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A B S T R A C T   

Introgressive hybridization can be a powerful force impacting patterns of evolution at multiple taxonomic levels. 
We aimed to understand how introgression has affected speciation and diversification within a species complex 
of jumping spiders. The Habronattus americanus subgroup is a recently radiating group of jumping spiders, with 
species now in contact after hypothesized periods of isolation during glaciation cycles of the Pleistocene. Effects 
of introgression on genomes and morphology were investigated using phylogenomic and clustering methods 
using RADseq, ultraconserved elements (UCEs), and morphological data. We characterized 14 unique species/ 
morphs using non-metric multidimensional scaling of morphological data, a majority of which were not 
recovered as monophyletic in our phylogenomic analyses. Morphological clusters and genetic lineages are highly 
incongruent, such that geographic region was a greater predictor of phylogenetic relatedness and genomic 
similarity than species or morph identity. STRUCTURE analyses support this pattern, revealing clusters corre
sponding to larger geographic regions. A history of rapid radiation in combination with frequent introgression 
seems to have mostly homogenized the genomes of species in this system, while selective forces maintain distinct 
male morphologies. GEMMA analyses support this idea by identifying SNPs correlated with distinct male mor
phologies. Overall, we have uncovered a system at odds with a typical bifurcating evolutionary model, instead 
supporting one where closely related species evolve together connected through multiple introgression events, 
creating a reticulate evolutionary history.   

1. Introduction 

Introgressive hybridization (IH, or introgression), a process by which 
genetic material is exchanged across species boundaries (Gompert et al. 
2008), can be a powerful evolutionary force at several taxonomic levels 
(Abbott et al. 2016). For example, IH may lead to divergent lineages 
sharing morphological features (Nadeau et al. 2013; Martin et al. 2013; 
Poelstra et al. 2014; Martin et al. 2019). While the cross-species transfer 
of phenotypic traits has been documented to result in prezygotic or 
postzygotic reproductive isolation (i.e. Jiggins et al. 2001, 2008), some 
lineages may not develop barriers to gene flow and will continue to 
hybridize. Ongoing hybridization has the potential to degrade classical 
species boundaries by enabling the exchange of genetic material across 
most areas of the genome, effectively homogenizing genomes of diver
gent lineages. In these cases, only small fractions of the genome are 
divergent, often coding for differences in phenotypes and species iden
tity (Toews et al. 2016; Stryjewski and Sorenson 2017; Campagna et al. 

2017; Brelsford et al. 2017; Martin et al. 2019). Complete disintegration 
of species boundaries is also possible, where there are no divergent areas 
between genomes leading to species collapse (e.g. Grant and Grant 
2002; Taylor et al., 2005; Kleindorfer et al., 2014). 

Because closely related species experiencing rapid diversification are 
highly prone to IH (Seehausen 2004; Abbott et al. 2013), it is not sur
prising that many studies identifying homogenized genomes have 
worked with systems experiencing a rapid radiation (Campagna et al. 
2017; Stryjewski and Sorenson 2017; Toews et al. 2016; Brelsford et al. 
2017). Recent research has suggested hybridization can generate sub
stantial variation through recombination, which has been documented 
to play an important role in the generation of new phenotypes involved 
in sexual selection and species identity (Malinsky et al. 2015; Stryjewski 
and Sorenson 2017; Meier et al. 2017). Such phenotypic diversification 
may fuel rapid radiations, which can lead to more introgression and 
subsequently more novel phenotypes, resulting in a positive feedback 
loop increasing the propensity for introgression (e.g. Stryjewski and 
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Sorenson 2017; Meier et al. 2017). 
IH can obviously complicate reconstruction of evolutionary history, 

especially in rapidly radiating species complexes. Contemporary and 
historical introgression has the potential to produce conflicting tree 
topologies and poor resolution on short branches (Alexander et al. 
2017). Shared genetic material resulting from IH will cause discordance 
between morphological and genetic datasets and between different ge
netic datasets (Cui et al. 2013; MacGuigan and Near, 2019). Historically, 
it has been difficult with limited genetic data to detect signals of 
discordance or distinguish between causes of discordant patterns 
(Maddison 1997; Degnan and Rosenberg 2009). However, genomic- 
scale data enables us to ask and answer questions surrounding the 
evolutionary impacts of introgression, even in historically challenging 
groups (Fontaine et al., 2015; Mallet et al. 2016). 

A well-suited group to explore how introgression impacts species 
relationships in recent and rapidly diverging taxa is the jumping spider 
genus Habronattus, commonly known as paradise spiders. Habronattus is 
a species rich taxon (>100 described species) that diverged relatively 
recently – possibly less than 5 million years ago (Bodner and Maddison 
2012). Habronattus have keen vision (Zurek et al. 2015) and adult males 
are famous for elaborate colored ornaments and courtship behavior 
(Masta and Maddison 2002; Elias 2003; Elias et al. 2006). Many of these 
important courtship characters are affected by hybridization, suggesting 
that IH likely affects patterns of mate selection. Affected characters are 
also useful in identifying hybrids (Griswold 1987; Maddison and Hedin 
2003). In addition to morphological evidence of hybridization, several 
groups within Habronattus also show genetic/genomic evidence of hy
bridization (Masta 2000; Maddison and Hedin 2003; Hedin and Lowder 
2009; Blackburn and Maddison 2014; Leduc-Robert and Maddison 

2018; Hedin et al. 2020). Habronattus appears to have generally weak 
pre-mating isolation, which may allow and/or promote hybridization. 
Males court willingly with heterospecifics, and females sometimes show 
xenophilic mating preferences (Hebets and Maddison 2005; Elias et al. 
2006; Blackburn and Maddison 2014;Taylor et al. 2017). 

