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Abstract
Temnothorax unifasciatus (Latreille, 1798) is a widely distributed pan-European 
species from the Iberian Peninsula to the Caucasus. This taxon's relatively high 
morphological variability prompts the taxonomists of earlier times and today to 
mention the morphologically different elements at specific or subspecific ranks. 
This paper aims to understand the population structure and genetic diversity 
within this lineage via integrative taxonomy, incorporating molecular phylo-
genetics, species delimitation analyses and multivariate analyses of continuous 
morphometric data from across the geographic range of the T. unifasciatus com-
plex. Phylogenetic analyses yielded incongruent trees. The genealogical diversity 
index (gdi) and the confirmatory analyses on morphological data found only 
weak, ambiguous delimitations within the unifasciatus complex. The most highly 
supported scenario splits T. brackoi from the remaining unifasciatus complex 
with ambiguous support (gdi = 0.56). This scenario is supported by multivariate 
morphometry with 100% accuracy in classification success. Instead, our results 
suggest complex morphological and genetic population structuring within the 
broad range of T. unifasciatus. Therefore, we confirm the validity of two species, 
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1   |   INTRODUCTION

Modern taxonomy aims to understand patterns in biodi-
versity by describing, classifying and naming living or-
ganisms (Mayr & Ashlock, 1991). Given that species are 
in most cases the basic units of biology, alpha-taxonomy 
(the recognition, description and naming of species) plays 
a substantial role in the discipline. For example, a stable 
classification scheme facilitates scientific communication 
among researchers and between researchers and the public; 
moreover, they enable conservation efforts, as well as eco-
logical and comparative work, for example, comparative 
genomics, transcriptomics and phenomics. Contemporary 
biodiversity research, taxonomy and systematics rely on 
phenotypic and molecular data to understand where one 
taxon starts and another ends (Cicero et al., 2021; Deans 
et al., 2015; Padial et al., 2010). In decades past, research-
ers have used subjective and numeric morphological data 
and various molecular markers, including mitochondrial 
DNA (mtDNA), to explore relationships among species. 
However, since subjectively evaluated phenotypic traits 
and mitochondrial molecular markers often exhibit a 
significant level of uncertainty (Chan et al., 2022; Tobias 
et  al.,  2010) contemporary approaches increasingly use 
quantitative analyses of numeric morphological data and 
single-copy nuclear molecular markers, such as ultra-
conserved elements (UCEs; Faircloth et al., 2012). These 
methods are required to achieve more accurate estimates 
of genetic diversity within a particular lineage.

Geography- and habitat-driven variability is often 
demonstrated in ubiquitous lineages with broad geo-
graphic distributions (Butcher et  al.,  2009; Díaz-Tapia 
et al., 2020), such as the Western Palaearctic Temnothorax 
unifasciatus (Latreille, 1798) complex (which includes the 
nominal species and valid-deemed congeners, T. brackoi 
Salata & Borowiec,  2019, T. cordieri (Bondroit, 1918), 
T. rougeti (Bondroit, 1918) and T. tauricus (Ruzsky, 1902)). 
This widely distributed European lineage represents a cru-
cial element of dry meadows or forest edges and can dis-
play high nest density on the ground across the continent 

from the Iberian Peninsula to the Caucasus. Because this 
taxon plays an important role in ecosystems (Giannetti 
et al., 2019; Seifert, 2018), T. unifasciatus – as we knew it 
in the last decades – has become a widely preferred lab-
oratory model organism (Bordoni et  al.,  2019; Brunner 
et  al.,  2011; Foitzik et  al.,  2007; Stroeymeyt et  al.,  2007; 
Walter et al., 2011).

Despite the steady accumulation of knowledge gained 
in field and laboratory research, the taxonomy and no-
menclature of the T. unifasciatus complex have been ex-
ceptionally turbulent in recent decades. The high number 
of junior synonyms and the long taxonomic history of the 
complex's name-giving species T. unifasciatus demon-
strate how the authors in the 20th and 21st centuries zeal-
ously interpreted the observed morphological variations 
as racial or specific differences. As of the preparation of 
the manuscript (the end of 2023), eight junior synonyms 
and five valid subspecies are listed in the AntCat online 
database (Bolton, 2023).

The list has been rapidly changing, even today. For 
example, the former subspecies T. unifasciatus cordieri 
(Bondroit, 1918), a Corsican endemic, has been raised 
to species rank based on mtDNA evidence (Blatrix 
et al., 2020). Others, like T. rougeti, and T. tauricus (Ruzsky, 
1902) formerly considered synonyms of T. unifasciatus 
(Casevitz-Weulersse & Galkowski,  2009) have been re-
vived from synonymy (Borowiec & Salata, 2012), but the 
reasoning is vague. Furthermore, a new species, T. brackoi 
was recently described (Salata & Borowiec, 2019). These 
very recent taxonomic acts shed light on the fact that the 
taxonomy of this species complex suffers from great un-
certainty. This instability in taxonomy and nomenclature 
hampers the transferability of findings between research-
ers and hinders fluent scientific discourse. Thus, the 
taxonomy and phylogeny of the lineage that we call the 
‘Temnothorax unifasciatus complex’ is urgently required.

Here, we aim to understand the population structure 
and genetic diversity within this lineage via an integra-
tive taxonomic framework, incorporating inference of the 
molecular phylogeny, species delimitation analyses and 

T. brackoi Salata & Borowiec, 2019 and T. unifasciatus (Latreille, 1798), and pro-
pose five new junior synonymies, T. cordieri (Bondroit, 1918) syn. nov., T. tauricus 
(Ruzsky, 1902) syn. nov., T. berlandi (Bondroit, 1918) syn. nov., T. unifasciatus 
staegeri (Bondroit, 1918) syn. nov., T. tuberum ciscaucasicus (Arnol'di, 1977) syn. 
nov. with the latter. To achieve maximal taxonomic stability, we designated a 
lectotype for Temnothorax unifasciatus (Latreille, 1798).

