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Abstract

Mygalomorph spiders house an incredible amount of cryptic genetic information, making
them an excellent model for species delimitation. An integrative approach to species delimitation
uses multiple lines of evidence to increase objectivity and greateiaagcMWe apply an
integrative approach to the trapdoor spider g&ydocosmiaBoth discovery (concatenation)
and validation (Bayes factor delimitation) were used. These methods found strong structuring
across the landscape and paraphyletic specidttanresults of these methods contrasted starkly
with the morphology, which was supported as two species using a morphometric analysis. Gene
flow is an important aspect of speciation and was investigated using the program PHRAPL,
which found overall relatiely low levels of migration. Niche differences and the projected
distributions of these species were calculated using niche based distribution modeling. Based on

these integrated methods, the refined hypothesis for this group is three species.
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Chapter 1
Introduction

With over 47000nominalspeciesvorldwide, distributed among 1X8milies (World
Spider Catalog, 2017%iders(order Araneagerank among thenost diverse organisnand are
generally held as the largest exclusively predatory animal groupe@¥a infraorders,
Araneomorphae and Mygamlomorphéee former contains over 90% of the described species
and the vast majority of thearphological diversity. The focus of this study is the
mygalomorphstarantulas, trapdoor spideend their kifCoddington & Levi, 1991)

Mygalomorph morphology is fairly uniform, with bulky bodies and plesiomorphic features such
asparaxial chelicerae, two pairs of book lungs, and overall much simpler reproductive organs
and silk gands(Raven, 1985)

Mygalomorphspiders present a special case for understgrediolutionary pattern and
process; theyend to be morphologically conservedathshallow(Jason E. Bond & Stockman,
2008; Hedin & Carlson, 2011; Leavitt, Starrett, Westphal, & Hedin, 2015; Satler, Starrett,
Hayashi, & Hedin, 2011; Starrett & Hedin,®0) and sometimes even de@ppatova, Bond, &

Arnedo, 2013phylogenetic levels, thus secondary sexual characters traditionally used in spider
taxonomy are often uninformative in species recognition and diagnosis. Historically much of the
groupds higher t ax elmeenbased o morphologysrendethgmajootyn  h a

of mygalomorph families (over half) as either paraphyletic or polyphylésison E. Bond,

Hendrixson, Hamilton, & Hedin, 2012)he paucity of diagnostic features at multiple

hierarchical levels has led to an increased reliance on molecular approaches (but sée below)
understandingthg r oupds evol uti onary hi sspeziesynteffaaer t i cul a
(Jason E. Bond & Hedin, 2006; Jason E. Bond & Stockman, 2008; Hamilton, Formanowicz, &

Bond, 2011; Hanilton, Hendrixson, Brewer, & Bond, 2014; Hedin & Carlson, 2011,

Hendrixson, DeRussy, Hamilton, & Bond, 2013; Leawital |, 2015; Montes de Oc
PérezMiles, 2016; Opatova, Bond, & Arnedo, 2016; Sagieal, 2011) Further compounding

theproblem, the notvagile nature of many mygalomorph species leads to an extreme genetic
structuring and cryptic speciation. This pattern was detected by both the sole use of mtDNA
markergBondet al.2001)and multilocus datde.g,Satleret al, 2013; Hamiltoret al, 2016)



which makes the group an ideal model system for exploring integrative approaches to delimiting
speciegJason E. Bond & Stockman, 2008; Montes de @ad, 2016) and thanks to their
philopatric nature, also biogeograp{@patoveet al, 2016)

Despite the issues noted above, the vast majority of mygalomorph species are described
on the basis of morphological (Bond, 2012); morpholbgged delimitation in mygalomorph
spiders remains waly used despite the recognized prevalence of species oJasis E. Bond
& Stockman, 2008; Hamiltoat al, 2014; Hendrixsoet al, 2013; Leavitet al, 2015; Opatova
et al, 2016; Satleet al, 2013; Stockman & Bon®007) Morphological stasis coupled with
extreme populatiotevel genetic divergence are further confounded by ambiguity in how species
are defined. For example, there are more than 20 species concepts, each emphasizing different
aspects of the spetian procesgde Queiroz, 2007; Hausdorf, 2011; Mayden, 199Git with
the shared characteristicialependence of evolutionary lineagéte Queiroz, 1998; Mayden,
1997) Because most mygalomorph spider species contain deeply diverged populations, by
definition considered as independent evoluiyriineages, integrative approaches that evaluate
multiple other lines of evidence (e.g., behavioral, morphological, ecologigafometimes
necessary to delimit species in cases where reliance on genetic data alone would likely result in
oversplitting (i.e., confuse geographic structuring alone as species bourid&ugsimaran &
Knowles 2017)

Combining multiple lines of evidence and mildicus or genomic data in an integrative
approach increases objectivity and robustness when delimiting sfléarstens, Pelletier, Reid,
& Satler, 2013; Edwards & Knowles, 2014; Padial, Mirgllee la Riva, & Vences, 2010pver
the past few decades, advances in, for example, digital imaging, analytical approaches to
evaluating morphological shape space, and niche based distribution modeling, have facilitated
empirical approaches to quantit@ly comparing populations and species. However, until
recently(Hamiltonet al, 2016; Starretet al, 2017)large scale mukiocus nuclear markers had
not been developed for use in mygalomorph spiders thereby limiting the genetic scope of
addressable qggons. Next generation sequencing based methods like Anchored Hybrid
EnrichmentLemmon, Emme, & Lemmon, 2013hd Ultra Conserved Elemer{tsrcloth et

al., 2012)that are able to generate large numbers of nuclear loci are especially applicable to non



model organisms like spiders. Moreover, these large datasets capitalize on species delimitation
methods that use multbicus coalescertiasedapproachegFujita, Leaché, Burbrink, McGuire,

& Moritz, 2012; A. Leaché & Fujita, 2010@yhere gene flow and other demogfné&c measures

can be estimated as part of the process.

