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Fossil ants (Hymenoptera: Formicidae): ancientrdityeand the rise of modern lineages
Phillip BARDEN

Abstract

The ant fossil record is summarized with specitdrance to the earliest ants, first occurrencesadern lineages, and
the utility of paleontological data in reconstrtievolutionary history. During the Cretaceous, frapproximately
100 to 78 million years ago, only two species afnitively assignable to extant subfamilies —mltative crown group
ants from this period are discussed. Among thaesarhnts known are unexpectedly diverse and higbtyal stem-
group lineages, however these stem ants do nospéar® the Cenozoic. Following the CretaceouseBgéne boun-

» dary, all well preserved ants are assignable taierBormicidae; the appearance of crown ants irfdksil record is
summarized at the subfamilial and generic levehegally, the taxonomic composition of Cenozoic assfl communi-
ties mirrors Recent ecosystems with the "big foutifamilies Dolichoderinae, Formicinae, Myrmicinaed Ponerinae
comprising most faunal abundance. As reviewed hgoauthors, ants increase in abundance dramaticath the
Eocene through the Miocene. Proximate driversirglab the "rise of the ants" are discussed, asrthrity of this
increase is due to a handful of highly dominantig® In addition, instances of congruence andlicomiith molecular-
based divergence estimates are noted, and disgjhost" lineages are interpreted. The ant fossibré is a valuable
resource comparable to other groups with exterfeissil species: There are approximately as mangribes fossil
ant species as there are fossil dinosaurs. Thegaration of paleontological data into neontologioguiries can only
seek to improve the accuracy and scale of genengfeatheses.
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"While an ant was wandering under the shade ofrdeof Phaeton, a
drop of amber enveloped the tiny insect; thus she in life was dis-
regarded, became precious in death." Martial, Epigrams Book VI

Introduction

paleomyrmecology dates to the™@ntury, the field has
advanced rapidly over the last several years. Egere-
views effectively summarize important aspects dépa
myrmecology (laPoLLA & al. 2013) and synthetic ana-
lyses of fossil data yield novel conclusions relgtio ant

Marcus Valerius Martialis' lines above were writtegarly
two millennia ago in the first century CE ¢BN 1859).
The tree of Phaeton refers to a story from Greekhmy
ology: Phaeton was said to be the son of Helias Sthn
god who drove the chariot that hauled the celebutaly

through the sky. Phaeton pleaded with his fathemiltt
the chariot until Helios relented and Phaeton tcohtrol.
In his inexperience, Phaeton scorched the Eargatiolg
the vast African deserts. Zeus, having spottediéstruc-
tion, killed Phaeton with a bolt of lightning in @ffort to
lessen the catastrophe. Distraught, Phaeton'sssigéh-
ered and wept at the sight in perpetuity, evernyuiéy

transformed into poplar trees, their tears intalgolamber.

Martial was no doubt referring to the aestheticubgaf
amber fossils; however, the value of amber is neeo
gnized as a direct window into the very distant.gasnay
not be common for lithified rock fossils to be impor-
ated into necklaces or bracelets, however thesef amirse
also precious portholes that enrich our understandnd
inspire wonder.

evolution (e.g., RCHIBALD & al. 2011,GUENARD & al.

2015), it remains necessary to reevaluate the difvéd re-
cent critical discoveries. To be sure, the digidla of 100
million years of morphological, paleoethologicaidaeco-
logical information will be a perpetual objectiwhile

there are obvious gaps and biases in the fossitdespe-
cimens trapped in amber or impressed in rock hiayed
an important role in detailing the history of onena-
ture's greatest success stories.

The earliest ants

The earliest definitive ants are from the Cretasediaxa
that are confidently assigned to the Formicidaeeapp
first in the fossil record during the Albian (Tab), in
Charentese amber from France aged 100 Ma (megasannu

With approximately 730 described species from 67 de (NEL & al. 2004,PERRICHOT& al. 2008,PERRICHOT2015)

posits worldwide, the ant fossil record is exteasiWhile

along with approximately contemporaneous Burmedseam



Tab. 1: A summary of all known ants from the Mesoz®axa denoted with a are of dubious placement, the phylo-
genetic position of these genera, along Bietikuris CretomyrmaCretopone Dlusskyidris andPetropong has never been
tested. * Indicates uncertain age. Ages are irigngl of years before present. * Indicates uncedgim of locality.

Taxa Deposit ‘ Age (Ma) ‘ Reference
Subfamily Brownimeciinae BOLTON
Tribe Brownimeciini BOLTON
GenusBrownimecic GRIMALDI , AGOSTI& CARPENTER
Brownimecia clavatiGRIMALDI, AGOSTI& CARPENTER | New JerselAmber | 92.0 [94.3- 89.3 | GRIMALDI & al. (1997
Subfamily SphecomyrminaeWILSON & BROWN
GenusBaikuris DLUSSKY
Baikuris caseGRIMALDI, AGOSTI& CARPENTER New Jersey Ambc | 92.0 [94.3- 89.3 | GRIMALDI & al. (1997
Baikuris nandibularis DLUSSKY Taimyr Amber’ 87.1[89.3-84.9 | DLUSSKY (1987
Baikuris mirabilisDLUSSKY Taimyr Amber’ 87.1[89.3-84.9 | DLUSSKY (1987

Baikuris maximu:PERRICHOT

Charentese Amb

100 [105.2- 99.7,

PERRICHOT(2015

GenusCretomyrmaDLUSSKY

Cretomyrma arnoldiDLUSSKY Taimyr Amber’ 87.1[89.3-84.9 | DLUSSKY (1975

Cretomyrma unicorniDLUSSKY Taimyr Amber’ 87.1[89.3-84.9 | DLUSSKY (1975
GenusDlusskyidris BOLTON

Dlusskyidris zerichini DLUSSKY Taimyr Amber’ 87.1[89.3-84.9 | DLUSSKY (1975
GenusSphecomyrm WILSON & BROWN

Sphecomyrma canader WILSON Medicine Hat Ambe | 78.5 [84.9- 70.6] | WILSON (198¢ta)

Sphecomyrma fre WILSON & BROWN

New Jerse’Ambel

92.0 [94.3-89.3

WILSON & al. (1967

Sphecomyrma meseENGEL & GRIMALDI

New Jersey Amb

92.0 [94.3- 89.3

ENGEL & GRIMALDI (2005

GenusZigrasimecic BARDEN & GRIMALDI

Zigrasimecia fero:PERRICHOT

Burmese Ambe

98.8[99.7- 94.3

PERRICHOT(2014a)