K E Y W O R D S

molecular analysis, morphometrics, nomenclature, refugium, synonymy

 14636409, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/zsc.12690 by C

ochrane France, W
iley O

nline L
ibrary on [23/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  35CSŐSZ et al.

multivariate analyses of continuous morphometric data. 
We analysed an extensive set of continuous morphomet-
ric data via robust multivariate statistic procedures, NC-
Clustering, combined with Partitioning Algorithm based 
on Recursive Thresholding (PART). The PART algorithm 
estimates the number of clusters in the data and assigns 
observations (i.e. specimens or samples) into partitions. 
We confirmed the morphological species hypothesis im-
posed by NC-PART via the ordinating principal compo-
nent analysis (PCA). Finally, we tested the validity of the 
prior morphological species hypothesis imposed by the 
two exploratory processes via a Cross-Validated Linear 
Discriminant Analysis (CV-LDA). In parallel, we sampled 
41 specimens from across the geographic range of the uni-
fasciatus complex for targeted enrichment of UCEs, in an 
effort to identify the constituent lineages and their corre-
spondence to morphological clusters.

This workflow allows us to recognize monophyletic 
lineages and better understand the intra- and interspe-
cific variability of certain traits. Thereby we can avoid ill-
defined species delimitations. Finally, we aimed to draw 
nomenclatural consequences, the final step in taxonomic 
work. Beyond phylogeny and taxonomic findings, we also 
discuss the association between morphological distance 
and phylogenetic (genealogical) divergence of species.

2   |   MATERIALS AND METHODS

2.1  |  Molecular phylogeny

2.1.1  |  Molecular data generation

To generate the genetic data, we extracted DNA, prepared 
genomic libraries and performed targeted enrichment 
of ultraconserved elements (UCEs). We extracted DNA 
non-destructively from adult worker ants using a flame-
sterilized size 2 stainless steel insect pin to pierce the cu-
ticle of the head, mesosoma and gaster on the right side 
of the specimens, then used a DNeasy Blood and Tissue 
Kit (Qiagen, Inc., Hilden, Germany) following the manu-
facturer's protocols. We verified DNA extract concentra-
tion using a Qubit 3.0 Fluorometer (Invitrogen, Waltham, 
MA, U.S.A.). We input up to 50 ng of DNA, sheared to a 
target fragment size of 400–600 bp with a QSonica Q800R 
sonicator (Qsonica, Newtown, CT, U.S.A.), into a genomic 
DNA library preparation protocol (KAPA HyperPrep Kit, 
KAPA Biosystems, Wilmington, MA, U.S.A.). For targeted 
enrichment of UCEs, we followed the protocol of Faircloth 
et al. (2015) as modified by Branstetter et al. (2017) using 
a unique combination of iTru barcoding adapters (Glenn 
et al., 2019; BadDNA, Athens, GA, U.S.A.) for each sam-
ple. We performed enrichments on pooled, barcoded 

libraries using the catalogue version of the Hym 2.5Kv2A 
ant-specific RNA probes (Branstetter et  al.,  2017; Arbor 
Biosciences, Ann Arbor, MI, U.S.A.), which targets 2524 
UCE loci in the Formicidae. We followed the library en-
richment procedures for the probe kit, using custom 
adapter blockers instead of the standard blockers (Glenn 
et  al.,  2019; BadDNA, Athens, GA, U.S.A.), and left en-
riched DNA bound to the streptavidin beads during 
PCR, as described in Faircloth et  al.  (2015). Following 
post-enrichment PCR, we purified the resulting pools 
using SpeedBead magnetic carboxylate beads (Rohland & 
Reich, 2012; Sigma-Aldrich, St Louis, MO, U.S.A.) and ad-
justed their volume to 22 μL. We verified enrichment suc-
cess and measured size-adjusted DNA concentrations of 
each pool with qPCR using a SYBR-FASTqPCR kit (Kapa 
Biosystems, Wilmington, MA, U.S.A.) and a Bio-Rad 
CFX96 RT-PCR thermal cycler (Bio-Rad Laboratories, 
Hercules, CA, U.S.A.), subsequently combining all pools 
into an equimolar final pool. We sequenced the final 
pool in one lane at Novogene (Sacramento, CA, U.S.A.) 
on Illumina HiSeq 150 cycle Paired-End Sequencing v4 
runs (llumina, San Diego, CA, U.S.A.), along with other 
enriched libraries for unrelated projects.

2.1.2  |  Molecular data processing

We processed the resulting raw reads with the PHYLUCE 
pipeline (Faircloth, 2016). Using these, we generated four 
datasets:

1.	 unifasciatus_full: the full 42 taxon dataset, including 
the outgroup taxon T. congruus Smith 1874. This data-
set incorporates samples from previously published 
datasets (Prebus,  2017; Schifani et  al.,  2022).

2.	 unifasciatus_full_50best: the above dataset, filtered to 
50 loci using the program SortaDate to accommodate 
divergence dating analysis;

3.	 unifasciatus_reduced: the above dataset with the out-
group removed, composed of allele-phased exonic data 
extracted from the newly generated data, focused on 
the T. unifasciatus complex;

4.	 unifasciatus_reduced_50best: the dataset above was 
filtered to 50 loci using SortaDate to accommodate spe-
cies delimitation analyses;

5.	 unifasciatus_reduced_mtDNA: mitochondrial loci ex-
tracted from the newly generated data.

2.1.3  |  Dataset construction

For the unifasciatus_full dataset, we followed the standard 
PHYLUCE protocol for processing UCEs in preparation 
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for phylogenomic analysis, aligning the monolithic una-
ligned 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). We trimmed the resulting align-
ments with the phyluce_align_get_gblocks_trimmed_
alignments_from_untrimmed command in PHYLUCE, 
which uses GBlocks ver. 0.91b (Castresana,  2000), using 
the following settings: b1 0.5, b2 0.5, b3 12, b4 7. After re-
moving UCE locus information from taxon labels using 
the command phyluce_align_remove_locus_name_from_
nexus_lines, we 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 85% of all taxa using the command phy-
luce_align_get_only_loci_with_min_taxa. After an initial 
run with IQTREE v2.1.2 (Minh et al., 2020), we used the 
‘Spruceup’ pipeline (Borowiec, 2019a) to adjust the branch 
lengths for downstream analyses. We selected an overall 
lognormal cutoff of 95% for the entire dataset, except for 
one sample (Temnothorax_unifasciatus_FRA006_P1405); 
after inspecting the distance distribution plot for this sam-
ple, we made a manual cut-off of 0.4 due to its persistently 
long branch after initial trimming.

