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It is generally assumed that Cretaceous stem ants were obligately eusocial, because of the presence of wingless adult
females, yet the available evidence is ambiguous. Here, we report the syninclusion of a pupa and adult of a stem
ant species from Mid-Cretaceous amber. As brood are immobile, the pupa was likely to have been transported by an
adult. Therefore, the fossil substantiates the hypothesis that wingless females were cooperators, thus these were true
‘workers’. Re-examination of all described Cretaceous ant species reveals that winged—wingless diphenism — hence
a variable dispersal capacity — may have been ancestral to the total clade of the ants, and that highly specialized
worker-specific phenotypes evolved in parallel between the stem and crown groups. The soft-tissue preservation of
the fossil is exceptional, demonstrating the possibility of analysing the development of the internal anatomy in stem
ants. Based on the highest-resolution p-CT scans of stem ants to date, we describe TGerontoformica sternorhabda
sp. nov., redescribe TG. gracilis, redefine the species group classification of TGerontoformica, and provide a key to the
species of the genus. Our work clarifies the species boundaries of TGerontoformica and renders fossils relevant to the
discussion of eusocial evolution in a way that has heretofore been intractable.

ADDITIONAL KEYWORDS: micro-computed tomography — palaeontology — phenotypic plasticity — sociobiology
— taxonomy.

INTRODUCTION primitively eusocial intermediates have survived to the
present day. It is generally thought that ants crossed
the morphological threshold to superorganismality
by the Mid-Cretaceous, i.e. to have derived by then
(female) castes that are anatomically distinct and
have unequal reproductive potential. This conclusion
*Corresponding author. Email: boudinotb@gmail.com is based on the assul'nptions' that Wi.n gless female stem
[Version of record, published online 5 February 2022; ants are morphologically differentiated workers, and

http://zoobank.org/ urn:lsid:zoobank.org:pub:0BE2F196- that aggregations of these females represent sibling
846F-4AD2-8C4D-79639B7E409C] nestmates. However, the present evidence along these

Ants are exceptional among animals in that all 13 000+
of their extant species are obligately eusocial or are
specialized social parasites, and no facultatively or
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lines is insufficient to support this claim, as it has
yet to be demonstrated that stem ants displayed the
keystone of social organization: cooperation.

Stem ants, i.e. those extinct lineages that do not
belong to the extant (crown) clade of Formicidae,
are known from the Mid- to Late Cretaceous, with a
described diversity from amber of 48 species attributed
to 22 genera in six primary subgroups (Boudinot et al.,
2020a, b). The minimum age for obligate eusociality
in ants is the Turonian (94-90 Mya) based on a single
crown group fossil from New Jersey (Raritan) amber
(Grimaldi & Agosti, 2000). A more diverse range of
crown subfamilies have been recovered from the Late
Campanian (84-71 Mya) via Canadian (Grassy Lake)
and Burmese (Tilin) ambers (Dlussky, 1999; Engel &
Grimaldi, 2005; McKellar et al., 2013; Zheng et al.,
2018). No ants, stem or crown, have been discovered
between the end of the Campanian and the End
Cretaceous mass extinction event, and no stem
Formicidae have been recovered in Cenozoic fossil
deposits (LaPolla et al., 2013; Barden, 2017; Boudinot
et al., 2020b). From their geological occurrences alone,
stem ants certainly overlapped with crown ants for at
least 20 million years, although possibly much longer
given variation in divergence dating results for the
extant fauna (reviewed in Borowiec et al., 2020).

For stem ants, the strongest available evidence for
obligate eusociality comprises the putative winged
(‘queen’) and wingless (‘worker’) pairs of TZigrasimecia
Barden & Grimaldi, 2013 and certain species of
THaidomyrmecinae (Perrichot et al., 2008, 2020; Cao
et al., 2020c; Guo et al., 2021). These fossils suggest
that stem ants had developmentally differentiated
castes (Wheeler, 1986; Khila & Abouheif, 2010), which
is arguably the key marker for the major transition
to superorganismality (Wheeler, 1986; Boomsma &
Gawne, 2018). However, dispersal polymorphisms
are widespread among non-social insects, which
can vary from macroptery to complete aptery, with
winged—wingless diphenism occurring in lineages
across the hemimetabolous and holometabolous
orders. Such variability is more closely associated
with environmental rather than social pressures (e.g.
Rolf, 1990; Wagner & Liebherr, 1992), despite recent
arguments that dispersal polymorphism is more
important for eusocial origins than monogamy and kin
selection (Nowak et al., 2010). Moreover, the evolution
of winglessness in ants is uninformative for social
derivation on its own, as flightlessness has evolved
repeatedly throughout many lineages of non-social
Hymenoptera (Hanna & Abouheif, 2021), including
‘Symphyta’, ‘Parasitica’ and non-ant Aculeata.