Zigrasimecia tonsol BARDEN & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

BARDEN & GRIMALDI (2013’

Tribe Haidomyrmecini BOLTON

GenusCeratomyrme: PERRICHOT, WANG & ENGEL

Ceratomyrmex ellerergeri PERRICHOT, WANG & ENGEL

‘ Burmese Ambe

98.8[99.7-94.3

‘ PERRICHOT& al. (2016I)

GenusHaidoterminus MCKELLAR, GLASIER & ENGEL

Haidoterminus cippt MCKELLAR, GLASIER & ENGEL

\ Medicine Hat Ambe‘ 78.5 [84.9- 70.6 \ MCKELLAR & al. (20137

GenusHaidomyrmode PERRICHOT, NEL, NERAUDEAU,
LACAU & GuYOT

Haidomyrmodes mammuthPERRICHOT, NEL,
NERAUDEAU, LACAU & GUYOT

Charentese Amb

100 [105.2- 99.7.

PERRICHOT& al. (2008

GenusHaidomyrme) DLUSSKY

Haidomyrmex cerbertDLUSSKY

Burmese Ambe

98.8[99.7- 94.3

DLUSSKY (1996

Haidomyrmex scimitaruBARDEN & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

BARDEN & GRIMALDI (2012

Haidomyrmex zigrasBARDEN & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

BARDEN & GRIMALDI (2012

Subfamily incertae sedi:

GenusCamelomeci BARDEN & GRIMALDI

Camelomecia janovit.BARDEN & GRIMALDI

‘ Burmese Ambe

98.8[99.7-94.3

‘ BARDEN & GRIMALDI (2016

GenusCretcpone DLUSSKY

Cretopone magnDLUSSKY

‘ Kzyl-Zhar, Kazakste

91.8[94.3-89.3

‘ DLUSSKY (1975

GenusGerontoformice NEL & PERRAULT

Gerontoformica contegtBARDEN & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

BARDEN & GRIMALDI (2014)

Gerontoformica cretacicNEL & PERRAULT

Charentese Amb

100 [105.2- 99.7,

NEL & al. (2004’




Gerontoformica gracilisBARDEN & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

BARDEN & GRIMALDI (2014

Gerontoformica magntBARDEN & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

BARDEN & GRIMALDI (2014

Gerontoformica maraude BARDEN & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

BARDEN & GRIMALDI (2016’

Gerontoformica occidental FERRICHOT, NEL, NERAUDEAU,
LACAU & GuyoT

Charentese Amb

100 [105.2- 99.7,

PERRICHOT& al. (2008

Gerontoformica orientalilENGEL & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

ENGEL & GRIMALDI (2005

Gerontoformica pilosSuBARDEN & GRIMALDI

Burmese Ambe

98.8[9¢7-94.3

BARDEN & GRIMALDI (2014

Gerontoformica rubustuBARDEN & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

BARDEN & GRIMALDI (2014

Gerontoformica rugosSuBARDEN & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

BARDEN & GRIMALDI (2014

Gerontoformica spirali BARDEN & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

BARDEN & GRIMALDI (2014

Gerontoformica subcuspBARDEN & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

BARDEN & GRIMALDI (2014

Gerontoformica tend BARDEN & GRIMALDI

Burmese Ambe

98.8[99.7- 94.3

BARDEN & GRIMALDI (2014

GenusMyanmyrme ENGEL & GRIMALDI

Myanmyrma gracili ENGEL & GRIMALDI

‘ Burmese Ambe

‘98.8 [99.7-94.3 ‘ENGEL& GRIMALDI (2005

GenusPetropont DLUSSKY

Petropone petiolal DLUSSKY

‘ Kzyl-Zhar, Kazakste

91.8[94.3-89.3 \ DLUSSKY (1975

Subfamily Aneuretinae EMERY

GenusCananeuretu ENGEL & GRIMALDI

Cananeuretus occidentaENGEL & GRIMALDI

| Medicine Hat Ambe| 78.5 [84.9- 70.6

. | EncEL& GRIMALDI (2005,

GenusBurmomyrme DLUSSKY

Burmomyrma ros DLUSSKY

‘ Burmese Ambe

98.8[99.7-94.3 | DLUSSKY (1996,

Subfamily Dolichoderinae FOREL

GenusEotapinome DLUSSKY

Eotapinoma macalpi DLUSSKY

| Medicine Hat Ambe | 78.5 [84.9- 70.6

| | DLussky (1999

Tribe Leptomyrmecini EMERY

GenusChronomyrmes MCKELLAR, GLASIER & ENGEL

Chronomyrmex medicinehater MCKELLAR, GLASIER &
ENGEL

Medicine Hat Ambe

78.5 [84.9- 70.¢]

MCKELLAR & al. (20139

Subfamily Ectatomminae EMERY

Tribe Ectatommini EMERY

GenusCanapont DLUSSKY

Canapone dentatDLUSSKY

| Medicine Hat Ambe | 78.5 [84.9- 70.6

. | DLussky (1999

Subfamily Formicinae Latreille

GenusKyromyrme GRIMALDI & AGOSTI

Kyromyrma neffGRIMALDI & AGOSTI

‘ New Jersey Albel ‘ 92.0[94.3-89.3

] ‘GRIMALDI & AGOsTI(2000

Subfamily Myrmicinae LEPELETIER DE SAINT -FARGEAU

GenusAfromyrma DLUSSKY, BROTHERS& RASNITSYN

Afromyrme petros: DLUSSKY, BROTHERS& RASNITSYN

‘ Orapa, Botswar

91.8[94.3-89.3 | DLUSSKY & al. (2004

Subfamily PonerinaeL EPELETIER DE SAINT -FARGEAU

GenusAfropone DLUSSKY, BROTHERS& RASNITSYN

Afropone oculat DLUSSKY, BROTHERS& RASNITSYN

Orapa, Botswar

91.8[94.3-89.3

DLUSSKY & al. (2004

Afropone orapeDLUSSKY, BROTHERS& RASNITSYN

Orapa, Botswar

91.8[94.3-89.3

DLUSSKY & al. (2004

from Myanmar dated to 99 Ma (DSsKy 1996,ENGEL
& GRIMALDI 2005,BARDEN & GRIMALDI 2014).

taxonomy based largely on extant taxa to the estnfia-
tative ant ancestors. There is an extensive botlieadture

A definitional question: No retrospective relating to relating to what exactly constitutes an ant (&/¢LSON
fossil ants would be complete without a discussibsyn- & al. 1967,DLUSSKY 1983, WILSON 1987, GRIMALDI &
apomorphies and the challenges inherent in applging al. 1997,BoLTON 2003,GRIMALDI & ENGEL 2005,WARD
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Fig. 1: The mesosoma of a Cretaceous @etontofor-
mica robustu§BARDEN & GRIMALDI, 2014) in lateral view.
The metapleural gland opening, visible posteroadiytr
on the propodeum, has traditionally been a keyfedabor
assigning fossils to Formicidae. Note also the gmmes of
a distinct metanotal sclerite, with clear suturesath mar-
gins — present in many workers of early ant linsagen-
trasted with almost all extant species where thgrent
is lost or reduced to a groove. Redrawn froaRBEN &
GRIMALDI (2014).