To accommodate divergence dating analyses, we gen-
erated the unifasciatus_full_50best dataset by first esti-
mating individual locus trees with IQTREE 2, rooting the 
trees with phyxrr (Brown et al., 2017) and using SortaDate 
(Smith et al., 2018) to select the 50 best loci for divergence 
dating.

For the unifasciatus_reduced dataset, we first fol-
lowed the allele-phasing protocol used in Andermann 
et  al.  (2019), implemented in PHYLUCE v1.6.6 for the 
41 newly generated sequences. Then, we extracted ex-
onic sequence data using the ‘uce-to-protein’ pipeline 
(Borowiec, 2019b) from the phased data: following allele 
phasing, we split the monolithic FASTA file into individ-
ual UCE loci using the command phyluce_assembly_ex-
plode_get_fastas_file. We removed locus identifiers from 
the taxon names in each locus file with the command-
line tool sed, and used these files as input for the ‘uce-to-
protein’ pipeline. We used RNA-Seq reads of Temnothorax 
curvispinosus (Mayr) (NCBI BioProject PRJNA450816) as 
a query reference for the pipeline. We aligned the amino 
acid translations for each locus using MAFFT-LINSI, 
and then used the aligned data as references to realign 
the extracted nucleotide data using the local version of 
TranslatorX (Abascal et al., 2010). We then trimmed the 
aligned loci using phyluce_align_get_gblocks_trimmed_
alignments_from_untrimmed using the settings detailed 
above. We inspected each locus alignment by eye using 
Aliview (Larsson,  2014) and discarded sequences that 
were poorly aligned and most likely contaminants or 

poorly assembled reads. We used AMAS (Borowiec, 2016) 
to calculate the number of taxa and matrix length for each 
locus, and retained loci that had ≥70% taxon presence and 
were ≥150 bp long. The resulting dataset contained 1062 
allele-phased loci.

To accommodate the computational limits of down-
stream species delimitation analyses, we generated the 
unifasciatus_reduced_50best dataset, using posterior pre-
dictive checks (Bollback, 2002) as a filtering mechanism 
on the unifasciatus_reduced dataset. Because the com-
plexity of the General Time Reversible (GTR) nucleotide 
substitution model usually accommodates the substitution 
rates and occurrence frequencies observed in large align-
ments, in most cases substitution model selection analy-
ses select this model for phylogenomic datasets. However, 
the adequacy of this substitution model is often taken 
for granted. Posterior predictive checks address model 
adequacy by first analysing empirical data in a Bayesian 
framework, then using the posterior distributions of pa-
rameters to simulate data; finally, a test statistic is calcu-
lated for the empirical data and the simulated datasets. If 
the value calculated for the test statistic of the empirical 
data falls within the distribution of the simulated data, 
model adequacy is supported. We used a custom RevBayes 
script (Höhna et al., 2016; Prebus, 2021) to partition each 
protein-coding locus by codon position (positions 1 + 2 vs. 
3) and to perform posterior predictive checks on each par-
tition using GTR + G as a substitution model and multi-
nomial likelihood as a test statistic, which is indicative of 
the overall model fit. We assessed model adequacy using 
a two-tailed t-test and size effect as criteria, then ranked 
each partition: first by p-value, then by size effect. We then 
selected the 50 best data partitions.

To investigate the mitochondrial phylogeny, we gen-
erated the unifasciatus_reduced_mtDNA dataset, com-
posed of 13 mitochondrial genes. Because mitochondrial 
sequences often have large repetitive regions that can 
complicate assembly, we followed the advice of the 
NOVOplasty tutorial (Dierckxsens et al., 2017) and used 
trimmomatic 0.38 (Bolger et  al.,  2014) to trim adapter 
contamination and Illumina sequencing artefacts from 
the raw UCE reads, without additional quality trimming. 
For each set of raw reads, we used the associated adapter 
FASTA file generated by initial processing with illumipro-
cessor (ILLUMINACLIP:adapters.fasta:2:30:10), and omit-
ted the LEADING, TRAILING and SLIDINGWINDOW 
options that are used by default in illumiprocessor. We 
used these adapter-cleaned reads as input for the program 
mitoFinder (Allio et al.,  2020) using the mitogenome of 
Vollenhovia emeryi (NCBI BioProjectPRJNA278668) as a 
reference and MetaSpades (Nurk et al., 2017) for assem-
bly. We used the longest contig output from mitoFinder 
as input for mitoBim (Hahn et  al.,  2013) to extend the 
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contig and to assess coverage depth, as viewed in Tablet 
(Milne et al., 2013). In cases where mitoFinder did not as-
semble the full mitogenome, we used the mitogenome of 
the closest related specimen, as determined from the UCE 
phylogenetic inference above, as a reference backbone for 
assembly with mitoBim. We annotated the final assem-
blies via the MITOs webserver (Bernt et  al.,  2013). We 
extracted DNA sequence data for mitochondrial protein-
coding genes using the annotation results, aligned with 
MAFFT-LINSI and trimmed with gblocks using the set-
tings for the unifasciatus_75t_2160t dataset.

