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Abstract A small minority of the presently recognized∼12,500
species of ants are slave-makers, which permanently
depend on the help of “slave workers,” that is workers of
other ant species, which they pillage as brood from their nests
in well-organized slave raids. The genus Myrmoxenus is one
of the most species-rich taxa of slave-making ants, but indi-
vidual species are often not well-delimited. Here, we compare
behavior, morphometry, and nuclear and mtDNA sequences
between two taxa of Myrmoxenus: Myrmoxenus tamarae
(Arnoldi, 1968), known only from its type locality in
Georgia, and the wide-spread M. ravouxi (André, 1896) to
determine if the former might simply represent a Caucasian
variant of the latter. Workers of the two taxa differed clearly in
locomotor activity and slightly also in morphometry, while
genetic investigations with nuclear and mitochondrial genes
revealed only a weak differentiation. Given thatMyrmoxenus
appears to be a genus with a relatively recent radiation, we
suggest to conservatively keep the present taxonomic situation
withM. ravouxi andM. tamarae as separate species. The latter
would then include specimens from Eastern Turkey and prob-
ably also Ukraine. Further studies, in particular in Greece and

Turkey, might help to clarify the status of these endangered
ants.
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Introduction

About 150 of the more than 12,500 species of ants are social
parasites, which temporarily or permanently depend on the
help of workers from other ant species (Hölldobler andWilson
1990; Buschinger 2009). The myrmicine tribe Formicoxenini
is particularly rich in social parasites, with six or more sepa-
rately evolved workerless inquilines and at least six conver-
gent origins of slave-making (dulosis) (Beibl et al. 2005).
Among the slave-making genera, Myrmoxenus Ruzsky,
1902 (formerly Epimyrma) is of particular interest because
of its wide geographical range and the large diversity of its life
histories. YoungMyrmoxenus queens seek adoption into nests
of Temnothorax ants, where they kill the resident queen by
slowly throttling it. Some Myrmoxenus species have many
workers, which during well-organized slave-raids pillage
brood from neighboring Temnothorax nests, while other spe-
cies are “degenerate slave-makers” with only very few
workers or even completely workerless (Buschinger 1989).
At present, about ten species are recognized in Southern
Europe and Northern Africa, ranging from the Canary
Islands to the Caucasus (Schulz and Sanetra 2002).

Myrmoxenus tamarae (Arnoldi, 1968) is the only represen-
tative of this genus yet reported from Georgia. It was de-
scribed based on two workers collected in 1963 by the
Georgian myrmecologist T. Jijilashvili from a nest of
“Temnothorax unifasciatus” found near the village of Daba,
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Southern Georgia (Jijilashvili 1967; Arnoldi 1968). From the
brief original description and the figures, Buschinger (1989)
considered M. tamarae as synonymous with the widely dis-
tributed Myrmoxenus ravouxi (André, 1896). Similarly,
Schulz and Sanetra (2002) suggested synonymy of these two
taxa and referred to specimens collected in Turkey close to the
Georgian border asM. ravouxi. Despite of this,M. tamarae is
still listed by IUCN (2013) as a valid species endemic to
Georgia under category VUD2, that is, vulnerable with a very
restricted area of occupancy (IUCN 2001). Until recently,
nothing was known about M. tamarae except for the type
material (holotype worker and one paratype worker).

In 2010 and 2011, we succeeded in collecting several
complete colonies of M. tamarae and two host species,
“T. unifasciatus” (Latreille, 1798) and T. sp. NYL2, an, as
yet, undescribed species closely related to T. nylanderi
(Förster, 1850) and T. crassispinus (Karavaiev, 1926), at the
type locality. Here, we use an integrative approach to clarify
whether M. tamarae is an independent evolutionary lineage
and thus a valid species separate fromM. ravouxi. A growing
number of studies document that using data from multiple
sources, such as mitochondrial and nuclear markers, morphol-
ogy, behavior, and ecology, allows a more accurate species
delimitation than studies with only a single type of informa-
tion (for ants see, for example, Ross et al. 2010; Steiner et al.
2010; Seppä et al. 2011; Gotzek et al. 2012; Blaimer and
Fisher 2013). We therefore investigated locomotion behavior
of the two taxa in addition to traditional morphometry and
molecular analyses of mitochondrial DNA (mtDNA) and
nuclear genes. Behavioral differences have previously been
used in species delimitation (Davison et al. 1999; Schlick-
Steiner et al. 2010), and the much higher locomotion activity
ofM. tamarae upon disturbance of their nests inspired a closer
examination of particularly this trait.