The only other material evidence available for
the inference of obligate eusociality in stem ants
comprises syninclusions (co-preserved individuals)
of wingless females, the putative nestmates of the

genera fGerontoformica Nel & Perrault, 2004 and
tZigrasimecia (Barden & Grimaldi, 2016; Cao et al.,
2020b). However, these fossils do not necessarily imply
cooperation, because aggregations are observed with
some frequency in non-social insects captured in mass
emergence, sexual congregation, or various other
forms of mass mortality (e.g. Batelka et al., 2011; Peris
& Jelinek, 2020; Storari et al., 2021); aggregations
may also be due to transport and deposition prior
to fossilization (e.g. Heggen et al., 2012). Indeed,
the opposite of cooperation has been preserved by
just such wingless female syninclusions, specifically
through conflict in the form of aggression or combat
among stem ants (Barden & Grimaldi, 2016; B. E. B.,
pers. obs.). Taken together, the available evidence for
obligate eusociality in stem ants is strongly suggestive,
but the puzzle remains incomplete.

It is in this context that we report the first fossil
evincing cooperation for a stem ant species, via a
synincluded adult—pupa pair of wingless female
TGerontoformica. Because more than one species of
ant was preserved in this amber piece, we conducted
detailed anatomical study based on photomicrography
and the highest resolution micro-computed tomography
(u-CT) scans of stem ants to date. During this process,
we found that it was necessary to systematically revise
the ant genus fGerontoformica, which we augmented
by direct stereomicroscopic examination of type and
non-type specimens. To understand the potential for
reproductive division of labour among stem groups, we
also reviewed the complete fossil record of described
Mesozoic ants. Overall, our objectives are to consolidate
the evidence of eusocial evolution among stem ants,
and to provide a template for future studies of fossil
Formicidae.

MATERIAL AND METHODS
MATERIAL

The focal amber piece originated from a deposit in the
Hukawng Valley, Kachin State, northern Myanmar,
dated near the Albian—-Cenomanian boundary (Mao
et al., 2018), but perhaps older (Balashov, 2021). This
formation has recently yielded a number of interesting
insect fossils (e.g. Gustafson et al., 2020: Shi et al.,
2020; Gilka et al., 2021; Hsiao et al., 2021; Jouault
et al.,2021a, b; Wu et al., 2021).

The fossil itself is a relatively large piece of Kachin
amber containing three wingless adult female ants
plus a wingless pupa (Fig. 1); it is provided with the
identification number AMNH Bu-SY23. The four
synincluded ant specimens themselves were provided
with unique specimen identifiers: CASENT0741231
(pupa) and CASENT0741232-CASENT0741234
(adults). To compare the anatomy of the pupa to
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Figure 1. Overview of the Kachin amber piece and its syninclusions. A, the pupa of 1G. gracilis (CASENT01741231). B, the
adult of 1G. gracilis (CASENT0741232). C, the holotype of TG. sternorhabda sp. nov. (CASENT0741233). D, the paratype of
TGQ. sternorhabda sp. nov. (CASENTO0741234). E, the entire amber piece (AMNH SY-23).

the workers for the purposes of identification, we
performed photomicrography and p-CT. Specimens of
other stem Formicidae were directly examined from
three collections: the American Museum of Natural
History (AMNH), the Entomological Collection of the
Coleoptera Laboratory, Vicosa, Brazil (CELC), and the
research collection of Brendon E. Boudinot in Jena,
Germany (BEBC).

IMAGING, DATA PROCESSING AND DATA AVAILABILITY

Photomicrographs were taken with a Canon EOS 80D
digital camera with a Canon MP-E 65 mm macro lens
(F2.8, 1-5 x) and an attached Canon MT-24EX twin
flash. Images were processed with Helicon Focus 7.5.4.
Additional images were used from www.AntWeb.org
under the Creative Commons 4.0 license.

The fossil was p-CT scanned using a Zeiss Xradia
510 Versa 3D X-ray Microscope (Zeiss, Jena, Germany)
operated with the Zeiss Scout-and-Scan Control System
software (v.11.16411.17883) at the Okinawa Institute
of Science and Technology Graduate University, Japan.
We scanned the whole amber piece, the complete
bodies for all adult workers and the pupa at varying

magnifications, and the head and mesosoma of the
best-preserved specimen (adult, CASENT074132),
resulting in nine total scans. With the exception of the
whole amber scan, the resultant voxel sizes ranged
from 0.956 to 3.375 pm?. For exposure times, source
voltage, source power and other parameters, see
Supporting Information, Fig. S1, Dataset 1.

A subset of the scans was segmented into regions
of interest (ROIs) using Dragonfly 2020.1 (Object
Research Systems, Montreal, Canada), with special
attention to the head of the adult CASENT0741232,
which displayed exceptional preservation. The ROIs
were then used to mask copies of the original image
data to extract specimens or individual structures
and export them as .tif image stacks. The resultant
segmented tiff files were rendered as Phong volumes
using VG-Studio Max 3.4 (Volume Graphics GmbH,
Heidelberg, Germany). Additionally, AMIRA 6.0
(Visage Imaging GmbH, Berlin, Germany) was used
to export images of ortho-slices through the original
image data of the CASENT0741232 head to show
details of histological preservation.

The image plates were arranged in Adobe Photoshop
CS6 (Adobe System Incorporated, San Jose, USA).
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Labels were created in Adobe Illustrator CS6 (Adobe
Systems Incorporated, San Jose, USA).

Scans of the specimens are available on Zenodo
(doi:10.5281/zenod0.5608454).

