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Abstract. The members of the Temnothorax salvini (Forel) species group are rarely
collected, arboreally nesting ants of Central American forests. Previously thought to
consist of two broadly dispersed species, recent collections have revealed a diversity
of specimens that defy the two-species salvini group concept, but these are difficult to
distinguish from each other based solely on morphology. I contrast several model-based
approaches to species delimitation based on target-enriched genomic data. With
molecular data from thousands of ultraconserved elements (UCEs), mitochondrial
genome sequences and morphometric data, I use an integrated approach to species
delimitation within the salvini group. Morphometric data were analysed using cluster
analysis of principal component analysis (PCA) output. I use several popular methods
of molecular species delimitation, including bPTP, BPP and STACEY, using a novel
approach to filtering UCE data based on posterior predictive checks of nucleotide
substitution model adequacy. In addition, I use iBPP to integrate morphometric PCA
data and filtered UCE data in a ‘total evidence’ analysis. I use geographical range
data for an independent contrast to discriminate among competing species delimitation
hypotheses. Furthermore, I investigate the evolutionary timescale and biogeographical
history of the group and find that it arose roughly 13 Ma ago in habitats associated with
present day mid-to-high elevations of the mountain complex spanning southern Mexico
to northern Nicaragua. In addition, dispersal of the salvini group into the Southern Sierra
Madre in Mexico, lowland habitats and the southern Central American cordilleras in
Costa Rica and Panama subsequent to mountain building in southern Central America
5-8Ma ago appears to follow a taxon-cycle dynamic, with the lowland-adapted 7
aztecus representing the most recent expansion phase. I find that the salvini group,
which previously contained two named species, is composed of nine, all of which are
morphologically diagnosable a posteriori.

INTRODUCTION et al., 2007), conservation initiatives (Adams et al., 2014,
Fennessy et al., 2016; Bercovitch et al., 2017) and how the
Overview process of speciation occurs (Burbrink ez al., 2011; Domingos

et al., 2014; Barraclough, 2019).

In comparison to Sanger sequencing, advances in sequencing
technology have provided several orders of magnitude more data
to address a multitude of biological questions (Baird et al., 2008;

Because species are the basic units of our planet’s sexually
reproducing biodiversity, it follows that our understanding
of what constitutes species has broad implications in the

biological sciences, including comparative biology (Tirosh Bi et al., 2012; Faircloth et al., 2012; Lemmon et al., 2012), yet
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coalescent model (Takahata et al., 1995; Rannala & Yang, 2003).
Recent approaches to this issue have employed various data fil-
tering approaches as a remedy to the computation-time/dataset
size tradeoff, often using phylogenetic informativeness of whole
loci as a guide (Andermann et al., 2019; Pie et al., 2019).

Along with the rise in data volume, the number of species
delimitation approaches has burgeoned in recent years, so much
so that Carstens et al. (2013) advocated for comparing the
results of multiple methods in single studies in an effort to
form a consensus. Often, the result of this approach has yielded
large variations in the number of species delimited among
methods. In order to discriminate between molecular species
delimitation hypotheses, researchers typically require indepen-
dent contrasts in the form of ecological, geographical or mor-
phological data (Leaché & Fujita, 2010; Bauer et al., 2011;
Sistrom et al., 2013; Masonick and Weirauch, 2020). While
there have been a number of studies in arthropods, and the
Formicidae specifically that have employed genomic data to
aid species delimitation efforts (JeSovnik et al., 2017; Longino
& Branstetter, 2020), a small but growing number are using
model-based and machine-learning approaches to species delim-
itation (Fujisawa et al., 2016; Branstetter & Longino, 2019;
Derkarabetian ef al., 2019; Gueuning et al., 2020). In this study,
I use target-enriched genomic data and contrast several popular
model-based methods to construct species delimitation hypothe-
ses in a group of closely related ant species.

The focal taxa of this study are the members of the Tem-
nothorax salvini (Forel) species group (Prebus, 2017). The
Temnothorax salvini group is defined as containing two species
that have been previously described, 7. salvini and T. aztecus
(Wheeler), and their close, undescribed relatives. The Tem-
nothorax salvini group is easily distinguished from its Central
American congeners by the following diagnosis (this study):
antennae consisting of 12 antennomeres; dorsal surfaces of legs
and nearly all other surfaces of the body covered in long, taper-
ing, suberect to subdecumbent setae; propodeum not strongly
depressed (compare to 7. pergandei Emery); metanotal groove
often obscure; promesonotum grading evenly into propodeum,
not bulging (compare to 7. pergandei); dorsum of head above
compound eyes and dorsum of mesosoma sculptured (compare
to T. politus Smith). The members of the Temnothorax salvini
species group are found throughout mainland Central America,
typically nesting in dead twigs, hollow vines or under the
roots of epiphytes in low elevation rainforest to high eleva-
tion cloud forest habitats. All nest collections thus far have
contained a single dealate queen; it is likely that the members
of this group, like many others in the 7. salvini clade (sensu
Prebus, 2017), are strictly monogynous. Temnothorax salvini
and T. aztecus are remarkably similar in terms of morphology
but can be readily separated by the colour of their integument
(Baroni Urbani, 1978).

In the following, I use the terms ‘salvini clade’, ‘salvini
group’ and ‘salvini complex’. For clarification, the salvini clade
refers to a large group of heterogeneous species spanning North
America to northern South America (Prebus, 2017); the salvini
group is nested within the salvini clade and consists of similar
appearing Central American species (Prebus, 2017, this study);

the salvini complex is a group of closely related species found
in the Central American Nucleus and the mountains of Costa
Rica and Panama, which are difficult to distinguish based on
morphology alone (this study).

The aims of this study are to investigate the phylogenetic
relationships among the salvini group taxa and to establish
species boundaries using an integrative taxonomic approach.
The working hypothesis at the outset of this study was that
Temnothorax aztecus and T. salvini represented colour variants
of a widespread and morphologically variable species, similar
to T. pergandei and T. schaumii (Roger) in eastern North Amer-
ica (Creighton, 1950; MacKay, 1993). However, preliminary
phylogenetic analysis revealed that integument colour is stable
across monophyletic groups, which occur in sympatry within
the salvini species group, suggesting that colour is fixed within
species and that what appear to be colour variants are different
species.

This study is the product of four primary steps, which are
elaborated upon in the following paragraphs: (1) generation of
species delimitation hypotheses based on discovery methods
with molecular data, (2) validation of the molecular species
delimitation hypotheses using morphometric data, (3 ) valida-
tion of the molecular species delimitation hypotheses using a
combined molecular and morphometric dataset and (4) estima-
tion of the evolutionary timescale and biogeographic history of
the Temnothorax salvini clade.

First, I employ a novel filtering strategy based on the extrac-
tion of coding nuclear sequence data from UCE reads, then use
posterior predictive checks (Bollback, 2002) to extract codon
positions that are readily modelled under one of the most uni-
versally used substitution models in molecular phylogenetics,
the General Time Reversible model with gamma-distributed rate
variation among sites (GTR+G). In addition, I assembled com-
plete or nearly complete mitochondrial genomes from off-target
UCE reads. I formed molecular species delimitation hypotheses
(molecular operational taxonomic units, or MOTUs) by subse-
quently analysing these data under multiple species delimitation
approaches in a manner advocated by Carstens et al. (2013).

Second, I use morphometric data from worker specimens
of the salvini group to discriminate among and validate the
MOTUs generated by the molecular approaches above by
inputting these into a principal component analysis (PCA) and
analysing the resulting output in maximum-likelihood cluster
analyses.

Third, 1 used a combined molecular and morphological
dataset to further clarify species boundaries in an integrative
approach. The results of the morphometry PCA and filtered
protein-coding UCE data were used as input for analysis using
iBPP (Solis-Lemus et al., 2015). In addition, I validated the
integrated species delimitation hypotheses in the context of cur-
rent MOTU distributions and Central American geography in
an effort to discriminate between valid species and regional
intraspecific morphological variation.