Materials and methods

Ant collecting and maintenance

Colonies of a species morphologically very closely resem-
bling T. unifasciatus, T. sp. NYL2, and M. tamarae were
collected in August 2010 and June 2011 from their nests under
pine bark and in rock crevices at the type locality, the south-
eastern slope of the Gvirgvina mountain range above the right
bank of the Gujaretistskali river near the cemetery of the
village Daba, Borjomi Gorge (Southern Georgia; 41° 48.6′
N, 43° 27′ E; elevation ∼1,020 m).

For a comparison of behavior, we used one colony of
M. ravouxi (5 individuals) from a pine forest at Kallmünz,
Germany (49° 09.5 N, 11° 56.5 E; Suefuji and Heinze 2014),
two colonies ofM. ravouxi (4 and 5 individuals, respectively)
from Schönhofen (49° 0.7′ N, 11° 57.3′ E.), and five colonies

(16 individuals) ofM. tamarae from Daba, Georgia. Colonies
were kept in standard three-chambered plastic boxes with a
plaster floor (Buschinger 1974; Heinze and Ortius 1991). To
avoid artifacts arising from different activity levels in the lab
and field, we studied only colonies that had been kept under
the same laboratory conditions for several months. Before the
behavioral analyses, the ants had been kept for 2 weeks in
incubators at 12 h 20 °C/12 h 10 °C.

Locomotor behavior

Workers of M. ravouxi from Germany, France, and Italy
typically move only very slowly when their nest is opened
in the field (J.H., unpublished). In contrast, field observations
suggested that workers ofM. tamarae fled more rapidly upon
disturbance. We therefore quantified the spontaneous behav-
ioral patterns of workers ofM. tamarae andM. ravouxi in the
laboratory by tracking their movements in a circular arena
(diameter 15 cm) with Fluon®-coated walls. The floor of the
arena was covered by an unmarked filter paper, which was
replaced between each trial. At the beginning of the experi-
ment, workers were gently placed into a small plastic cylinder
(diameter 2 cm) in the center of the observation arena. The
cylinder was removed after a few seconds, and the ants could
move freely in the arena. Ants were tested individually, and
their spontaneous exploration trajectory was recorded for
180 s with a camera (DNT® DigiMicro 2.0 Scale, resolution
800×600 pixels) centered 70 cm above the arena floor. To
homogenize the light and to mask any visual cues that could
have influenced the ant’s trajectory, the arena was surrounded
by a white cardboard and was lighted from above by white
neon lights. All recordings were made at room temperature
(23.2–24.0 °C, 52 % humidity). Ants were used only once in
this experiment.

Movements were analyzed using the tracking software
EthoVision® XT 7.0, (http://www.noldus.com) at a sample
rate of six samples/s. Ants were tracked using the “image
subtraction” and “only objects that are darker than the back-
ground”methods. For the trajectory analysis, the circular arena
was divided into two zones as follows: a central zone (diameter
13 cm) and a peripheral zone (width 1 cm). To avoid edge
effects on locomotion parameters (velocity and meander), only
the parts of the trajectories performed in the central zone were
analyzed. A threshold movement of 0.1 cm was used as an
input filter to eliminate, from true locomotion, system noise or
slight movements due to body wobble. Four behavioral pa-
rameters commonly used in the literature (Sword 2005;
Skaloudova et al. 2007) were calculated from each digitized
paths: (1) time not moving (s), total time spentmoving and total
time spent not moving during the 180 s, where ants were
considered not moving if they did not exceed a velocity of 0.
08 cm/s (approximately one ant body length, 0.4 cm, per 5 s);
(2) distance moved (cm), total distance traveled during 180 s;
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(3) velocity (cm/s), mean distance moved per unit time; (4)
meander (°/cm), mean absolute change in the direction of
movement of an ant relative to the distance moved. For further
details about these different parameters, see Noldus
Information Technology (2007).