TERMINOLOGY

We employ the anatomical nomenclature of Richter
et al. (2019, 2020, 2021) for the head, which we treat
as if it were perfectly prognathous. For the mesosoma
and metasoma, we follow Bolton (1994), Keller (2011)
and Liu et al. (2018), with the exception that we do not
recognize anapleural and katapleural regions, but upper
and lower regions of the mesopectus and metapectus,
respectively. Leg terms follow Boudinot (2015) for the
coxae and trochanters, Bolton (1994, 2003) for the
tibial spurs, and Beutel et al. (2020) for the tarsi and
their anatomical elements. Following Boudinot et al.
(2020b), we refer to thick traction setae as ‘chaetae’.
Finally, we apply the developmental character concept
of Wagner (e.g. Wagner, 2014; McKenna et al., 2021), i.e.
that ‘characters’ are discrete anatomical entities and
‘states’ are continuous variations of those entities. Also
note that two-letter abbreviations for genus names in
tHaidomyrmecinae follow Boudinot et al. (2020Db).

SPECIES CONCEPT AND CRITERIA

We subscribe tothe‘cohesion’ species concept (Templeton,
1989; Barraclough, 2019), i.e. we conceive of species as
populations or metapopulations that are reproductively
independent (at least for non-clonal lineages), similar
genetically and developmentally, and with distinct
evolutionary trajectories. For the fossils considered
in the present work, we pragmatically recognize the
species criteria of diagnosability, phenetic clustering
and apomorphy (sensu de Queiroz 1998, 2007). In
other words, we expect individuals of fossil ant species
to share discrete developmental characters, to share
similar bodily proportions (i.e. developmental states),
and that the strongest evidence for phylogenetic and
evolutionary independence is synapomorphy. However,
we do not consider synapomorphy to be sufficient alone,
as paraphyletic (yet evolutionarily cohesive) species
may be defined by plesiomorphies. Our reference for
character polarity is Boudinot et al. (2020a). Because
all known fGerontoformica species are approximately
co-eval in geological time, we are not concerned here
with the effects of anagenesis on species delimitation.

MORPHOMETRICS

To clarify the species identity of the synincluded
pupa, we took 38 linear measurements on the three-
dimensional volume rendered surfaces of the specimens
in VG-Studio Max. Use of the polyline length tool with

the surface clipping function activated allowed us to
set measurement points directly onto the specimen
surface, resulting in straight line (2D) measurements
contouring to the body between two (or more) points
in 3D space. As not all body structures were perfectly
preserved for all specimens, we selected ten informative
measurements for further comparison (Measurement
Definitions below), from which we also calculated three
indices, i.e. ratios that represent body proportions
(Index Definitions below). By calculating the
differences in all measurements and indices between
the three adult specimens and the pupa, we were able
to determine average scores for the absolute value
differences between them. For the absolute difference
calculations and raw measurements, including all 38
measurements taken, see Supporting Information, Fig.
S1, Dataset 1. All measurements are reported in mm
and rounded to the nearest hundredths decimal place.

MEASUREMENT DEFINITIONS

HWed headwidth above eye (caudad)in full-face view.

HWev head width below eye (orad) in full-face view.

EW1 minimum eye diameter, as taken from the left
compound eye.

HD head depth, i.e. the maximum distance from
the face to the postgenal bridge of the head, as
measured in profile view.

ML mesosoma (Weber’s) length, as measured in

profile view from the inflection point between

the pronotal neck and the pronotal disc to the
middle point of the posterior surface of the
propodeum.

dorsomedian pronotum length, as measured

from the inflection point to the middle point of

the posterior pronotal margin.

pronotum width, as measured across the

dorsal inflection point of the pronotum, i.e. the

posterodorsal inflection as seen in lateral view.
mesonotal length, or the maximum anterior to
posterior length of the mesonotum.

AIlTlLm first gastral tergum length, i.e. the length of

the third abdominal tergum from the anterior

inflection point between the helcium and
posttergite to the posterior tergal margin.
first gastral segment height, i.e. distance from
the posterior margin of the third abdominal
sternum to the posterior margin of the third
abdominal tergum along the midline of the
body.

PnLi

PnWa

MnL

ATIILI

INDEX DEFINITIONS
HPI head proportion index: HD/HWed.

HSI head size index: HWed/ML.
ATIITLI first gastral segment index: AIITLm/ATIILI.
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DEVELOPMENTAL CHARACTERS

As a proxy for phenotypic differentiation among adult
females, hence potential for reproductive division of
labour, we evaluated the degree of polyphenism and
morphological specialization of the mesosoma of stem
ants. We considered the development of three focal
structures for the wingless females of all described
Mesozoic ants, where such females are known: (1)
differentiation of the mesoscutum, or the anterior
portion of the mesonotum, from the remainder of the
mesosoma; (2) differentiation of the mesoscutellum
or the smaller, posterior portion of the mesonotum;
and (3) development of the metanotum. We chose
these characters as they are: (1) the most consistent
external feature of caste differentiation for ants, with
exceptions (Peeters 2012); and (2) because mesosomal
shape is highly variable across the Formicidae, with
extreme worker-associated forms evolving numerous
times across the phylogeny (e.g. Bolton 1994, 2003). We
scored these characters as present (1) or absent (0),
with inapplicable (-) recorded when wingless females
are unknown. Note that we use the term ‘worker-like’
for all wingless individuals of stem ants that have
some degree of flight sclerite reduction, and we use the
phrase ‘highly specialized wingless-specific or worker-
like phenotypes’ for individuals that have completely
undifferentiated flight sclerites, i.e. those individuals
scored 0 for characters 1-3.