The H. americanus species group is a monophyletic group within 
Habronattus (Griswold 1987; Leduc-Robert and Maddison 2018). It is 
comprised of 10 described species found primarily in western North 
America (Griswold 1987), including a clade of five closely related spe
cies, herein called the “americanus subgroup” – H. americanus, H. bul
bipes, H. kubai, H. waughi, and H. sansoni. The time to the most recent 
common ancestor (tMRCA) between H. americanus and H. sansoni was 
estimated to be around 200,000 years ago using secondary calibration 
(see Fig. 4, Hedin et al. 2020). However, documented cases of intro
gression between americanus subgroup members and members of its 
sister clade, the tarsalis subgroup may pull estimated divergence times 
closer to the present (Leduc-Robert and Maddison 2018). The americanus 
subgroup is mostly distributed across mountainous regions of western 
North America, but can be found at lower elevations at higher latitudes 
(e.g. beaches on the coast of OR, WA, and British Columbia). Distribu
tions of the group have almost certainly been impacted by Pleistocene 
glaciation. Described species within the americanus subgroup show 
extensive geographic variation, where geographically separated pop
ulations differ in patterns of male ornamentation (Griswold 1987; 
Blackburn and Maddison 2014; see Fig. 1). In addition to geographic 
variants within species, there are several known interspecific hybrid 
zones in the Sierra Nevada and Cascade Mountains. Previous genetic 
studies have documented hybridization and introgression within the 
americanus subgroup, both between phenotypically divergent 

Fig. 1. Digital images of americanus subgroup morphs (*except for the amer PC morph). amer P = H. americanus P form, amer PL = H. americanus PL form, amer PLE 
= H. americanus PLE form, amer PLC = H. americanus PLC form, amer PC = H. americanus PC form, Gunnison = newly described morph collected near Gunnison, CO, 
kub south = H. kubai southern form, kub north = H. kubai northern form, bulb = H. bulbipes, BSK = newly described brown form of H. sansoni/ H. kubai morph, 
Pahvant = newly described morph collected near Pahvant range, UT, sans white = H. sansoni white morph, sans red = H. sansoni red morph, SCC = H. sansoni Cedar 
City morph collected near Cedar City, UT. sans red photograph credit to Thomas Barbin, amer PLE, Gunnison, kub south, kub north, bulb, BSK, and sans white to 
Brendan Boyer, all other photos by M Hedin. Images not to scale. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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populations of the same species (Blackburn and Maddison 2014) and 
between two or more different species (Leduc-Robert and Maddison 
2018). 

Using genomic and morphological datasets, we aim to (1) charac
terize the extreme morphological diversity within americanus subgroup 
in the context of introgression, (2) explore the effects of introgression on 
genomic relationships of the americanus subgroup, (3) explore the role 
IH may play in the disintegration of species boundaries, and (4) discuss 
alternative models of divergence that could produce patterns recovered 
in our results. Our disintegration model refers to the breakdown of ge
netic divergence between different species, such that heterospecifics 
may contain only few divergent areas in the genome. Under this model, 
we expect frequent hybridization and introgression events between 
divergently evolving lineages throughout their evolution. We also pre
dict that populations- regardless of species identity- in close geographic 
proximity will be more genetically similar to each other than to 
geographically-distant populations. As such, currently described species 
may not form monophyletic groups or exclusive genetic clusters, rather 
geography may be a better predictor of phylogenetic relatedness and 
genomic similarity. 

2. Methods 

2.1. Specimen collection 

Sample sites include locations throughout the montane western 
United States and southwestern Canada, including the Rocky Moun
tains, Sierra Nevada Mountains and Cascade Mountains (Appendix A). 
Griswold (1987) described species in the americanus subgroup using 
morphological characters primarily of the male face, palps, and leg I; we 
collected specimens that matched each of these described species, except 
for H. waughi, geographically-isolated in eastern Canada. Because 
americanus subgroup members are highly morphologically variable, 
some included populations do not match previously described species 
diagnoses and are given new informal names based on their 
morphologies. 

2.2. Morphological data collection and analysis 

Twenty-seven discrete morphological characters were scored for 
specimens that also have genomic data available (Table 1, Appendix B). 
Our morphology sample includes 80 males representing 4 described 
species and 14 morphological variants (3H. americanus morphs 
described in Blackburn and Maddison 2017 and nine newly defined 
morphs- see Results). Following Blackburn and Maddison’s (2017) 
method for defining H. americanus morphs, we defined (a priori) variants 
primarily by palp color, chelicerae hair bundle color, leg I color and 
length of leg I ventral hairs. We used additional characters of some 
described species (H. kubai and H. sansoni) to further define morph types 
for these groups. Griswold (1987) scored 164 male characters, of which 
we chose those most feasible for accurate scoring and those variable 
within the americanus subgroup, with the addition of the expanded 
tarsus character not present in Griswold’s revision. Characters were 
scored by examining individuals preserved in 100% ethanol under a 
dissecting microscope. To summarize morphological variation and 
visualize morphological clusters, we performed a non-metric multidi
mensional scaling (NMDS) analysis using the metaMDS function in the R 
package Vegan v2.5–6. 

2.3. Samples, RAD data collection & analysis 

The molecular sample includes all specimens used for the morpho
logical analysis with the addition of 9 individuals – 95 specimens total. 
These samples comprise several described species and morphological 
variants recovered in our morphological analysis (see Appendix A). 
DNA extraction was performed using the Qiagen DNeasy Blood & Tissue 

Table 1 
Description of morphological characters and character states.  

ID Description States 

A Crest above AER: long erect hairs 
above the AER form a row or crest 
along posterior margin of the AER. 
Erect “eyebrows.” 

0 = absent; 1 = present  

B Centrally located white setae above 
AME  

States: 0 = absent; 1 = spot; 2 = stripe  

C Iridescent scales – pattern: variable 
within species, may have iridescent 
patches, or completely iridescent 
clypeus. 

0 = absence of iridescent scales; 1 =
full rectangular; 2 = flat center, flared 
at ends; 3 = ‘m’ shaped 4 = four 
broken segments; 5 = low, four 
connected segments; 6 = low single, 
long segment on bottom of clypeus 

D Clypeal covering emarginate: 
clypeus covered with two scale types 
and/or colors forming a well-marked 
white transverse band 

0 = absent/no white band; 1 = spans 
entire length of AER; 2 = present only 
under AMEs; 3 = present only under 
ALEs; 4 = spans entire length of AER, 
but thicker towards the ALEs 
expanding down to the side of the 
iridescence 

E Color of non-iridescent setae on 
clypeus, NOT including white 
transverse band if present.  

0 = all of clypeus covered in 
iridescence; 1 = brown; 2 = black; 3 =
black and white; 4 = black and tan; 5 
= black, white, and red 

F Clypeal covering divided in center States: 0 = absent/not divided; 1 =
divided 

G Clypeus with vertical bands that 
extends above AER: clypeal 
integument marked with dark 
vertical bands that may between 
AME and ALE to oral margin, with 
pale vertical band between these. 

