sanctus 519 

and T. sacer taxa that have T. sanctus mtDNA). Of the 3,544 calculated D-statistics, 858 and 520 

887, respectively, were significant with a FDR-adjusted p value <0.000013. The results show 521 

complex patterns highlighting gene flow between T. sanctus and mitochondrial discordant 522 

lineages, with elevated F4 ratios between T. sanctus and T. colonus (F4 = 0.34), T. sordidus (F4 523 

= 0.31), T. s. regina (F4 = 0.34), and the four Temotu T. sacer taxa (range of F4 = 0.12–0.33; 524 

Figs. S19–20). Though the highest F4 ratios in the pared down dataset are between T. sacer  525 
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 526 

Figure 4. Evidence of gene flow and mitochondrial capture within some Pacific Kingfisher (T. sacer) 527 

taxa and Sacred Kingfisher (T. sanctus). A) Partitioned IQtree phylogenies inferred from the 90% 528 

complete UCE matrix and 13 mitochondrial genes. Note that the mtDNA phylogeny for the Australasian 529 

clade (T. sanctus, T. tristrami, and allies) is different from the UCE topology, which has been described 530 

previously (DeRaad et al. 2023). In the mtDNA phylogeny, there are two clades of T. sanctus: a clade of 531 

four of the five sedentary, island endemic T. sanctus taxa (a), which is sister to the clade comprising the 532 

migratory and nominate taxon T. sanctus sanctus (b), the five T. sacer taxa (colored lines), and the fifth 533 
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island endemic sedentary taxon T. sanctus macmillani (c). See Fig. S19 for tip labels. B) Range map of 534 

both species, highlighting the subspecific ranges of the T. sacer taxa with T. sanctus mtDNA (see Fig. S1 535 

for the subspecific ranges of all 22 T. sacer taxa). Jenna McCullough created the illustrations of 536 

kingfisher taxa; names are indicated by roman numerals next to illustrations and are as follows: i, T. sacer 537 

brachyurus; ii, T. sacer vicina; iii, T. sacer ornatus; iv, T. sacer utupuae; v, T. sacer regina; vi, T. sanctus 538 

sanctus; and vii, T. sacer sacer (endemic to Tonga). C) Pairwise results of ABBA-BABA tests from 539 

Dsuite, with values in comparisons with FDR-adjusted significant pairwise p values. Above the diagonal 540 

line is the most significant (Dmin) for any pairwise comparison and below are F4-ratio values. Only a 541 

subset of all comparisons is shown here, see Figs. S20–23 for the complete set.  542 

 543 

ornatus and the Polynesian (F4 = 0.51) and Melanesian (F4 = 0.66) clades of T. sacer. With 544 

conservative interpretations of these tests by considering the lowest D values between multiple  545 

comparisons (Dmin), we still see moderate signals of gene flow between T. sacer regina and T. 546 

sanctus (Dmin = 0.13; Fig. S21) and T. sacer (0.16) in the species-level dataset (Fig. S21). When 547 

T. sacer taxa that have T. sanctus mtDNA are treated as their own tips, we see statistically 548 

significant signatures of gene flow between T. sanctus and T. sacer brachyurus (Dmin = 0.08; Fig. 549 

S19) and between T. sacer brachyurus and T. sacer ornatus (Dmin = 0.27). Long swaths of 550 

statistically significant and high D-statistic values for every species comparison, such as those 551 

shown for T. colonus, members of the leucopygius and east Polynesian clades (Fig. S21), could 552 

reflect either ancient introgression (Fig. S18), incorrect topology, or substitution rate variation 553 

caused by bottlenecked populations (Table S4, (Frankel and Ané 2023; Koppetsch et al. 2024).  554 

 Network analyses with SNaQ also confirm the presence of hybrid lineages across 555 

Todiramphus and explain topological discordance across datasets, with the best overall network 556 

recovering four hybrid lineages (Fig. S18C). Reticulation events for our best SNaQ topology 557 
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indicated that between 2–37% of the sampled genome (gamma, γ) was exchanged in each event, 558 

with 1-γ being the contribution of the other parental lineage. We inferred an ancient 559 

hybridization event that exchanged a sizable portion of the sampled genome between T. 560 

pyrrhopygius and the ancestor of T. australasia + the rest of Todiramphus (γ = 0.378). 561 