Despite the demonstrated efficacy of approaches to species delimitation that use multiple
lines of evidence and genomic data, the point at which two populations qualify as species is
seldom clearut. For examplethe stochastic process of lineage sorting results in a species
ontology where loci will appear polyphyletic and then paraphyletic before sorting to genealogical
exclusivity(Powell, 1991; Takahata & Slatkin, 199@onsequently, genetic patterns of hion
monophyly could be indicative of incipient speciation despite the fact tha aothors maintain
that species, by definition, cannot be paraphyl@tiayden, 1997)However, patterns that show
speciation where lineages remain paraphyletic have been found to be fairly common in groups
like birds(Omland, Tarr, Boarma, Marzluff, & Fleischer, 2000; Packert & Martens, 2008;
Salzburger, Martens, & Sturmbauer, 2QQ##ants(Crisp & Chandler, 1996; Goe#lvila, Souza,

Gaut, & Eguiarte, 2006; Shaw & Allen, 2000; Thulin, Thiede, & Li&bdumann, 2012)nseds
(Lukhtanov, Sourakov, Zakharov, & Hebert, 2009; Petnal, 2006) and spidergHendrixson &
Bond, 2005a)species paraphyly has been detected at a relatively high rate in the litdrahke

& Omland, 2003)Paraphyletic speciation often appears when there is cryptic diversity, and the
phenomenon occurs when cryptic species are more genetically related to another described
species than the species with which it shares morphological similatitk & Omland, 2003)

The objective of this study is to explore species delimitation in the putatively closely
relaed members of the trapdoor spider ge@yslocosmigAraneae: Mygalomorphae:

Centizidae). Like other mygalomorph spider species, preliminary mtbased studies of
Cyclocosmigunpublished) indicated a pattern of strong genetic structuring and species
pargphyly. We use an integrative approdaolhmake informed decisions regarding species
boundaries in these taxa. We employ hundreds of loci and coakesssat methods to

genetically evaluate population structuring and gene flow across two geographically restricted
North American species. The genic-based results are then integrated with morphometry and

niche based distribution modeling to evaluate morphological and ecological difference between



the putative lineages. The results confirm a pattern of deep geographic structuring and
paraphyletic mrphological divergence. Although the muticus species delimitation results are
suggestive of numerous additional species, an integrative approach evaluating presence of gene
flow and the results of niche based distribution modeling and morphologalgbsns used to

make informed decisions regarding species boundaries in these taxa.

The Study System

Cyclocosmiaspecies have a geographically disjunct distribution, known only from
eastermsia (China and Thailan@nd inNorth America(United Stateand MexicQ (Gertsch &
Platnick, 1975; World Spider Catalog, 201The genusan be easily identifiedy a sclerotized,
truncated disc shaped abdominalodificationcovered in ridges and gowes, the edge of which
is rimmed with thick hairgFig. 1) Species descriptions for the genus are based primarily on the
variation of his hardened, platigke structurgGertsch & Platnick, 1975; Schwendinger, 2005;
Xu, Xu, Li, Dinh-Sac, & Li, 2017) This modification is most kely used in defense against
common predators, such as parasitic waspsrethe abdomen agts a shieldpotentially
providing protection from an invadeshenCyclocosmiaetreats headfirst into the burrow
(Gertsch & Platnick, 1975)

Two of the ejht species in the genus are frtm southeastertnited StatesC. truncata
(Hentz, 1841)which is found throughoutuch of Alabama, centralouthern Tennessee, and
northwestern GeorgiandC. torreya(Gertsch & Platnick, 1975which is foundn
southwestern Georgand northwesterklorida(Fig. 2). The secondary sexual characteristics are
homogeneous for theswo specie§Gertsch & Platnick, 1975)The most notable differences are
in the rim of the truncatigrwhich is a raised margin around the truncated abdominal disc with
gaps along the outside of the di$berim is more protrudingn C. torreyathan inC. truncata
and there is generally a difference in gadtern of gaps along the ventral edge (Fig. é)a&
projecting off the rimaremore numerous i€. torreyaand he number of ribs on thteuncation
is slightly higher inC. truncata The diagnostic differences between these species appear to be
limited to these features of the abdoni&ertsch & Platnick, 1975)



Methods

DNA Extraction and Sequencing

Specimens were collected throughout most of the known ranges of the species and
deposited in the Auburn University Museum of Natural History (AUMNH). Genomic DNA was
extracted for all fielecollected specimens from the leg tissue using a QiBj&zasy Bloal &

Tissue kit DNA concentration was evaluated through agarose gel electrophoresis and
spectrophotometry using a NanoDrop MD00. Individuals sequenced inclu@etruncata C.
torreya, andCyclocosmiasp specimens from China and Thailand listed in Tab&iven the
scarce availability of nuclear markers for roawdel organisms, the anchored hybrid enrichment
methodwas applied. Anchored hybrid enrichmeises highly conserved sites flanked by less
conserved regions of the nuclear genome to obtain iariahd areas to create probes, ideal for
investigatingdeep orshallow divergace times (Lemmoet al 2012).