0 = no banding pattern; 1 = two dark 
bands above AMEs (SCC) only; 2 =
two dark bands extending from above 
AMEs to oral margin; 3 = two dark 
bands extending from above AMEs to 
just below AMEs, 4 = two dark 
vertical bands extending from above 
AMEs to oral margin bisected with red 
bands 

H Color of hair pencils/hairs covering 
chelicerae  

States: 0 = blue; 1 = red; 2 = pale/ 
white; 3 = yellow/gold; 4 = no hair 
pencils; 5 = dull red 

I Presence of hair pencils covering 
chelicerae 

States: 0 = absent; 1 = present; 2 =
present, but very thin; 3 = present, but 
halfway cover the chelicerae  

J Leg I femur: Ventral fringe of 
elongate scales 

States: 0 = absent; 1 = present  

K Leg I femur: Color of ventral side 0 = brown/dark; 1 = white/pale; 2 =
yellow; 3 = orange + white; 4 = red; 5 
= speckled tan and black; 6 = rusty 
red 

L Leg I femur: pattern  States: 0 = longitudinally striped; 1 =
speckled; 2 = plain; 3 = cross between 
speckled and striped 

M Leg I tibia: Ventral fringe of elongate 
scales 

States: 0 = absent; 1 = present 

N Leg I tibia: Color of ventral side  States: 0 = brown/dark; 1 = white/ 
pale; 2 = yellow; 3 = orange; 4 = red, 
5 = speckled tan and black; 6 = rusty 
red  

O Leg I tibia: pattern States: 0 = longitudinally striped; 1 =
speckled; 2 = plain, 3 = cross between 
speckled and striped  

P Leg I tarsus: expanded tarsus States: 0 = absent; 1 = present 
Q Leg II femur: Ventral fringe of 

elongate scales 
States: 0 = absent; 1 = present 

R Leg II femur: Color of ventral side States: 0 = brown; 1 = white/pale; 2 
= yellow; 3 = orange; 4 = red, 5 =
speckled tan and black; 6 = rusty red 

S Leg II femur: pattern  States: 0 = longitudinally striped; 1 =
speckled; 2 = plain; 3 = cross between 
speckled and striped 

T Leg III and IV pattern States: 0 = longitudinally striped; 1 =
speckled; 2 = plain  

(continued on next page) 
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protocol (Qiagen, Valencia, CA). Two to three legs were used for 
extraction, unless legs were unavailable, then the dorsal half of the 
cephalothorax was used. All genomic DNA extractions were quantified 
using a Qubit Fluorometer and quality of extractions was assessed using 
gel electrophoresis. We used both target capture of ultraconserved ele
ments (UCEs) and double digest restriction-site associated DNA 
sequencing (ddRADseq) to gather genomic-scale data. 

The ddRADseq dataset includes 95 specimens (see Appendix A). We 
followed a modified version of the Peterson et al. (2012) protocol, using 
SbfI and MseI enzymes. This enzyme combination was chosen to in
crease sequencing depth while accounting for the large genome sizes of 
Habronattus (~5.7 pg; Gregory, 2003). Sequencing was completed using 
150PE reads on an Illumina Hiseq4000 platform at the University of 
California Berkeley’s QB3 Vincent J. Coates Genomics Sequencing 
Laboratory. 

Raw ddRADseq data were demultiplexed using STACKS v2.3.0 with 
default settings. The remaining data assembly was completed using 
iPYRAD v.0.7.30 (Eaton and Overcast 2020). All iPYRAD settings were 
left as default, with the exception of the clustering threshold for de novo 
assembly, set to 90% and the maximum number of indels allowed in a 
locus, which was set to 5. We created several alignments requiring data 
for different numbers of individuals in order to retain that locus in the 
alignment. These include alignments requiring loci to be shared by at 
least 48 (minsamp48), 24 (minsamp24), 10 (minsamp10), and 4 (min
samp4) individuals (similar to MacGuigan and Near, 2019). We also 
created two smaller alignments that contained fewer samples. The 
“trimmed” alignment included 67 samples, with a subsampling of in
dividuals from three heavily collected sites (Sonora Pass, Mt. Ashland, 
and Mt. Hood), in attempt to reduce any sampling bias. The “core” 
alignment included the minimum number of individuals needed to ac
count for morphological and geographic diversity (n = 40 samples) and 
required loci to be shared by at least half the samples (24). 

We estimated phylogenomic relationships with ddRADseq data using 
concatenated and coalescent approaches. We concatenated each of the 
four complete alignments (minsamp 48, minsamp 24, minsamp 10, and 
minsamp 4) and the core alignment and completed maximum likelihood 
tree reconstructions for each minsamp dataset using IQ-TREE v1.2.1 
(Nguyen et al. 2015). Branch support was estimated using the ultrafast 
bootstrap method (Hoang et al. 2018). We ran IQ-TREE with Model
Finder to estimate the correct substitution model (Kalyaanamoorthy 
et al. 2017). We performed constrained analyses in IQ-TREE v2.0.0 to 
identify whether our molecular data included any phylogenetic signal 
(similar to Willis et al. 2013) and to test different topology hypotheses. 
Two different constrained phylogenetic analyses were completed using 
each minsamp concatenated alignment and best fit substitution model 
estimated by ModelFinder. Constraint 1 required currently described 
species to form individual clades, without any constraints on internal 

nodes. Constraint 2 required currently described species to form indi
vidual clades, with the addition that morphological variants within each 
described species were also constrained as clades nested within the 
species clade. We performed the Shimodaira-Hasegawa (SH test; Shi
modaira and Hasegawa 1999) and Kishino-Hasegawa (KH test; Kishino 
and Hasegawa 1989) tree topology tests implemented in IQ-TREE v2.0 
to identify the topology with the highest likelihood score. Species trees 
for the minsamp datasets were also inferred using unlinked SNPs under 
the multi-species coalescent using tetrad implemented in IQTREE v1.2.1 
(Nguyen et al. 2015). For each tetrad analysis, we sampled all quartets 
and ran 100 bootstrap replicates. Resulting trees were plotted using a 
custom R script. 

We conducted two STRUCTURE 2.3.4 (Pritchard et al. 2000) ana
lyses under non-admixture and admixture models using the trimmed 
data matrix of 67 individuals and 810 unlinked SNPs. STRUCTURE was 
run for clusters K = 2 to K = 10, each replicated 10 times. Each run 
included 100,000 generations with the first 10,000 removed as burnin. 
We used CLUMPAK (Kopelman et al. 2015) to summarize results. 
Optimal K values were chosen based on the prob(k) method (Pritchard 
et al. 2000), and we used a custom R script to plot pie charts of 
admixture proportions onto a map corresponding to sample locations. 