Behavioral patterns were compared by permutational mul-
tivariate analysis of variance (PERMANOVA) using the soft-
ware package PERMANOVA (Anderson 2001; McArdle and
Anderson 2001) with time spent not moving, distance moved,
velocity andmeander as dependent variables, and species (two
levels) as independent variables. PERMANOVA tests were
based on a Euclidean distance matrix and performed on 9,999
permutations. Locomotor parameters were standardized to z-
scores prior to analysis.

To determine in which locomotor parameter both species
differed, we performed two-way analysis of variance
(ANOVA) with time spent not moving, distance moved, ve-
locity or meander as dependent variables, and species (two
modalities; M. ravouxi and M. tamarae) and colonies (eight
colonies in total) as independent variables. The assumptions
of normality and homoscedasticity were tested with a Shapiro-
Wilk test and a Bartlett’s test, respectively. To comply with
these assumptions, dependent variables were log (x+1)-trans-
formed before analysis. The relationships between locomotor
behavior in the two taxa were visualized by non-metric mul-
tidimensional scaling (NMDS) using the statistical software R
2.11.0 (R Development Core Team 2010) and the package
VEGAN ver. 1.15–1 (Oksanen et al. 2011).

Morphometry

For detailed morphometric comparisons, we used mounted
and dried specimens from our own collections and those
provided by A. Buschinger, Rossdorf, A. Schulz,
Leverkusen, and A. G. Radchenko, Kiev (Table 1a—supple-
mentary material). All measurements were made using a pin-
holding stage, permitting unlimited rotation around the X, Y,
and Z axes and aWildM 10 stereomicroscope equippedwith a
×1.6 plan-apochromatic objective. In each worker, we evalu-
ated 21 metric distances (Seifert 2006; Table 2—supplemen-
tary material) at magnifications between ×200 and ×320.
Readings of measurements were done for whole units of
graduation marks—this, e.g., corresponds to 8 μm in case of
mesosoma length and reduces the accuracy.

Morphological data were evaluated by the exploratory data
analyses NC-Ward, NC-UPGMA, and NC-K-Means
according to the methods and software described in Seifert
et al. (2013). Nest-centroid clustering (NC clustering) is a
form of exploratory data analysis and was introduced by
Seifert et al. (2013) as a tool for hypothesis formation in
morphology-based alpha-taxonomy of eusocial organisms.
The special feature of NC clustering is calculating centroids
for each nest sample before being introduced in the

downstream algorithms of Ward, UPGMA, and K-Means.
These centroids are calculated by a hypothesis-free applica-
tion of linear discriminant analysis—i.e., there is no a priori
grouping because each nest sample is assumed to represent a
different class. The consequence is an optimal spacing of all
nest samples in the multidimensional Euclidian space—the
obvious reason for the increased performance of the different
downstream algorithms (see Seifert et al. 2013).

Two of the applied downstream algorithms are the agglom-
erative nesting (AGNES) methods, Ward’s method, and
UPGMA (Edwards and Parker 2011). AGNES proceeds by
a series of fusions. It starts with the situation (at step 0), where
each nest sample (here composed of one to many ant workers)
forms a separate cluster of its own, and then the algorithm
merges a pair of minimally dissimilar nest samples into one
cluster. The method successively merges nodes that have the
least dissimilarity, until all nest samples are agglomerated in a
cluster. Unweighted pair group method with arithmetic mean
(UPGMA) uses the distance matrix of centroids of nest sam-
ples as simple Euclidian distance, and Ward’s method utilizes
squared Euclidean distances. The other applied downstream
method is K-Means clustering, a non-hierarchical/non-nested
cluster analysis that aims to partition n objects into K clusters
in which an object belongs to the cluster with the nearest mean
(Lloyd 1982). In contrast to AGNES, K-Means clustering
does not require the estimation of distances to nodes, thus
avoiding a weakness of agglomerative nesting.

Genetics

We sequenced DNA from workers of M. ravouxi from popu-
lations throughout its range and from M. tamarae from the
type locality (Table 1b—supplementary material). In addition,
we included a queen of the workerless M. adlerzi (Douwes
et al. 1988), which is morphologically very similar to
M. ravouxi. Several samples that resemble M. ravouxi could
not be identified yet by thorough morphometric analysis and
here are referred to as M. sp. As outgroups, we chose
M. gordiagini (Ruzsky, 1902) from Baška, Croatia, and
T. unifasciatus from Kallmünz, Germany.