Data were collected followinthe general methods ¢gHamiltonet al, 2016)and Library
preparation, enrichment, and sequencimgerconducted dhe Center for Anchored
Phylogenomics at Florida State Univéygwww.anchoredphylogeny.conusing probes
designed irHamiltonet al. (2016)to capture and enrich loci from genomic datter
extraction, up to 500 ng of each DNA sample was sonicated to a fragment size-8063090
using a Covaris E220 ultrasonicator. Indexed libraries were then prepared folMeyeg &

Kircher (2010) but with modifications for automation on a Beckr@oulter Biomek FXp
liquid-handling robo{seeHamiltonet al. 2016for detals). Sizeselectionusing SPRI select

beads (Beckmagoulter Inc.; 0.9x ratio of bead to sample volume) was performed after blunt

end repair. Indexed samples were pooled at equal quantities (16 samples per pool), and then each
pool was enriched usingegbAHE Spider Probe. The enrichment reactions were then sequenced

on one PE150 lllumina HiSeq 2500 lane at Florida State University Translational Science
Laboratory in the College of Medicine.

Orthology was determined among the homologous consensus sesjaéeach locus
following Prumet al.(2015)andHamiltonet al. (2016) Sequences were clustered using a
NeighborJoining algorithm by distance, but allowing at most one sequence per species to be in a

given cluster. Sequences in each orthologous cluster were aligned using MAFFT {K&28b



& Standley, 2013)using the-genafpair and-maxiterate 1000 flags. Traignment for each
locus was then trimmed/masked using the steps descrilfddnmiltonet al, 2016) Following
the targeting of the 585 loci in the Spider Probe 80l loci were recovered fdi7 ingroup
specimensnd six outgroup specime The result of more loci than targeted occurs when, as
part of the bioinformatics pipeline, probed loci with low coverage after alignment are separated
into individual loci.
Phylogenetic Analyses

The resulting loci were aligned using MAFFT 7.38&toh & Standley, 2013nd
alignment editing was performed usiAliscore 2.2 (Kick et al, 2010; Misof & Misof, 2009)
and Alicut2.3 Sequences with no missing data and one allele per indiwdere concatenated
into a supermatrix using FASconCAG 1.02(Kiick & Meusemann, 2010Both maximum
likelihood and Bayesian inference analyses were performed on the concatenated supermatrix and
wererun remotelyon the HoppeC€lusterat Auburn UniversityThe analyses were rooted with
two Hebestatis thevenatidividuals and twdJmmidiaspecies (both genera in family
Ctenizidae). Partitioning schemes and evolutionary models were selected using PartitionFinder2
(Lanfear, Frandsen, Wright, Senfeld, & Calcott, 201€ihg therclusteralgorithm(Lanfear,
Calcott, Kaner, Mayer, & Stamatakis, 2014hith RAXML implementatior(Stamatakis, 204),
linked branch lengths, and GTR models of molecular evoluiiba.caxcatenatediata matrix
(367 loci)waspartitionedand models assigned as suggebte@artitionFinder2 for each
analysis. Maximum likelihood (ML) analyses were performed using RASMLI (Stamatakis,
2014)with 1000 independent searches; the support afiddes was assessed by 1000 bootstrap
replicatesBayesian inference (BIl) analyses were conducté&tkaBayesl.4.1(Aberer, Kobert,
& Stamataks, 2014) Two independent runs oD3million generations with MCMC (Markov
Chain Monte Carlo) chains each were run starting from a parsimony starting tresamgling
evay 1,000 generations.
Multispecies Coalescent and Bayes Factor Specigslimitation

In Bayes factor species delimitation (BFD), marginal likelihoods are estimated for
predetermined speciation hypotheses and are subsequently compared using Bayes factors. In

each model, the individuals are assigned into lineages (putativespaccording to the



hypothesis that is being tested. The best performing model, indicated by the model with the
highest marginal likelihood value, identifies the number of lineages and assignment of
individuals to lineages that best explain the data. B&®been shown to perform well when
compared to other coalescdrgised species delimitation methg@ummer, Brysn, & Reeder,
2014; A. Leaché & Fuijita, 201@nd also performs well with low sample sifAsD. Leaché,
Fujita, Minin, & Bouckaert, 2014)This method has the advantage of not needing a guide tree,
which can Ims Bayesian species delimitation when incor(act_eaché & Fujita, 2010)nd

can therefore test namested model@Grummeret al, 2014)

Six competing species delimitation models were generated based on current taxonomic
groupings and results of the maximum likelihood and Bayesian infe(eeedResults, Fig. 3).
Groups for the morphology hypothesis are basedorphological species descriptions. Groups
for the second, third, and fourth hypotheses were chosen corresponding to the major clades
recovered on the concatenated tree (Fig. 3), with three species, four species, and six species,
respectively, correspaing to increasing levels of diversity. The fifth is a split hypothesis where
every locality, or neighboring localities (less than 20 km apart, 14 species total), is defined as a
species. The rearrange hypothesis is a nonsensical hypothesis where ilsdofiGuéruncata
were reassigned 0. torreyalineages and conversely. The split hypothesis and the rearrange
hypotheses were tested to evaluate the performance of this ni@tlumdmeret al, 2014)

Graphical depictions of species delimitation models are shown in Figure 4.