To identify possible SNPs associated with each of the 14 morphs, we 
performed a GEMMA analysis (Zhou and Stephens 2012) on both the 
minsamp48 unlinked SNPs and all SNPs datasets. Within GEMMA, we 
used univariate linear mixed models (LMM) to perform the Wald asso
ciation test, which can identify significant associations between SNPs 
and a predefined phenotype. We adjusted p-values for each dataset using 
the more conservative Bonferroni correction to correct for multiple 
comparisons; corrected p-values for the unlinked SNPs dataset was 
0.0000768 and 0.00000421 for the all SNPs dataset. Results were 
graphed using a custom R script. 

2.4. UCE data collection & analysis 

The UCE dataset includes 16 ingroup samples from the four ameri
canus group species used in morphological analysis and two outgroup 
individuals (H. tuberculatus and H. aestus; see Appendix A). UCE ingroup 
specimens were chosen to cover the geographic range of the subgroup, 
but do not include all morphological variants defined in the morpho
logical analysis. We used the UCE probe set designed for Arachnida 
(Faircloth, 2016), with data collected and sequenced as in Hedin et al. 
(2020). 

Raw UCE data were processed using the Phyluce pipeline (Faircloth, 
2016). Assemblies were created using Trinity (Haas et al. 2013) within 
the Phyluce pipeline. Minimum coverage and maximum identity values 
for probe matching were set to 90. UCE loci were aligned with MAFFT 
and trimmed using Gblocks at settings: b1 = 0.5, b2 = 0.5, b3 = 8, b4 =
10. Alignments with less than 85% identical sites were flagged for 
manual examination and edited if necessary, using the program Gene
ious 11.0.4 (Biomatters). All loci were examined and corrected for large 
internal gaps in the conserved UCE region and obvious alignment errors. 

IQ-TREE v2.0 was used to create a maximum likelihood concate
nated UCE phylogeny with branch support estimated with the ultrafast 
bootstrap method (Nguyen et al. 2015; Hoang et al. 2018). We used 
ModelFinder implemented in IQ-TREE to estimate the best substitution 
model (Kalyaanamoorthy et al. 2017), presuming a single data partition. 
We measured genealogical concordance using the Concordance Factor 
function in IQ-Tree v2.0 (Minh et al. 2020). To estimate concordance 
factors, we used IQTREE to infer a maximum likelihood concatenated 
reference tree with 1000 bootstrap replicates on which concordance 
factors were annotated. In addition to calculating the gene concordance 
factor (gCF), this method can also calculate the site concordance factor 
(sCF), which is useful when gene alignments are relatively uninforma
tive, creating uncertain gene trees (Minh et al. 2020). We suspect our 
individual UCE locus alignments may be relatively uninformative due to 
the recent divergence time and extensive gene flow between populations 

Table 1 (continued ) 

ID Description States 

U Palpal patella color States: 0 = uniform, yellow/gold; 1 =
uniform, white/pale; 2 = uniform, 
red; 3 = nonuniform, red/white; 4 =
nonuniform, speckled tan and black; 5 
= nonuniform, mostly black/some 
red/minimal white; 6 = nonuniform, 
black and pale/white; 7 = nonuniform 
brown and white; 8 = nonuniform 
brown and yellow; 9 = dip dyed red 

V Color of hairs covering tarsal bulb 0 = uniform, yellow/gold; 1 =
uniform, white/pale; 2 = uniform, 
red; 3 = nonuniform, red with distinct 
white stripe; 4 = nonuniform, 
speckled tan and black, 5 =
nonuniform, white/pale and orange 

W Presence of long, extended hairs 
covering tarsal bulb 

0 = absent; 1 = present   
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in the americanus subgroup. 
To test alternative topology hypotheses, we completed constrained 

analyses for the concatenated UCE dataset using IQ-TREE v2.0.0 using 
the best fit nuclear substitution model estimated by ModelFinder. We 
completed two constraint analyses as for the ddRAD data above and 
performed the KH and SH tree topology tests to identify the most likely 
topology of each minsamp dataset. 

3. Results 

3.1. Morphological analyses 

Character scorings for all specimens are provided in Appendix B. 
The NMDS plot supports several distinct clusters corresponding loosely 
to assigned species identity or morph type (Fig. 2). There are two distinct 
H. kubai clusters, a south cluster – comprised of individuals collected in 

the central Sierra Nevada (kub south) and a north cluster – comprised of 
samples collected mostly from northern California and Southern Oregon 
(kub north), with the exception of two individuals collected from the 
central Sierra Nevada (HA0939 and HA1469). The H. americanus cluster 
occupies a large area of the NMDS plot, indicating substantial 
morphological diversity within this species. Previously defined morphs 
of H. americanus (P, PL, PLC, PC; Blackburn and Maddison 2014) fail to 
cluster together when all characters are analyzed, emphasizing high 
character variability in H. americanus. Based on our NMDS results in 
conjunction with previously defined morphological types, we identify 
14 morphological forms: kub south, kub north, sans white, sans red, BSK, 
SCC, bulb, Pahvant, Gunnison, amer PLC, amer PL, amer P, amer PC, and 
amerPLE (Appendix A). The Pahvant, Gunnison, and BSK forms are 
newly identified morphs within the americanus subgroup and are not 
assigned a described species identity. A newly recognized H. americanus 
morph with an expanded tarsus on leg I was also discovered (amer PLE). 

Fig. 2. Results of NMDS analysis of morphological data matrix (A) and cartoons of 14 species/morph identities (B).  
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3.2. ddRAD data & analysis 

ddRADseq data was recovered for 95 out of 96 samples sequenced. 
Raw reads are available at the Short Read Archive (BioProject ID: 
PRJNA716323) and data matrices are available at Dryad (https://doi. 
org/10.6086/D16D6B). Our core dataset (minsamp = 20) included 
1387 retained loci with an average of 983 loci per sample (Appendix A). 
Our trimmed dataset (minsamp = 33) included 814 retained loci with an 
average of 608 loci per sample. The complete sample datasets included 
37687, 8406, 2374, and 655 retained loci after filtering for the min
samp4, minsamp10, minsamp24, and minsamp48 datasets, respectively. 