Finally, I use geographic range data and the consensus species
delimitation hypothesis generated by the steps above to estimate
the evolutionary timescale and the biogeographical history of the
Temnothorax salvini group.
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Table 1. Summary of datasets and analyses used in this study
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Dataset Programme Analysis Results
full_data PartitionFinder2 Partitioning of UCE data Additional Table 5
IQ-TREE2 ML phylogeny of UCE data Figure la
ExaBayes BI phylogeny of UCE data Figure la
exon_data PartitionFinder2 partitioning of protein coding UCE data Additional Table 5
IQ-TREE2 ML phylogeny of protein coding UCE data Figure la
ExaBayes BI phylogeny of protein coding UCE data Figure la
bPTP bPTP nuc species delimitation Figure 2a
mt_data PartitionFinder2 partitioning of mitochondrial gene data Additional Table 6
IQ-TREE2 ML phylogeny of mitochondrial gene data Figure la
ExaBayes BI phylogeny of mitochondrial gene data Figure la
bPTP bPTP mit species delimitation Figure 2a
filtered_data STACEY STACEY nuc species delimitation Figure 2a
BPP BPP nuc species delimitation Figure 2a
BEAST2 divergence dating Figure 2b
BioGeoBEARS historical biogeography Figure 4
filtered_data_&_mt_data STACEY STACEY nuc + mit species delimitation Figure 2a
BPP BPP nuc + mit species delimitation Figure 2a
morphology Mclust species delimitation validation Figure 2a
iBPP iBPP morphology species delimitation Figure 2a
filtered_data_&_mt_data_morphology iBPP iBPP all species delimitation Figure 2a

Material and methods

See Table 1 for an overview of the datasets and the associated
analyses used in this study.

Taxon sampling. A total of 112 workers of the salvini group,
including individuals from 67 nests and 40 populations, were
selected to represent the geographic range and morphological
variability of the group. Twenty five specimens were used for
molecular analysis, and five outgroup species from the more
inclusive salvini clade were selected to root the initial phyloge-
netic tree but were excluded from downstream analyses. Voucher
specimens used for DNA extractions in this study are deposited
at the University of California, Davis Bohart Museum of Ento-
mology collection (UCDC). Specimens used for morphometric
analyses are deposited in the California Academy of Sciences
Entomology Collection (CASC), the personal collection of John
Longino at the University of Utah (JTLC), the Natural History
Museum of Los Angeles Entomology Collection (LACM), the
collection of the author (MMPC) and UCDC. Unique specimen
identifiers and collection data can be found in Supplementary
Table S1 and at AntWeb (http://antweb.org).

Ultraconserved elements sequence generation. DNA was
extracted nondestructively from adult worker ants using a
DNeasy Blood and Tissue Kit (Qiagen, Inc.) following the man-
ufacturer’s protocols. I input up to 50 ng of DNA, sheared to a
target fragment size of 400—600 bp into a genomic DNA library
preparation protocol for targeted enrichment of ultranconserved
elements (UCEs) following Faircloth et al. (2015) as modified
by Branstetter et al. (2017) using a unique combination of iTru
barcoding adapters for each sample. I performed enrichments on
pooled libraries using the custom version of the Hym 2.5 Kv 2A

ant-specific RNA probes (Branstetter et al., 2017; Arbor Bio-
sciences, Ann Arbor, MI), which target 2524 UCE loci in the
Formicidae. I followed the library enrichment procedures for the
probe kit, except that I reduced the RNA probe concentration to
0.1X (note that this step is only necessary for the custom kit; the
currently available catalogue kit is already diluted to 0.1X con-
centration), used custom adapter blockers instead of the standard
blockers, and left enriched DNA bound to the streptavidin beads
during PCR, as described in Faircloth et al. (2015). Following
post-enrichment PCR, I purified the resulting pools using Speed-
Bead magnetic carboxylate beads (Rohland & Reich, 2012;
Sigma-Aldrich) and adjusted their volume to 22 pL.

I verified enrichment success and measured size adjusted DNA
concentrations of each pool with qPCR using a SYBR® FAST
gPCR kit (Kapa Biosystems) and a Bio-Rad CFX96 RT-PCR
thermal cycler (Bio-Rad Laboratories) and combined all pools
into an equimolar final pool. The final pool was sequenced as
a single lane at the High Throughput Genomics Facility at the
University of Utah on an Illumina HiSeq 2500 (125 cycle paired
end sequencing v4).

Sequence processing and phylogenetic inference: UCEs.
Because this study involves reducing the full UCE dataset to
a size that accommodates computational limitations, I gener-
ated several successively smaller datasets and analysed them to
ensure that there were not any major conflicts in topology or
statistical support between the resulting trees. Below, I describe
the production of three datasets: the first consists of the full
set of UCE loci from the salvini group specimens and out-
groups; the second is protein coding data extracted from the
full UCE dataset; the third is a dataset consisting phased, pro-
tein coding data from the salvini group specimens, without
outgroups.
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While the precise nature of what UCEs are composed of
in the ant-specific probe set is still uncertain, they are most
likely a combination of exon and intron sequence data similar
to other sets of UCEs (McCole et al., 2018). In fact, previous
studies have successfully extracted exon sequence from large
UCE datasets (Prebus, 2017; Borowiec, 2019). Intron sequence
has numerous well documented issues with structure-linked
sequence evolution (Learn er al., 1992; Clegg et al., 1994;
Kelchner, 2002; Haddrill et al., 2005), and heterogeneous
evolutionary rates both within introns and between introns and
their abutting exons (Hughes & Yeager, 1997; Kelchner, 2002;
Subramanian & Kumar, 2003). While it is certain that intron
sequence contains information that is useful for phylogenetic
reconstruction, the matter of how to address the evolution of
intron sequence, and whether it has significant downstream
effects on phylogenetic analysis of genomic datasets remains
uncertain. In this study, I conservatively chose to focus on
exon sequence data extracted from UCEs, which often have
predictably different rates of evolution between codon positions
due to codon redundancy and the conservation of amino acids.
These codon positions can then be input as datablocks into
partitioning analysis for the larger dataset or used as natural
partitions in gene tree analyses. In addition, I decided to
use phased UCE data in the species delimitation analyses
because it has been demonstrated to yield more accurate species
delimitation hypotheses based on data simulations (Andermann
etal.,2019), and because analyses of these data have an inherent
threshold for species limits. For example, analyses that delimit
phased locus data from a single specimen into two species are
over-splitting and should be rejected.

Following sequencing, raw reads were trimmed of adapter
contamination, Illumina sequencing artefacts and low-quality
bases using illumiprocessor, which is included in PHYLUCE
v1.6.6 (Faircloth, 2016). Cleaned reads were assembled denovo
with PHYLUCE using Trinity v2.1.1 (Grabherr et al., 2011).
All newly generated raw sequence reads have been submitted
to the National Center for Biotechnology Information (NCBI)
Sequence Reads Archive (BioProject PRINA669896; see Sup-
plementary Table S3).

Generation and phylogenetic analysis of the ‘full_data’
dataset. I followed the standard PHYLUCE protocol for
processing UCEs in preparation for phylogenomic analysis,
aligning the monolithic unaligned fasta file with the phyluce
align_seqcap_align command, using MAFFT (Katoh &
Standley, 2013) as the aligner (-aligner mafft) and opting
not to edge-trim the alignment (-no-trim). I trimmed the
resulting alignments with the phyluce_align_get_gblocks_
trimmed_alignments_from_untrimmed command in PHY-
LUCE, which uses GBlocks v0.91b (Castresana, 2000), using
the following settings: b1 0.5, b2 0.5, b3 12, b4 7. After remov-
ing UCE locus information from taxon labels using the com-
mand phyluce_align_remove_locus_name_from_nexus_lines, I
examined the alignment statistics using the command phyluce_
align_get_align_summary_data, and generated a dataset in
which each locus contains a minimum of 90% of

all taxa using the command phyluce_align_get_only_loci_
with_min_taxa. I used the command phyluce_align_format_
nexus_files_for_raxml to concatenate these loci into a single
alignment and generate a partition file to use as input for the
SWSC-EN method (Tagliocollo & Lanfear, 2018). The result-
ing matrix is referred to as the ‘full_data’ dataset below. The
resulting datablocks were used as input for PartitionFinder2
(Lanfear et al., 2016). I used the best partitioning scheme as
input for Exabayes 1.5 (Aberer et al., 2014), using GTR+G as a
substitution model. I ran two independent analyses (numruns 2)
for 10 M generations per run, sampling every 500 generations.
Because initial runs of this analysis yielded unrealistically
long trees, I followed the advice of Brown et al. (2010) and
calculated lambda for an informative exponential prior on
branch lengths (brlenPr) with a custom script written in R
(exabayes_lambda_calculation.R; see Dryad repository accom-
panying this article) using the starting tree generated by RAXML
(Stamatakis 2014) for the PartitionFinder2 analysis as input. I
assessed convergence and burn-in proportion using Tracer to
analyse log files, and combined the tree files with a burn-in of
10%, reducing sampling frequency to every 5 K generations, for
a combined tree file containing 3600 trees. Finally, I used ‘con-
sense’ to generate a consensus tree. I also used the partitioned
dataset as input for tree inference in IQ-TREE 2.0.8 (Nguyen
etal.,2015), using 1000 ultrafast bootstrap replicates (-bb 1000).