Additionally, we inferred a reticulation event between T. farquhari and the ancestor of the east 562 

Polynesian clade (γ = 0.236), between T. chloris and T. sordidus (γ = 0.233), and very low 563 

percentage of the sampled genome between T. sanctus and the ancestor to the other members of 564 

the Australasian clade (γ = 0.022). The other best trees in the two other subsets showed similar 565 

patterns of reticulation events with varying levels of γ (Fig. S18). The best inferred networks for 566 

other quartet subsets inferred similar and complicated reticulation histories across Todiramphus, 567 

including branches involving the T. pyrrhopygius and the T. leucopygius clade, as well as 568 

between T. sanctus, T. chloris, and T. sordidus.  569 

 570 

Relationships within species complexes  571 

We found several cases in which Todiramphus species complexes do not accurately reflect 572 

taxonomic groupings. First, we found that the Talaud Kingfisher (T. enigma, endemic to the 573 

Talaud islands between Sulawesi and the Philippines), is consistently recovered within the 574 

Collared Kingfisher (T. chloris) clade. It was most frequently supported as sister to nominate T. 575 

chloris (T. c. chloris, endemic to Wallacea; Figs. 1, 4, S1, S8, S13, S16). Additionally, we 576 

consistently found that the two most northern taxa of the T. sacer complex, T. sacer pavuvu 577 

(Pavuvu I.) and T. sacer mala (Malita I.) of the central Solomon Islands, were embedded within 578 

T. tristrami and closely associated with their geographically closest neighbor, T. tristrami alberti 579 

(main chain of the Solomons Archipelago). We found that the two unnamed T. sacer taxa, those 580 
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from Tucopia Island in the Temotu Province of the Solomon Islands and Anietyum Island in 581 

southern Vanuatu, did not group with their assumed subspecific assignment. We never recovered 582 

a sister relationship between samples from Tucopia and representatives from its long-assumed 583 

subspecies, T. sacer torresianus, or between samples from Anietyum and its presumed 584 

subspecies, T. sacer erromangae (Mayr 1931; Gill et al. 2024; Peters 1945).  585 

 586 

DISCUSSION 587 

As we can efficiently sequence larger and more thoroughly sampled phylogenomic datasets, it is 588 

increasingly clear that the evolutionary histories of rapid radiations are complex (Jarvis et al. 589 

2014; Prum et al. 2015; Malinsky et al. 2018; Zink and Vázquez-Miranda 2019; Rota et al. 2022; 590 

Mirarab et al. 2024; Stiller et al. 2024). Here, we show that whole genome resequencing of a 591 

thoroughly sampled taxonomic dataset of all described forms of a genus of ‘Great Speciators’ 592 

has revealed evidence of pervasive gene flow that occurred throughout its rapid radiation. We 593 

inferred deep reticulation events as well as more shallow cases of gene flow between both 594 

sympatric (T. sanctus and T. sordidus) and allopatric species (T. sanctus and T. sacer; Figs. 4, 595 

S18–22). This inferred gene flow, in concert with many rapid speciation events that precluded 596 

gene coalescence and explains the topological discordance across the four data types used in this 597 

study (UCEs, BUSCOs, SNPs, and mtDNA).  598 

  Our results confirm past work showing mitochondrial discordance in the Australasian 599 

Todiramphus clade (DeRaad et al. 2023) and also reveal novel signatures of gene flow with a 600 

larger and more comprehensive dataset (Figs. S19–22). Moreover, we uncovered new cases of 601 

mitochondrial discordance (Fig. 4) between T. sanctus and several T. sacer populations that 602 

nuclear data inferred as some of the earliest branches within T. sacer. Though our limited 603 
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sampling of a single individual for most taxa precluded us from more detailed population-level 604 

analyses, we found signatures of gene flow between T. sanctus and Temotu T. sacer that have T. 605 

sanctus mtDNA (Figs.  S19–22). The inference of these hybrid lineages as divergent and non-606 

monophyletic lineages suggests that they follow the ‘artefactual branch effect’ (Chan et al. 607 