2.1.4  |  Phylogenetic inference

We analysed the unifasciatus_full dataset with maximum 
likelihood (ML) and summary coalescent (SC) approaches. 
Because the assumption that the evolutionary rates of se-
quence data are homogenous is often violated in empirical 
data (Buckley et al., 2001), we partitioned our UCE loci 
into sets of similarly evolving sites. To achieve this, we 
used the command phyluce_align_format_nexus_files_
for_raxml which concatenates loci into a single alignment 
and generates a partition file for input into the SWSC-EN 
method (Tagliacollo & Lanfear, 2018). For the ML analy-
sis, we used the resulting data blocks as input for parti-
tioning in IQTREE ver. 2.1.2 (Minh et al., 2020), using the 
command -m MFP + MERGE. Because the combination 
of gamma and proportion of invariable sites (+I+G) has 
been demonstrated to result in anomalies in likelihood 
estimation (Sullivan & Swofford,  2001; Yang,  2006), we 
set the rate heterogeneity models to a subset that includes 
everything except the combination of gamma and propor-
tion of invariable sites (-mrate E, I, G) and set the search 
algorithm to -rclusterf 10. We used the resulting parti-
tioned dataset as input for maximum likelihood tree infer-
ence in IQTREE, using 1000 ultrafast bootstrap replicates 
(-B 1000). For the summary coalescent approach, we first 
generated trees for each individual locus using the parti-
tions from the SWSC-EN method and the IQTREE settings 
above. Because nodes with low statistical support can in-
troduce noise into SC analyses (Zhang et al., 2017), we first 
collapsed all nodes with bootstrap support <10 into poly-
tomies using Newick utilities (Junier & Zdobnov, 2010). 
We then used these collapsed individual locus trees as 
input for the summary coalescent program ASTRAL-III 
(Zhang et al., 2017).

For the unifasciatus_reduced dataset, we repeated the 
above analyses (ML + SC), but diverged by partitioning the 
nucleotide data based on codon position (positions 1 + 2 
vs. 3) instead of SWSC-EN partitions. For the SC analysis, 
we used a mapping file to force the two alleles from each 
sample to be monophyletic.

For the unifasciatus_reduced_mtDNA dataset, we par-
titioned each of the 13 mitochondrial genes by codon po-
sition (positions 1 + 2 vs. 3) and used these as input for 
ML analysis. Because the mitochondrial genome is inher-
ited along the matriline and only very rarely undergoes 
recombination, we did not perform the SC analysis for this 
dataset.

The results of the unifasciatus_reduced and unifas-
ciatus_reduced_mtDNA analyses were compared in a 
cophylogeny plot using the cophylo command from the R 
package phytools (Revell, 2012).

2.1.5  |  Species delimitation

We used BPP v4.1.3 (Flouri et al., 2018) for species de-
limitation on the unifasciatus_reduced_50best data-
set. Because species delimitation approaches using the 
multispecies coalescent, specifically BPP, have been 
criticized for treating any population bottleneck as a spe-
ciation event (Chambers & Hillis,  2020; Sukumaran & 
Knowles,  2017), we further evaluated our results using 
the genealogical diversity index (gdi; Jackson et al., 2017; 
Leaché et al., 2019). The gdi is an estimate of the over-
all degree of genetic divergence between two taxa, tak-
ing into account the combined effects of genetic isolation 
and gene flow (Jackson et al., 2017). This index is useful 
in the context of allopatric populations or populations 
organized on a geographic cline, as is the case in this 
study (see Figure 1). The gdi is continuous and is there-
fore problematic for binary approaches such as species 
delimitation, and therefore the results should be viewed 
in the context of additional evidence. However, it offers 
an estimate of where two populations are on the specia-
tion continuum (Stankowski & Ravinet, 2021). BPP is a 
Bayesian method that uses the multispecies coalescent 
(MSC) model and the reversible-jump Markov chain 
Monte Carlo algorithm (rjMCMC) to calculate species 
delimitation probabilities. For all of the BPP analyses 
that follow, we used the topology inferred from the SC 
analysis of the ‘unifasciatus_reduced’ dataset as a guide 
tree, using the unifasciatus_reduced_50best sequence 
dataset as input. First, we estimated the species diver-
gence time (tau) and population size (theta) parameters 
using the A00 analysis (parameter estimation with fixed 
delimitation scheme and fixed tree) on the SC tree, using 
several delimitation hypotheses delimiting the tree to 
between 2 and 11 species. For each run, we estimated 
theta, set alpha for theta and tau to 2 and adjusted the 
priors until observed shifts were lower than one order of 
magnitude, following Yang (2015). We set the number of 
MCMC generations to 800 K, sampled every two genera-
tions, with a 25% burn-in, and checked for convergence 
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with Tracer (Rambaut et al., 2018). Because the resulting 
parameters for each delimitation scheme were very simi-
lar, we used the mean of the resulting parameters as pri-
ors for theta and tau (2 0.008 and 2 0.0004, respectively) 
for an A10 analysis (species delimitation on a fixed tree). 
In this analysis, we estimated theta and set the MCMC 
to sample as above. We ran 10 independent analyses and 
then averaged the posterior probabilities for the presence 
of nodes across runs. We considered nodes with 95% pos-
terior probability or greater as strongly supported. We 
then ran an A00 analysis using the resulting species de-
limitation scheme and calculated the gdi using the hi-
erarchical approach described in Leaché et  al.  (2019), 
considering values of gdi <0.2 as unsupported (no delim-
itation), >0.7 as well supported (independently evolving 
species) and values in between as ambiguous.

2.1.6  |  Divergence dating

We used MCMCTREE in PAML v4.9e (Yang, 1997, 2007) 
with the approximate likelihood calculation to decrease 
the overall analysis time (dos Reis & Yang,  2011), to es-
timate a chronogram using the unifasciatus_full_50best 
dataset as input. Because our dataset did not contain any 
fossil calibration points, we used a secondary calibration 
for the root, obtained from Prebus (2017). We set the clock 
to the independent rates model (clock = 2) and used the 
HKY85 substitution model (model = 4). We set the birth-
death prior (BDparas) to 500 500 1 following Brown and 

Yang (2010), which suggests these priors for shallow phy-
logenies with intraspecific sampling (the original article 
used time units of 1 Ma: we adjusted the priors to reflect 
our units of 100 Ma). We set the gamma prior to the over-
all substitution rate for genes (rgene gamma) to 1 16 using 
the results from an initial clock analysis in baseml. Finally, 
we set the number of samples to 10,000 with a sampling 
frequency of 5000 and a burn-in of 5,000,000. We ran two 
analyses in parallel to confirm that the results were stable, 
and checked for convergence using the program Tracer 
(Rambaut et al., 2018). We summarized the results of the 
analysis using the R package MCMCtreeR (Puttick, 2019).