Generation and phylogenetic analysis of the ‘exon_data’
dataset. 1 split the monolithic unaligned fasta file into
individual loci using the PHYLUCE command phyluce_
assembly_explode_get_fastas_file, removed the locus iden-
tifiers from the taxon names in each locus file with the
command-line tool ‘sed’, and used these files as input for the
pipeline uce_to_protein.py (Borowiec, 2019). RNA-Seq reads
of Temnothorax curvispinosus (Mayr) were downloaded from
NCBI (BioProject PRINA450816) and were used as a query ref-
erence. The amino acid translations for each locus output by the
pipeline was aligned using MAFFT, and these alignments were
then used as a reference to realign the extracted nucleotide data
using the local version of TranslatorX (Abascal et al., 2010).
The aligned loci were then trimmed using phyluce_align_get_
gblocks_trimmed_alignments_from_untrimmed. 1 inspected
each locus alignment by eye using Aliview (Larsson, 2014) and
discarded sequences that were mismatched and most likely con-
taminants. [ used AMAS (Borowiec, 2016) to calculate number
of taxa and matrix length for each protein-coding locus, and con-
catenated loci that had >90% taxon presence and were >150 bp
long into a single matrix. This dataset is referred to below as
‘exon_data’. I partitioned this alignment into datablocks by
locus and codon position (positions 142 and 3) and used these
as input into PartitionFinder2, using the Bayesian Information
Criterion (BIC) as the search criterion and limiting the models
considered to GTR+G. I used the rcluster search algorithm
(Lanfear et al. 2014), limiting the maximum number of similar
subsets considered to the top 500 and the percentage of subsets
considered to the top 5% (-rcluster-max 500, -rcluster-percent
5) to reduce computation time. I analysed the partitioned
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dataset with ExaBayes (Aberer et al., 2014), calculating a prior
on branch lengths as above, using GTR+G, four independent
analyses (numruns 4), four coupled chains (numCoupledChains
4) and four swaps per generation (numswapspergen 4) for 10 M
generations per analysis, sampling every 1K generations. |
assessed convergence and burn-in proportion using Tracer, and
combined output tree files with a burn-in of 10%, reduced sam-
pling frequency to every 4 K generations for a combined tree
file containing 9991 trees. Finally, I used ‘consense’ to generate
a consensus tree. I also used the partitioned dataset as input
for model selection and tree inference in IQ-TREE2, using the
-MFP option to select models for the partition scheme output
by PartitionFinder2, followed by bootstrap analysis using 1000
ultrafast bootstrap replicates (-bb 1000).

Generation of the ‘filtered_data’ dataset. 1 aligned the mono-
lithic fasta file using the command phyluce_align_seqcap_align
and MAFFT, but permitted locus edge-trimming following
alignment. The aligned, trimmed loci were then split into sepa-
rate fasta files using phyluce_align_explode_alignmentswith the
‘-by-taxon’ option. The exploded alignments were allele-phased
using the protocol developed by Andermann et al. (2019).
Essentially, the phasing pipeline involves mapping the illu-
miprocessor cleaned reads onto UCE loci using the PHYLUCE
command phyluce_snp_bwa_multiple_align, which uses the
Burrows-Wheeler Alignment algorithm bwa-mem (Li, 2013),
and subsequently allele-phasing the mapped reads using the
command phyluce_snp_phase_uces. The monolithic, unaligned
fasta file of allele-phased UCE loci was then split into individ-
ual loci using phyluce_assembly_explode_get_fastas_file and
the sample names were cleaned of locus data using the com-
mand line tool ‘sed’. The phased data were input into the
uce_to_protein pipeline and aligned as above for the ‘exon_data’
dataset. In the following, posterior predictive checks are imple-
mented as a filtering mechanism. Because the complexity of the
General Time Reversible (GTR) nucleotide substitution model
usually accommodates the substitution rates and occurrence fre-
quencies observed in large alignments, many phylogenetic anal-
ysis programmes use a version of it as a default. While GTR+G
is usually the best fitting nucleotide substitution model for large
datasets, the adequacy of this substitution model is often taken
for granted. The steps in posterior predictive checks address
model adequacy by first analysing empirical data in a Bayesian
framework, then using the posterior distributions of parame-
ters generated by the analysis of the empirical data to simulate
data multiple times, and then a test statistic is calculated for the
empirical data and the simulated datasets. If the value calculated
for the test statistic of the empirical data falls within the dis-
tribution of the calculated values of the simulated data, model
adequacy is supported. I wrote a custom script in RevBayes
(Hohna et al., 2016; see Dryad repository accompanying this
article) to partition each protein coding locus by codon posi-
tion (positions 142 and 3) and to perform posterior predictive
checks on each partition using GTR+G as a substitution model
and multinomial likelihood as a test statistic, which is indicative
of the overall model fit. I assessed model adequacy using a two
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tailed t-test and size effect as criteria, then ranked each partition,
which included all 25 ingroup taxa: first by p-value, then by size
effect and selected the 50 best data partitions, referred to below
as ‘filtered_data’.

Generation and phylogenetic analysis of the ‘mt_data’
dataset. Because mitochondrial sequences often have large
repetitive regions that can complicate assembly, I followed the
advice of the NOVOplasty tutorial (Dierckxsens et al., 2016)
and used trimmomatic 0.38 (Bolger, 2014) to trim adapter
contamination and Illumina sequencing artefacts from the
raw UCE reads, without additional quality trimming. For
each set of raw reads, I used the associated adapter fasta file
generated by initial processing with illumiprocessor (ILLUMI-
NACLIP:adapters.fasta:2:30:10), and omitted the LEADING,
TRAILING and SLIDINGWINDOW options that are used by
default in illumiprocessor. 1 used these adapter-cleaned reads
as input for the programme mitoFinder (Allio et al., 2020)
using the mitogenome of Vollenhovia emeryi (NCBI BioPro-
ject PRINA278668) as a reference and MetaSpades (Nurk
et al., 2017) for assembly. I used the longest contig output
from mitoFinder as input for mitoBim (Hahn ez al., 2013) to
extend the contig and to assess coverage depth, as viewed in
Tablet (Milne et al., 2013). In cases where mitoFinder did
not assemble the full mitogenome, I used the mitogenome
of the closest related specimen, as determined from the UCE
phylogenetic inference above, as a reference backbone for
assembly with mitoBim. The final assemblies were annotated
automatically via the MITOs webserver (Bernt et al., 2013).
Full mitochondrial genome sequences were deposited at
GenBank (accession numbers MW233593-MW233617; see
Supplementary Table S3).

DNA sequence data for mitochondrial protein coding genes
were extracted using the annotation results and aligned with
MAFFT; this dataset is referred to here as ‘mt_data’. Each of
the 13 genes was partitioned by codon position (position 142
and 3). For Bayesian inference (BI), I used PartitionFinder2 to
partition data with the substitution models used by MrBayes.
I excluded models invoking both gamma distributed among-site
rate variation and proportion of invariable sites (i.e., +1+G) due
to the interactions of these parameters that may cause anomalies
(Sullivan & Swofford, 2001; Yang, 2006). Following model
selection and partitioning, I used MrBayes v3.2.6 (Huelsenbeck
& Ronquist, 2001; Ronquist & Huelsenbeck, 2003) to infer the
mitochondrial phylogeny, using two runs with four chains each,
sampling every 2500 generations for a total of 25 M generations.
I inspected convergence using Tracer and used the default 25%
burn-in when summarizing the two runs. Similarly, I used the
data blocks from above as input for partitioning and model
testing in IQ-TREE2. I edited the input partition nexus file
to exclude +I+G combinations and used the —-MFP+MERGE
(Kalyaanamoorthy et al., 2017) command. I employed 1000
ultrafast bootstrap replicates (-bb 1000) (Hoang et al., 2018).

Molecular species delimitation. The programme bPTP
(Zhang et al., 2013), which is a Bayesian implementation of
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the Poisson Tree Process species delimitation method, was
used to generate a first set of species delimitation hypotheses.
I used the posterior distribution of trees from BI analysis of
the ‘exon_data’ dataset as input for the local version of bPTP.
Iremoved outgroups and used 100 K Markov chain Monte Carlo
(MCMC) iterations, leaving all other parameters at default val-
ues (sampling every 100 generations, with a burn-in of 10%). 1
also used the BI posterior distribution of the ‘mt_data’ dataset
as input for bPTP using the parameters above.