DNAwas extracted using a cetyltrimethyl ammonium bro-
mide (CTAB) protocol (Sambrook and Russell 2001). The
nuclear protein-coding genes wingless (355 base pairs (bp)),
abdominal-A (404 bp), longwave rhodopsin (543 bp) and
elongation factor 1 (376 bp), and mitochondrial gene COI/
COII (1,430 bp, including tLeu region) were amplified fol-
lowing Oettler et al. (2010) with slight modifications, i.e.,
using 1.2 μl/10 μM of each forward and reverse primer and
0.25 μl/100 mM of each dNTP (Fermentas, St. Leon-Rot) in a
total reaction volume of 20 μl. Nuclear genes could not be
amplified in all specimens.

The PCR cycling program consisted of 40 cycles of 1 min
at 94 °C (denaturation), 1 min at 50–60 °C (annealing), and
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1 min 30 s at 72 °C (extension), preceded by 2 min at 94 °C
and followed by a final extension of 5 min at 72 °C. PCR
products were purified with the High Pure PCR Cleanup
Micro Kit (Roche Diagnostics GmbH, Mannheim). Cycle
sequencing was then conducted in a total reaction volume of
20 μl with 2 μl of Big Dye Terminator v1.1 Sequencing RR-
100 (Applied Biosystems, Weiterstadt), 3 μl of 5× sequencing
buffer, 1 μl/10 μM of each primer, 2–7 μl of the purified
product, and 7–12 μl of PCR-H2O. Cycling program
consisted of 30 cycles of 10 s at 96 °C, 8 s at 55 °C (for
wingless)/58 °C (for abdominal-A)/54 °C (for longwave rho-
dopsin)/60 °C (for elongation factor 1)/50 °C (for COI/COII),
and 4 min at 60 °C. After cleaning with an ethanol precipita-
tion, all products were sequenced with an ABI Prism 310
Genetic Analyzer (Applied Biosystems, Weiterstadt). The
reads were corrected with Sequencing Analysis 3.4 and
aligned with Bio-Edit 7.0.5.2 (Hall 1999) using the Clustal
W algorithm.

The phylogeny was reconstructed using a Bayesian analy-
sis with the software MrBayes 3.1.2 (Huelsenbeck and
Ronquist 2001). The model for the evolution of the investi-
gated genes was estimated with MrModeltest using MrMTgui
(http://genedrift.org/mtgui.php), TOPALi v2 (Milne et al.
2009), and MetaPIGA v2.0 (Helaers and Milinkovitch
2010). All three software packages suggested the same nucle-
otide substitution model, GTR + Γ (General Time Reversible
with Γ distribution). The evolutionary model was assigned for
the entire undivided dataset using the Akaike information
criterion. MrBayes analysis was done using the default set-
tings of four Markov chains (three heated, one cold) and a
heating parameter of 0.2. Each analysis was conducted with a
Markov chain Monte Carlo method repeatedly, and the results
were compared to ensure convergence on the same topology.
An initial run based on 10,000,000 generations did not gen-
erate a different topology compared to a single GTR + Γ
model. The chain was sampled every 100 generations over
5,000,000 generations after discarding the first 1,250,000
generations (the burn-in). We assessed the burn-in and the
run convergence using the program Tracer 1.4 (available at
http://tree.bio.ed.ac.uk/software). The tree was obtained with
FigTree 1.2.2 (http://tree.bio.ed.ac.uk/software).

Results

The impression that workers of M. tamarae are more mobile
than workers of M. ravouxi when their nests are disturbed in
the field was corroborated by detailed behavioral analyses
under standardized laboratory conditions (PERMANOVA,
F1,29=19.65, P<0.001). In all four parameters defined above,
workers ofM. tamarae differed significantly from workers of
M. ravouxi (Table 3—supplementary material). Compared to
M. ravouxi, M. tamarae were more active (mean time not

moving±SD—M. t. 17.44±11.03 s; M. r. 47.04±22.29 s),
moved over significantly longer distances (mean distance
moved±SD—M. t. 73.03±36.67 cm; M. r. 19.67±9.95 cm),
were faster (mean velocity±SD—M. t. 0.74±0.19 cm/s; M. r.
0.41±0.12 cm/s), and had a less sinuous trajectory (mean
meander±SD—M. t. 198.39±128.78°/cm; M. r. 414.33±
297.40 °/cm) (Table 3—supplementary material). Except for
velocity, we found no effect of colonies on locomotor
behavior.