ModelFinder estimated the best fit substitution model for the min
samp4 and minsamp10 datasets as TVM + F + R2 and TPM + F + R3 for 
the minsamp24 and minsamp48 datasets. IQTREE recovered similar 
topologies for each concatenated maximum likelihood phylogeny of the 
complete sample datasets despite different levels of missing data (Fig. 3; 
Supplemental Figs. 1–3). All four phylogenies identify four major line
ages that loosely correspond with geography. The minsamp4, min
samp10, and minsamp24 phylogenies identify similar lineages: Rockies 
(RO), southern Oregon + northern California (SONC), and Sierra 
Nevada + southern California (SNSC), and a northern lineage composed 
of individuals from Oregon + Canada (NO). Lacking an outgroup, the 
minsamp4, 10, and 24 concatenated phylogenies were rooted between 
the NO and RO lineages. We chose to root at this branch because it es
tablishes the monophyly of the NO lineage, placing northern H. sansoni 
individuals into a single clade. The minsamp48 phylogeny instead only 

fully supports the SNSC and NO lineages. The remaining two lineages 
(RO, SONC) are still present but became paraphyletic (Supplemental 
Fig. 3). Three specimens move between clades depending on the dataset 
(HA1123, HA1649, and HA1652). Support for deeper nodes increases 
with a lower minsamp value, likely due to number of sites used to 
construct the tree (more sites supporting a specific split = higher boot
strap support). The addition of more sequence data from RADseq 
methods has been documented to increase bootstrap support in a system 
that underwent a rapid radiation event (Wagner et al. 2013); the same 
could be occurring with our ddRADseq data. We refer to the four 
geographic groupings present in the minsamp4, 10, and 24 phylogenies 
moving forward. 

The KH and SH topology tests supported topologies for the uncon
strained minsamp phylogenies over both constraint topologies for each 
minsamp dataset (Table 2; constraint phylogenies for each minsamp 
dataset can be found in Supplemental Fig. 4–11). 

Tetrad trees for each minsamp dataset yielded similar topologies to 
the concatenated IQTREE phylogenies (Supplemental Figures 12–15). 
Tetrad phylogenies were rooted similarly to concatenated phylogenies. 
All minsamp species trees recover four geographical lineages similar to 
the four geographic groupings (NO, RO, SONC, and SNSC) identified by 
the concatenated phylogenies. The same individuals that moved be
tween clades in the IQTREE phylogenies (HA1123, HA1649, and 
HA1652) behave similarly in our Tetrad analyses, sometimes forming 
small clades of their own. 

The optimal K value for the admixture STRUCTURE run was chosen 

Fig. 3. Concatenated, unconstrained rooted ddRADseq minsamp 4 phylogeny with map denoting collection location of specimens in each lineage. Symbols on map 
correspond to symbols on lineage labels. Lower right denotes all forms present in each lineage, along with symbols in gray to denote described species each morph 
belongs to. Node labels show bootstrap support / sCF (in percentage of sites supporting split). Tip labels colored by morph/ species identity as in Fig. 2. SNSC = Sierra 
Nevada + Southern California clade, SONC = southern Oregon + northern California clade, RO = Rocky Mountain clade, NO = northern clade. 
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as K = 3 (Fig. 4c). The three clusters align with geographic location and 
major phylogenetic lineages, with the exception of the disappearance of 
the NO lineage in which all NO individuals were included in the SONC 
cluster (purple). The optimal K value for the non-admixture STRUC
TURE run was chosen as K = 4 (Supplemental Figure 16) The four ge
netic clusters generally follow geography and correspond with major 
lineages identified in the phylogenetic analyses. However, individuals 
collected in southern California are included in three different genetic 
clusters (NO, RO, SNSC). 

GEMMA analyses identified between 0 and 10 significant SNPs in the 
unlinked SNPs dataset and between 0 and 159 significant SNPs in the all 
SNPs dataset. The amer PL morph had 0 significant SNPs in both datasets 
(Supplemental Figure 17 [all SNPs] and 18 [unlinked SNPs]). Without a 
reference genome, we cannot identify the genomic location of each 
significant SNP and are therefore unable to correlate these loci to any 
known candidate loci (e.g., color genes, etc.). 

3.3. UCE data & analysis 

We recovered 260 UCE loci with a mean length of 369 bp (Appendix 
A). The mean number of parsimonious informative sites per locus was 
only 2.29, indicating that our UCE loci may be too conserved to suc
cessfully resolve phylogenetic relationships between populations and 
species. Raw reads are available at the Short Read Archive (BioProject 
ID: PRJNA719119) and data matrices are available at Dryad (https://doi 
.org/10.6086/D16D6B). 

ModelFinder estimated the best-fit substitution model for the 
concatenated UCE alignment as TPM2u + F + R2. The concatenated 
UCE phylogeny is summarized in Fig. 4. Similar to ddRADseq phyloge
netic analyses, the tree topology appears to reflect geography more than 
species or morph identity. Each of the four ingroup lineages – here 
referred to as SONC, Sierra Nevada, west Rockies, and ‘A’ lineage – in
cludes at least two different species or morphs and most of the lineages 
contain individuals collected from specific geographic regions. The UCE 
lineages only loosely reflect those recovered in ddRADseq analyses. The 
largest difference being the absence of the NO clade, with individuals 
from that clade now included in the SONC clade (similar to STRUCTURE 
K = 3 results). Two individuals (HA0333 and HA0449) form the unlikely 
‘A’ lineage, composed of samples collected in southern California and 
Colorado. The Sierra Nevada lineage includes samples from the central 
Sierra Nevada mountains, one sample from Wyoming and two British 

Columba samples; the latter three samples being discordant with the 
SNSC ddRAD lineage. 

The gCF at many nodes appears to be low, ranging from 0% to 32.2% 
of loci supporting a node split, with all but two nodes below 10% of loci 
supporting a particular split. The sCF at each node ranges from 28.1% to 
94% of sites supporting a particular split. KH and SH tree topology tests 
supported topologies for the unconstrained UCE phylogeny over both 
constraint topologies (Table 2; constraint UCE phylogenies can be found 
in Supplemental Figures 19 [const 1] and 20 [const2]). 