For the following two analyses, I used two datasets: the ‘fil-
tered_data’ dataset and the ‘filtered_data_&_mt_data’ dataset,
which is a combination of the ‘filtered_data’ and ‘mt_data’
datasets. Both were used as input for STACEY (Jones, 2017)
as implemented in BEAST2 (Bouckaert ez al., 2019). STACEY
uses the multispecies coalescent (MSC) model to infer a “species
or minimal clusters” (SMC) tree under the birth-death-collapse
tree prior, without no requirement of a guide tree. The pro-
gramme BEAUU, using the STACEY template, was used to
generate the input files for BEAST2. For the analysis of
‘filtered_data_&_mt_data’, all mitochondrial gene trees were
linked, assuming no mitochondrial recombination; also, phased
UCE partitions and mitochondrial alignments were assigned to
one species/population representing each sample in the ‘Taxon
sets’ pane. For both datasets, nucleotide substitution models for
each partition were set to ‘RB’ with four gamma categories to
account for rate heterogeneity. I set the bdc Growth Rate prior
to a lognormal distribution with M =4.6 and S =2.0, clock
Rate prior for each partition to lognormal and pop Prior Scale to
lognormal, changing the default shape parameters to M =—7.0
and S =2.0. Due to slow convergence in initial runs of the
‘combined’ dataset analysis, I imposed three monophyletic con-
straints on the SMC tree, fixing the topology of Temnothorax
salvini grp 1, T. salvini grp 2, T. salvini grp 3 and T. salvini grp
4, all of which were recovered as monophyletic in phylogenetic
analyses of the datasets above. I set the MCMC chain length to
2 billion generations, storing every 10 M, with two independent
analyses for each dataset. The two runs of each treatment were
combined via logcombiner, with a burn-in of 25%, and input into
species Delimitation Analyser using default settings.

BPP (Yang, 2015) was also used for species delimitation for
comparison with the previous two models. Similar to STACEY,
the A10 analysis in BPP is also a Bayesian method that uses
the MSC model but uses the more computationally intensive
reversible-jump Markov chain Monte Carlo algorithm to calcu-
late species delimitation probabilities on a fixed species tree.
For all of the BPP and iBPP analyses that follow, I used
the topology inferred from the BI analysis of the ‘exon_data’
dataset as a guide tree. I used the ‘filtered_data’ and ‘fil-
tered_data_&_mt_data’ datasets as input. First, tau and theta
parameters were estimated using the AOO analysis on a fixed tree
from the BI analysis of the ‘exon_data’ dataset, without delimi-
tation. Using the resulting parameters, I employed the jMCMC
species delimitation algorithm 1 (species delimitation = 1 1 2
1). Because mitochondrial sequence and nuclear data have het-
erogeneous mutation rates, I estimated locus rate using an alpha
of five for the Dirichlet distribution (locusrate = 1 5). I set the
number of MCMC generations to 200 K, sampling every five

generations, with a 25% burn-in. I ran ten independent analyses
for the two datasets, then averaged the posterior probabilities for
presence of nodes across for each dataset. I considered nodes
with 95% posterior probability or greater as strongly supported.

Morphological analysis. A total of 112 worker specimens
from the salvini group, which included individuals from 67
nests, 40 populations and the 25 voucher specimens from the
molecular analysis were selected for morphological clustering
analysis. To generate the ‘morphology’ dataset, specimens
were measured at a maximum magnification of X63 using a
Leica MZ12.5 stereomicroscope, a movable stage equipped with
orthogonal digital micrometres, and an ocular graticule. The
following is a list of measurements used in this study, many
of which are based on Seifert & Csdsz (2015) and Cs6sz &
Fisher (2015). They are also depicted in Fig. 1.

SL Scape length. Maximum scape length excluding
the basal neck and the articular condyle (see
Fig. 1a).

EL Maximum diameter of the compound eye (see
Fig. 1d).

EW Minimum diameter of the compound eye (see
Fig. 1d).

FRS Frontal carina distance. Distance of the frontal

carinae immediately caudal of the posterior
intersection points between frontal carinae and
torular lamellae. If these dorsal lamellae do not
laterally surpass the frontal carinae, the deepest
point of scape corner pits may be taken as the
reference line. These pits take up the inner corner
of the scape base when the scape is directed fully
caudally and produces a dark, triangular shadow
in the lateral frontal lobes immediately posterior
to the dorsal lamellae of the scape joint capsule
(see Fig. 1a).

HW Maximum width of the head, including the
compound eyes (see Fig. 1a).
HWb Maximum width of head capsule without the

compound eyes, measured posterior to the eyes
(see Fig. 1a).

HL Maximum cephalic length. The head must be
carefully tilted to the position, providing the true
maximum. If excavations of the posterior margin
of the head capsule and/or anterior margin of the
clypeus are present, then the measurement is @
taken from an imaginary line that spans the
excavations from the posterior- or anterior-most
margins (see Fig. 1a).

PoOC Postocular distance. Adjust the head to the
measuring position of CL. Using an ocular
graticule, the length between posterior margin of
the compound eyes and the posterior margin of
the head capsule. If the posterior margin of the
head capsule is excavated, then the measurement
is taken from an imaginary line that spans the

© 2020 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12463
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Fig 1. Measurements used in this study, using the worker of Temnothorax albispinus (Wheeler), CASENT0756097, as a model (a) head in full face
view, (b) mesosoma in profile view, (c) mesosoma in dorsal view, (d) head in profile view, (e) metafemur in dorsal view, (f and g) propodeum and waist
segments in profile view, (h) waist segments in dorsal view.. [Colour figure can be viewed at wileyonlinelibrary.com].

MD

SPST

MPST

PEL

NOL

© 2020 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12463

excavation from the posterior-most margins (see
Fig. 1a).

Malar distance. Minimum Distance from the
anterior margin of the compound eye to where the
mandible articulates with the head capsule (see
Fig. 1d).

Weber’s length. Distance between the caudal
most point of propodeal lobe to the inflection
point between the pronotal neck and the pronotal
declivity (see Fig. 1b).

Propodeal spine length. Distance between the PPL
centre of the propodeal spiracle and tip of the
propodeal spine (see Fig. 1f).

Maximum distance from the centre of the
propodeal spiracle to the posteroventral corner of
the ventrolateral margin of the metapleuron (see PEH
Fig. If).

Petiole length. Diagonal petiolar length in lateral
view; measured from anterior corner of
subpetiolar process to dorso-caudal corner of
caudal cylinder (see Fig. 1g). PPH

Petiolar node length. Measured in lateral view
from the centre of the petiolar spiracle to the
dorso-caudal corner of caudal cylinder. Do not
erroneously take as the reference point the

NOH

dorso-caudal corner of the helcium, which is
sometimes visible (see Fig. 1f).

Petiolar node height. Maximum height of the
petiolar node, measured in lateral view from the
uppermost point of the petiolar node
perpendicular to a reference line set from the
petiolar spiracle to the imaginary midpoint of the
transition between the dorso-caudal slope and
dorsal profile of caudal cylinder of the petiole (see
Fig. 1f).

Postpetiole length. The longest distance,
perpendicular to the posterior margin of the
postpetiole, between the posterior postpetiolar
margin and the anterior postpetiolar margin (see
Fig. 1f).

Petiole height. The longest distance measured
from the ventral petiolar profile at node level
(perpendicular to the chord length of the petiolar
sternum) to the distal most point of the dorsal
profile of the petiolar node (see Fig. 1g).

Maximum height of the post petiole in lateral
view measured perpendicularly to a line defined
by the linear section of the segment border
between postpetiolar tergite and sternite (see
Fig. 1g).
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PW Pronotum width. Maximum width of the
pronotum in dorsal view (see Fig. 1c).

SPBA Minimum propodeal spine distance. The smallest
distance of the lateral margins of the propodeal
spines at their base. This should be measured in
antero-dorsal view: the wider parts of the ventral
propodeum do not interfere with the measurement
in this position. If the lateral margins of propodeal
spines diverge continuously from the tip to the
base, a smallest distance at base is not defined. In
this case, SPBA is measured at the level of the
bottom of the interspinal meniscus (see Fig. 1c).

SPTI Apical propodeal spine distance. The distance of
propodeal spine tips in dorsal view; if spine tips
are rounded or truncated, the centres of spine tips
are taken as reference points (see Fig. 1c).

PNW Maximum width of petiolar node in dorsal view
(see Fig. 1h).

PEW Maximum width of petiole in dorsal view,
measured across the posteriormost margin (see
Fig. 1h).

PPW Postpetiole width. Maximum width of postpetiole
in dorsal view (see Fig. 1h).

HFL Hind femur length. Maximum length of the

metafemur in dorsal view (see Fig. le).

HFWmax Maximum metafemur width in dorsal view (see
Fig. le).

HFWmin Minimum metafemur width in dorsal view (see
Fig. le).

HS Absolute cephalic size. The arithmetic mean of
HL and HWb.

ES Absolute eye size. The arithmetic mean of EL
and EW.