0.25 mm

2007,LAPoLLA & al.2013), and perspectives on the sub-
ject are driven largely by fossil material availalit the
time. Among modern taxa, there are generally foar-m
phological synapomorphies (with some exceptioretire)
to secondary losses) that define ants:

Presence of a metapleural gland (in females),

abdominal segment Il differentiated into a distipeti-

ole segment,

geniculate (elbowed) antennae, and

antennal scape elongate (corresponds with above).

Since the discovery of the first Cretaceous aset,piti-

mary synapomorphy for including an early fossilhirit
the family Formicidae has been the presence offritia-
pleural gland (W.SON & al. 1967). The gland, found only
in ants, is fairly complex, exuding a range of mtrobial
and communication-aiding chemicals{H DOBLER &
ENGEL-SIEGEL 1984,YEK & MUELLER 2011). Gland pre-
sence is determined by a distinct opening on theome
soma — while there are spiracles positioned lateal
the propodeum in ants (situated anterodorsallyostr@re-
taceous taxa), the gland is visible as a sepaeati¢ycor
slit positioned posteroventrally (Fig. 1). There ap known
taxa that exhibit a metapleural gland while lackandif-
ferentiated petiole segment, however, most early do
not possess the elongate scape characteristicadmant

presence of a metapleural gland and a shortenquksca
that is ~ 25% length of the remaining antennal ssgm
together (full diagnostic features listed imBoN 2003).
The monotypic subfamily BrownimeciinaeBrownimecia
clavataGRIMALDI, AGOSTI& CARPENTER 1997 was ini-
tially placed in Ponerinae but has since had ita sub-
family erected by BLTON (2003) — is characterized by a
long scape similar to modern taxa, but fits no o#lee
described subfamilies, mandible dentition and stinecin
particular are distinct. Even with these fossilfamtulies,
many taxa are regarded as incertae sedis, as dmnpt
be reliably placed due to preservation quality er gn-
other unique set of features. Regardless of taximasi
signment, many of these early taxa are now knowstto
cupy a unique position among the ants.
Paleomyrmecological paradigm shift:The discovery
of Sphecomyrma freNILSON & BROWN, 1967 in Turo-
nian aged amber from New Jersey dated to 92 Ma-(G
MALDI & al. 2000) would shape interpretations on early
ant evolution for decades. Prior to any pre-Eocentalis-
coveries, it had been suggested that ancestrahant
phology would be similar to modern members of the
Tiphiidae (BRowN 1954) with wingless females. Remark-
ably, the description d8. freyiclosely matched expecta-
tions for this hypothetical ancestor, down to thethed
tarsal claws: a generalized morphology with wagp-li
features and some hallmarks of modern ants $ON &
al. 1967). This example of fossil prediction based »n e
tant fauna is so prevalent it is featured in sonteduct-
ory textbooks (BTuYmMA 2013). Initial speculation was that
S. freyiwas ancestral to some, but, not all ant lineages,
namely: Aneuretinae, Dolichoderinae, Formicinae rMy
meciinae, and Pseudomyrmecinaell($%N & al. 1967).
It was not until the rediscovery of the myrmecietho-
myrmecia macrop€LARK, 1934 and subsequent recon-
sideration that Sphecomyrminae was proposed tambe a
cestral to all modern ants AYLOR 1978). Were these
early ants the "ancestral forms" of extant line&g@si-
MALDI & al. (1997) performed a series of phylogenetic
analyses that recover&bhecomyrmamong a polytomy
at the base of the Formicidae, a finding suggestfybut
not entirely confirming, a stem-group relationshiih re-
spect to modern ants; Brownimeciinae was at the tien
covered with a close relationship to ponerinesc&ite
first phylogenetic treatment almost twenty years,dbe
number of described ants from the Cretaceous has mo
than doubled (Tab. 1). These discoveries have diama

workers and queens. Some Cretaceous species dlso exally expanded known diversity: From apparently fygh

bit a distinct metanotal sclerite not present instrextant
ant species but known in other aculeates (&grpnto-
formica, Sphecomyrmasome Haidomyrmecines). Beyond
these features, only two of forty-five known spsdiem

specialized feeders likeamelomecidBARDEN & GRI-
MALDI 2016), haidomyrmecines (DSSky 1996,ENGEL
& GRIMALD!I 2005, PERRICHOT & al. 2008, BARDEN &
GRIMALDI 2012, MCKELLAR & al.2013aPERRICHOT& al.

the Cretaceous are unambiguously assignable tormode 2016b), andZigrasimecia(BARDEN & GRIMALDI 2013,

subfamilies based on other characteristics. Sq thexany
early fossil taxa fail to meet each criterion fofamily-
level diagnosis and elude placement within livingfam-
ilies, what exactly are they?