4. Discussion 

4.1. Morphological-genomic discordance 

There is considerable morphological variation, both within and be
tween americanus subgroup species. While species/morph specific clus
ters can be identified in our NMDS analysis, most clusters occupy large 
areas within the plot, highlighting within-morph diversity (Figs. 1 & 2). 
Habronattus kubai (kub south and kub north) and H. sansoni (sans white, 
sans red, and SCC) both form two distinctly separated clusters, implying 
morphological diversity within a described species. The NMDS also 
implies considerable morphological variation within H. americanus, 
however, it is more difficult to identify highly distinct morphological 
clusters than within H. kubai and H. sansoni. Although our morpholog
ical character matrix is smaller than that originally used by Griswold 
(1984), this matrix includes all variable characters within the ameri
canus subgroup that could be reliably scored, with the exception of 
genitalia. Griswold (1984) found that genitalic diversity in the ameri
canus subgroup is highly conserved; we doubt that inclusion of such data 
would identify more clearly separated clusters defined by described 
species. 

Phylogenetic and clustering analysis of genomic data fails to mirror 
patterns reflected by morphology in americanus subgroup individuals. 
For example, on the ddRAD phylogeny the kub north morph is spread 
between both the SONC and SNSC lineages and the amer PL morph is 
included in all 4 genomic lineages (Fig. 3). Multiple H. amer PL morphs 
are spread throughout the UCE phylogeny and are intermixed with sans 
white and kub north morphs in some clades (Fig. 4). STRUCTURE ana
lyses identify genetic clusters that include between three (SNSC) to five 
(RO and SONC) different species/morphs. All genomic clusters form 
somewhat geographically cohesive groups despite the number of 

Table 2 
Results of constrained tree analyses for all datasets. deltaL = log likelihood difference from the maximal log likelihood in the set. bp-Rell = bootstrap proportion using 
RELL method (Kishino et al.1990). p-KH = p-value of one sided Kishino-Hasegawa test (1989). p-SH = p-value of Shimodaira-Hasegawa test (2000). p-WKH = p-value 
of weighted KH test. p-WSH = p-value of weighted SH test. c-ELW = Expected Likelihood Weight (Strimmer and Rambaut, 2001). Plus signs denote the 95% confidence 
sets. Minus signs denote significant exclusion.  

Dataset / Trees Log Likelihood deltaL bp-RELL p-KH p-SH p-WKH p-WSH c-ELW 

UCE Trees 
Unconstrained −151937.5826 0 1 + 1 + 1+ 1+ 1+ 1 +
Constraint 1 −152197.5883 260.01 0 - 0 - 0 - 0 - 0 - 1.96 * 10-52 - 
Constraint 2 −152317.9014 380.32 0 - 0 - 0 - 0 - 0 - 3.31 * 10-86 - 
ddRAD Minsamp 4 
Unconstrained −11190202.17 0 1 + 1+ 1+ 1+ 1+ 1+

Constraint 1 −11200698.81 10,497 0 - 0 - 0 - 0 - 0 - 0 - 
Constraint 2 −11204447.28 14,245 0 - 0 - 0 - 0 - 0 - 0 - 
ddRAD Minsamp 10 
Unconstrained −2765208.566 0 1 + 1+ 1+ 1+ 1+ 1+

Constraint 1 −2773211.958 8003.4 0 - 0 - 0 - 0 - 0 - 0 - 
Constraint 2 −2776162.114 10,954 0 - 0 - 0 - 0 - 0 - 0 - 
ddRAD Minsamp 24 
Unconstrained −884284.9398 0 1 + 1+ 1+ 1+ 1+ 1+

Constraint 1 −888737.6852 4452.7 0 - 0 - 0 - 0 - 0 - 0 - 
Constraint 2 −890640.9283 6356 0 - 0 - 0 - 0 - 0 - 0 - 
ddRAD Minsamp 48 
Unconstrained −261217.5743 0 1 + 1+ 1+ 1+ 1+ 1+

Constraint 1 −263179.6385 1962.1 0 - 0 - 0 - 0 - 0 - 0 - 
Constraint 2 −264235.2606 3017.7 0 - 0 - 0 - 0 - 0 - 0 -  
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distinct morphs included within each cluster (Fig. 4c). Most morpho
logical types are not monophyletic in the ddRAD and UCE phylogenies 
and several morphological types appear in multiple places across the 
phylogeny (Figs. 2-4). Constraint topologies that restrict clades to 
morphologically described species/morphs were never recovered as the 
most likely topology for any dataset (Table 2), supporting both signal in 
the genomic data, and discordance between morphology and genomic 
data. 

4.2. Prior studies supporting introgression 

A genus-wide transcriptome study identified evidence of introgres
sion affecting phylogenetic relationships at several levels within Hab
ronattus, including within and between species groups (Leduc-Robert 
and Maddison 2018). In particular, evidence supported admixture be
tween members of the americanus group (see Fig. 4, Leduc-Robert and 
Maddison 2018). Evidence for intraspecific introgression within 
H. americanus in the Sierra Nevada has also been documented, where 
different H. americanus morphs remained divergent despite genome 
wide IH (Blackburn and Maddison 2014). Since previous studies did not 
include all americanus subgroup species and/or divergent morph types, 
effects of IH on specific phylogenetic relationships between members of 
the americanus subgroup were not examined. 

Here, we identified patterns of geographically defined phylogenetic 
lineages within the americanus subgroup across different tree recon
struction methods, including the multispecies coalescent (MSC; Sup
plemental Figures 12–15). Traditionally, MSC approaches can be used to 
identify underlying patterns of divergence that might go undetected in 
concatenated datasets, because of the increased variance with the 
addition of many loci, or failure of concatenated approaches to identify 
signal from less variable loci (Maddison 1997; Willis et al. 2013). 
However, our tetrad species trees mostly coincided with concatenation 
results, supporting geographically defined genetic lineages. 

UCE lineages also remain primarily defined by geographic location 
(Fig. 4). Small shifts in lineage composition from ddRADseq data is ex
pected because of differences in number of samples, individuals 
included (species/morph and population identity), and lower resolution 
of the UCE data. The utility of UCEs to estimate phylogenetic relation
ships has been documented at multiple taxonomic levels, including 
recently diverged taxa (Smith et al. 2014; Starrett et al. 2017). However, 
our UCE data, like our ddRAD data, remained unable to detect the 
complete americanus subgroup speciation signal. Our phylogenomic 
analyses of both ddRADseq data and UCE data suggest that a homoge
nizing force is acting on the genomes of americanus subgroup members. 
Below we discuss alternative scenarios that may have led to genomic 
homogenization. 