Themulti-gene coalescent approahimplemented in *BEASTHeled & Drummond,
2010)was used to estimate the spedies for the species delimitation models using the
*BEAST package. Due to the computational limitations of BEAST, it was not realistic to
conduct the analyses on the entireadat (415 loci), therefore we analyzed ten sets of 50
randomly selected loci (followinlloraleset al.2017) Theanalyses were rooted with a
Cyclocosmiandividual from Thailand based on the results of the full dataset (see below). All
North AmericanCyclocosmiandividuals (with two alleles each) previously analyzed were
included in the analyses and were assignadlineages (putative species) according to the
respective species delimitation model tested.



Two independent runs for each species delimitation model were run for 200 million
generations, sampling every 10,000 steps. Computationally less demandingsHKileotide
substitution rate model was assigned to each partition in order to facilitate convergence and to
reduce computational effolonvergence between runs and mixing within eachwene
visualized with Tracer v1.@Rambaut, Suchard, Xie, & Drummond, 201d ensureffective
sample sizefESSs) were greater than 200 after a borof 20%.Individual runs were
combined and ihogCombiner(Bouckaertet al, 2014) The first 20%of the generations of ea
run was discarded as buimand a consensus tregs inferred with TeeAnnotato{Bouckaertet
al., 2014)

The species delimitation models were canga using Bayes factor delimitation (BFD)
for each of the ten sets of I08FD is used to compare species delimitation models using
estimated marginal likelihood¥he marginal likelihood for each of the six models (Fig. 4) was
estimated with path sampt (Lartillot & Philippe, 2006) implemented in BEAST with two
independent runs eadbr each model in each of the ten sets of loci. The path sampling analysis
was run for 50 steps and 1 million iterations for each step. The resulting marginal likelihood
values were averaged between the two runs for each nBadels factors were calculdtas
twice the difference in marginal likelihood of twomparednodels(Kass & Raftery, 1995)

Model Selection and Parameter Estimation with PHRAPL

The program PHRAPL J ackson, Moral es, (atmadsens, & OQG
divergence and geneflow simultaneously by calculating the statistical fit of mB&dRAPL
includes model parameters for both migration and divergence, which are estimated along with
model fit. These values are then averaged across all models and used to calculate a genealogical
divergence index (gdi; Jacksehal 2017), a value for delimiting specieShe maximum
number of groups feasibly tested by PHRAPL is four, so individuals torreyawere assigned
to north and south clades (as labeled in Figure 3) to resuoputational time and complexity of
the models tested, resulting in three groups.tligpue trees were generated with RAXML using
415 loci, including all North America@yclocosmiandividuals and rooted with the

Cyclocosmiandividual from Thailand. Gene trees were generated separately for the north and



south clades with 1000 independsaarches witlh GTR+G modeand rapid hilclimbing
algorithm.

Multiple model sets were generated in an effort to reduce the total number of models
tested and to simultaneously examine models as complex as possible. Two consecutive model
sets were testethe results of the first used to constrain the second. Only trees with fully
resolved topologies were considered in both. §¢ts model sattested include 813 total models.
The first set included 768 0dels with one free parameter given to asymmetrignation
(unidirectional or bidirectional migration allowed) acmhtained all possible combinans of
possible topologies. The second set contained 45 models with the same coalescence and
migration patterns as the top three models from the first séttwuit free parameters given to
asymmetric migration, in ordéo determine the presence of varying levels of migration.

Using PHRAPL, gene trees were subsampled, taking two alleles per group with 100
replicatesThe loglikelihood (InL) and AIC of each mad was calculated based on the
proportion of matches between simalhiand empirical trees, with 100,000 tregsulated for
each modehnd three replicate runSimulation of gene trees was conducted using a grid of
defaultparameter values for both population divergefit¢ and mi gr atto on ( m) ,
encompass the full range of potential vallarameters were averaged over all models and
genealogical divergence index (gdigcksoret al.2017)values were calculatl to determine the
level of speciationGdi uses divergence times and rates of gene flow to estimate the overall
genetic divergence between two taxa. To help interpret cases where reproductive isolation has
developed recently and gene flow is detectedrbaimall amounts, the index considers the
spatial direction and amount of gene flow present to delimit species instead of simply the
presence or absence of gene flow.

Morphological analysis

Specimens werkorrowed from the American Museum of Natural HigtpAMNH).

These specimens, along with those in the AUMNH collection (49 specimens total), were used in
a morphological analysis. Measurements include carapace lengtidihdsternum length and
width, anterior median eye (AMEeparationposteriomedian eye (PME3eparationAME -

PME separation, andength of the tibia, metatarsus, aadsuson leg | and IV.



Additionally, two traits unique to th€yclocosmiagenus were measured. Tleagthand
width of the abdominal disc were measured to detdfetrdnces in the shape of the disc.

Abdominal disc length was measured from the dorsal to ventral edge of the disc, starting
ventrally between the two median ribs running dorsoventrally and ending at the most ventral
point. Width of the disc was measurddhe widest point of the disc. The length of the margin
protrusionwas measured due to the seeming variability between the two species. This length was
measured from the rib angl€ertsch & Platnick, 1973)eginning at the edge of the abdominal

disc to the tip The rib angle of the leftmost median ribs running dorsoventrally was measured for
each specimer®©nly adult female measurements are repo@edruncatamales examined

showed no difference in palpsd no discernable pattern in the spinetheffirst leg There were

no C. torreyamales available for examinatioBpermathecae examined also showed no
differencesA principal component analysiBCA) of log-transformé measurements was
conducted and visualized in the statistical program R vB2QGoreTeam, 2015)sing the

ggbiplot packagéVu, 2011)to find separation of the sgies in morphological space. Specimens
not included in the genetic analysisre assigned to groups for the PCA if they had the same
locality as or were adjacent to a locality of a specimen used in the genetic analysis.