In addition to AMNH, BEBC, CELC and AntWeb, we
evaluated these characters from primary literature:
TArmaniinae: Dlussky (1983, 1999); tHaidomyrmex:
Cao et al. (2020a), Guo et al. (2021); THaidomyrmodes:
Perrichot et al. (2008); THaidoterminus: McKellar
et al. (2013); TLinguamyrmex: Miao et al. (2019),
Barden et al. (2017); 1Orapia: Dlussky et al. (2004). For
raw data and further information, including excluded
taxa and their references sources, see Supporting
Information, Fig. S1, Dataset 2.

RESULTS

IDENTIFICATION

To identify the three adults preserved in the amber
fossil, we evaluated qualitative characters at the genus
(Boudinot et al., 2020b), species group (Boudinot et al.,
2020b) and species level (Barden & Grimaldi, 2014).
The specimens were identifiable as TGerontoformica
(Nel et al., 2004) by the simple, bidentate mandibles
(Figs 2K, 7C), the posterior margin of the clypeus,
which does not extend aborally between the antenna
toruli (Fig. 2K, L), and the anterior margin of the
clypeus which is not produced anteriorly as a lobate
process (Fig. 2K, L). Based on further qualitative
characteristics outlined below, it was apparent that

the adults represent two species that were captured in
absolute sympatry.

The adult specimen CASENT0741232 (C-32) was
determined to be a member of the 7G. gracilis (Barden
& Grimaldi, 2014) species group due to absence of a
constriction on abdominal tergite and sternite IV
(metasomal IIT) (Figs 2B, 7B), in addition to absence
of a transverse ridge dividing the mesonotum into
distinct mesoscutal and mesoscutellar regions (Fig.
2E). Of all described species in the G. gracilis group,
C-32 specifically resembles {G. gracilis in having
a relatively thin and long mesothorax and a poorly
developed subpetiolar process (Fig. 2B). No further
distinguishing features were found; thus, we consider
C-32 to be conspecific with {G. gracilis.

The adult specimens CASENT0741233 and
CASENT074134 (C-33, C-34) were determined to be
members of the 7G. pilosa (Barden & Grimaldi, 2014)
species group due to presence of the abdominal segment
IV constriction and the transverse mesonotal ridge
(Figs 2C, 4C, F). Among all G. pilosa group species,
these two specimens are most similar to TG. pilosa itself
due to their comparatively less robust mesosomata
than 7G. contegus (Barden & Grimaldi, 2014) and
7G. magnus (Barden & Grimaldi, 2014). However, they
differ from TG. pilosa in having a distinctly digitate
subpetiolar process (Fig. 2C) and an anteroposteriorly
narrower prora (the anteroventrally situated process
of abdominal segment III/ metasomal IT) (Fig. 2C). For
these reasons, we consider C-33 and C-34 to represent
an undescribed species near 7G. pilosa. See the
diagnosis of the new species, TG. sternorhabda, below
for more fine-grained distinctions.

We consider the pupa to be a representative of TG
gracilis because, on average, the morphometrics of
the pupa were > 2x more similar to those of specimen
C-32 than either specimens C-33 or C-34. Although a
number of structures are incompletely developed, the
pupa shares a set of distinct features with specimen
C-32 to the exclusion of C-33 and C-34: (1) their heads
are anteroposteriorly longer than lateromedially broad
(Fig. 2d, K; vs. broader than long, Fig. 2L); (2) their
maxillary palps are six-merous (Fig. 7; vs. five-merous;
see note 5 of the description of {G. sternorhabda);
(3) their pronota are longer than tall in lateral view
(Fig. 10; vs. about as long as tall, Fig. 5); and (4) their
mesonota are evenly rounded in lateral view (Fig. 10;
vs. angled, Fig. 5).

FEMALE DIPHENISM AND SPECIALIZATION

In total, we were able to score mesosomal development
for 48 of the 64 species-level taxa attributed to the
stem Formicidae, with the total count including
impression fossils (Supporting Information, Fig. S1,
Dataset 1, summarized in Fig. 3A). Those taxa that
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CASENT0741232
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fc 250 um '8 |
CASENT0741233

Figure 2. Volume renders of the pupa and two of the adult specimens. The black arrows indicate the subpetiolar process,
while the white arrows indicate the prora. A-C, lateral view. D-F, dorsal view. G-I, ventral view. J-L, facial view. A, D,
G, J. the pupa of TG. gracilis. B, E, H, K, the adult of ¥G. gracilis. C, F, I, L, the holotype of 7G. sternorhabda sp. nov..
Abbreviations: AIII-VII, third through seventh abdominal segments; Alllas, anterior surface of third abdominal segment;
Alllps, posterior surface of third abdominal segment; ce, compound eye; cl, clypeus; fc, frontal carina; lbr, labrum; md,
mandible; msn, mesonotum; mspl, lower mesopectal region; mspu, upper mesopectal region; mtn, metanotum; oc, ocellus;
pd, pedicel; pnt, pronotum; ppd, propodeum; pst, prosternum; pt, petiole; sc, scape.

were excluded were either known only from males or
were of insufficient preservational quality to evaluate.
Categorically, no wingless females are known for the
tCamelomecia genus group or fArmaniinae, whereas
the majority of other stem ant species are described
from dealate or completely apterous individuals.
The wingless genus TDolichomyrma Dlussky, 1975,
a putative Turonian armaniine, is recovered in the

crown Formicidae in preliminary phylogenetic analysis
(Boudinot et al., 2020a). Therefore, these groups remain
uninformative for the origin of female diphenism,
depending on their formal phylogenetic placement.