4.3. Competing models of divergence 

We define our null hypothesis as one in close agreement with the 
taxonomy proposed by Griswold (1987) with four named species – 
H. americanus (all forms), H. sansoni (red and white forms), H. kubai 
(north and south forms), H. bulbipes – and four unnamed species – BSK, 
SCC, Gunnison, and Pahvant. We discuss below two alternative hy
potheses that could explain the evolutionary patterns we recovered in 
the americanus subgroup (although more might apply): (A) species as 
defined above (i.e., the null hypothesis), with introgression within 
geographic centers, and (B) the americanus subgroup is instead 
comprised of four geographically localized, highly polymorphic species. 

Null Hypothesis. Introgression within geographic centers 
Introgression within geographic centers could explain the patterns 

we recovered in genomic and morphological datasets under our null 
hypothesis. The americanus subgroup is estimated at only 200,000 years 
old (Hedin et al. 2020), subjecting evolving populations to climatic 
shifts during the Pleistocene epoch (2,580,000 – 11,700 years ago). 
Previous studies in other systems suggest that climatic events during the 

Pleistocene likely isolated populations to smaller refugia, affecting 
population genetic structure, genetic diversity and lineage divergence 
(e.g., Hewitt 1996; Shafer et al., 2010; Hewitt 2011). As glacial ice 
retreated, population ranges likely expanded, possibly enabling contact 
with other previously isolated populations (Davis 2001). It is possible to 
imagine this scenario for americanus subgroup species, as they inhabit 
regions throughout western North America (Griswold 1987) that were 
affected by glaciation events. Additionally, several current hybrid zones 
are found at elevations that were likely covered in glacial ice as recently 
as the last glacial maximum (LGM), including Sonora Pass (~2700 m), 
Mt. Shasta (~2350 m), Mt. Ashland (~2000 m), and Mt. Hood (~960 
m). 

Climatic changes may have enabled americanus subgroup pop
ulations to come into secondary contact with divergently evolving 
populations following range expansions (e.g., Maddison and McMahon 
2000); current hybrid zones may be testament to this. A lack of complete 
reproductive isolation between diverging americanus subgroup spe
cies/morphs could have allowed for IH, enabling gene exchange across 
species boundaries. In conjunction with a recent and rapid divergence, 
hybridization between species/morphs in close geographic proximity 
could explain our genomic results where we recovered lineages and 
admixture proportions defined by geographic location rather than 
morphological identity (Figs. 3, 4). We used the MSC in effort to identify 
underlying patterns of divergence that concatenation may have failed to 
identify. However, our species trees also failed to recover groups defined 
by morphology (Supplemental Figures 12–15). Rapid radiation events, 
like those that occurred within Habronattus (Leduc-Robert and Maddison 
2018) encourage the retention of ancestral variation, causing conflicts 
between the most probable gene tree and the species branching pattern; 
this discordance is further exacerbated when hybridization is present 
(Maddison 1997). 

Because sexual selection is believed to be strong in Habronattus 
(Peckham and Peckham 1889; Peckham and Peckham 1890; Masta and 
Maddison 2002; Elias 2003; Hebets and Maddison 2005; Elias et al. 
2006; Elias et al. 2012), it may be expected that genomic regions un
derlying male phenotypes are under strong selection relative to other 
areas of the genome (e.g. male Lycaeides characters, Nice and Shapiro 
1999; Nice et al. 2005; Gompert et al. 2008). If this is the case in the 
americanus subgroup, then selection has maintained male morphologies 
despite widespread genome homogenization. Our GEMMA results 
appear to support this scenario by identifying at least one significant 
SNP associated with each morph, aside from amer PL (Supplemental 
Figures 17 and 18). Although we cannot identify where in the genome 
these SNPs are located or what specific trait they are correlated with, 
these results are consistent with small genomic regions differentiating 
morphs in some way. Of course, our ddRAD loci are likely not dense 
enough to capture all SNPs associated with the morphs. We might also 
expect sexual selection to reinforce membership in species/morph 
clades. Instead, our results suggest that while sexual selection may be 
preserving divergent male phenotypes, widespread introgression in 
remaining parts of the genome could be swamping any speciation signal, 
resulting in a pattern of little correlation between species boundaries 
and genetic markers (similar to Lycaeides, Nice and Shapiro 1999; Nice 
2005; Gompert et al. 2008). To summarize, if we accept the null hy
pothesis, americanus subgroup individuals likely speciated along color 
lines (male morphologies) followed by introgression within geographic 
regions, leading to rejection of a typical bifurcating evolutionary model 
(Gompert et al. 2014). 

Alternative Hypothesis. americanus subgroup taxa are composed of four 
polymorphic species 

This hypothesis rejects the current taxonomy, instead favoring the 
presence of four highly polymorphic species; these four species include 
SONC, SNSC, RO, and NO, unless noted otherwise. This scenario intui
tively fits with our phylogenomic data where species lineages correlate 
with geography. High levels of morphological diversity in these species 
and shared morphs across species could have occurred via maintained 
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ancestral polymorphism at color loci, in a manner similar to that 
described by Jamie and Meier (2020). These authors describe three non- 
exclusive processes that could lead to identical polymorphisms across 
species: inheritance via ancestral variation, mutation, and introgression. 
Guerrero and Hahn (2017) describe how ancestral polymorphisms may 
remain present in descending species via a speciation sieve-like process, 
where balancing selection in an ancestral species eventually leads to 
fixation of different allelic classes in diverging lineages (see Fig. 1, 
Guerrero and Hahn 2017). If balancing selection is no longer acting on 
these alleles in descendent species, the result is blocks of highly diverged 
and selectively neutral haplotypes between species that can persist 
through several speciation events, resulting in species pairs sharing 
sieved regions (Campagna et al. 2017; Han et al. 2017). 