2020b, 2023; Pyron et al. 2022). Our results suggest that there are numerous violations of the 608 

traditional bifurcating species tree model within Todiramphus kingfishers. A next step towards 609 

understanding interspecies relationships would be a sliding window approach to determine if 610 

particular genomic regions are disproportionately driving the levels of discordance observed 611 

here, as has been shown in early branches of Neoaves (Mirarab et al. 2024; Stiller et al. 2024).  612 

 613 

Gene flow within Todiramphus kingfishers  614 

Studies that employ genome-wide data are increasingly demonstrating the prevalence of gene 615 

flow during periods of rapid diversification (Edelman et al. 2019; Taylor and Larson 2019; Guo 616 

et al. 2022; Ocampo et al. 2022; Jensen et al. 2023; Jiang et al. 2024; Stiller et al. 2024; Zhao et 617 

al. 2024). Here, we uncovered novel patterns of gene flow between Todiramphus kingfishers as 618 

they rapidly diversified over the last 10 Ma. Recent population-level studies that employed either 619 

mitochondrial (O’Connell et al. 2019) or RAD-seq data (DeRaad et al. 2023) did not find 620 

signatures of gene flow between T. sanctus and other members of the Australasian clade (T. 621 

chloris, T. sordidus, T. colonus, etc.). Here, comparisons between these lineages showed 622 

relatively lower signatures of gene flow than other pairwise comparisons, such as between T. 623 

sanctus and T. sacer, and within the T. sacer complex (Figs. S20–23). Network analyses inferred 624 

a very low percentage of the sampled genome (2.2%) shared between T. sanctus and the ancestor 625 

to the remaining members of the Australasian clade (Fig. S18). This novel inference of gene flow 626 
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was likely missed in prior studies due to the ever-growing size and scope of molecular datasets 627 

brought to bear on this group (three mtDNA genes for O’Connell et al. 2019 vs. ~2,000 SNPs for 628 

Deraad et al. 2023 vs. >85K SNPs and thousands of gene trees for this study). We are not the 629 

first to uncover gene flow within Indo-Pacific kingfishers. Studies that employ phylogenomic 630 

data showed persistent gene flow but maintenance of species-boundaries between the two 631 

sympatric Syma species (sister genus to Todiramphus) across an elevational gradient in New 632 

Guinea (Linck et al. 2020) as well as across Ceyx, the other ‘Great Speciator’ kingfisher genus 633 

(Lim et al. 2010; Andersen et al. 2013; Shakya et al. 2023). Overall, our study fits into a larger 634 

picture of gene flow between island endemic avian lineages, including within Fijian groups such 635 

as honeyeaters and bush-warblers (Gyllenhaal et al. 2020; Mapel et al. 2021) and Indonesian 636 

monarch flycatchers (Andersen et al. 2021).  637 

Many of the contemporary patterns of gene flow that we observed in this study involve 638 

one species in particular, the Sacred Kingfisher T. sanctus. Because we had limited sampling per 639 

taxon, we could not pursue more detailed tests of gene flow between T. sanctus and other 640 

species, such as Admixture (Alexander et al. 2009) or fastsimcoal2 (Excoffier et al. 2021). 641 

However, observed mitochondrial discordance of five T. sacer taxa (regina, ornatus, utupuae, 642 

vicina, and brachyurus; Fig. 4) and elevated estimates of Dmin  between T. sanctus and T. sacer 643 

from ABBA-BABA tests (Figs. S19, S21) confirms the presence of gene flow. Moreover, one of 644 

these T. sacer lineages (regina) is fully supported in the T. sanctus clade in one phylogeny 645 

(BUSCO IQtree; Fig. S16). Todiramphus sanctus is notable because it is one of two truly 646 

migratory Todiramphus species alongside the Forest Kingfisher (T. macleayii; Woodall 2001). 647 