All described species of THaidomyrmecinae display
discretely developed mesoscuta, mesoscutella and
metanota (Fig. 3B), despite widespread occurrence of
the dealate or apterous condition in this subfamily.
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Antennoclypeata Formicidae crown clade EEEN worker

Figure 3. Summary of the evidence for eusocial evolution in stem groups. A, overview of the phylogenetic relationships of
the total clade Formicidae, with key biological traits mapped. F+, winged females; f-, wingless females; D, developmental
simplification of the mesosoma; and B*, brood care. Solid squares, trait confirmed as present; empty squares, trait confirmed
as absent; half-filled squares, trait confirmed as variable; question marks, state uncertain; black square with asterisk, new
evidence provided in the present study. B, exemplars of females with the full and complex complement of flight sclerites,
namely the mesoscutum (green), mesoscutellum (blue), and metanotum (magenta). C, exemplars of wingless {Zigrasimeciinae
demonstrating independent convergence on the extremely simplified mesosomal form of various crown Formicidae, illustrated
in this case by Discothyrea (Proceratiinae). D, exemplars of the Antennoclypeata, showing a similar degree of sclerite reduction
between fBrownimecia and crown Formicidae. Notes: The topology in 1A is summarized from Johnson et al. (2013), Barden &
Grimaldi (2016) and Boudinot et al. (2020a). Images for rows 1B, C were downloaded from AntWeb (2021); taxon names, imagers
and unique specimen identifiers are listed from left to right, top to bottom are as follows: TZigrasimecia tonsora Barden &
Grimaldi, 2013 (P. Barden, ANTWEB1008098); TDhagnathos autokrator Perrichot et al., 2020 (V. Perrichot, FANTWEB00022);
TLinguamyrmex rhinocerus Miao & Wang, 2019 (V. Perrichot, FANTWEBO00016); Protozigrasimecia chauli Cao et al., 2020c
(H. Cao, FANTWEBO00051); 7Zigrasimecia ufv-01 (J. Chaul, ANTWEB10141055); Discothyrea bobi Chaul, 2020 (J. Chaul,
UFV-LABECOL-000032); {Brachyponera croceicornis (Emery, 1900) (F. Esteves, CASENT0916594); Brachyponera croceicornis

(Emery, 1900) (A. Nobile, CASENT0172432); 1Brownimecia clavata Grimaldi et al., 1997 (V. Perrichot, AMNH-NJ667).

However, THaidomyrmecinae include the only species
for which winged—wingless female pairs have been
associated at the species level, namely THaidomyrmex
cerberus Dlussky, 1996 (see Guo et al., 2021)
tHaidomyrmodes mammuthus Perrichot et al., 2008
and TLinguamyrmex brevicornis Perrichot et al., 2020.
No winged-wingless pairs of these species have been
recovered in a syninclusion. Unfortunately, the wingless
THs. mammuthus is broken at about the metathoracic
region, but the mesoscutum and mesoscutellum are
distinct in profile view. fLinguamyrmex brevicornis
and THx. cerberus, on the other hand, appear to have
discrete winged and wingless females, although the
meso- and metanotal structures are still developed
in the wingless individuals. The winged female
tZigrasimecia is of uncertain relationship to the
presently described species (Cao et al., 2020¢), as is the
alate-based putative new species described by Zhuang
et al. (in press).

Among the other stem ants, the most variable
state is expression of the mesoscutellum, which is
differentiated in some but not all {Sphecomyrminae
and is completely undifferentiated in fZigrasimeciinae
and fBrownimeciinae. In contrast, the metanotum is
developed in all species except TBrownimecia clavata

Grimaldi et al., 1997, TMyanmyrma maraudera (Barden
& Grimaldi, 2016) and Zigrasimecia. The most extreme
derivation of the mesosoma is observed in 7Zigrasimecia
(Fig. 3C), which has a completely fused and helmet-
shaped mesosoma, similar in overall form to various
crown Formicidae such as Discothyrea Roger, 1863
(Proceratiinae, Fig. 3C), Tatuidris Brown & Kempf, 1968
(Agroecomyrmecinae) or various Myrmicinae. Notably,
fProtozigrasimecia Cao et al., 2020 is intermediate,
with a well-developed mesoscutum that has a free
articulation with the pronotum (Fig. 3C). The form of
fProtozigrasimecia and TM. maraudera (not shown) is
also similar to fBrownimecia Grimaldi et al., 1997, the
sister-group to the crown ants (Barden & Grimaldi,
2016; Boudinot et al., 2020a, b; Fig. 3D).