I used scripts modified from Baur & Leuenberger (2011) to
perform a multivariate ratio analysis in R (R Core Team, 2019)
on the full dataset, and six additional taxon subsets, which
divided the full taxon set into groups by geographical area or
into groups that are morphologically similar. I used the output
of the principal component sub-analysis as input for maximum
likelihood cluster analysis using mclust (Scrucca et al., 2016) on
each dataset. For each cluster analysis, I analysed two datasets:
one consisting of the first two principal components (PCs)
and the other consisting of the set of PCs that explained 75%
of the variation. Vouchers and their nestmates were assigned
to MOTUs based on the molecular analyses above, and error
rate was calculated by the proportion of vouchers or their
nestmates that were misclassified to MOTU. Among the two
sub-analyses, the one with the lowest error rate was selected for
presentation as morphological species delimitation hypotheses.
A list of all specimens used in the morphological analysis,
along with unique identifiers and collection data can be found
in Supplementary Table S1.

Because the majority of clustering sub-analyses using PCs
that explained 75% of the data variation had the lowest error
rate, I used the first four PCs as input for a morphology-only
analysis in iBPP (Solis-Lemus et al., 2015). 1 set the taprior

to 3, 200 and tauprior to 3, 100. I set the number of MCMC
generations to 200 K, sampling every five generations, with a
25% burn-in. I ran ten independent analyses, then averaged
posterior probabilities for presence of nodes across for each
dataset. For this analysis, I considered nodes with simple
majority rule as well supported.

Total evidence analysis. 1 used iBPP to perform a joint
molecular and morphometric species delimitation analysis,
using ‘filtered_data_&_mt_data’ molecular dataset and the first
four PCs from the morphological analysis, referred to here as
the ‘filtered_data_&_mt_data_morphology’ dataset. I config-
ured the control file as above for the iBPP morphology-only
analysis and ran ten independent analyses, averaging posterior
probabilities for presence of nodes across for each dataset. For
this analysis, I considered nodes with 95% posterior probability
or greater as strongly supported.

Delimitation scheme decision. In the following, I endeav-
oured to use the biological species concept (Mayr, 1942) as a
guiding principle for validation of species delimitation hypothe-
ses, using molecular data, morphology and geographical range
data as a proxy to determine whether the populations that my
samples were taken from are reproductively isolated. Closely
related samples (determined by phylogenetic analysis), which
are morphologically divergent from each other (determined by
morphological analysis) are critically examined within the con-
text of the geographical range of the clade that contains them,
with the default assumption that they are populations of morpho-
logical variants of the same species if they inhabit the extremes
of the overall range of the clade.

I used the following rationale to discriminate among the
species delimitation schemes generated by the analyses above:
if the molecular and methods conflicted in how they delimited
a given clade, they were contrasted with the results of the
morphological delimitation analyses, and the least-split scheme
shared between the molecular and morphology delimitation
analyses was used. The delimitation schemes were then further
evaluated in terms of geography, that is, whether sister taxa in
the more finely delimited scheme were sympatric, that is, had
range overlap (were collected in the same locality); if sister
taxa were not sympatric, that is, a delimited taxon was at a
geographical extreme of the overall range of the combined sister
taxa, then they were considered divergent geographical variants
of the same species and lumped accordingly.

Divergence dating analysis. 1 used BEAST2 v2.5.2 (Bouck-
aert et al., 2019) to infer divergence dates using the ‘fil-
tered_data’ sequence dataset as input. I linked clock models and
trees across the partitions, used the reversible jump algorithm
‘RB’ to average over substitution models for each partition, used
a four-category gamma distribution to estimate among site rate
variation, and set the clock model to ‘Relaxed Clock Log Nor-
mal’. I used a birth-death tree prior because it has been found
that it leads to more accurate divergence estimates in simulated
analyses, when dataset include inter- and intraspecific sampling

© 2020 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12463



(Ritchie et al., 2017). Because there were no fossils available
for the taxon set used in this study, I set two secondary calibra-
tion points based on the chronogram estimated in Prebus (2017),
which used a total evidence tip-dating approach to estimate the
divergence dates of Temnothorax using Baltic and Dominican
amber fossils to calibrate the analysis:

1 root: uniform distribution, lower 6.0 Ma ago, upper 29.0 Ma
ago, encompassing the upper limit of the 95% highest poste-
rior density (HPD) of the divergence date of the salvini group
and its sister species and the lower limit of the divergence of
the most recent common ancestor (MRCA) of Temnothorax
aztecus and T. salvini

2 node subtending P048 + P050: normal distribution, sigma
3.0, offset 11.0 Ma ago, encompassing the 95% HPD of the
divergence date of Temnothorax aztecus and T. salvini.

I set the number of generations to 100 M, logging every 10K
generations, and ran two independent analyses. I used Tracer to
monitor chain mixing and convergence. Following completion,
I combined the two runs using LogCombiner, discarding the
default first 25% of each run and sampling every 20 K states for
a total of 7500 trees. I used TreeAnnotator to annotate the final
tree using default settings.

Historical biogeography. BioGeoBEARS (Matzke, 2013)
was used to infer patterns of historical biogeography in the
salvini group. I used the chronogram generated by the diver-
gence dating analysis above and pruned the tree to tips represent-
ing nine species based on the results of the species delimitation
decision above. I delimited the range of the salvini group into
three regions based on major mountain ranges and mountain
complexes in Central America: the southern Sierra Madre
(SSM), a mountain range in southern Mexico, which extends
from southern Michoacdn state to the Isthmus of Tehuante-
pec in eastern Oaxaca state; the Central American Nucleus
(CAN), composed of all mountain ranges between the Isth-
mus of Tehuantepec and the Nicaraguan depression; the south-
ern Central American cordilleras (SCA), located between the
Nicaraguan depression and the Isthmus of Panama (see Fig. 2).
I further divided these three general areas by altitudinal zona-
tion, considering low elevation to be <1000 m, mid elevation
1000-1800 m and high elevation >1800m. I altered the default
BioGeoBEARS R script to include a time stratified analysis,
taking into account mountain building in the SCA8-5 Ma ago
(Duque-Caro, 1990; Kirby, 2007; Denyer & Kussmaul, 2012).
I ran four analyses in which I contrasted scenarios with differ-
ent dispersal probabilities and areas allowed at different time
periods. Because the CAN and the SCA are hypothesized to
have been separated by shallow marine waters during much of
the Miocene (Iturralde-Vinent & MacPhee, 1999), the ‘areas
allowed” matrix was adjusted to disallow dispersal between the
CAN and the SCAprior to 8 Ma ago for scenarios M2 and M3.
For scenarios M1 and M2 the ‘dispersal multipliers’ matrix
was set for moderately difficult dispersal (0.01) between these
areas between 8 and 5 Ma ago following the findings of Bacon
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et al. (2015), which suggest that dispersal of land animals
occurred between northern South America and southern Central
America during this time period. For each scenario, I compared
three dispersal models in BloGeoBEARS (DEC, DIVA-like and
BayArea-like). I did not include models with the jump-dispersal
parameter (+j) because it has been demonstrated that models
including this parameter are not comparable to models without
it in a statistical testing framework (Ree & Sanmartin, 2018).

Results
Sequence processing and phylogenetic inference: UCEs

Following assembly and UCE extraction, the mean number of
UCE loci per specimen was 2309, with a mean contig length of
743 bp, and a mean coverage score of 46X (see Supplementary
Table S2). Following alignment, trimming and filtering of
the full UCE dataset to loci with >90% taxon presence, the
‘full_data’ dataset had 2077 loci, with a mean locus alignment
length of 690 bp. The concatenated matrix was 1452209 bp in
length, in which 162000 sites (11.2%) were variable, 47401
sites (3.3%) were parsimony informative, with 11.2% missing
data. After extracting protein coding loci and filtering the dataset
to loci with >90% taxon presence and >150 bp, the ‘exon_data’
dataset had 686 loci, with a mean locus alignment length of
373 bp. The concatenated matrix was 256 182 bp in length, in
which 18 251 sites (7.1%) were variable, 6110 sites (2.4%) were
parsimony informative, with 8.9% missing data. After filtering
the protein coding data further using posterior predictive checks,
the ‘filtered_data’ dataset had a mean alignment length of 239 bp
(range 74—524bp), which resulted in a concatenated matrix
11963 bp in length, of which 674 sites (5.6%) were variable,
599 sites (5%) were parsimony informative, with 7.8% missing
data. The ‘filtered_data’ dataset consisted of datablocks selected
from UCEs that were all unique, that is, none of the codon
position datablocks were extracted from the same UCE. The
dataset was biased toward the third codon position (66%, or 33
of 50 datablocks, see Supplementary Table S6).

The partitioning analysis of the ‘full_data’ dataset resulted in
a 145-partition scheme (see Supplementary Table S4), whereas
the analysis of the ‘exon_data’ dataset resulted in a 46-partition
scheme. Model selection on the ‘exon_data’ dataset resulted
in the assignment of 21 unique substitution models to the
46-partition scheme (see Supplementary Table S5). The result-
ing trees had strong overall support, with topologies diverging
only within the outgroups or at shallow nodes in ‘salvini com-
plex a’ and ‘aztecus complex’ (Fig. 3a).