Moreover, only the nominate subspecies of T. sanctus is known to be migratory—the other four 648 

taxa within this complex are considered sedentary and endemic to separate Pacific islands (Fig. 649 
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S1). We inferred gene flow between T. sanctus and Torresian Kingfisher (T. sordidus), a species 650 

that also breeds in Australia. However, during its non-breeding season, T. sanctus occupies a 651 

wide swath of the Indo-Pacific: from as far west as Sumatra, across Wallacea, New Guinea, and 652 

northern Melanesia, and as far east as Makira in the Solomon Islands (Fry et al. 1992; Woodall 653 

2001). Therefore, in the non-breeding season, T. sanctus is sympatric with upwards of 42 654 

Todiramphus taxa (representing 15 species), compared to only five taxa (3 species) in the 655 

breeding season. However, the T. sacer taxa that we found to have T. sanctus mtDNA are not 656 

sympatric with wintering T. sanctus, as there are no records of T. sanctus in Temotu Province, 657 

Solomon Islands, or even as far east as Wallis and Futuna (T. sacer regina; see Appendix 2 for 658 

more details on breeding records of T. sanctus). This suggests a complicated history of island 659 

colonization, historical gene flow, and range contraction between these two species. 660 

With the lack of substantial breeding records of T. sanctus outside of Australia, we are 661 

left with one central question: why do we infer gene flow between T. sanctus and Temotu T. 662 

sacer (ornatus, utupuae, vicina, and brachyurus) and T. s. regina (Fig. 4) when we do not have 663 

sympatric records (breeding or otherwise) of these taxa? Notably, the only islands that sedentary 664 

T. sanctus inhabit are conspicuously void of T. sacer. Geographically, the closest breeding T. 665 

sanctus taxon to an island with T. sacer is T. sanctus macmillani (Loyalty Islands) and the 666 

undescribed T. sacer population on Anietyum [also written as Anatom], approximately ~220 km 667 

apart. Todiramphus sanctus macmillani is notable because it was placed in the mitochondrial 668 

clade with the migratory T. sanctus sanctus and all five T. sacer (Fig. 4). This pattern of non-669 

overlapping breeding ranges of sedentary T. sanctus and T. sacer parallels a pattern described by 670 

Mayr (1932b) for Fijian whistlers (Pachycephala) in which the archipelago was first colonized 671 

by one group and then replaced by another, forming hybrid populations as the second wave of 672 
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colonists swept through the archipelago. Notably, crown T. sanctus predates that for T. sacer 673 

(McCullough et al. 2019, McCullough et al. in prep), so perhaps the ancestral range of T. sanctus 674 

had more widespread sedentary populations across the South Pacific prior to members of the 675 

Oceanic clade’s back colonization from Eastern Polynesia towards Melanesia. This hypothesis 676 

needs further testing, but it would explain the evidence of hybridization (Fig. 4) without the 677 

contemporary presence of T. sanctus in the areas where T. sacer lineages possess T. sanctus 678 

mtDNA.  679 

 680 

Other sources of topological discordance 681 

In addition to the demonstrated gene flow across the Todiramphus radiation (Fig. 4), topological 682 

discordance could also be attributed to other biological and methodological factors. Incomplete 683 

lineage sorting (ILS) is a well-known and pervasive source of topological discordance, especially 684 

within rapid radiations (Suh et al. 2015; Lopes et al. 2020). However, teasing apart the relative 685 

contribution of gene flow versus ILS is difficult. DeRaad et al. (2023) suggested that mitonuclear 686 

discordance within the Australasian Todiramphus clade was driven largely by ILS rather than 687 

nuclear gene flow or mitochondrial capture, based on largely non-significant pairwise 688 

comparisons of the ABBA-BABBA D-statistic. Here, gene and site concordance factors 689 