2.2  |  Morphology

2.2.1  |  Material examined

In this research, 18 continuous morphometric traits were 
measured on 405 workers belonging to 134 nest sam-
ples from West Europe to the Caucasus and Anatolian 
Turkey. The complete list of materials examined is given 
in Table S1. The material is deposited in the following in-
stitutions: HNHM (Hungarian Natural History Museum, 
Budapest, Hungary), MHNG (Muséum d'histoire na-
turelle, Genf, Switzerland), NHMB (Naturhistorisches 
Museum Basel, Switzerland), NHMW (Naturhistorisches 
Museum Wien, Austria), SCPC (Private collection of SC), 
RBINS (Royal Belgian Institute of Natural Sciences), SIZK 
(Schmaulhausen Institute of Zoology, Kyiv, Ukraine), 

F I G U R E  1   Distribution map of Temnothorax unifasciatus complex lineages: T. bracoi (lilac diamonds), T. cordieri (yellow triangles), 
T. tauricus (blue diamonds), T. unifasciatus_Caucasus (red rectangles), West European T. unifasciatus s.str. (ocher circles).
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SMNG (Senckenberg Museum für Naturkunde Görlitz, 
Germany) and TUEC (Collection of Trakya University, 
Edirne, Turkie). Sampling sites of Temnothorax unifas-
ciatus species complex are shown in Figure 1.

2.2.2  |  Protocol for morphometric character 
recording

Morphometric characters is defined as in Csősz 
et al. (2015). All measurements were made in μm using a 
pin-holding stage, permitting rotations around X, Y and Z 
axes. An Olympus SZX12 stereomicroscope was used at a 
magnification of x192 for each character. In this work, mor-
phometric measurements have been collected from work-
ers only, because on the one hand, all relevant taxon types 
belong to worker caste, and on the other hand, gynes are 
collected relatively rarely, which makes statistical analysis 
of their morphometric data difficult. Morphometric data 
are provided in μm throughout the paper. All individuals 
were measured by SC. Definitions of morphometric char-
acters are detailed in Table 1 and Figure 2a–e.

2.3  |  Multivariate statistics – Arriving at 
final Morphospecies hypothesis

2.3.1  |  Exploratory analyses via NC-PART 
clustering

The prior species hypothesis was generated based on 
workers via a combined application of NC clustering 
(Seifert et  al.,  2014) and Partitioning Based on Recursive 
Thresholding (PART) (Nilsen & Lingjaerde,  2013). The 
protocol was published by Csősz and Fisher  (2016) which 
is now applied with the following specific setups: bootstrap 
iterations in PART were set to ‘b = 1000’, and the minimum 
size of clusters was set to ‘minSize = 5’ for both ‘hclust’ and 
‘kmeans’. The optimal number of clusters and the partition-
ing of samples are accepted as preliminary species hypoth-
eses in every case when the two clustering methods, ‘hclust’ 
and ‘kmeans’ via PART, have arrived at the same conclusion.

2.3.2  |  Hypothesis testing by confirmatory 
analyses

The validity of the prior morphospecies hypothesis was 
tested by LDA, in which scatterplots and a histogram il-
lustrate the distribution of the individuals in a morpho 
space and Leave one out cross-validation LDA (LOOCV-
LDA) returns a more conservative estimate of the validity 
of the particular model based on repeating leave-one-out 

T A B L E  1   Verbatim trait definitions for morphometric 
character recording.

Abbr. Verbal definition of the trait See:

CL Maximum cephalic length in the 
median line; the head must be 
carefully tilted to the position with the 
true maximum. Excavations of hind 
vertex and/or clypeus, if any, reduce 
CL

(Figure 2a)

CS Cephalic size; the arithmetic mean of 
CL and CWb

CWb Maximum width of the head capsule, 
measured posterior to the eyes

(Figure 2a)

EL Maximum diameter of the compound 
eye

(Figure 2b)

FRS Minimum distance between the 
frontal carinae

(Figure 2a).

ML Mesosoma length from the 
caudalmost point of the propodeal 
lobe to the transition point 
between the anterior pronotal 
slope and anterior propodeal shield 
(preferentially measured in lateral 
view; if the transition point is not well 
defined, use dorsal view and take the 
centre of the dark-shaded borderline 
between pronotal slope and pronotal 
shield as the anterior reference point

(Figure 2b)

MW Maximum mesosoma width; pronotal 
width in workers

(Figure 2e)

NOH 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 dorso-caudal slope and 
dorsal profile of the caudal cylinder of 
the petiole

(Figure 2b).

NOL Length of the petiolar node, measured 
in lateral view from the petiolar 
spiracle to dorso-caudal corner of 
caudal cylinder. Do not erroneously 
take as a reference point the dorso-
caudal corner of the helcium, which is 
sometimes visible

(Figure 2c)

PEH Maximum petiole height. The chord 
of the ventral petiolar profile at 
the node level is the reference line 
perpendicular to which the maximum 
height of the petiole is measured

(Figure 2b)

PEL Diagonal petiolar length measured 
from the base of the anteroventral 
subpetiolar process to the dorso-
caudal corner of the caudal cylinder.

(Figure 2d)

(Continues)
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40  |      CSŐSZ et al.

process for every data point against the model and testing 
its predicted position.

The distribution map based on the studied samples 
was created using QGIS software version 3.10.6. (QGIS 
Development Team, 2020).

3   |   RESULTS

3.1  |  Phylogeny

3.1.1  |  Molecular data processing

Following assembly and UCE extraction, the mean 
number of loci per sample was 2296, with a mean 

contig length of 1473 bases and a mean coverage score 
of 60.1x (see Table S2). Following alignment, trimming 
and filtering the full UCE dataset to loci with ≥85% 
taxon presence (including samples from previous stud-
ies), the unifasciatus_full dataset had 2152 loci, with a 
mean locus alignment length of 1412 bases. The con-
catenated matrix was 3 Mb in length, in which 126 kb 
were variable, 57 kb were parsimony informative, with 
19.2% missing data. After phasing, extracting and filter-
ing exonic loci from the reduced dataset, the unifascia-
tus_reduced dataset contained 1062 loci, with a mean 
locus alignment length of 593 bases. After filtering the 
unifasciatus_reduced dataset further using posterior 
predictive checks, the unifasciatus_reduced_50best 
dataset had a mean alignment length of 263 bases. The 
unifasciatus_reduced_50best dataset consisted of data 
blocks selected from UCEs that were all unique, that 
is, none of the codon position data blocks was extracted 
from the same UCE. The dataset was biased toward the 
codon positions 1 + 2 (78%, or 39 of 50 data blocks). We 
recovered 13 mitochondrial genes from all samples, ex-
cept for one sample of T. unifasicatus, which was miss-
ing ATP8 (Table S2).