Sequence processing and phylogenetic inference: mitochondria

I recovered complete mitochondrial genomes for 23 of the 25
specimens from UCE sequence reads, and partial genomes were
constructed for the remaining two, with a mean coverage score
of 147x (see Supplementary Table S2). Following annotation,
13 protein coding genes were identified and extracted. The

© 2020 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12463
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Fig 2. Distribution of the Temnothorax salvini group in Central America, showing the final species decisions inferred from this study. The major
mountain complexes in Central America are colour coded and separated into the altitudinal zonation used in this study (/ < 1000 m, m = 1000—1800 m
and / > 1800 m). Dashed circles indicate places where species were collected in sympatry.. [Colour figure can be viewed at wileyonlinelibrary.com].

aligned, concatenated ‘mt_data’ matrix was 10 998 bp in length,
of which 4241 sites (38.6%) were variable, with 1.2% missing
data.

The model selection and partitioning analysis resulted in a
seven-partition scheme, with six unique substitution models
(see Supplementary Table S7). The resulting tree topology was
nearly identical to the analyses of the ‘full_data’ and ‘exon_data’
datasets, differing in topology only in shallow, poorly supported
parts of the phylogeny and with weaker support for several
deeper nodes (Fig. 3b). Both analyses inferred three main
complexes with broad geographic distributions and four more
distantly related satellite morpho species, which is apparently
more geographically restricted (compare Figs 2 and 3). Here,
the three main complexes are referred to as: (i) the ‘aztecus
complex’, which occupies the SSM and extends southward
across CAN to the Nicaraguan Depression, encompassing the
type locality of T. aztecus, (ii) ‘salvini complex a’, which spans
the CAN from Guatemala to the Nicaraguan depression and (iii)
‘salvini complex b’, which spans the SCA from Costa Rica to
Panama, and encompasses the type locality of 7. salvini.

Molecular species delimitation

The following results are summarized in Fig. 4a, b. I inves-
tigated DNA-based species delimitation and uncertainty using
(1) the bPTP model, (ii) the STACEY model and (iii) the
BPP model. In each case, specimens that had been diagnosed

previously as Temnothorax aztecus and T. salvini were delim-
ited into several species. In addition, a common finding among
all of the following results is that samples from four popula-
tions across the SSM and CAN (P173, P193, P197 and P198)
were each consistently delimited as individual species, leaving
the three complexes mentioned above, which differed in delim-
itation scheme among analyses.

Two datasets were analysed with bPTP to generate species
delimitation hypotheses: (i) ‘bPTPnuc’, which consists of the
posterior distribution of trees from the ExaBayes analysis of
the ‘exon_data’ dataset, and (ii) ‘bPTPmit’, which consists of
posterior distribution of trees from the MrBayes tree generated
from the analysis of the ‘mt_data’ dataset. The ‘bPTPnuc’
analysis presents a 12 species delimitation scheme, delimiting
‘salvini complex a’ into a single species, while delimiting
‘salvini complex b’ into a low-to-mid-elevation species and
four mid-to-high elevation species; the ‘aztecus complex’ was
delimited into two species: one from mid-elevation in the CAN
and a more widespread species from the low-to-mid elevations
of the CAN and the SSM, which matches the morphology of the
type material of Temnothorax aztecus. The ‘bPTPmit’ analysis
delimited 16 species, splitting ‘salvini complex a’ into a two
species occupying the western and eastern CAN; compared to
the ‘bPTPnuc’ analysis, the mid-to-low elevation specimens of
‘salvini complex b’ were further divided into two species. In
addition, the ‘aztecus complex’ was delimited into four species:
the mid-elevation species mentioned above, with the low-to-mid
elevation populations delimited into three species.

© 2020 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12463
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Fig 3. Phylogenies inferred from molecular data. Node support values
when < 1/100. All taxon names of salvini group species are represented

for both trees are in posterior probability/ultrafast bootstrap, and only depicted
by extraction code only, and species complexes are indicated by shaded boxes.

(a) Phylogeny based on the analysis of the ‘exon_data’ dataset with ExaBayes. Node values show support from analysis with ExaBayes and IQ-TREE2;
support from analysis of the ‘full_data’ dataset is shown above, and the ‘exon_data’ values are below. (b) Phylogeny based on the analysis of the
‘mt_data’ dataset with MrBayes, depicting the node support values inferred from MrBayes and IQ-TREE2.

Iran two analyses in STACEY to generate species delimitation
hypotheses: (i) ‘STACEY nuc’, consisting of the ‘filtered_data’
dataset and (ii) ‘STACEY nuc + mit’, consisting of the ‘fil-
tered_data_&_mt_data’ dataset. Both analyses resulted in an
overall topology that was nearly identical to the ExaBayes
analysis of the ‘exon_data’ dataset, diverging only in the topol-
ogy of one shallow clade (compare Figs 3a and 4a). The two
analyses present delimitation hypotheses that differ in the num-
ber of species delimited: ‘STACEY nuc’ delimited eight species,
grouping the specimens of the three complexes into four species,
while ‘STACEY nuc + mit’ delimited the three complexes into

© 2020 The Royal Entomological Society, Systematic Entomology, doi

ten species, further delimiting the specimens of ‘salvini complex
b’ into three species. Both analyses delimited the ‘aztecus com-
plex’ into two species, similar the ‘bPTPnuc’ analysis above.

I ran two analyses in BPP to generate species delimitation
hypotheses: (i) ‘BPP nuc’, consisting of the ‘filtered_data’
dataset and (ii)) ‘BPP nuc + mit’, consisting of the ‘fil-
tered_data_&_mt_data’ dataset. The ‘BPP nuc’ analysis
delimited ten species: like the ‘bPTPmit’ analysis, ‘BPP nuc’
split ‘salvini complex a’ into two species, delimiting it into
an eastern and western species, while ‘salvini complex b’
was delimited into a low-to-mid elevation and a mid-to-high

1 10.1111/syen.12463
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Fig 4. Species delimitation hypotheses and the evolutionary timescale of the Temnothorax salvini species group. (a) Cloudogram based on the analysis
of the ‘filtered_data’ dataset with STACEY in grey, with the ‘root canal’ in blue, which summarizes the main features of the tree set (b) map of
integument colour and elevation, and summary of species delimitation schemes from all analyses performed in this study. Solid coloured boxes
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analysis of the ‘filtered_data’ dataset with BEAST2. Error bars around nodes depict 95% highest posterior density.. [Colour figure can be viewed at

wileyonlinelibrary.com].

elevation species; the ‘aztecus complex’ was delimited into
a mid-elevation and low-to-mid elevation species. The ‘BPP
nuc + mit’ analysis, in contrast, delimited 13 species, further
delimiting the western populations of ‘salvini complex a’ into
two species, one of which consists of a single high elevation
population with bicolored integument; ‘salvini complex b’ was
delimited as in the ‘bPTPnuc’ analysis, recovering a low-to-mid
elevation species, and each mid-to-high elevation population
as distinct species; the ‘aztecus complex’ was delimited as one
species, irrespective of elevation.

Morphological validation

When the full morphometric dataset of 112 workers was
analysed simultaneously, the clustering algorithm used in this
study performed poorly, lumping all individuals into one cluster
(results not shown). However, when subsets that included only
morphologically similar or geographically co-distributed indi-
viduals were analysed, cluster analyses tended to converge on
similar results as the molecular species delimitation approaches.

Specifically, the ‘morphology salvini’ data subset delim-
ited the mid-to-low elevation specimens of ‘salvini complex
b’, but also delimited ‘salvini complex a’ and a portion of
the mid-to-high elevation ‘salvini complex b’ specimens as a
species, leaving the remainder of mid-to-high elevation ‘salvini

complex b’; the latter two results are incongruent with the pre-
vious and following delimitation schemes. The ‘morphology
aztecus’ data subset delimited specimens in a manner similar
to the molecular delimitation analyses above, with the satellite
population from southern Mexico delimited from the ‘aztecus
complex’, the remainder of which was delimited into mid
and low elevation populations. However, this analysis further
separated the mid-to-low elevation populations of the ‘aztecus
complex’ into eastern and western species. When only speci-
mens from the CAN (‘morphology CAN’ in Fig. 4b) were anal-
ysed, the delimitation scheme was congruent with many of the
molecular delimitation analyses, delimiting ‘salvini complex a’
into one species and splitting the ‘azfecus complex’ into high
and low elevation species. The SSM analysis performed sim-
ilarly (‘morphology SSM’ in Fig. 4b), with the mid-elevation
population P300 delimited from the mid-to-low elevation popu-
lations of the larger ‘aztecus complex’. Morphological analysis
of the SCA populations (‘morphology SCA’ in Fig. 4b) delim-
ited the low-to-mid and mid-to-high elevation populations, but
further delimited the high elevation populations into two species,
in a manner incongruent with all other analyses in this study. The
iBPP analysis of the ‘morphology’ dataset performed similarly
to the ‘BPP nuc + mit’ analysis, but further delimited the east-
ern populations of ‘salvini complex a’ into two species, delim-
ited the Panamanian population from the rest of the mid-to-high
elevation ‘salvini complex b’ populations, and delimited the

© 2020 The Royal Entomological Society, Systematic Entomology, doi: 10.1111/syen.12463
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low elevation ‘aztecus complex’ populations into eastern and
western species.