(gCF/sCF) between major Todiramphus topologies similarly suggest that ILS is likely a 690 

significant source of topological conflict across the entire genus (Fig. 3). However, ancient 691 

reticulation events consistently inferred in similar areas of the tree (Fig S18) and significant 692 

pairwise D-statistic comparisons using our comprehensive SNP dataset (Figs. S20–23), together 693 

suggest that ongoing gene flow during diversification contributed to signals of genome-wide 694 

discordance in the Austalasian clade (Figs. 2–3). While DeRaad et al. (2023) rejected 695 
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mitochondrial capture within the Australasian Todiramphus clade, our expanded taxonomic 696 

sampling across the genus reveals clear cases of mitochondrial capture of recently derived T. 697 

sanctus haplotypes in multiple T. sacer lineages, highlighting the overall complexity of the 698 

heterogeneous evolutionary processes simultaneously contributing to generate the patterns of 699 

relatedness we observe among extant Todiramphus lineages. 700 

Alternatively, methodological explanations like the source (tissue or toepad) or type of 701 

DNA (exonic vs. intronic) could also explain some of the topological discordance among data 702 

types and tree building methods. Because our dataset relied heavily on toepad samples, we took 703 

additional steps at all levels of this study to ameliorate the effects of degraded DNA on 704 

topological inference. In addition to special wet lab processing of toepad-sourced genomes, we 705 

performed additional UCE alignment cleaning (Smith et al. 2020) and novel methods of in silico 706 

BUSCO extractions (see Appendix 2). Moreover, we explored filtering approaches for MSC tree 707 

building methods. ASTRAL is known to perform poorly when input gene trees are built from 708 

short alignments of uninformative loci (Mirarab 2023), a pervasive issue for datasets utilizing 709 

degraded DNA samples from museum specimens (Andersen et al. 2019; Salter et al. 2019, 2022; 710 

Smith et al. 2020; Roycroft et al. 2021; Huynh et al. 2023). For datasets that have a high degree 711 

of ancient or historical samples, there is often an artefactual pattern in which high quality and 712 

historical samples form distinct clusters (Fig. S2) rather than being uniformly distributed in the 713 

species tree. Before filtering for parsimony informative (PI) sites, ASTRAL-inferred species 714 

trees showed a clear artefactual pattern of toepad-sourced samples clustering at the base of their 715 

respective species-complexes (Figs. S2, S4). This pattern disappeared when we analyzed smaller 716 

sets of gene trees based on alignments with more PI sites (Figs. S11, S15). Although filtering 717 

based on informativeness can introduce bias (Musher et al. 2019; Burbrink et al. 2020), the 718 
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approach has been used with success elsewhere (e.g., Chan et al. 2020a; Leite et al. 2021; 719 

Forthman et al. 2022). We preferred it here because it is a general approach to deal with these 720 

issues rather than clade-specific filtering approaches (Chen et al. 2018) or by dropping important 721 

tips represented by toepads. Additionally, the clades that represented the most topological 722 

discordance were from those represented by high-quality tissues (i.e., T. farquhari, T. 723 

pyrrhopygius) or were in clades with relatively few toepad-sourced samples (i.e., the leucopygius 724 

clade, T. sordidus; Fig. 2).   725 

The type of DNA from which molecular markers are derived (i.e., exonic vs. intronic 726 

regions) could also contribute to conflicting topological patterns. UCEs are largely sourced from 727 

intronic and non-coding regions of the genome whereas BUSCOs are all exonic markers from 728 

coding regions. The difference in selective pressures and therefore rates of fixed mutations, has 729 

been shown to have a substantial impact in the overall topology inferred by these markers, such 730 

as in higher-level phylogenomic studies of all birds (Jarvis et al. 2014; Prum et al. 2015; Reddy 731 

et al. 2017). Yet, we generally find that these data types produce largely similar topologies (Figs. 732 

2–3). Though less commonly used in species-level relationships of birds, these molecular 733 

markers are more widely used to infer phylogenies outside of birds, such as in plants (Timilsena 734 

et al. 2022; Walden and Schranz 2023), fungi (Kanzi et al. 2020), arthropods (Dias et al. 2020; 735 