Niche Based Distribution Modeling

Using presence only data, niche based distribution modeling estimates the potential
ranges of organisms. Environmental data (climate layers) and species distribution data are used
to predict the relative stability of habitat and the geographic distributithespecies in the
past, present, or future. Speciesd distributi
which allows to assessment of their potential ecological interchangeability (having similar
ecological attributesCrandallet al.2000)

The potential geographic ranges of the three clades of three species hypothesis and six
species hypothesis (Fig. 4) were inferred usimgmaximunentropy algathm implemengd by
Maxent 3.3.3KPhillips, Anderson, & Schapire, 200&)oordinates of specimens not included in
the genetic analysisere assigned to groups for the distribution modelling if they were adjacent
to a locality of a specimen used in the genetic analysis. The 19 bioclimatis 180 arc

second resolutioand a digital elevation model were downloaded fiorldClim database

1C



(www.worldclim.org,(Hijmans, Cameron, Parra, Jones, & Jarvis, 2088) cropped in ArcGIS
version10 (ESRI)to a range of 297 to 37N and-82°W to -89°W in order to include the

entire known range df. truncataandC. torreya(species ranges in Fig. 2). Correlation matrices
were generated between the cropped layers in ArcGIS and highly correlated ((E@r@&rgo,
Werneck, Morando, Sites, & Avila, 20)3ayers were removed, retaining the most biologically
informative layer from each calated group. The 13 remaining bioclimatic layers (BIO2
Mean Diurnal Range, BIOBIsothermality, BIO4 Temperature Seasonality, BIO9Max
Temperature of Warmest Month, BIO6Min Temperature of Coldest Month, BI@8Vean
Temperature of Wettest Quarnt8l097 Mean Temperature of Driest Quarter, BIQ1&nnual
Precipitation, BIO15 Precipitation Seasonality, BIOX6Precipitation of Wettest Quarter,
BIO171 Precipitation of Driest Quarter, BIO18Precipitation of Warmest Quarter, BIO1L9
Precipitation of Coldest Quarter) and the digital elevation model were used for niche based
distribution modelingSpeciesspecific tuningvas done to enhance model performance
(Anderson & Gonzalez, 201,1andwas exploredby varying the valuef the regularization
parameter (0.1, 0.5, 1, 1.5, 2, 3wd)h autofeatures selected. Thedael performance was
evaluatedstatisticallyusing the area under the carfAUC) of the receiver operag

characteristic (ROC) plotyhich isa thresholdndepadent measure of model performance as
compared to null expectatiarfSubsequently a set of final analyses were run with 10 replicates
for eachspecies group recovered in species delimitation modelsigg the crossalidation
testing procedure recommendi®r enhancement of performance on small datdBéiflips &
Dudik, 2008) The pointwise meanf the replicates were uséo visualize the distribution
modelsand for further hypothastesting.

The niche overlap was assessed with the relative rank (RR) ifWetaicen & Seifert,
2011)to test the potential ecological interchangeab{Rgader, Belk, Shiozawa, & Crandall,
2005)of Cyclocosmiaspecies. To evaluate if the overlap values for species painsoaee
different than expected if they are drawmfrthe same underlying distributiotine niche
identity test was used with 100 randomized pseudoreplicates to generate a null distiibetion.
observedverlapwas compared to the null distribution wighonetailed nonparametric tegi

determines ithedistributionmodels are significantlglifferentfrom random by comparing the

11



observed RR tthe null distribution. Both niche overlap and identity tests were performed using
ENMTools 1.3.3Warren, Glor, & Turelli, 2010)

Results
Phylogenetic Analyses

The final concatenated matrix resultedLif6,604 characters sequenced for 23
individuals. Maximum likelihood and Bayesian analyses recegl@tentical tree topologies,
shown inFigure 3.Two nodes with low ML bootstrap support (<80B&d high Bayesian PP
s upp 689 All ptler nodes had high bootstrap and posterior probability values
Cyclocosmidaruncatawas recovered as paraphyletic, w@htorreyanested withirC. truncata
Cyclocosmiaruncatawas divided into two welsupported main groups, a northern clade and a
southern clade (labeled in Fig. 3). The soutl@rtruncataclade was recovered as sidie a
monophyleticC. torreyaclade. There is webupported structure within all cladegth
geographically proximate localities always recovered as closely related to eacfFigth®c
Mutispecies Coalescent and Bayes Factor Delimitation

The ten sets 50 loci yielded an averag8Xf24bp for 18 individuals with two alleles
each.The *BEAST analy®s for the sixspecies hypothesis showeigh support fothe majority
of nodes(Appendix 3. The position ofC. torreyawas not stable acrosstlobtained topologies
(Fig. 6); however, its position matched the concatenated dataset (i.e. sister to outhern
truncatalineages) in 6 different sets. Alternatively, torreyawas recovered as sister to @ll
truncatalineages (in three sets), ortsisto northerrC. truncatalineages (one set).

The sixspecieypothesis (Fig. 4)eceived the highest marginal likelihood scae
Bayes factors were calculated comparing it to all other models (TalBay&s factors greater
than 10 indicate decisivaipport for one model over the otligass & Raftery, 1995)ndicating
the sixspecies model was strongly supported over the other mdall analyses employing
different sets of lac
Model Selection and Parameter Estimation with PHRAPL

The results of the grid search indicate that a moderate amount migration is present

bidirectionally between the north and south cladeS.dfuncataand unidirectionally t&.
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torreyafrom the north and south clades. There is no inference of migrationfreonreyaback
to eitherC. truncataclade.