Total evidence species delimitation

The total-evidence analysis of the ‘filtered_data_&_mt_data_
morphology’ dataset delimited ten species in a manner nearly
identical to the ‘BPP nuc’ analysis but grouped all populations
of the ‘aztecus complex’ into one species (see Fig. 4b).

Delimitation scheme decision

Based on the decision rationale above, the final delimitation
scheme had nine species. Specimens P193, P198, P173 and
P197 were consistently found as separately delimited species
among all analyses that included them. Delimitation schemes for
‘salvini complex a’ differed among molecular methods and mor-
phological methods; the specimens P194 and P392 were delim-
ited in some molecular and morphological analyses, but these
samples occur in the westernmost extreme of the distribution of
the complex. Additionally, P199 was delimited from the remain-
der of ‘salvini complex a’ in some analyses, but this sample
was from a high elevation extreme of the distribution. All three
specimens were lumped with the remainder of ‘salvini complex
a’ in the final scheme. Except for two molecular analyses,
specimens P390, P160 and P287 were consistently delimited as
a species in ‘salvini complex b’. The remaining four specimens
had no consistent delimitation among analyses; all four species
are represented by single, geographically distinct collections. It
remains unclear if these represent a single, morphologically vari-
able species; I conservatively lump them here as the previously
described species Temnothorax salvini, but future collections
may reveal that these are in fact distinct species with overlap-
ping geographical ranges. Similarly, the molecular analyses
differed in how the ‘aztecus complex’ was delimited. However,
specimen P300 was delimited in the morphological analyses
and nearly all of the molecular analyses and is contained within
the range of the remainder of the ‘aztecus complex’; I retain
it as a species here. As for the ‘aztecus complex’ exclusive of
P300, there was some conflict between morphological anal-
yses, but the more finely split delimitation scheme could be
explained by geographical structure, with specimens P048 and
P191 occupying the easternmost extreme of the species range.
Because the samples of the ‘aztecus complex’, exclusive of
P300, are all allopatric, and P300 is sister to all of the remainder
of the ‘aztecus complex’ and sympatric with the more typical
T. aztecus, 1 lump the ‘aztecus complex’, exclusive of P300,
into one previously described species, Temnothorax aztecus.

Divergence dating

Table 2 displays divergence dates of the species complexes and
species inferred above; see Fig. 4c for a complete chronogram
with age estimates and 95% highest posterior density intervals.
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Table 2. Mean node ages and 95% highest posterior density intervals
inferred from divergence dating analysis of the Temnothorax salvini
group in BEAST2

Node Mean 95% HPD
Crown salvini group 13.1 6.0-22.0
[Temnothorax salvini grp 1, 7.9 2.5-14.9
Temnothorax salvini grp 2]
[Temnothorax salvini grp 3 10.2 4.3-16.7
[Temnothorax salvini grp 4
[aztecus complex [Temnothorax
salvini grp 5, salvini complex b]]]]
[Temnothorax salvini grp 4 [aztecus 9.4 39-154
complex [Temnothorax salvini grp
5, salvini complex b]]]
[aztecus complex [Temnothorax 8.5 3.4-13.7
salvini grp 5, salvini complex b]]
[Temnothorax salvini grp 5, salvini 7.6 3.1-12.3
complex b]
Temnothorax salvini grp 5 2.5 0.8-4.5
salvini complex b 4.8 1.8-8.2
aztecus complex 7.3 3.1-12.1
Temnothorax salvini grp 6 0.74 0.2-1.4
Temnothorax salvini 2.8 1.0-5.1
Temnothorax aztecus 29 1.0-5.1

Note: All ages are in millions of years ago.

The crown salvini group was estimated to have evolved 12.5 Ma
ago, in the mid-Miocene, and much of the diversification that led
to the present-day diversity within the salvini group occurred
during the remainder of the Miocene. Although the crown
ages for many singly sampled specimens remain undetermined,
species containing multiple specimens in the final 9-species
delimitation scheme ranged from 0.9 to 3.4 Ma ago.

Biogeography

I compared four scenarios of dispersal within the current range
of the salvini group in Central America and compared the fit
of the three models (DEC, DIVA-like and BayArea-like) within
each scenario; see Table 3 for a comparison of results. The
scenario with no dispersal to the SCA prior to 8 Ma ago, but
without any dispersal constraint applied during the 5—-8 Ma ago
time period (scenario M3) was most highly supported, under
the DIVA-like model (InL —34.14; see Fig. 5 and Table 3),
although this was only slightly better supported than the scenario
with without any dispersal constraints (InL. —34.15; scenario MO
under the DIVA-like model; see Supplementary Figure S1). In
both scenarios, the salvini group is estimated to have inhabited
an ancestral range in the mid to high elevations of the CAN
and the mid elevations of the SSM, which today remains the
centre for the species diversity inferred in the present study. The
two competing scenarios differ solely in how the ancestor of 7.
salvini grp 5, T. salvini grp 6 and T. salvini was inferred to have
dispersed to the SCA: in M3, the ancestor of this clade dispersed
to the high elevations of the CAN from the mid elevations, then
expanded to the mid-elevations of the SCA, whereas in MO,
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the ancestor dispersed to the mid-elevations of the SCA before
expanding its range back into the high elevations of the CAN.
In both scenarios, expansion and dispersal to low elevations in
Central America only occurred in the Late Miocene, after 8§ Ma
ago. Overall, a pattern of early Miocene range contraction and
Late Miocene range expansion can be applied to the results of
the biogeographic analysis. In the Miocene-Pliocene transition,
ranges appear to have contracted again (ancestors of 7. salvini
grp 1 and T. salvini grp 2; ancestors of 7. salvini grp 5, T. salvini
grp 6 and T. salvini). In addition, all taxa that inhabit multiple
ranges in the present emerged in the Late Miocene and Pliocene.

Discussion
Congruence between species delimitation analyses

Molecular-based species delimitation approaches arrived at
similar delimitation schemes regardless of whether UCE data or
mitochondrial genome data were used, but the inclusion of mito-
chondrial data tended to lead to over-split delimitation schemes.
Seven clusters within the salvini group were found consistently
across all analyses: four geographically limited species, and
three broadly distributed species complexes. Across all of the
analyses, delimitation schemes conflicted exclusively in how
the three widespread complexes were delimited. Possibly, these
complexes inhabit a transitional space in the speciation contin-
uum in which gene flow is becoming limited across broad geo-
graphic ranges and diverging ecological niches. Interestingly,
the three most densely sampled species in the final delimita-
tion scheme were all inferred to have crown ages of >2.5 Ma
ago (see Table 2). Although comparative analyses of inverte-
brate species ages have not yet been performed, and may not
yet be feasible for most groups, an age of 3 Ma ago bears a close
resemblance to those found at the higher end of species ages in
a broad analysis of vertebrate species (Cattin et al., 2016). This
observation may contribute to a growing body of evidence that
the latitudinal diversity gradient in ants is a factor of lineage per-
sistence (the “museum” hypothesis of Stebbins, 1974; Moreau
& Bell, 2013) or niche conservatism (Losos, 2008; Economo
et al., 2018, 2019), and not speciation rate.

Biogeography

In this study, the salvini group was inferred to have originated
in the mid-to-high elevations of the CAN and SSM approx-
imately 13Ma ago. A more coarsely scaled biogeographical
analysis of the genus Temnothorax as a whole (Prebus, 2017)
included only two specimens representing the salvini group,
T. aztecus and a sample mistakenly identified as 7. salvini (T.
salvini grp S in this study). In Prebus (2017)the mean diver-
gence date of T. aztecus and T. salvini grp 5 was approximately
11 Ma ago, which is older than the date inferred in the present
study (8.5 Ma ago; see Table 2) but falls well within the range
of 95% highest posterior density (13.7-3.4 Ma ago). In Pre-
bus, 2017, the more inclusive salvini clade, which contains the
salvini species group, was inferred to have had an extensive

history of evolution in Central America, arriving in the Neotrop-
ics from a Nearctic ancestral range during the mid-Oligocene,
with several lineages subsequently dispersing back to the Nearc-
tic or the Greater Antilles throughout the Miocene. Corrobo-
rating the ancestral range found in this study, the salvini group
was inferred to have had an ancestor with a Neotropical range.
However, a major caveat is that the taxa of the salvini clade
were not thoroughly sampled in Prebus (2017); if it is found,
after more intensive sampling that the salvini clade has many
early-diverging taxa with Nearctic ranges, the conclusion that
the salvini clade is primarily Neotropical may shift.