PERRICHOT20144a) to species @erontoformicawith ad-
aptations analogous to those exhibited by living ta\NEL
& al. 2004,PERRICHOT& al. 2008,BARDEN & GRIMALDI

2014), it is now clear that early ants were spéxéal

The earliest ants known are assemblages of ant syrbeyond expectation. With respect to overall heatiaouy

apomorphies and plesiomorphic features exhibiteddwy
ant relatives. These affinities prompted the eveatif two
subfamilies known only from Cretaceous fauna: Sphec
myrminae (WLSON & al. 1967) and Brownimeciinae (&-
TON 2003). Sphecomyrmine diagnostic features include th

shape, Cretaceous ants occupy approximately 10%eof
morphospace known from modern taxanRBEN & GRI-
MALDI 2016). Particularly in the case of feeding morpho-
logies, some of these adaptations are not prereartyi
extant species. How might perceptions of earlyemm-
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Fig. 2: Micro-CT reconstruction diaidomyrmex scimita-

rus BARDEN & GRIMALDI, 2012 in Burmese amber. While

the red coloration of this image is artificial, anglor-

scheme applied would be as well as X-ray imaging ca

tures no coloration. Shapes surrounding the specane
plant and mineral synclusions. Imaging performe@at-

nell Biotechnology Resource Center Imaging Facilitth

help of M. Riccio.

lution developed had Wilson, Carpenter, and Broinst f
encountered a haidomyrmecine "hell ant" — withsttek-
ing scythe-shaped mandibles (Fig. 2) — insteatt@fen-
eralizedSphecomyrma freyiearly 50 years ago?

2) Co-occurrences. Ants are rare in early fos-
sil deposits; material recovered to date suggéstsants
were a minor part of ecosystems during the Mesozoic
they comprise less than 2% of all insects in Cretas
amber (reviewed in AMALDI & AGOSTI2000,DLUSSKY
& RASNITSYN 2002,LAPOLLA & al.2013). It is therefore
highly unlikely that multiple conspecific workerslbe
present in the same fossil specimen. Two worke&pbie-
comyrma freyi(see @RIMALDI & AGOSTI2000), three
complete and two partial workers Bigrasimecia(PEr-
RICHOT 2014a), as well as between two and eleven con-
specific workers ofGerontoformica(PERRICHOT & al.
2008,BARDEN & GRIMALDI 2016) have been reported or
described as synclusions. These later aggregadjmpmsar
to suggest fairly advanced social behavior, as@esovould
have to be large enough to field at least 11 foiggiork-
ers at one time (assuming these individuals ane fitee
same colony).

Recent phylogenetic analyses appear to confirm that
most Cretaceous ants correspond to lineages digtim
living, crown group ants, consistent with a sterowgr
assignment (Fig. 3; BRDEN & GRIMALDI 2016). A crown-
group is a monophyletic group comprising the lashe
mon ancestor of all extant group members and &t de
cendants of that common ancestor, living or extiBot
cept in cases of derived losses, crown-group mesnber
possess all synapomorphes, or, defining featuraschar-
acterize the group. A stem-group refers to non-ortaxa
that are more closely related to the crown groam tthey
are to the nearest extant sister group; a stenrpgsopara-
phyletic with respect to the crown grougKBERIES1979,
SMITH 1994). In other words, any taxon more closely re-
lated to extant ants than to extant wasps withallinfy
into crown Formicidae, is a stem group ant. Evethéf
taxon possesses some, but not all of the feathegsle-
fine crown-group ants, it would be positioned witktem-

Eusocial behavior, manifested in the maintenance ofyroup Formicidae. While some authors (e.gAG@ALLON

colonies and reproductive division of labor, i®ifsa de-
fining feature of ants (BILLDOBLER & WILSON 1990) and
so, if advanced social behavior could be infernexnf
fossil material, this too would support placemeithin
the Formicidae. A female morphotype without wingsym
therefore be suggestive of ant affinities and akeocaste,
however, there are multiple aculeate groups withgleiss
females and solitary behavior (Bethylidae, Bradyaeb
idae, Mutillidae, Tiphiidae; GULET & HUBER 1993). Early
ants are now known to have exhibited sociality ase
marily on two lines of evidence:

1) Caste-differentiation. ltis difficult, if not
impossible, to confidently determine that two refirc-
tive castes known from fossil specimens are cornfpec
The problem is similar to that of identifying corsfic
ontological stages or sexually dimorphic individuatiow-
ever, it is possible to infer that castes may bglenthe

same taxonomic unit at a higher scale based onhmoerp

logical similarity; such taxa may be consideredccatied

2004,WARD 2007) have used the term stem group to de-
scribe the crown group and stem lineages, thisausag
not adopted here. Stem group designation should&ot
informed by existing divergence estimates becastie e
mates themselves are malleable hypotheses thabtcaan
treated as fixed temporal frameworks. Instead, nelg-
covered fossils should be appended to dataseitzedtilo
inform divergence estimates. This action prevehtsm-
ology of research from acting as a factor in fopkilce-
ment. Stem or crown group designation should bedas
on observable features and ideally from phylogersatia-
lysis.

Molecular divergence estimates suggest that crown-
group ants originated between approximately 11514
million years ago (BADY & al. 2006, MOREAU & al.
2006,MOREAU & BELL 2013); estimates vary largely ac-
cording to dataset and analytical assumptions. @dypa
younger molecular estimates are in stronger agraeme
with the fossil record, in particular because Jsi@ssti-

sciotaxa (BENGTSON1985). There are congeneric queen andmates conflict heavily with the fossil record, hey ex-

worker castes known from four genetdaidomyrmex
(BARDEN & GRIMALDI 2012),Haidomyrmodegdetermined
conspecific; BRRICHOT& al. 2008),Gerontoformicgqueen
described but not namedABDEN & GRIMALDI 2016),
andZigrasimecia(BARDEN & GRIMALDI 2013,PERRICHOT
2014a).

ceed the age of the oldest aculeate fosSSIIRSYN &
QUICKE 2002,BRADY & al.2009;also see "Where the ants
are not"). Although there are no ant fossils olth@n 100
Ma, these estimates suggest that stem-group lisesuk
the early ancestors of modern ants co-occurred fubs-
tantial period of time. Despite unexpected divgraind
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with respect to taxon sampling. No crown age inebtidor AneuretinaeMartialis, and Paraponerinae as these are
monotypic. Agroecomyrmecinae includes no crown dge to insufficient terminal sampling. Lineageshniotted
lines were not placed directly through analyses,rather added to the molecule-derived topologiofeau & Bell,
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Tab. 2: All fossil deposits with described ant talxacation data from The Paleontology Databas@ghtpaleobiodb.org).
* Indicates some controversy surrounding age of ltmality. Ages are in millions of years before geat. While
DLUSSKY & RASNITSYN (2009) consider so-called "Scandinavian amberirdisfrom Baltic amber, | do not adopt this
distinction here as it is controversial and baseddly on faunal composition which appears to sgrificant overlap.
Bitterfeld amber, once considered to be a redepasdf Baltic amber, is in fact a distinct deposftunique origin

based on chemical analyses@We & al. 2016), and therefore considered here as a sepacatéy.