3.1.2  |  Phylogenetic inference

The partitioning analysis of the unifasciatus_full dataset 
in IQTREE resulted in a 207-partition scheme. Model se-
lection on the unifasciatus_full dataset resulted in the as-
signment of 27 unique substitution models. The resulting 
tree had strong overall support and generally concurred 
with the topology inferred from the ASTRAL analysis (see 
Figures S1 and S2).

The partitioning analysis of the unifasciatus_re-
duced dataset in IQTREE resulted in a 106-partition 
scheme, which was assigned to 36 unique substitution 
models. The resulting tree had strong overall support: 
Temnothorax brackoi, the unifasciatus complex and 
several of the morpho-geographical clusters had full 
bootstrap support, which often became weaker within 
clusters, especially along the backbone of cordieri/uni-
fascatus (see Figure  3). The ASTRAL analysis mostly 
concurred with these general results, assigning a high 
posterior probability to the clades mentioned above, 
becoming weaker within cordieri/unifasciatus. The two 
analyses arrived at the same general topology, diverging 
only in regions where statistical support was weak in 
both (see Figure 3).

The partitioning analysis of the unifasciatus_reduced_
mtDNA dataset in IQTREE resulted in a 9-partition 
scheme, each of which had a unique substitution model. 
The resulting tree had strong overall support, but the 

Abbr. Verbal definition of the trait See:

PEW Maximum width of petiole (Figure 2e)

POC Postocular distance. Use a cross-
scaled ocular micrometre and adjust 
the head to the measuring position of 
CL. Caudal measuring point: median 
occipital margin; frontal measuring 
point: median head at the level of the 
posterior eye margin

(Figure 2a)

PLST distance between the most dorso-
caudal point of the propodeal lobe and 
the centre of the propodeal stigma

(Figure 2c)

PPW Maximum width of the postpetiole (Figure 2e).

SL Maximum straight line scape length 
excluding the articular condyle

(Figure 2a)

SPBA The smallest distance between the 
lateral margins of the spines at their 
base. This should be measured in the 
dorsofrontal view since the wider 
parts of the ventral propodeum do not 
interfere with the measurement in 
this position. If the lateral margins of 
spines diverge continuously from the 
tip to the base, the smallest distance 
at the base is not defined. In this case, 
SPBA is measured at the level of the 
bottom of the interspinal meniscus

(Figure 2e)

SPST distance between the centre of the 
propodeal stigma and the spine 
tip. The stigma centre refers to 
the midpoint defined by the outer 
cuticular ring but not to the centre of 
the real stigma opening that may be 
positioned eccentrically

(Figure 2b)

SPTI the distance between spine tips in 
dorsal view; if spine tips are rounded 
or truncated, the centres of spine tips 
are taken as reference points

(Figure 2f)

T A B L E  1   (Continued)
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topology was radically different from that of the UCE 
analysis results. While some morpho-geographical clus-
ters were highly supported, tauricus in particular was split 
up and placed into several clusters with high statistical 
support. Similarly to the UCE analyses, cordieri graded 
into unifasciatus.

3.1.3  |  Species delimitation

The results of the initial BPP species delimitation analysis 
delimited the unifasciatus complex into 11 molecular op-
erational taxonomic units (MOTUs). These roughly cor-
respond to the morpho-geographical clusters found in the 

F I G U R E  2   Illustrations for the measured morphometric characters.

F I G U R E  3   Results of phylogenomic analyses of the Temnothorax unifasciatus complex compared in a cophylogeny plot. Left: 
Phylogram resulting from analysis of the unifasciatus_reduced dataset with ASTRAL. Support values on each node are (ultrafast bootstrap 
from the IQTREE2 analysis)/(local posterior probability from the ASTRAL analysis); *indicates areas in which the results of the IQTREE2 
analysis diverged in topology. Right: Phylogram resulting from analysis of the unifasciatus_reduced_mtDNA dataset with IQTREE2. 
Support values on each node are ultrafast bootstraps.
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morphometric analyses above but are more finely delim-
ited (see Figure 4). In contrast, the gdi found only weak, 
ambiguous delimitations within the unifasciatus complex. 
The most highly supported scenario splits T. brackoi from 
the remaining unifasciatus complex with ambiguous sup-
port (gdi = 0.56; see Figure 4 and Table S3).

3.1.4  |  Divergence dating

The two runs of the divergence dating analyses were iden-
tical, placing the emergence of the unifasciatus complex in 
the late Pliocene, ~3 Ma, with unifasciatus itself emerging 
~2.1 Ma during the Gelasian age of the early Pleistocene, 
when ice sheets in the Northern Hemisphere began to 
grow. The deepest divergences between the morpho-
geographical clusters span the Mid-Pleistocene Transition 
when glacial periodicity changed from low-amplitude to 
asymmetric high-amplitude cycles (Willeit et al., 2019; see 
Figure 5).

3.2  |  Morphometrics

The two clustering methods ‘hclust’ and ‘kmeans’ of 
PART in combination with NC-clustering resulted in 

three (Figure  5) clusters. Temnothorax brackoi cluster 
is fully separated from the rest based on the two par-
titioning methods returned alternative assignments for 
13 samples out of the total 123 T. unifasciatus complex 
samples. In the NC-clustering tree species deemed valid, 
T. cordieri, T. tauricus, T. unifasciatus and the Caucasian 
cluster were not recognized as separate clusters. The 
Central and East European T. tauricus was identified by 
partitioning methods in a slightly different way: ‘part.
hclust’ enclosed T. cordieri samples from Corse and 
Sicily, and ‘part.kmeans’ added the same samples to the 
other cluster. The latter ‘unifasciatus and Caucasian’ 
subset encloses two remote populations, the West 
European T. unifasciatus and the Caucasian samples in 
both clustering methods.