This is visualized by non-metric multidimensional
scaling (NMDS): the x-axis opposes workers with a
high velocity and a larger distance moved (right part
of the plot, M. tamarae) from workers with a low
velocity and a low distance moved (left part of the plot,
M. ravouxi). The y-axis opposes workers that are not
moving (positive values on the y-axis) from workers
that are moving (negative values on the y-axis). The
group centroid of M. tamarae was separated from the
group centroid of M. ravouxi (Fig. 1).

Workers ofM. tamarae andM. ravouxi differed slightly in
a number of morphometric measurements. For example,
workers of M. tamarae on average had a smaller relative
postpetiole width (PPW/CS 3.27±SD 0.15 vs. 3.48±0.14), a
smaller minimal distance between the lateral margins of the
propodeal spines (SPBA/CS 2.26±0.14 vs. 2.50±0.16),
and a larger postocular distance (PoOc 3.12±0.14 μm
vs. 3.02±0.14 μm) than workers of M. ravouxi, but indi-
vidual values overlapped widely. Considering all 21 mor-
phological characters in a NC-Ward, NC-UPGMA, and
NC-K-Means clustering, there was no correlation between
phenotype and geography detectable. However, these
cluster algorithms are likely to make more errors if too
many characters with high variance and low indicative
value are considered (Seifert et al. 2013). Accordingly,
we aimed at a reduction to the most discriminative char-
acters by running a linear discriminant analysis (LDA)
with stepwise character reduction as implemented in the
SPSS 15.0 software package under the hypothesis that all
samples from Georgia, Armenia, and Anatolia belong to
M. tamarae and those from outside this region to
M. ravouxi. After reducing the analysis to the characters
PoOC, SPBA, EW, PEW, and PPW, NC-K-Means
changed the primary classification of only the sample
from Armenia to M. ravouxi. This NC-K-Means classifi-
cation was supported for all 24 samples by a confirmative
LDA. Considering the same five characters, both NC-
Ward (Fig. 2) and NC-UPGMA allocated the samples
“Armenia” (labeled Armenia, Megrikek, P.H.C Lichkvas,
N 386–86. Radchenko 22.6.86) and “Georgia (Daba)-2”
in a branch together with M. ravouxi. If these two samples
were set as wild cards in a LDA, the former was con-
firmed as M. ravouxi, but the latter one changed to
M. tamarae. Taking the LDA classification as truth, there
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is only one sample (=4 %) misclassified by the two
hierarchical and no sample by the non-hierarchical NC-
clustering methods.

Nuclear markers did not show much variation within the
whole genusMyrmoxenus. The morphologically very distinct
speciesM. gordiagini differed fromM. ravouxi/M. tamarae in
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Fig. 1 Non-metric
multidimensional scaling plot on
locomotor behavior (see main text
for details on the parameters used)
of the slave-making ants
M. ravouxi (label Mr, gray
squares, N=14) and M. tamarae
(labelMt, black triangles, N=16).
The labels indicate the centroid of
each group

Fig. 2 NC-Ward clustering of
morphometric data obtained from
workers of the slave-making ants
M. tamarae and M. ravouxi. The
arrow points to the misplaced
sample. The acronyms “ravo” and
“tama” designate the final
determination
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only 3 of 355 bp of wingless (0.8 %), 7 of 543 bp of longwave
rhodopsin (1.3 %), 1 of 404 bp of abdominal-A (0.2 %), and 1
of 376 bp of elongation factor 1 (0.3 %) without intraspecific
variation.