No. and deposit nam | Location Age and range Age referenct Genere
1 Charentese Amb 45.9°N, 07°W 100 [105.2-99.7 | PERRICHOT& al. (2010 | Table :
2 Burmese Amb 26.4°N, 96.7°1 | 98.8[99.7-94.3 |SHI & al. (2012 Table :
3 New Jersey Amb 40.4°N, 74.3°V |92 [94.3- 89.3] GRIMALDI & al. (2000 |Table :
4 Kzyl-Zhar, Kaza- 44 4°N, 67.°E |91.8[94.3- 89.3 | RASNITSYN & QUICKE | Table :
star (2002
5 Orapa, Botswal 22.3°S, 26.4° 91.8[94.3-89.3 |RAYNER& al. (1997 |Table:
6 Taimyr Amber 73.8°N, 101.4° |87.1[89.3-84.9 |RASNITSYN& QUICKE |Table:
(2002,
7 Medicine Hat Ambe | 49.8°N 111.7°W\ | 78.5[84.8- 70.6. | MCKELLAR & al.(2013y) | Table :
8 Fur II‘:ormation, De- |56.9°N, 8.8° 55 [55.8- 54.1] ARCHIBALD & al. (2006 | Ypresiomyrm (ARCHIBALD & al. 200€)
mar
9 Oise Ambe 49.3°N, 2.7° 53.5[565.0-52.00 |ARIA& al. (2011 Platythyiez (ARIA & al. 2017)

10 Fushun Ambt

41.8°N, 123.9°

52.2 [55.8- 48.6

WANG & al. (2011

Brachytarsites(HONG 200z), Camponotu
(NAORA 1933),Clavipetiola, Curticorna
Curtipalpulus EoaenictitesEogorgites Eo-
leptoceritefHONG 2002),EomyrmeXHONG
& al.1974),EoponeritesEurytarsites Furci-
sutura, Fushuniformica Fushunomyrmex
Huaxiaformica LeptogasteritusLiaoformicag
Longicapitig Longiformica Magnogasterites
Orbicapitia, Orbigastrulg Ovalicapitq Ovali-
gastrula Quadrulicapitq Quineangulicapitp
Sinoformica SinomyrmexSinotenuicapitp
Sphaerogasterite§Vilsonig WumyrmexXHONG
2002)

11 Green River, US

43.3°N, 94.5°V

51 [53.5- 48.5]

SMITH & al. (2008

Archimyrme (COCKERELL 192%b), Camptnotus
(ScubbER1877a),Dolichoderus Eoformica,
KohlsimyrmaMianeuretusMyrmecitesPachy-
condyla,Ponerites Proiridomyrmex Solenop-
sites(DLUSSKY & RASNITSYN 2002), Titano-
myrme (ARCHIBALD & al. 2011)

12 McAbee, Canar

50.8°N, 121.1°V

51 [55.8- 48.6]

EwING (1981

Avitomyrme> Macabeemyrm: Myrmeciites
Ypresiomyrm (ARCHIBALD & al. 200€)

13 Klondike Mour-
tain, USA

48.7°N, 118.7°V

49 [55.8- 48.6]

ARCHIBALD (2009

Camponotite (DLUSSKY & RASNITSYN 1999),
Klondikia (DLUSSKY & RASNITSYN 200%)

14 Ventana Formatiol
Argenting

41.1°S, 70.8°V

47.7[48.6-40.4

WILF (2012

Archimyrme (VIANA & HAEDO ROSSI1957
RossI DEGARCIA 1987)

15 Messel Formatior
Germany

49.9°N, 8.8°t

47 [48.6- 40.4]

MERTZ& RENNE (2005

Archimyrme (DLUSSKY 2012), Casalei;, Ce-
phaloponeCyrtopone(DLUSSKY & WEDMANN
2012),GesomyrmefDLUSSKY & al. 2009),Mes-
selepongDLUSSKY & WEDMANN 2012),0eco-
phylla (DLussKY & al. 2008),Pachycondyla
(DLUSSKY & WEDMANN 2012,DLUSSKY & al.
2015),Protopone Pseudectatomm@LUSSKY
& WEDMANN 2012), TitanomyrmgARCHIBALD
& al. 2017)

16 Kishenehn Forn-
tion, USA

48.4°N, 113.7°V

46 [48.4- 38.6]

CONSTENIUS(1996

Crematogaste, Dolichoderu, Eoformicg, For-
mica, Ktunaxig Lasius PoneritesProiridomyr-
mex ProtaztecaPseudomyrmexSolenopsites
(LAPOLLA & GREENWALT 2015)

17 Bagshot Beds, L

50.7°N, 2.1°V

44.6[47.8-413

JARZEMBOWSKI (1996

Formice (COCKERELL 192(), Formiciur (WEST
WOOD 1854 ARCHIBALD & al.2011),0Oecophylla
(COCKERELL192()

18 Sakhalin Ambel

47.4°N, 142.8°

44.6[47.8-413

BARANOV & al. (2014

Aneuretellu, Chimaeromyrm, Eotapinom;,
Protopony, Zherichinius (DLUSSKY 198¢)

19 Claiborne ambe

34.4°N, 92.8°V

44,5 [48.6- 40.4

SAUNDERS& al. (1974

Eocenidrit, Iridomyrme, Protrechine (WILSON
198ta)




20 Claiborne Forrmr-
tion*

36.4°N, 88.3°V

445 [48.6- 40.4

SAUNDERS& al. (1974

Formicium (CARPENTER192¢, ARCHIBALD &
al. 201J)

21 Eckfeld Formatior
German'

50.1°N, 6.8°t

44.3[49.0- 44.0

MERTZz& al. (2000

Gesomyrme (DLUSSKY & al. 200¢), Oecphylla
(DLussKY & al. 200€)

22 Baltic Amber:

54.9°N, 19.9°

44.1[47.8-413

WEITSCHAT & WICH-
ARD (2010)