The 2500 to 3000 km geographic gap between the 
West European T. unifasciatus and the Caucasian cluster 
hints at the chance that two cryptic lineages may exist 
in remote areas with deceptively similar morphology; 
hence we first set a five-cluster morphological species 
hypothesis (T. brackoi, T. cordieri, T. tauricus, T. unifas-
ciatus and the Caucasian cluster) that was tested via 
confirmatory linear discriminant analysis (LDA) and 
LOOCV-LDA. The confirmatory process returned an 
overall accuracy = 0.86 (55 out of the 393 valid cases, 
Table  2, Figure  6). The LOOCV-LDA yielded a more 

F I G U R E  4   Divergence dating and species delimitation results plotted against glaciation cycles of the Pleistocene (Köhler & van de 
Wal, 2020). Distributions around nodes on the chronogram to the right indicate MCMC posterior density. Black bars between the two 
chronograms indicate the 11-species delimitation scheme suggested by the BPP analysis. Wide branches on the chronogram to the left 
indicate clades that were tested with the gdi calculation. Grey branches received no support for species status, while blue branches received 
ambiguous support; support values are given for clades with ambiguous support above the corresponding branches.
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pessimistic overall accuracy = 0.835, which is remote 
from the acceptable species criterion posed by the GAGE 
species concept (Seifert, 2020). The five-species hypoth-
esis is rejected based on morphometry. The confirmatory 
tests of the three-species hypothesis returned by the NC-
clustering yield overall accuracy = 0.931 (with 28 mis-
classified cases, Table  3, Figure  7). Only the T. brackoi 
separated from the rest with 100% certainty; hence we 
accept the two-species hypothesis: we have two species 
the Balkan endemism T. brackoi Salata & Borowiec, 2019 
and the pan-European T. unifasciatus (Latreille, 1798) 
with four new junior synonyms, T. berlandi (Bondroit, 
1918), T. cordieri (Bondroit, 1918), T staegeri (Bondroit, 
1918) and T. tauricus (Ruzsky, 1902).

Updated taxonomy of Temnothorax unifasciatus 
complex

T. brackoi Salata & Borowiec, 2019
T. unifasciatus (Latreille, 1798)
Junior synonyms:
T. cordieri (Bondroit, 1918) syn. nov.
T. tauricus (Ruzsky, 1902) syn. nov.
T. berlandi (Bondroit, 1918) syn. nov.
T. unifasciatus staegeri (Bondroit, 1918) syn. nov.
T. tuberum ciscaucasicus (Arnol'di, 1977) syn. nov.
Infrasubspecific names:
Leptothorax tuberum unifasciatus paolii Santschi, 1923 

[unavailable].
The species re-descriptions and differential diagnoses 

of the two valid species, T. brackoi Salata & Borowiec, 2019 
and T. unifasciatus (Latreille, 1798), and the details of 
the neotype designation for the T. unifasciatus (Latreille, 
1798) are provided as Appendix S1.

F I G U R E  5   Dendrogram solution for morphometric data of Temnothorax unifasciatus complex species in NC Clustering using 
UPGMA distance method. The pattern is calculated from raw data, the labels represent nest samples. Bars represent ‘kmeans’, and ‘hclust’ 
partitioning results returned by function PART. Blue bars: T. brackoi, red bars: T. cordieri + tauricus cluster, black bars: T. unifasciatus s.str 
(from W-Europe) and the Caucasian T. unifasciatus. Grey bar in ‘part.hclust’ partitioning methods: Outliers.

T A B L E  2   Classification table calculated via LDA using 18 traits on an individual level for the five-cluster hypothesis that is formed 
based on the currently valid-deemed European species.

Correct% Brackoi unifasciatus_Caucasus Cordieri Tauricus Unifasciatus s.str.

brackoi 100 31 0 0 0 0

unifasciatus_Caucasus 78.8 0 66 1 6 7

cordieri 75 0 0 44 11 0

tauricus 93.2 0 4 3 148 3

unifasciatus s.str. 59.1 0 9 1 10 49
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4   |   DISCUSSION

In this study, we initially recovered several candidate 
species from molecular and morphometric analysis of 
the Temnothorax unifasciatus complex, some of which 
correspond to described taxa. We achieved attaching 
Linnaean species names governed by the ICZN to the 
molecular lineages (Sluys, 2021; Steiner et al., 2009) via 
analysing a largely overlapping pool of samples with 
morphometric and molecular approaches, thereby mak-
ing the two datasets compatible, and the results of the 
two methods comparable. Crucially, because we did not 
extract DNA from type specimens, we estimated which 
morphological cluster the morphometric data of the 
name-bearing type specimens fall into based on statisti-
cal thresholds.

In our integrative approach, we delineated in-
dependently evolving lineages, that is, species (de 
Queiroz, 2007) using the analysis of molecular and mor-
phometric data. However, the first step in determining 
how many species (i.e. independently evolving meta-
population lineages) we have within this complex is se-
lecting appropriate species recognition criteria from the 
nearly 30 existing examples (see de Queiroz, 1998, 2007; 
Sluys, 2021; Zachos, 2016; Zink, 1997). We adopted the 
GAGE species recognition criteria (Seifert, 2020) in the 
case of morphometric analyses because it relates to 
readily observable characteristics. It has been argued 
that in a taxonomic context, the preferred species rec-
ognition criteria should be associated with observable 
characteristics (Sluys, 2021); we chose this one because 
of its outstanding practical use. In the case of genetic 
data, we use an adaptation of the genealogical species 
recognition criteria (Baum & Shaw, 1995) suggested by 
Jackson et  al.  (2017), which sets thresholds for genea-
logical divergence when delimiting species in the pres-
ence of gene flow.