SYSTEMATIC PALAEONTOLOGY
FAMILY FORMICIDAE LATREILLE, 1809

SUBFAMILY 1SPHECOMYRMINAE WILSON & BROWN,
1967
GENUS TGERONTOFORMICA NEL & PERRAULT, 2004

= tSphecomyrmodes Engel & Grimaldi, 2005 junior
syn.: Barden & Grimaldi (2016): 518.
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TAXONOMIC SYNOPSIS OF TGERONTOFORMICA

I. Species group of cretacica (newly recognized)
(Charentese amber) [Note 1]:

1. ¥G. cretacica Nel & Perrault, 2004 nomen
dubium (new status) [Note 2] — Type species of
tGerontoformica Nel & Perrault, 2004

2. 1G. occidentalis (Perrichot et al., 2008)

II. Species group of gracilis (newly recognized) (Kachin
amber):

3. TG. gracilis (Barden & Grimaldi, 2014)

4. TG. robusta (Barden & Grimaldi, 2014)

5. TG. spiralis (Barden & Grimaldi, 2014) [Note 3]
6. TG. subcuspis (Barden & Grimaldi, 2014) [Note 3]

ITI. Species group of pilosa (Kachin amber):

7. TG. sternorhabda sp. nov.

8. TG. contega (Barden & Grimaldi, 2014)
9. ¥G. magna (Barden & Grimaldi, 2014)
10. ¥G. pilosa (Barden & Grimaldi, 2014)

IV. Incertae sedis to species group within genus
(Kachin amber):

(11.) ¥G. orientalis (Engel & Grimaldi, 2005) nomen
dubium (new status) [Note 4] — Type species of
tSphecomyrmodes Engel & Grimaldi, 2005

(12.) 7G. rugosa (Barden & Grimaldi, 2014) nomen
dubium (new status) [Note 5]

(13.) ¥G. tendir (Barden & Grimaldi, 2014) nomen
dubium (new status) [Notes 5, 6]

Notes on classification

Note 1: Under the label of ‘orientalis group’, Boudinot
et al. (2020b) previously united the cretacica and
gracilis groups with the species 7G. orientalis. The
cretacica and gracilis groups are here divided based
on the distinct forms of their petioles. The species
TG. orientalis is of insufficient preservation for species-
level identification (see Note 4 below).

Note 2: The holotype of TGerontoformica cretacica
is poorly preserved, as noted by Barden & Grimaldi
(2016), with obvious distortions and elongation of the
scapes and flagella, and little detail of the body visible.
Due to this unfortunate circumstance, we newly
consider TG. cretacica to be anomen dubium. It remains
in the cretacica species group of tGerontoformica,
because it is the type species of the genus. However,
it will be highly desirable to clarify the identity of
this species through examination and description of

more Charentese ants. At present, the only distinction
between TG. cretacica and the co-eval TG. occidentalis
that is not apparently affected by preservation is body
size, with the former having a longer mesosoma than
the latter (2.1 mm vs. 1.4 mm, respectively). Body
size is, of course, highly variable among nestmates of
crown ants, thus is a weak diagnostic trait when used
in isolation and without the quantification of variation
across conspecific individuals.

Note 3: FGerontoformica spiralis and TG. subcuspis
were difficult to separate in the present study based
on the available anatomical evidence and may be
conspecific. Specifically, we observe that, in addition to
conditions outlined in the key (see that section below),
the two species are highly similar in the following
conditions, which we only roughly characterize here:
(1) proportions and fine details of the head, including
frontal carina shape; (2) the degree of mesonotal,
metanotal and propodeal convexity; (3) the width
of separation between the meso- and metanota
plus metanotum and propodeum; (4) the shape and
proportions of the petiolar node; and (5) the form of
the third abdominal (first ‘gastral’) segment. It is
possible that ¥G. spiralis and TG. subcuspis represent
the smaller and larger ranges of body size of a single
species, with the former reported to have a total body
length of 4.22-5.22 mm and the latter 5.35-5.76 mm
(Barden & Grimaldi, 2014). Our focal uncertainties
relate to the shapes and setational patterns of the
tarsi of TG. subcuspis, and the form of the subpetiolar
process and prora of TG. spiralis. A potential feature
separating the two species is the distance of the toruli
from the posterior clypeal margin, which appears to be
narrower in TG. spiralis relative to TG. subcuspis, but
this could be a visual artefact caused by the apparent
light distortion in the holotype image of TG. spiralis. We
recommend further re-evaluation of these two species,
ideally using p-CT and additional light photography
to resolve the uncertainties of the tarsi, toruli and
sternal processes of the metasoma. See also Note 1 on
the diagnosis of 7G. gracilis.

Note 4: TGerontoformica orientalis, the type species of
TSphecomyrmodes, is identifiable as TGerontoformica
relative to TSphecomyrma Wilson & Brown, 1967
by the absence of the anteromedian clypeal process
and presence of traction setae/ chaetae along the
anterior clypeal margin, as recognized in the original
description (Engel & Grimaldi, 2005) and illustrated in
Boudinot et al. (2020b). However, in TGerontoformica,
the species 7G. orientalis is unidentifiable due to
poor preservation. No details of the head are clearly
observable, except for the antenna, mandibles and
anterior clypeal margin, while the mesosoma appears
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strongly distorted, the petiole is obscured, and the
metasoma is mostly disarticulated. Boudinot et al.
(2020b) placed T@G. orientalis in the orientalis species
group along with the type species of 1Gerontoformica
based on the absence of the cinctus of abdominal
segment IV. As a more refined placement is not
possible, we newly consider this species to be a nomen
dubium.