The inference that the mid-to-high elevations of Central
America were especially important during the early evolution
of the salvini group may reflect the climatic trends during
the mid to late Miocene, when global temperatures began to
drop ca. 14 Ma ago after the mid Miocene climatic optimum
(Zachos et al., 2001; Hansen et al., 2013). Dispersal of the
presumably cold-adapted salvini group to the SCA from the
CAN may have occurred as habitats associated with mid to
high elevations in Central America expanded, in tandem with
mountain building in present day Costa Rica and Panama.
Branstetter & Longino (2019) found a similar pattern in Ponera
ants, suggesting that periodic expansion and contraction of
mesic forest during the Plio-Pleistocene may have led to a
grade of cryptic species, which originated in the Nearctic and
successively penetrated further into Central America in concert
with cycles of global climate change.

Within the salvini group, only two members appear west of
the Isthmus of Tehuantepec, a savannah-like depression between
the CAN and the SSM: T. aztecus and the undescribed lookalike
species 7. salvini grp 3. The former is found at the low to mid
elevations of the Los Tuxtlas volcano complex and the SSM in
Mexico, while the latter inhabits solely mid elevations in these
same localities. 7. salvini grp 3 was inferred to have been isolated
in the SSM following a range contraction in the Late Miocene
~10Ma ago, with T. aztecus arriving later following its more
recent expansion throughout low and mid elevations of Central
America from an initial dispersal to lowland habitats in the late
Miocene ~7 Ma ago.

In this study, three broadly distributed species complexes
were inferred: Temnothorax aztecus was found to be widespread
in the low-to-mid elevations of Central America north of
the Nicaraguan depression, whereas 7. salvini inhabits the
mid-to-high elevations of the SCA, and T. salvini grp 5 occu-
pies a large range in the mid-to-high elevations in the CAN. An
unexpected result of this study was that many members of the
salvini group appear to occupy moderately overlapping eleva-
tional niches within each mountain complex, with mid-to-high
elevation species apparently having small geographical ranges.
These observations raise the possibility that the salvini group
is involved in a taxon cycle dynamic between its members
(Wilson, 1959; Wilson, 1961; Ricklefs & Bermingham, 2002;
Economo et al., 2015). In its classical sense, the taxon cycle
is a process inferred to explain the distributions of species
across island archipelagos. The process involves sequential
range expansions and contractions, which leads to a present-day
pattern in which to lineages that arrive on islands early are
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Table 3. Biogeographic scenarios compared in the BioGeoBEARs analysis
LnL

Scenario Dispersal between SCA and rest of range > 5 Ma ago SCA allowed > 8 Ma ago DEC DIVALIKE BAYAREALIKE
Mo 1 1 -35.23 —-34.15 —34.84
M1 0.01 1 —35.13 -36.33 -35.29
M2 0.01 0 —-37.26 —-36.81 -36.94
M3 1 0 —35.46 —34.14 —35.59

Note: SCA, southern Central American cordilleras. Resulting LnL of the highest scoring model is shown in bold.
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Fig 5. Historical biogeography of the Temnothorax salvini group inferred from the chronogram output from BEAST2 and current species ranges, using
the programme BioGeoBEARS. The major mountain complexes in Central America are colour coded and separated into the altitudinal zonation used
in this study (/ < 1000 m, m = 1000—1800 m, and /2 > 1800 m). The output of the model and scenario with the highest likelihood is shown: DIVA-like
on scenario M3.. [Colour figure can be viewed at wileyonlinelibrary.com].

represented by species with reduced ranges, often in interior
island habitats (via range contraction), and species with large
ranges, sometimes spanning several islands, are found mainly
marginal island habitats (via recent range expansion). However,
in this case, the mid-to-high elevations of Central America stand
in for the interior island habitats of the classical scenario, and
the lowlands are the marginal island habitats. In this scenario,
T. aztecus represents the most recent expansion phase into

marginal habitats, and 7. salvini and T. salvini grp 6 are newly
established taxon in the SCA.

Delimitation of populations versus species

High throughput sequencing methods present a vast leap in
the amount of data that can be used to infer species limits,
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Fig 6. Images of Temnothorax salvini group worker specimens of species recognized in this study, in profile view. Scale bars represent 0.2 mm.
Unique specimen identifiers follow the taxon name (a) Temnothorax salvini_grp_3, CASENTO0758791, (b) Temnothorax aztecus, CASENT0758793, (c)
Temnothorax salvini_grp_5, CASENT0758892, (d) Temnothorax salvini_grp_2, JTLC000010282, (e) Temnothorax salvini_grp_1, CASENT0614495,
(f) Temnothorax salvini_grp_7, CASENT0629030, (g) Temnothorax salvini, CASENT0756074, (h) Temnothorax salvini_grp_6, CASENT0758334, (i)
Temnothorax salvini_grp_4, CASENT(0756087.. [Colour figure can be viewed at wileyonlinelibrary.com].

but many of the current methods are still only feasible with
comparatively small molecular datasets. In this study, I chose
to filter a UCE dataset down to a size that is compatible with
many of the current methods, including those based on the
multispecies coalescent. Species delimitation methods based
on the multispecies coalescent have recently been criticized for
delimiting populations instead of species in cases where the
metapopulation shows high geographical structure (Sukumaran
& Knowles, 2017; Chambers & Hillis, 2020). Several of the
analyses presented in the current study indicated the same
tendency, with populations at the geographical extremes of the
species range being delimited as species (see Fig. 4 and the
Results section above). However, my approach mitigated this
issue by comparing multiple different delimitation methods,
independently analysing morphological data to validate species
delimitation hypotheses, and by incorporating geographical
range data to demonstrate sympatry and allopatry among
MOTUs. While not used in the current study, the development
of methods capable of using large molecular datasets to infer
species delimitation is underway, which show great promise
for their applicability to complex problems (Fujisawa et al.,
2016; Derkarabetian et al., 2019). In the case of MOTUs with

non-overlapping geographic ranges, however, the issue of
whether the units being detected with such methods are highly
structured metapopulations or allopatric species still looms,
especially if these analyses are conducted without an integrative
framework and in the absence of information about gene flow.

Conclusion

Until the present study, the salvini species group contained two
named species: Temnothorax salvini and T. aztecus. Despite
their morphological similarities (see Fig.6b, g), these two
putative species were easily distinguished from each other
by the colour of their integument. The preceding study finds
that the salvini group is much more diverse than previously
thought. To generate a candidate set of delimitation hypotheses,
I used a combination of species tree estimation, molecular
species delimitation methods and morphometric validation.
To mitigate the possibility that the delimitation schemes were
reflecting population structure instead of reproductive isolation,
the candidate delimitation hypotheses were viewed through
the lens of present-day geographic distributions, finding that
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many of the species inferred in the delimitation analyses have
overlapping ranges. Taken together, these pieces of evidence
suggest that the units being detected are often sympatric and
not exchanging genes, and therefore, most likely represent
independently evolving species. The results suggest that an
additional seven species are contained within this group,
all of which are morphologically distinguishable from each
other a posteriori. Descriptions of the new species of the
Temnothorax salvini group will be included in a future com-
prehensive taxonomic revision of the larger, more inclusive
salvini clade.

Supporting Information

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Fig. S1. Full set of output figures from all scenarios and
models tested in the BioGeoBEARS analysis. M = Southern
Sierra Madres, N = Central American Nucleus, C = southern
Central American cordilleras; [ <1000 m, m = 1000-1800
m, and /2 > 1800 m.

Table S1. List of specimens used in this study. Specimens
extracted for molecular analysis are indicated by their extrac-
tion codes.

Table S2. List of specimens used for molecular analyses
with associated barcode adapters, UCE and mitochondrial
genome assembly summary statistics.

Table S3. NCBI accession numbers of specimens and molec-
ular datasets used in the study.

Table S4. Characteristics of the partitions of the ‘full_data’
dataset inferred by PartitionFinder2.

Table S5. Characteristics of the partitions of the ‘exon_data’
dataset inferred by PartitionFinder2, with substitution mod-
els selected by IQ-TREE2.

Table S6. Characteristics of the datablocks comprising the
‘filtered_data’ dataset.

Table S7. Partitions and substitution models identified
by IQ-TREE2 for a maximum likelihood analysis of the
‘mt_data’ dataset.
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