M. tamarae andM. ravouxi differed consistently in 4 bp of
wingless (1.1%, three substitutions synonymous and one non-
synonymous leading to an exchange of threonine by methio-
nine in M. tamarae) and 2 bp of elongation factor 1 (0.5 %,
both substitutions synonymous) and were identical in the
other two nuclear genes (see Table 4a—supplementary mate-
rial). A specimen from Jalta, Ukraine, (morphology not ex-
amined) had the same wingless sequence as M. tamarae.
Myrmoxenus sp. from Taygetos Oros, Greece, had an inter-
mediate sequence of wingless, sharing two synonymous sub-
stitutions with M. tamarae but like M. ravouxi from Central
and Western Europe, lacking the third synonymous and the
non-synonymous substitution (see Fig. 1—supplementary
material).

Similarly, M. ravouxi varied little in the sequence of the
mitochondrial gene COI/COII throughout Western and
Central Europe (max. four substitutions in a total of 1,430
base pairs, 0.3 %,M. ravouxi fromKallmünz vs. Mt. Ventoux,
France, see Table 4b—supplementary material). M. ravouxi
from Central and Western Europe differed considerably more
from material from Greece (Kallmünz vs. Drosopigi, 11 sub-
stitutions, 0.8 %, Kallmünz vs. Taygetos Oros, 13 and 15
substitutions, 0.9 and 1.0 %, details not shown) and from
M. tamarae from Daba, Georgia (13 to 15 substitutions,
0.9–1.0, see Table 4b—supplementary material). A specimen
from Posof, Turkey, which was identified as M. tamarae by
morphometry and for which no nuclear gene sequences were
available, constituted the outgroup of M. tamarae and
M. ravouxi. As in the nuclear gene wingless,M. tamarae from
Georgia formed a well-supported branch together with a spec-
imen from Jalta, Ukraine (Fig. 3).

Discussion

Our three approaches to clarify the taxonomic position of the
slave-making antM. tamarae from Daba, Georgia, relative to
the more widely distributed M. ravouxi yielded conflicting
results. Themost conspicuous difference between the two taxa
was found in behavior. In a morphometric analysis, all but one
specimen ofM. tamarae clustered with samples fromAnatolia
currently recognized as M. ravouxi, while European
M. ravouxi formed a separate cluster. Nuclear and mitochon-
drial DNA sequences differed slightly between the two taxa,
but the branching pattern was less clear, probably reflecting
recent radiation of the genus and incomplete lineage sorting.

Previous fieldwork throughout most of the range of
M. ravouxi consistently showed that workers of M. ravouxi
move only slowly and rarely flee when their nest site is opened

(unpublished observations). In contrast, M. tamarae rapidly
escaped upon nest disturbance. This behavioral difference was
corroborated by detailed studies in the laboratory. Under
exactly the same conditions, workers of M. tamarae walked
faster, over longer distances, and in less meandering paths
thanM. ravouxi. Though animal behavior is often quite plastic
and among social insects may vary even within populations
(e.g., Gordon et al. 2011; Modlmeier and Foitzik 2011; Pinter-
Wollman et al. 2012), several studies have shown that behav-
ioral differences may reliably corroborate species
delimitations based on other traits (e.g., Schlick-Steiner et al.
2010). This is quite trivial in the case of mating behavior, but
other types of behavior, including general activity patterns,
have also been found to be highly helpful for differentiating
among cryptic species (e.g., Davison et al. 1999).

In morphology, workers of M. tamarae and M. ravouxi
differed in the mean values of a number of traits, but like in
other closely related pairs of ant species, the large variability
within taxa does not allow to reliably determine individuals
based on only one or a few simple characters (e.g., Seifert
2009). A multivariate analysis of the characters PoOc, SPBA,
EW, PEW, and PPW differentiated the two taxa with only one
sample misclassified.