Note 5: tGerontoformica rugosa and TG. tendir are
newly considered as nomina dubia due to their poor
preservation, being strongly desiccated and thus
distorted. Both species appear to have some degree
of abdominal segment III petiolation, as observed
in the three confirmed members of the pilosa group,
but it cannot be determined whether this is natural
or exaggerated due to preservation. It is possible, but
not yet determinable, that {G. rugosa is conspecific
with TG. gracilis. That 7G. rugosa or 7G. tendir do have
sculptured integument remains possible but requires
substantiation via additional material of these species.
We note that little surface texture variation has been
explicitly documented among stem ants thus far.

Note 6: TGerontoformica tendir was defined by
Barden & Grimaldi (2014) as having a medial
clypeal lobe. This anteromedian lobe not only bears
traction setae/chaetae, as previously observed, but
is also lateromedially broader and proximodistally
shorter than that of {Sphecomyrma. Given the poor
preservation, it is possible that the apparent lobate
form may be due to distortion of the amber matrix,
as the lobe consists of the entire medial portion of
the clypeus, which is distinct from the lateral clypeal
lobes. Based on direct examination of the holotype, it
appears that there is a transverse mesonotal carina
in G. tendir, but this also requires re-evaluation.
Without additional specimens having an exaggerated
and broadly, medially lobate clypeus, we remain
uncertain about the identity of the species. A state
of potential value for confirming the identity of
TG. tendir from additional material is the absence of
teeth on the pretarsal claws, as illustrated by Barden
& Grimaldi (2014).

Remarks

The genus fGerontoformica currently consists
of 13 species, including the newly described
1G@. sternorhabda. The holotypes of nine of these
species are sufficiently preserved for species-level
identification, with eight of these being sufficiently
defined given the potential synonymy of two (see
Note 3 above). At the generic level, TGerontoformica
differs from {Sphecomyrma by presence of traction
setae/chaetae along the anterior clypeal margin and

absence of a narrow anteromedian clypeal lobe. These
two conditions were used by Engel & Grimaldi (2005)
to establish the genus tSphecomyrmodes, which was
synonymized under {Gerontoformica by Barden &
Grimaldi (2016) after examination of the holotype
of the type species of the latter taxon. Collectively,
TGerontoformica and TSphecomyrmodes have been
revised piecemeal after the former’s establishment
by Nel et al. (2004). Specifically, Barden & Grimaldi
(2014) added nine species of fSphecomyrmodes,
Barden & Grimaldi (2016) transferred all species of
TSphecomyrmodes to TGerontoformica, and Boudinot
et al. (2020b) moved one species to TMyanmyrma and
recognized two morphologically defined groups of
species in the genus.

To understand the shifting boundaries of
TGerontoformica in the light of the present n-CT-driven
study, we detail the species-level history of the genus.
Species attributed tothe genus aredistributed in Kachin
amber (11 total) and Charentese amber (two total). The
Charentese species, TG. cretacica and TG. occidentalis,
were described four years apart by Nel et al. (2004)
and Perrichot et al. (2008), respectively. Perrichot
et al. described the smaller-bodied TG. occidentalis as
TSphecomyrmodes in comparison to the type species
of that genus — {G. orientalis from Kachin amber —
without comparison to 7G. cretacica. Unfortunately,
given the current status of morphological knowledge,
the holotypes of both G. orientalis and TG. cretacica
are too poorly preserved to allow for confident species-
level identification. However, both Charentese species
uniquely share a distinct, nearly squamiform petiolar
shape, with the node being anteroposteriorly narrow
and dorsoventrally tall; this indicates that the
Charentese species are closely related to one another,
relative to the Kachin species. For this reason, we
group TG. cretacica and TG. occidentalis together in the
cretacica species group. It is possible that G. cretacica
and TG. occidentalis are conspecific, but any taxonomic
action should wait for the accumulation and processing
of more material from the Charentese formation.

The identifiable Kachin species of TGerontoformica,
i.e. excluding TG. orientalis, TG. rugosa and TG. tendir,
are evenly distributed in the G. gracilis and G. pilosa
groups, with four species each. All species of the pilosa
group are highly distinct in body form and setation,
with {G. sternorhabda being an outlier, having the
smallest body size and least pronounced constriction
of the fourth abdominal segment, in addition to
other defining features (see the species diagnosis
below). In contrast, species of the newly recognized
gracilis group are all largely similar to one another,
without easily recognizable diagnostic structures. The
most distinct Kachin species of the gracilis group is
TG@. robusta, which has a boxy mesosoma, with the
meso- and metanota forming a nearly linear dorsal
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margin in lateral view. The other species of the gracilis
group have a multi-humped profile due to the bulge-
like development of the meso- and metanota and are
otherwise similar to one another (see Note 1 on the
diagnosis of TG. gracilis).