In an effort to evaluate the candidate species, we ap-
plied a molecular species delimitation method under the 
multispecies coalescent via BPP. Because this approach 
has been criticized as delimiting populations instead of 
species, and because our candidate species displayed geo-
graphical structure in phylogenetic analyses, we calcu-
lated the gdi as a further measure. We did not find any 

F I G U R E  6   LDA plot for individual 
workers of Temnothorax unifasciatus 
complex species according to the 
currently valid classification: T. brackoi 
(black circles), T. cordieri (green crosses), 
T. tauricus (blue crosses), T. unifasciatus-
Caucasus (red triangles) West European 
T. unifasciatus s. str. (light blue 
diamonds).

T A B L E  3   Classification table was calculated via LDA using 
18 traits on an individual level for the three-cluster hypothesis 
returned by the exploratory NC-clustering. Headings: ‘cor-tau’: 
T. cordieri + tauricus cluster, ‘uni-cau’: Subset of the W-European 
T. unifasciatus s. str. and the Caucasus.

Correct% Brackoi Cor-tau Uni-cau

brackoi 100 32 2 0

cor-tau 91.3 0 199 9

uni-cau 94.2 0 17 146
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definitive evidence of multiple species in the unifasciatus 
complex. Instead, our results suggest that the clustering of 
specimens recovered across analyses is indicative of mor-
phological and genetic population structuring within the 
broad range of a single species.

From a morphometric point of view and following 
the guidelines of the GAGE species recognition criteria 
(Seifert, 2020), the received 86% overall classification suc-
cess (resulting from the five-species hypothesis) using the 
entire character set does not meet species level criteria, in 
concordance with the gdi conclusion. The three-species 
hypothesis (i.e. T. brackoi and two T. unifasciatus meta-
populations considered as separate classes) resulted in 
an overall accuracy of 93% (in which T. brackoi takes its 
share with 100%, and the two T. unifasciatus metapopu-
lations show 91.3% and 94.2% respectively) is much more 
promising, but it is still below threshold. Based on these 
results, the species-level separation within T. unifasciatus 
populations/metapopulations cannot be supported mor-
phometrically either.

In this paper, we propose formal junior synonymy for 
five taxa instead of proposing subspecies status for these 
geographically separate entities. We meticulously follow 
the integration by congruence protocol, which identi-
fies boundaries of taxa with the intersection of evidence 
gained from two or more independent approaches instead 
of applying integration by cumulation protocol, which 
identifies boundaries with divergence in one or more not 

necessarily overlapping findings of an independent source 
of evidence (Padial et  al.,  2010). In contrast to the inte-
gration by cumulation (that may lead to lower confidence 
and overestimation of biodiversity) the integration by con-
gruence protocol results in higher confidence, at the cost 
of possibly underestimating biodiversity. However, this 
rigorous approach ensures the accuracy and reliability of 
our proposed taxonomic changes.

In summary, the Temnothorax unifasciatus complex 
comprises two species, T. brackoi and T. unifasciatus. 
The former is a Balkan endemic, according to our cur-
rent knowledge, with a narrow distributional area re-
stricted to continental Greece and the Adriatic coast. 
Temnothorax unifasciatus, on the other hand, is a widely 
distributed species spreading from the Iberian Peninsula 
to the Caucasus. In its distribution area, it shows a 
strong population structure, which probably strength-
ened (and sometimes weakened) during the fluctuating 
glaciation cycles. Indeed, the divergence tree dates the 
deep divergences between populations of this species 
during the Pleistocene/early Holocene. This period is as-
sumed to bolster speciation in many other species (Avise 
et al., 1998; Levsen et al., 2012), including many ant spe-
cies (Goropashnaya et al., 2004; Leppänen et al., 2013). 
The fluctuating glacial expansions in the last few million 
years might have fragmented the connected populations 
and driven them into refugia, where they existed in iso-
lation for a period. Then, in the interglacial periods, the 

F I G U R E  7   LDA plot for individual 
workers of Temnothorax unifasciatus 
complex species according to the 
pattern returned by the exploratory 
NC-clustering: T. brackoi (black circles), 
T. cordieri + T. tauricus (blue crosses), 
T. unifasciatus-Caucasus and West Europe 
(red triangles).
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meeting populations either maintain their reproduc-
tive isolation or interbreed, resulting in the differences 
disappearing over time. The geographic distribution of 
the four infraspecific entities that we identified within 
T. unifasciatus suggests their origin to be linked to four 
southern European glacial refugia that played a pivotal 
biogeographical role during the Quaternary climatic 
fluctuations (Hewitt,  2000; Taberlet et  al.,  1998). These 
are presently important biodiversity hotspots in the West-
Palearctic, which is reflected also in ant diversity pat-
terns (Husemann et al., 2014; Wang et al., 2023). Iberia 
or southern France was likely the glacial refugium for 
T. unifasciatus, southern Italy for T. cordieri, the Balkans 
or Anatolia for T. tauricus and obviously Caucasus for 
the Caucasian entity. According to the divergence tree, 
T. brackoi diverged from the rest of the T. unifasciatus 
complex ca. 2.5 to 3 Mya and maintained its isolation in 
sympatry. The earliest dated divergence within T. uni-
fasciatus is the Caucasian cluster that might have been 
isolated some 1.8 to 2 Mya, which is, according to the 
gdi and the insufficient discrimination in morphometric 
analyses, has not been enough to go through the specia-
tion process. Then, the Central and East European T. tau-
ricus cluster diverged in ca 1.5 Mya. The queue is closed 
by the West European T. unifasciatus s.str. and the South 
European T. cordieri, and according to the UCE analysis, 
T. unifasciatus s.str. can be considered the youngest clus-
ter of all within this complex. In conclusion, the com-
plex spatiotemporal population dynamics in the last few 
million years in Europe resulted in a considerable popu-
lation structure in T. unifasciatus. However, the isolated 
entities have not gone through speciation.

The stability of classifications is considered a para-
mount need for users. It is particularly true if a ubiquitous 
species or a model species is considered. Our finding that 
the Temnothorax unifasciatus complex has been overesti-
mated in its species-level diversity may inspire scientists 
to reconsider their results in taxonomy; the complicated 
spatiotemporal dynamics in the European fauna may 
result in unexpected intra- and interspecific variations. 
Therefore, integrative taxonomy might be desired to draw 
taxonomic conclusions.
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