M. ravouxi from Western and Central Europe differed
consistently from M. tamarae from Daba in two of four
investigated nuclear genes. Similarly, mtDNA sequences of
M. tamarae from Daba and a specimen from Jalta, Ukraine,
formed a well-supported branch separate from theM. ravouxi
cluster from Western and Central Europe. Material from
Posof, Turkey, which was identified as M. tamarae by mor-
phometry, constituted the outgroup of M. tamarae from
Georgia and M. ravouxi. The low divergence in both nuclear
and mitochondrial genes and the shallow branching patterns
of phylogenies presumably reflect a recent and rapid expan-
sion of the genus Myrmoxenus with incomplete lineage
sorting (e.g., Funk and Omland 2003; Seifert 2009; Weimers
and Fiedler 2007), interspecific hybridization, and mtDNA
capture (e.g., Shaw 2002; Good et al. 2008; Schubart et al.
2008). Ongoing speciation is also indicated by the observation
that most currently recognized species of Myrmoxenus hy-
bridize in the laboratory (Jessen and Klinkicht 1990;
Buschinger 2001). Myrmoxenus from Greece, which differed
in the sequences of both mitochondrial and nuclear gene
sequences from M. ravouxi from Central and Western
Europe, requires additional investigations, which, however,
are not part of this present study.

The 96 % correlation of geography and phenotype and the
small but consistent difference between M. tamarae and
M. ravouxi in two nuclear genes and mtDNA sequences leads
us to suggest maintaining the Caucaso-Anatolian populations
as a species separate from M. ravouxi from Western and
Central Europe. This argumentation is supported by the be-
havioral difference between the two taxa and the unique

264 N. Gratiashvili et al.



situation within Myrmoxenus that the Daba population regu-
larly uses a species of the Temnothorax nylanderi complex as
an accessory host. Though widely distributed throughout the
range of Myrmoxenus, species of this complex have never
been found to be utilized as host by any social parasite
(Buschinger 1989; Delattre et al. 2012). Our study highlights
the importance of using an integrative approach for species
delimitation rather than relying on only one or a few charac-
ters. Recent studies have shown that many cryptic species can
reliably be identified only by a multisource approach (Schlick-
Steiner et al. 2010; Padial et al. 2010; Seppä et al. 2011;
Edwards and Knowles 2014) that combine data from
morphology, genetics, and ecology.

Conclusion

The unified species concept of De Queiroz (2007) defines a
species as “a separately evolving metapopulation lineage

recognized by at least one operational criterion.” In the
context of our study, morphology, locomotion behavior,
host species selection, geography, and mtDNA are the
applied operational criteria. All criteria supported
heterospecificity to some extent. To better elucidate the
taxonomic relationship between M. ravouxi and
M. tamarae, it would be ideal to sample material from
geographic areas connecting the here studied populations.
Unfortunately, the patchy distribution of slave-making
species and the difficulties of detecting parasitized host
colonies even during intensive fieldwork preclude contin-
uous sampling throughout the whole range of M. ravouxi/
M. tamarae. This is clearly documented by the fact that
extensive sampling of populations of Temnothorax
throughout Georgia (e.g., around Daba, Abastumani, and
Mestia) did not reveal any other sites with Myrmoxenus.
Given that parts of the forests in Borjomi-Kharagauli
National Park close to Daba were destroyed by wildfire
during the 2008 South Ossetia war, the Daba population

Temnothorax unifasciatus

gordiagini Baska1 HR

gordiagini Baska2 HR

sp. Posof TR

sp. Parnassos GR

sp. Taygetos Oros GR

sp. Taygetos Oros GR

ravouxi Drosopigy GR

sp. Llanca E

sp. Llanca E

ravouxi Konstanz D

ravouxi Ammerbach D

ravouxi Eisenberg D

ravouxi Abruzzi I

ravouxi Ste Enimie F

ravouxi near Millau F

ravouxi near Sault F

ravouxi Mt. Ventoux F

ravouxi Savoillan F

ravouxi Kallmünz D

ravouxi Schönhofen D

ravouxi Krachenhausen D

ravouxi Weichseldorf D

ravouxi Waldenhausen D

adlerzi Panaktos GR

sp. Jalta UA

tamarae Daba1 GE

tamarae Daba2 GE

tamarae Daba3 GE

1.00

1.00

0.99

0.92

0.98

0.79

0.53

0.67

0.78

0.56

0.80

0.97

0.96

1.00

0.05

Fig. 3 Bayesian tree based on
1,430 base pairs of mitochondrial
DNA (COI/COII) from several
taxa of the slave-making ant
genus Myrmoxenus. Bayesian
posterior probabilities are given at
the nodes
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appears to be quite isolated. It is therefore certainly worth
being protected from further destruction and merits addi-
tional studies.
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