F#GERONTOFORMICA STERNORHABDA SP. NOV.
(Figs 1C, D, 2C, F, 1, L, 4-6, 7E, F, 11(1-2), 12(2-1,
2-3, 2-4), 13(3’-1); SUPPORTING INFORMATION, FIGS

S1, S2)

Zoobank registration: urn:lsid:zoobank.
org:act:E77C1A20-1398-465F-9607-AD11E97ADF1C

Type material: Holotype. Wingless female
(w). Myanmar, Kachin State: Hukawng Valley
[CASENTO0741233 in an amber piece labelled
AMNH SY-23 and deposited at AMNH]. Paratypes.
Wingless females (w). Synincluded with holotype
[CASENT0741234]; same locality as synincluded holo-
and paratypes [UFV-LABECOL-009656, deposited in
CELC].

Diagnosis (wingless female)

Conforming to the diagnosis of the Formicidae (see:
Boudinot et al. 2020a, b), including the following key
conditions: (1) postgenal bridge elongated, thus head
‘prognathous’ (Fig. 2C); (2) cranial condyles of the
anterior/ dorsal mandibular articulation enlarged
(Fig. 5B); (3) toruli oriented dorsolaterally rather
than simply dorsally (Fig. 5A); (4) procoxae elongate,
about twice as long as wide (Fig. 2C); (5) prodisticoxal
foramen ‘closed’ and protrochanter narrowly necked
(Fig. 4F) [Note 1]; (6) meso- and metathoracicocoxal
articulations ‘closed’, i.e. directed ventrally rather than
laterally or ventrolaterally (Fig. 4F); (7) abdominal
segment Il completely petiolated (Fig. 4F); (8)
subpetiolar process present (Fig. 4F); (9) prora present
(Fig. 4F).

I. Among Formicidae, identifiable as
tSphecomyrminae: (1) Mandibles simple
and bidentate (Fig. 5A), without: (a) being
strongly bowed and multidentate as in the
tCamelomecia group, (b) the scythe-like blade as
in the haidomyrmecine fHaidomyrmex clade, (c)
projecting anteriorly with numerous teeth as in
the haidomyrmecine TAquilomyrmex clade, or (d)
the strong torsion of {Zigrasimeciini (the state
in fBoltonimecia is uncertain); (2) the antennal
scrobes on the face do not extend all the way to
the compound eye (Fig. 4B) (such scrobes observed
in fZigrasimeciinae, including fBoltonimecia)
[Note 2]; (3) anterolateral corners of head not

IIL.

III.

. Within {Gerontoformica,

produced as robust triangles (Fig. 5A) (such corners
observed in 7Dilobops of the THaidomyrmecinae);
and (4) (a) scapes shorter than the width of the
head (Fig. 5A) and (b) clypeus not extending
posteriorly between the toruli (Fig. 2L) (such
extension observed in TBrownimeciinae);

Within {Sphecomyrminae, identifiable as
tGerontoformica: (5) anteromedian clypeal
margin not produced as distinct medial lobe
(Fig. 2L); vs. such a lobe present (tSphecomyrma,
TG. tendir) [Note 3]; and (6) (a) mandibles short
and fitting against clypeus when closed (Fig.
5A) and (b) metanotum developed (Fig. 2C); vs.
mandibles elongate and metanotum not developed
(tMyanmyrma);

Within fGerontoformica, with the following
unique condition: (7) the anteroventral
(‘subpetiolar’) process of the petiolar sternum
long, orthogonal to the longitudinal axis of the
petiole, and more-or-less rod-like, i.e. with anterior
and posterior margins parallel to subparallel
(Fig. 2C); vs. short and triangular (G. gracilis,
TG. occidentalis, TG. pilosa, tG. robusta, TG. rugosa,
TG. spiralis, TG. subcuspis, TG. tendir) [Note 4];
identifiable as
a member of the pilosa species group: (8)
mesoscutum with distinct, raised transverse
carina separating mesoscutal and mesoscutellar
regions (Fig. 6B); vs. such a carina entirely absent
or only poorly developed laterally, thus incomplete
medially and not forming a distinct angle between
the mesoscutal and mesoscutellar regions in
profile view (cretacica, gracilis groups); (9) tergum
of petiolar node anteroposteriorly longer than
dorsoventrally tall (Fig. 2C); vs. petiolar node
tergum taller than long (cretacica group); and (10)
abdominal segment IV (metasomal III) with the
cinctus distinct and impressed, i.e. divided into
pre- and post-sclerites by a transverse sulcus (Fig.
5E);

V. Within the pilosa species  group,
distinguished from all species by the
following: (11) cinctus developed, but

transverse sulci weakly impressed, thus pre-
and postsclerites of abdominal segment IV not
meeting at strongly oblique angle (Fig. 5E); vs.
transverse sulci deeply impressed, thus pre-
and postsclerites meeting at distinct oblique
angle (TG. contega, TG. magna, TG. pilosa); (12)
head in full-face view broader lateromedially
than long anteroposteriorly, excluding eyes (Fig.
2L); vs. head longer than broad ({G. contega,
TG. magna, TG. pilosa) [Note 5]; (13) pretarsal
claws edentate (Fig. 5G, I, J); vs. each claw with
a single tooth of variable location (fG. contega,
TG. magna, 7G. pilosa) [Note 6]; and (14) body
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