Agroecomyrme (WHEELER191E), Aphaengas-
ter (MAYR 1868 WHEELER 1915),Asymphylo-
myrmex(WHEELER 1915),Bilobomyrma(RAD-
CHENKO & DLUSSKY 2013),Bradoponera
(MAYR 1868,DE ANDRADE & BARONI URBANI
2003),CamponotusCarebara(MAYR 1868),
Cataglyphoide¢DLUSSKY 2008a) Ctenobethylus
(Box 1), Dolichoderu§WHEELER1915,DLUSS
KY 2002a,2008b),DrymomyrmexXWHEELER
1915),EldermyrmeXHETERICK & SHATTUCK
2011),ElectromyrmexElectroponera WHEE-
LER 1915),Enneameru$MAYR 1868),Eoceno-
myrma(DLUSSKY & RADCHENKO 2006a) Fal-
lomyrma(DLUSSKY & RADCHENKO 2006b),
Formica(PRESL& PRESL1822, HoLL 1829,
BERENDT1830,GIEBEL 1856,MAYR 1868,
WHEELER 1915,DLUSSKY 2002b,2008a) Geso-
myrmexDLUSSKY & al.2008),Glaphyromyrme:
(WHEELER 1915),Gnamptogenysdypoponera
(DLussky 2009),Lasius(MAYR 1868 WHEELER
1915),Liometopun{WHEELER 1915),Monomo-
rium (MAYR 1868, WHEELER1915),Myrmica
(MAYR 1868,RADCHENKO & al.2007,RAD-
CHENKO & ELMES 2010),Nylanderia(LAPOLLA
& DLUSSKY 2010),0ecophylla(MAYR 1868,
WHEELER& al. 1922),PachycondyldBoLTON
1995,DLUSSKY 2002b,2009),Parameranoplus
ParaneuretugWHEELER1915),Pheidole(HoLL
1829, MAYR 1868),PityomyrmeXWHEELER
1915),Plagiolepis(MAYR 1868,DLUSSKY
2010),Platythyrea(WHEELER 1915),Ponera
(DLussKY 2009),Prenolepis(MAYR 1868),
PrionomyrmexXMAYR 1868,BARONI URBANI
2000),PristomyrmeXDLUSSKY & RADCHENKO
2011),Procerapachy$ WHEELER1915 DLUSS
KY 2009),Proceratium(DLUSSKY 2009),Prodi-
morphomyrmeXWHEELER1915),Protaneure-
tus (WHEELER 1915),Protoformica(DLUSSKY
1967),Protomyrmica(DLUSSKY & RADCHENKO
2009),Pseudolasiu§WWHEELER1915),Stenamma
(DuBO0Is 1998),Stigmatomm#DLUSSKY 2009,
Y OSHIMURA & FISHER2012),Stigmomyrmex
(MAYR 1868),StiphromyrmeXWHEELER1915),
TemnothoraXMAYR 1868 WHEELER1915,
BOLTON 2003,DLUSSKY & RADCHENKO 2006a),
Tetramorium(RADCHENKO & DLUSSKY 2015),
Tetraponera DLUSSKY 2009),UsomyrmaDLUSS
KY & al.2014),Vollenhovia(WHEELER1915),
Yantaromyrme (DLUSSKY & DUBOVIKOFF 2015)

1

23 Belarus Ambei

52.1°N, 24.2°I

44.1[47.8-413

ENGEL (2001

Liometopur (NAZARAW & al. 1994 HETERICK
& SHATTUCK 2011)

24 Elko Formation
USA

41.1°N, 115.5°V

42.5[46.3-38.6

HENRY (2008

Pseudocamponot (CARPENTER193()

25 Bol'shaya SvetH-
vodnaya, Russia*

46.6°N, 138.1°|

35.6 [37.2- 33.9

DLussKY & al. (2015

Agastomyrm, Biamomyrm, Casaleii, Dolichc-
derus EmplastusFormica GesomyrmexLio-
metopumMyrmecitesPachycondylaParaneu-
retus Proceratium YpresiomyrmgDLUSSKY
& al. 201F)

26 Brunstatt, Fran: 47.7°N, 7.3° 35.6 [37.2-33.9 |FIKA EK& al. (2011, | Camponotu: Oecophylle(FORSTER1897), Sc-
lenopsis(THEOBALD 1937)

27 Célas Gard, Franc 44.1°N, 4.2° 35.6[37.2-33.9 | NEL& al. (2008 Tetraponer: (WARD 199()

28 Kleinkems, Ge- 47.7°N, 7.5° 35.6 [37.2-33.9 |FIKA EK& al. (2011 | Aphaenogaste Dolichoderu: (THEOBALD 1937),

many

Eoformica(DLUSSKY & al.2009),Formica Ge-
somyrmexridomyrmex Oecophylla THEOBALD
1937),Pachycondyla(THEOBALD 1937,BoL-
TON 1995),Solenopsi¢THEOBALD 1937,0z-

DIKMEN 2010)




29 Ku lin Czech R-
public

50.5°N, 13.8°l

35.6 [39.1- 32.0;

KVA EK (2002

Dolichoderu: (DALLA TORRE189%)

30 Mossy Creek, US

30.5°N 96.3°W

35.6 [37.2- 33.9

PaleoBio Databa

Formice (COCKERELL 192%a)

31 Rovno Amber

50.6°N, 26.3°I

35.6 [37.2- 33.9

PERKOVSKY & al. (2007

Aphaenogast (DLUSSKY & PERKOVSKY 2005),
Bilobomyrma(RADCHENKO & DLUSSKY 2013a),
Boltonidris (RADCHENKO & DLUSSKY 2012),
Carebara(DLUSSKY & PERKOVSKY 2002),
Dolichoderug( DLUSSKY & PERKOVSKY 2002,
DLussky 2002a2008b),Formica (DLUSSKY
2008a) Monomorium(RADCHENKO & PERKOV-
SKY 2010),PachycondylgDLussKy 2009),Pla-
giolepis Tapinoma(DLUSSKY & PERKOVSKY
2002), TetraponeraDLUSSKY 2009),Vollen-
hovie (RADCHENKO & DLUSSKY 201:b)

32 Florissant, US

38.9°N, 105.3°V

34.1[37.2-33.9

EVANOFF & GREGORY-
WobDzick (2001)

Aphaenogast, Archiponer: (CARPENTER193(),
Camponotu§CARPENTER1930,0zDIKMEN
2010),Cephalomyrmexolichoderus Elaeo-
myrmeX(CARPENTER1930),Eulithomyrmex
(CARPENTER1930,1935),Formica Iridomyrmex
(CARPENTER1930),Lasius(COCKERELL 1927,
WILSON 1955),LiometopumMessor Mianeure-
tus MiomyrmexPetraeomyrmexPheidole Po-
gonomyrmexProtazteca(CARPENTER1930),
Pseudomyrme¢ (CARPENTER1930 WARD 199()