Van Damme et al. 2022).   736 

 737 

Taxonomic recommendations 738 

In line with a growing body of work that has uncovered unsuspected species-level diversity in 739 

geographic radiations across the Indo-Pacific (Andersen et al. 2013; Reeve et al. 2023; Pedersen 740 

et al. 2018; Irestedt et al. 2013), we too found that some taxa in our dataset require taxonomic 741 
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revisions based on their novel systematic relationships (see Appendix 2 for further discussion). 742 

Roughly half of the Todiramphus diversity we sampled has never been included in a molecular 743 

phylogenetic analysis. Many newly added taxa fall within their presumed species groups, such as 744 

all of the subspecific diversity within T. tristrami (Fig. 1), but there are some instances that 745 

require taxonomic changes. When Ernst Mayr described geographic variation of kingfishers 746 

across the Pacific, he noted that two populations on Tucopia (Temotu Province, Solomon 747 

Islands) and Aneityum (Tafea Province, Vanuatu) islands were each phenotypically distinct from 748 

those on nearby islands, but he refrained from naming these as subspecies (Mayr 1931b). He 749 

wrote of the birds from Anietyum, they were “indistinguishable from typical juliae… only the 750 

distribution keeps me, for the present, from uniting it immediately with juliae” (Mayr 1931b, pg 751 

4). To our eyes, Aneityum sacer are more similar to those in central Vanuatu (T. sacer juliae) 752 

with white underparts and collar rather than the buffy T. s. tannensis on Tanna Island. However, 753 

instead of considering this a separate taxon or grouping this population with the closest island 754 

(Tanna), Aneityum birds have long been considered as part of T. sacer erromangae, forming a 755 

curious leapfrog distribution of white-bellied birds (erromangae and the Aneityum form) 756 

sandwiching buffy-bellied birds (Tanna). We would expect that if Aneityum birds are indeed part 757 

of T. s. erromangae or tannensis, our genetic samples would be closely associated with one of 758 

these taxa. For the samples from Tucopia, Mayr refrained from naming these birds as a 759 

subspecific taxon because their plumages were “too worn” (Mayr 1931b), and they have been 760 

considered either a part of T. s. torresianus (Banks Is., Vanuatu) or T. s. melanodera (Vanikolo 761 

in Temotu Province). Whereas we sometimes found Aneityum sacer grouping in a subclade with 762 

T. s. erromangae or tannensis and Tucopia sacer (Fig. 1), we never recovered Aneityum sacer or 763 

Tucopia sacer as sister to either of their presumed subspecies. We suspect these could represent 764 
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independent lineages from their long-presumed subspecies, best treated as distinct taxa, which 765 

we name here:  766 

Todiramphus sacer tucopiae subsp. nov.; Tucopia I.  767 

Todiramphus sacer aneityumensis subsp. nov.; Aneityum I.  768 

 769 

CONCLUSIONS 770 

Geographic radiations across the Indo-Pacific have been critical to the development of influential 771 

speciation theories, with genome-scale datasets providing new and accelerated insights into the 772 

complicated evolutionary histories of such rapidly diversifying clades. In this study we show that 773 

whole genome resequencing and complete sampling of a rapid radiation of mostly island 774 

kingfishers does not outright resolve the evolutionary relationships of the group. Instead, we 775 

found that four types of data (UCEs, BUSCOs, SNPs, and mtDNA) and tree building methods 776 

(ML, MSC, networks) did not infer a single well-supported and concordant species-level 777 

topology. Phylogenetic network analyses suggest that ancient introgression is likely the cause of  778 

these topological differences. The discovery of several T. sacer populations falling in the 779 

mitochondrial clade of a widespread and migratory taxon, T. sanctus, and the inference of gene 780 

flow between them ABBA-BABA tests, suggests a potential historical hybrid zone between 781 

these two species as islands were successively colonized. We were only able to pick up on these 782 

signals of hybridization because we thoroughly sampled all described diversity within the genus 783 

by relying on a sizable number of toepad-sourced data. Future studies that investigate rapid 784 

radiations in this region should incorporate widespread taxonomic and population level 785 

sampling, while also sampling large amounts of genetic data to tease apart the interacting effects 786 

of gene flow and incomplete lineage sorting on complex evolutionary histories.  787 
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