For the first model set, the highest supported model (average wAIC=0.966) includes
bidirectional migration between the north and sdlithruncataclades and unidirectional
migration from the north and south truncataclades taC. torreyabefore the first coalescent
event (Fig. 7). Bidirectional ancestral migration after the first coalescent event is also present in
this model. The ovell pattern of migration in the best model of the first set (exclusion of
migration fromC. torreyabefore the first coalescent event) was used to constrain the second set
of models.

Two similar models combined contained most of the wAIC (combined avel#®5&F
for the second set of models. These models have a higher migration rate after the first coalescent
event, with a single migration rate (average wAI®97) or a higher migration rate from the
north clade to the south clade (average wAl257) befoe the first coalescent event (Fig. 7).

The average gdi value was relatively high (0.66), indicating that these lineages are
trending towards genetic divergence. Based on averages for all organisms, a gdi value of 0.20 or
below indicates the lineages ard species, while a value of 0.70 or higher indicates distinct
speciegJackson, Carstenst al, 2017) The gdi value and the parameter estimates indicate
di vergence with gene flow. The model averages
C. truncatasouth andC. torreya(~0.58) and a moderate divergence time between ancestral
southtorreyaandC. truncatanorth (~2.7). Migration model averages revealed relatively small
migration rates (~0.29 and ~0.86) where migration was present.

Morphology

The PCA (Fig. »of the measured morphological characteristics showed a difference
betweerC. truncataandC. torreya There was no difference between the lineages wihin
truncatafollowing the three species hypothesis (Fig. 5a) or the six species hypothesis (Fig. 5b).
that the species were separated along PC1, which is most strongly anelycsitected by the
length of the margin protrusion (described as rib angle and a key difference between the species
by Gertsch & Platnick1975, explaining 80% of the variation in the data. Meas@m®@is
presented in Appendix 1.
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Niche Based Distribution Modeling

Species specific tuning of the beta parameter suggested that the default value of 1 be used
for all models. The niche based distribution models performed well for the north (AB24
SD =0.126) and south (AUC 6.912 SD = 0.092) clades; the species groups supported by the
six species hypothesis (Fig. #yncatal (AUC = 0.822, SD = 0.053)uncata2 (AUC =
0.984, SD = 0.010}runcata3 (AUC = 0.905, SD = 0.074), atdincata4 (AUC =0.876, SD =
0.213); andC. torreya(AUC = 0.908, SD = 0.184). Too few data points prevemaacata5
from being included in niche based distribution modeling; at least three are required, but only
two were available. Poiswise means from replicate rungre used to visualize the resulting
predictedranges Fig. 8).

Results from the analysis of variable contributions indicateisb#tiermality (north
clade),the mnimum temperature of coldestamth (south cladetruncatal, andC. torreyg, the
meantemperature of wettestigrter(truncata2), and the mean temperature of driasirter
(truncata3 andtruncata4) contributed the most to the distribution of each grdine. null
hypothesis thagroupsshared the same niche model was rejected by painidkeidentity tests
when significantobserved niche similarities among the spepa@sswere significantly lower
than their randomized null distributiofer all pairs exceptruncatal andtorreya(Table 3).

Niches were interchangeable for pairs vatkignificant difference, and not interchangeable for
pairs with an insignificant differencBor RR, values near oree considered identical or highly
interchangeabland values near zero indicate different niches ofintamchangeability.

Discussion

Accurate species delimitation and subsequent identification is essential for our
understanding of biodiversity and it is of a critical importance in conservation €#gapowet
al., 2004; Isaac, Mallet, & Mace, 2004; Mace02) Delimiting species can be challenging,
especially when different lines of evidence do not support the same oyEgnRoe &
Sperling 2007)cryptic species may lack morphological differentiation but show deep genetic
divergences or different ecological preferen@@patoveaet al,, 2016) Disentangling population

structuring within a species from cryptic diversity is a particularly difficult in non vagile groups
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that are prone to showing deep genetic structuring ieviire absence of geographic barriers
(Irwin, 2002) and has beea longstanding problem in mygalomorph taxonofdgson E. Bond
& Stockman, 2008; Montes de Oehal, 2016)

Our multilocus phylogenetic analyses©fclocosmigopulations show a pattern of
strong geographic structuring across the landscape. Morphological divergence appears to be
isolated toC. torreyapopulations which rende2. truncataparaphyletic. Despite the observed
morphological homogeneity acroSs truncatapopulations, Bayes factor delimitation (BFD)
inferred numerous cryptic species. However, molecular rAoaetd analyses show evidence of
gene flow between clades and we observed no consistent pattern ofcataogirgence
corresponding to species indicated by BFD. Based on these results and our discussion below, we
conclude there are three specie€gtlocosmian the southeastern United States, one of which
IS new to science.

The results of our phylogenetinalysis of the concatenated dataset comprising all 367
loci recoveredC. truncataas paraphyletic with respect@torreya, violating the expectation of
genealogical exclusivity required by some species con(@piQueiroz, 2007 these two
nominal species. In general, the process of speciation often initially producelsybetia
lineages that eventually become monophyletic over (Pasvell, 1991; Takahata & &kin,

1990) paraphylyin theC. truncatalineages could be thus indicative of the earlier stages of
divergence, which is also supported according to the parameter estimation by PHRAPL (see
below). Paraphyly has been detected in other mygalomorphssithstantial amount of species
diversity not captured by morphological meth@dendixson & Bond, 2005a)but given the
pronounced morphological divergenceftorreyawe might anticipate monophyly at some
point in the future.