Under the sieve hypothesis, each geographically defined americanus 
subgroup species may share neutral, fixed polymorphic alleles (and 
additional linked genes) near ancestral loci that were once under strong 
selection, which may include color traits. However, the likelihood that 
identical polymorphisms across species could be the only cause for such 
variation within and among species in the group seems unlikely. Dif
ferences in male morphs are determined by more than one trait and 
almost certainly more than one genetic locus. While reports of selection 
maintaining polymorphisms at a single locus and recurring in multiple 
members of a species radiation are well documented (see Table 1, Jamie 
and Meier 2020), few cases demonstrate this occurrence in a multilocus 
setting (Llaurens et al 2017), although still theoretically possible (Turelli 
and Barton 2004). We view it as unlikely that the loci responsible for 
morph variation in americanus subgroup species were both maintained 
from ancestral polymorphism and sieved in populations of each species 
in such a way that leads to a clear, congruent morphological pattern. 
However, if we accept that color polymorphisms could account for at 
least some of the morphological variation, such polymorphisms would 
need to be maintained. If polymorphisms were a result of a speciation 

sieve, they may be selectively neutral and easily remain in each species. 
Alternatively, some form of negative frequency dependent selection that 
is not dependent on a population’s ecology (e.g. NFDS on alternative 
mating types) – ecologies shared across geographic regions (here spe
cies) are similar in many cases– could be responsible for maintaining 
polymorphisms across species (Jamie and Meier 2020). However, we 
currently have no evidence that any morph type has a selective benefit 
over others, likely ruling out convergence as a means responsible for 
identical morph types occurring in different genetic lineages. 

Introgression, the third process that Jamie and Meier (2020) describe 
for shared polymorphisms across species, is present throughout the 
history of Habronattus (Masta 2000; Maddison and Hedin 2003; Hedin 
and Lowder 2009; Blackburn and Maddison 2014; Leduc-Robert and 
Maddison 2018; Hedin et al. 2020). Such IH could have introduced 
additional variation in the ancestor of the americanus subgroup. It is also 
possible that throughout the recent divergence of the four geographic 
species, some populations came into contact with others, enabling hy
bridization and subsequent introgression. Similar to our null hypothesis, 
biogeographic conditions could have brought diverging species together 
as the climate shifted, resulting in introgression of male color morphs to 
each of the four geographically defined species. Therefore, the four 
species may exhibit identical male morphological traits across species 
and highly variable traits within species due to both retention of 
ancestral polymorphism and introgression. 

Our genomic data could support a scenario similar to the alternative 
hypothesis, although our STRUCTURE results would support only three 
“species” (Fig. 4) instead of the four recovered in our phylogenomic 
analyses (Fig. 3). This hypothesis assumes only four species that have 
extreme morphological diversity through retention of polymorphisms 
and/or gene flow via introgression. While this is a possibility, it seems 
unlikely considering that in most populations, there is only a single male 
morph represented. If we had highly polymorphic and morphologically 

Fig. 4. (A) Concatenated, unconstrained 
rooted UCE phylogeny. Tip labels colored 
by morph/ species identity as in Fig. 2. 
Node labels show bootstrap support / gCF 
(in percentage of loci supporting split) / 
sCF (in percentage of sites supporting 
split). Cartoon amer PL, kub north, and 
sans white morphs shown to the right of 
all clades where each morph is present. 
(B) map denoting location where in
dividuals in each lineage were collected, 
symbols on map reflect symbols on line
age labels. (C) Mapped admixture pro
portions estimated by STRUCTURE and 
shown as pie charts for the trimmed 
ddRADseq dataset. Upper right corner 
notes distinct species/morphs repre
sented in each of the three clusters, 
ddRAD lineage names are color coordi
nated to denote which cluster they reflect 
most and UCE lineage symbols are listed 
beneath ddRAD lineage names to aid in 
comparison between the three analyses.   
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diverse species, with little evidence for any selective benefit of different 
male morphs, we might expect to see several morph types at a single 
collection locality. This occurrence is relatively rare, only observed at a 
few locations where different morph types hybridize. 

5. Conclusions 

Additional research is needed to identify whether the americanus 
subgroup speciated along color lines followed by introgression within 
geographic centers (null hypothesis) or along geographic lines with 
retention of polymorphism at a few color genes and/or introgression 
between diverging lineages (alternative hypothesis). Evidence presented 
here suggests that the former hypothesis is more likely, but we cannot 
confidently reject the latter. Identification of divergent genomic loci 
responsible for different male phenotypes could provide insight into 
speciation modes and how different morphs developed (Campagna et al. 
2017). Mating experiments and additional population genetic analyses 
at hybrid zone sites could aid in identifying the directionality of gene 
flow – e.g. are H. americanus females promoting hybridization by 
choosing males of different species or are all H. americanus subgroup 
females choosing heterospecific mates? It is clear that many questions 
remain to be answered in this system. However, opportunities for future 
research could lead to new discoveries in speciation and evolutionary 
dynamics of rapidly radiating and highly diverse systems. 

Regardless of the mode of divergence, it appears the americanus 
subgroup is evolving as a complex unit of closely related taxa. Currently 
described species and newly identified morphs might be categorized as 
“nascent” species – defined as recently-diverged lineages not yet having 
developed intrinsic reproductive isolation (Cutter and Gray 2016). 
Complete reproductive isolation has not yet been established in the 
americanus subgroup, as species readily hybridize in areas of sympatry, 
and the group appears to be very young. As such, americanus subgroup 
members share both characteristics of nascent species. 

Frequent introgression between nascent species might make them 
susceptible to population fusion – an avenue leading to extinction 
(Rhymer and Simberloff 1996). It is possible that throughout the evo
lution of this group, some lineages succumbed to lineage fusion as gene 
flow from frequent introgression overwhelmed any divergent selection. 
Alternatively, frequent IH between evolving americanus subgroup 
members might have led to speciation through combinatorial mecha
nisms (Marques et al. 2019). As such, the same force that might have 
been creating nascent species also possibly reabsorbed nascent species in 
the americanus subgroup. This cycle of ephemeral speciation throughout 
the evolutionary history of this group could lead to the extreme genomic 
homogenization we identify today, where only small divergent areas of 
the genome responsible for species identity remain differentiated. 

Systems experiencing rapid radiations and substantial hybridization 
challenge our current understanding of speciation and evolution. As 
introgression acts as a powerful force promoting radiation, it can be 
beneficial to think about each radiating cluster as a single community. 
The community is composed of closely related species that actively share 
genetic material and may compete for resources, but essentially evolve 
as a single lineage (Zhang et al., 2019). An increasing number of studies 
are calling into question the traditional bifurcating model of evolution/ 
speciation, supporting instead a reticulate pattern with multifurcating 
branches (Abbott et al. 2013; Mallet et al. 2016; Wen et al. 2016). It 
appears as though the americanus subgroup falls into the category of a 
complex of closely related, nascent species evolving together through 
multiple introgression events creating a reticulate evolutionary history. 
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