33 Bouldnor Form-
tion, UK

50.7°N, 1.4°V

33.9[37.2-33.9

HOOKER&: al. (2009

Britaneuretu, CamponotL (ANTROPOV& al.
2014),ColobopsisDolichoderus DONISTHORPE
1920,ANTROPOV& al.2014),EmplastugCock-
ERELL 1915, DONISTHORPEL920,ANTROPOV
& al.2014),Leucotaphug§COCKERELL 1915,
ANTROPOV& al. 2014),0ecophylla(COCKER-
ELL 1915),ParaphaenogastefANTROPOV& al.
2014),Ponerites( DONISTHORPEL920,ANTRO-
POV & al.2014,SCHMIDT & SHATTUCK 2014),
Solenopsite, Taphopon (ANTROPOV& al. 2014)

34 Sicilian ambel

37.4°N, 15.1°

31[33.9- 28.1]

RASNITSYN & QUICKE
(2002)

Carebaré (EMERY 1891 FERNANDEZ 2004), Cat-
aulacus CrematogasterEctatommaEMERY
1891),HypopomyrmeXEMERY 1891,BROWN
& CARPENTER1979),Leptomyrmulg EMERY
1913),0ecophylla Plagiolepis Podomyrma
Ponera(EMERY 1891),SicilomyrmexXEMERY
1891,WHEELER1915BROWN & CARPENTER
197¢), Tapinom;, Technomyrme (EMERY 1897)

35 Fonseca Formatio
Brazil

20.2°S, 43.3°y

30.1[37.2- 23.0

LARA & al. (2012

Fonsecahyme (MARTINS NETO & MENDES
2002)

36 Quesnel, Cana

53.0°N, 122.5°V

28.5[33.9- 23.0

PaleoBio Databa

Aphaenogast, Calyptite: (SCUDDER1877a),
Dolichoderus(SCUDDER 1877aSHATTUCK
199¢), Formice (SCUDDER 1877a)

37 Aix-er-Provence
France

43.5°N, 5.5°

25.7 [28.4- 23.0

RASNITSYN & QUICKE
(2002)

Aphaenogast, CamponotL (THEOBALD 1937),
Carebara(THEOBALD 1937 FERNANDEZ2004),
Dolichoderu;, Formicg, Lasius (THEOBALD 1937%)

38 Bitterfeld Amber?

51.6°N, 12.4°|

24.6[25.3-23.8

DUNLOP (2010

Bradoponeri (DLUSSKY 200€), Conoformici
(DLussKy 2008a) Dolichoderus(DLUSSKY
2008b),Formica(DLUSsSKY 2008a) Myrmica
(RADCHENKO & al.2007),Pachycondyla(DLUSS
KY 2009),Plagiolepis(DLussKy 2010),Plesio-
myrmex(DLUSSKY & RADCHENKO 2009),Pone-
ra (DLUSSKY 2009),YantaromyrmefDLUSSKY
& DUBOVIKOFF 2017%)

39 Rott, Germar

50.7°N, 7.3°t

24 [23.8- 24.2]

BOHME (2003

Aphaenogastt (MEUNIER 1915 RADCHENKO
& al.2007),Camponotu$GERMAR 1837 MAYR
1867),Formica (MEUNIER 1915),Liometopum
(MEUNIER1917,DLUSSKY & PUTYATINA 2014),
Ponera(MEUNIER 1923),PrionomyrmeXDLUSS
Ky 2017)

40 Foulden Maar, Ne
Zealani

45.5°S, 170.2°

23.2[23.3-19.0

LINDQVIST & LEE
(2009

Austroponer, Myrmecorhnchus, Rhytidcpe-
nere (KAULFUSS& DLUSSKY 201E)

41 Dominican Ambet

19.6°N, 70.8°V

20.5 [26.C- 15.0

BRoODY & al. (2001

Acanthognatht (BARONI URBANI & DE AN-
DRADE 1994),Acanthostichu¢DE ANDRADE
199¢a), Acropyg: (LAPOLLA 200E), Anochetu




(BARONI URBANI 198(a, MACKAY 1991 DE
ANDRADE 1994),AphaenogastefDE ANDRADE
1995),Apterostigma SCHULTZ 2007),Azteca
(WIiLsON 1985d),CephalotegDE ANDRADE &
BARONI URBANI 1999,DE ANDRADE 2001),
CylindromyrmexXDE ANDRADE 1998¢,2001),
CyphomyrmexDE ANDRADE 2003),Discothyrea
(DE ANDRADE 1998b),Dolichoderus(WILSON
1985d SHATTUCK 1992, MACKAY 1993),Gnamp-
togenygBARONI URBANI 1980c L ATTKE 2002),
Gracilidris (WILSON 1985d,WILD & CUEZZO
2006),llemomyrmeXWILSON 1985b),Leptomyr-
mex(BARONI URBANI 1980d),Neivamyrmex
(WiLsON 1985c),NesomyrmefDE ANDRADE &
al. 1999,BoLTON 2003),Nylanderia(LAPOLLA
& DLUssKY 2010),0dontomachuéDE ANDRADE
1994),0xyidris (WILSON 1985b),Paraponera
(BARONI URBANI 1994) Pheidole(WILSON 1985b,
BARONI URBANI 1995),Platythyrea(LATTKE
2003,DE ANDRADE 2004),Proceratium(LATTKE
1991 BARONI URBANI & DE ANDRADE 2003),
Pseudomyrme@/N/ARD 1992),Strumigeny$BA-
RONIURBANI & DE ANDRADE 1994,2007),Ta-
pinoma(WILSON 1985d),TechnomyrmefWiL-
SON1985dBRANDAO & al. 1999), Temnothorax
(DE ANDRADE 1992), TrachymyrmeXBARONI
URBANI 198(b), Zatanie (LAFOLLA & al. 201%)

42 Chiapas Ambe

16.3°N, 92.4°V

19.5[23.C- 16.0]

SOLORZANO KRAEMER
(2007)

Aphaenogast« (DE ANDRADE 199¢), Cephdo-
tes(DE ANDRADE & BARONI URBANI 1999),
CyphomyrmexDE ANDRADE 2003),Discothyrea
(DE ANDRADE 199¢a)

43 Decin, Czech F-
public

50.8°N, 14.2°|

19.5[23.C- 16.0]

SAMSI AK (1967

Camponotu (SAMSI AK 1967)