Cyclocosmiaruncatapopulations were also highly structured across the landstaipe
concatenatedupermatrix. Phylogeographic structure has been shown to increase as vagility
decreases and genetic breaks can appear even in continuously distributed species with no
physical barrier to gene floghrwin, 2002) The low vagilityand consequent minimal rate of gene
flow create a high potential for population subdivisiomiygalomorph spidei@iendrixson &
Bond, 2005a; Hendrixsoet al, 2013; Leavitet al, 2015; Satleet al, 2013, 2011, Starrett &
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Hedin, 2007; Stckman & Bond, 2007)It is, therefore, not surprising that an abundance of
genetic structuring and hypothesized cryptic species were found Withinncatausing the
BFD approach.

Despite considerable structuring and genetic divergence, there isrpbatogical
support for the six putative species delimited by BFD. Our morphological analysis did show
obvious differences in abdominal morphology betw€etruncataandC. torreya(sensu
(Gertsch & Platnick, 1975put none withirC. truncata(Fig. 5); that is,C. truncatapopulations
all appear to be morphologically similar. These results are further supported by additional
characters not included in our study (ventral edge of the truncation and number of setae and ribs
(Fig. 1) used inthe origiha s p e c i e s(Gertdck & Rlatniclkp 19v5@ hre lack of
morphological variatiomvould thus support the two species hypothesis when basing species
delimitation on morphology alone; however, this particular hypothessthe lowest ranked
BFD hypothesis.

The six candidate species hypothesis is only partially supported using niche based
distribution modeling. The relative rank (RR) values of the niche identity test for the
comparisons of the candidate species found by BFD (six species hypdtigesig,are relatively
high, ranging from 0.683 to 0.728 in the geographically adjacent g(ealpes ear 1 indicate
niche similarity; however all pair comparisons but one were significantly lower than the null
distribution (Table 3). Conversely, tRR values for the species pairs from the three species
hypothesis (Fig. 4), i.e. north clade, south clade,Grdrreya were loweii 0.575 and 0.577
for the adjacent groups (Table 3) and all comparisons of the three species hypothesis were
statistically significantly lower than their null distributions (Table 3). The significance indicates
that the distribution models féine group pairs wenmore different than expecteédan if they
weredrawn from the same underlying distributio®. their niches are not interchangeable.
Despite the statistical di fference between th
moderatey high for many geographically adjacent pairs (0.575 to 0.728; Table 3), and
considerable overlap between many of the groups tested in the six species hypothesis, especially
betweertruncatal, truncata2, andtruncata3 (Fig. 8, bottom a, b, and c¢) candssessed

visually. There is considerably less overaphe groups in the three species hypothesis (Fig. 8,
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top). It should be noted that niche based distribution modeling accuracy is dependent on the
number ofpresence pointd.ozier, Aniello, & Hickerson, 2009; Pearson, Raxworthy, Nakamura,
& Peterson, 2007)which in some cases, particularly in the six species hypotineses veryfew
for some clades. For examptayncatal had only three presence poiritsncata2 had four,
and the nortl€C. truncatacladehad the most at thirteenhtis the range predictions subsequently
used for niche overlap assessment might not be accurate.

Molecular species delimitation methods are prone to-gpkting in dispersal limited
taxa particularly when they are based on single locus mitochondrigHtataltonet al, 2014;
Hendrixsoret al, 2013; Leavitet al, 2015; Opatova & Arnedo, 2014hadequately delimited
species can present problems for conservaéitaied decisions, particularly when small isolated
populations are delimited based solely on genetic divergéRcaskhamet al, 2012) Over
splitting can also mislead total bioénsity metric§Isaacet al, 2004) A recent study has shown
that species delimitation methods implementing the rspkicies coalescent approach may
distinguish between withispecies populatiostructure, not species boundali®skumaran &
Knowles, 2017)A split hypothesis (Fig. 4) for our data was leesed using BFD to address this
issue and potentially address the concern that it would not drastically overestimate the number of
species. This hypothesis obtained low support and the six species hypothesis was preferred
instead; however, BFD does nonesider gene flow and the preferred six species hypothesis
could thus still overestimatéyclocosmiaiversity. In simulation testing in the similar species
delimitation method BP&RYang, 2015) gene flow between nesister taxa inhibits the ability
of Bayesian methods to recover the correct species tree, especially when paraphylatiorspeci
is presenfLeachéet al, 2014h but seeZzhanget al, 2011) Thus, when compared with other
evidence (see below), we conclude that the structure found in the highest supported hypothesis
by BFD (six species hypotheskg. 4) likely represents intraspecific population structure due to
genetic isolation, and not species boundaries.

When we considered the potential for gene flow for our data, fewer species are delimited
when compared to the BFD approach. Although notisiedi in most molecular species
delimitation methods, gene flow has a homogenizing effect on the genetic divergence associated

with speciation. Nevertheless, species diverge in the presence of geiidévi2006; Pinho &
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Hey, 2010)and has been demonstrated in a variety of texga,Jonssoret al.2014; Oliveiraet

al. 2015; Schielcet al.2015; Supplest al.2015) We used the program PHRARlackson,

Morales, et al., 201D test the fit of different demographic models to the given gene trees and
species or population assignments acros€£galocosmigopulations. The average gdi value

for Cyclocosmig0.66) is just below the empirically determined threshold for spégiés,
Jacksoret al.2017) thus the clade®sted (three species hypothesis, Fig. 4) might be cautiously
interpreted as different species.

The PHRAPL analysis revealed a moderate level of migration withtruncataand
unidirectionally fromC. truncatato C. torreya Overall levels of migration ithis system are
relatively low, which can indicate recently developed reproductive isol@tamkson, Carstens,
et al, 2017) No migration was detected froth torreyaback toC. truncata The low level of
migration may represent a case where morphological differences are starting to accrue in the
absence of gene flowlales are known to travel short distances in search of females during
mating seasons in other mygalomorph spi@@omndet al, 2001) but specifics about migration
patterns inCyclocosmiaare unknown. Therefore, it is possible that males may connect
Cyclocosmigopulations that would be otherwise isolated. The rate of this exchange is
presumably small and limited/laistance, resulting in the small migration rate detected by
PHRAPLand the pattern of migration foun@yclocosmiaorreyais relatively geographically
isolated from theéC. truncataclades and has a comparatively reduced range (see light blue range,
Fig. 2). Limited mobility may correlate with a reduced range, leading to no migrationdrom
torreyato C. truncata

In addition to genetic, morphological, and ecological evidence, a temporal difference in
mating seasons betweén truncataandC. torreyamayact as a gene flow barrie€. truncata
males move in the fall (August to November) &dorreyamales appear to move in the
spring/summer (April to July); all based on museum collection records. There are also potential
dispersal timing differences vain C. truncata The north clade trends towards the end of the
season (October/November) whereas the south clade tends to move at the beginning
(August/September), but there is no distinct separation in timing between these groups. The

difference in timingcould be viewed as a reproductive isolation mechanism because females
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may not be receptive to mating when males of another species are active. It has been used as
evidence for species delimitation in the mygalomorph spider gemusdiaetugHendrixson &

Bond 2005a)jHendrixson & Bond 2005agharacter displacement in body size as well as male
dispersal appear to reinforce species boundaries. fonicolorandA. microunicolor The level

of gene flow detected by PHRAPL reflects this pattern of reproductiveiglavith low levels

of unidirectional gene flow fror. truncatato C. torreya

The methods presented here represent an integrative approach to species delimitation,
employed in an effort tdetermine species boundaries within a morphologically conserved group
of trapdoor spiders. Morphological homogeneity across these populatiGyslo€osmigelies
a rich genetic diversity across the landscape. Given the results of theskaousl@analgis and
niche based modeling as well as the timing of male dispersal, we conclude there are three species
of US CyclocosmiaC. torreyg C. truncata and a new species. Our analyses confirm@hat
torreyais a species, but rendets truncatasensu latgaraphyletic. Most of the structuring
identified by BFD is likely population level divergence/structuring, rather than speciation. There
is evidence for ecological differentiation for these three species, as well as low gene flow
accounted for based on medtly high gdi values.

Multiple lines of evidence (using an integrative approach) indicate cryptic speciation
within C. truncatg however, not all of the methods we employed converge on the same solution.
Genetic methods are needed to inform speciemdation in morphologically conserved groups
such agCyclocosmiawhere a large amount of genetic divergence was revealed in a
morphologically homogenous group. Phylogenetic based analyses like BFD taken alone may be
misleading with respect to the numbéspecies they indicate should be delimited. These
analyses also seem to be contingent upon the number of loci used and which ones are chosen
(Fig. 6;Moraleset al, 2017) In our example, disregarding the potentaldgene flow seemed to
oversplit populations of specieSimply relying on researcher intuition to determine
demographic models to be tested leads to biased results; reanalysis of datasets using PHRAPL by
Carsten®t al.(2017)often resulted in selection of a model that was not initially included, most
often including gene flow. Clearly, considering gene flow is necessary to prevent the

oversimplification of model space being tested and possibly ignoring the best model. Ecology
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influences the process of speciation, such as through processes that cause vicariance events
which in turn facilitate speciation, and niche data can help informatlmdity of potential

species. Our results further support the fact that a variety of information from diverse sources is
needed to best estimate the number of species p{(&mastenst al, 2013; Edwards &

Knowles, 2014; Padiat al, 2010)
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Figurel. Comparison of abdominal truncation@yclocosmia truncatéleft, from Sewanee, TNandC. torreya(right, from Torreya
State Park, FL
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Figure2. Map of localities of Cyclocosmia specimens used in molecular andlysisbers
indicate locality and can be found in sample table. Lighter red and blue show the mjgaties
distributions based on historical and modern collections.
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Figure 3. Maximum likelihood and Bayesian inference results, based owwateoated dataset. Values above branches are maximum
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Morphology 3 species 4 species
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6 species Split (localities) Rearrange
Figure 4.The six species delimitation models are shown as phyldgedress, based on
anchored enrichment sequences. Red indi€atésincatalineages and blue indicat€s torreya
lineages.
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Figure5. Principal components analysis comparing the groups ia)ttieee species hypothesis
and b) sixspecies hypothesis. Each shape/color corresgoraputative species group for eavh
hypothesis
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Figure 6. Species trees from the *Beast analyses, based on ten sets of 50 loci, for the most likely
species delimitation model &pecies hypothesis). Sets with identical topologies are shown
together. Posterior probabilities for individual sets can be found in Appendix 2.
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