44 Radoboj, Croat

46.2°N, 15.9°

18.2 [20.4- 16.0

RASNITSYN & QUICKE
(2002)

Attopsit (HEER1849 MAYR 1867), Campontus
(HEER1849,MAYR 1867 ,DLUSSKY & PUTYA-
TINA 2014),Casaleia(HEER 1849 ,DLUSSKY &
PUTYATINA 2014),Dolichoderus(DLUSSKY &
PUTYATINA 2014),Emplastu§HEER1849 MAYR
1867,DLUSSKY & PUTYATINA 2014),Formica
(HEER 1849,1867,DLUSSKY & PUTYATINA
2014),GesomyrmeXHeEeR 1849,DLUSSKY &
PUTYATINA 2014),Heeridris (DLUSSKY & PUTY-
ATINA 2014),Lasius(HEER1849,1867 DLUSSKY
& PUTYATINA, 2014),Liometopun{HEER 1849,
1867,DLUSSKY & PUTYATINA 2014),Loncho-
myrmex(HEER1867 ,DLUSSKY & PUTYATINA
2014),MyrmecitesOecophyllaParaphaeno-
gaster(HEER1849,DLUSSKY & PUTYATINA
2014),Ponerites(HEER 1849,1867,DLUSSKY
& PUTYATINA 2014)

45 Bilina, Czech F-
public

50.6°N, 13.7°I

18 [20.0- 16.0]

PrOKOP& al. (2010

Odontomacht (WAPPLER& al. 2012)

46 Mfangano Island, Ken

0.5°S, 34.0°

17.8 [20.4- 16.0

DRAKE & al. (1988

Oecophylli (WILSON & TAYLOR 1964)

47 Borneo Ambe

2.7°N, 113.8°l

17 [17.0- 16.0]

BRODY & al. (2001

Cataulacu (DE ANDRADE & BARONI URBANI
200

48 Mok ina, Czech k-
public

50.1°N, 12.5°

16.5 [16.9- 16.0]

PaleoBio Databa

Carebar: (NOVAK 1877 FERNANDEZ 200Y),
Formica(NoVvAK 1877),Myrmica(NOVAK
1877 RADCHENKO & al. 2007)

49 Shanwang Forr-
tion, China

36.6°N, 118.7°

15.5[16.C- 11.6

ZHANG (1989

Alloiommg, Aphaenogast (ZHANG 1989 ZHANG
& al. 1994),Camponotite$HONG 1984, DLUSSKY
& al. 2008),CamponotugHONG 1984, ZHANG
1989,ZHANG & al. 1994,HONG & Wu 2000),
Dolichoderus(ZHANG 1989,ZHANG & al. 1994),
ElaphroditeZHANG 1989),EurymyrmexXZHANG
& al.1994),Formica (ZHANG 1989,ZHANG &
al. 1994),Iridomyrmex(ZHANG 1989),Lasius
(HONG & al.2001,ZHANG 1989),Leptogenys
(ZHANG 1989),Liometopun{ZHANG 1989,ZHANG
& al. 1994),MiosolenopsiMyopoponePachy-
condyla TapinomaTechnomyrmefZHANG
198¢), Zhangidris (ZHANG 1989 BOLTON 2005)
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50 Chojabaru Forn- 33.8°N, 129.8°/ |15.3 [16.0- 13.7 | YABUMOTO & UYENO | Aphaenogastt(FUJIYAMA 197()
tion, Japa (2009
51 Kerch, Ukrain 45.4°N, 36.5°l |14.9[16.0-13.7, | PaleoBio Dataast Dolichoderu: (DLUSSKY 1981
52 Chor-Tuz, Kyrgyz= | 42.2°N, 75.5°1 | 13.8 [16- 11.6] PROKOFIEV (2007 Casalei: (DLUSSKY 1981 BOLTON 1995),
star Kotshkorkii, Rhytidoponer (DLUSSKY 1981)
53 Kuban, Russ 44.9°N, 40.6°I |13.8[16.C- 11.6] | PaleoBio Datbast Ponerite: (POPOv1933 DLUSSKY 1981)
54 Vishnevaya Balk 45.1°N, 42.3°I |13.8[16.C-11.6] | PaleoBio Databa Camponotite, Lasius (DLUSSKY 198]7), Par-
Creek, Russia aphaenogasteTaphopongDLUSSKY 1981,
ANTROPOV2014)
55 Parschlug, Austt 475°N, 15.3°F | 13.2[13.7-12.7, | PaleoBio Databa Liometopur (HEER1849 DLUSSKY & PUTYA-
TINA 2014),Myrmica(HEER1849,RADCHENKO
& ELMES 2010)
56 Berezovsky mass | 48.3°N, 23.5°1 |12.2[12.7-11.6] | ZALESSKY (1949 Lasius (ZALESSKY 194¢)
Ukraine*
57 Oeningen, Germar | 47.7°N, 8.9°t 12.2[12.7-11.6] | RASNITSYN & QUICKE | Camponotu (HEER1849 COCKERELL 191F),
Switzerland (2002) Carebara(HEER 1849,FISCHER& al.2014),
Formica (HEER 1849),Imhoffia (HEER 1849,
1867),Liometopun(HEER1849,1867DLUSS
KY & PUTYATINA 2014),Myrmica (HEER1849,
RADCHENKO & al. 2007 RADCHENKO & ELMES
2010
58 Ormety, Georg 42.0°N, 41.9°1 |12.2[12.7-11.6] | PaleoBio Databa Formice (ForPov1933 DLUSSKY 1981)
59 Joursac, Fran 45.1°N, 3.0° 8.5[11.6-7.2] PaleBio Databas Camponotu, Formicg, Lasius (FITON & THEO-
BALD 193%)
60 Schossnitz, Pola 51.0°N, 16.8°l |8.5[11.6-5.3] PaleoBio Databa Carebarz (ASSMANN 1870 FISCHER& al.2012),
Lasius, Lonchomyrme (ASSMANN 187()
61 Cerro Azul Form- 36.7°S, 64.3°v | 7.9[9.0- 6.8] FLYNN & SWISHER Attaichnu: (LAzA 1987)
tion, Argentine (1995
62 Montagne d'A- 44.7°N, 4.7°t 7[8.7-5.3] PaleoBio Databa Camponotu, Oecophylli (Riou 199¢)
dance, Franc
63 Apomarma, Gree 35.1°N, 24.9°1 |6.3[7.2-5.3] PaeoBio Databas Polyrhachis (WAPPLER& al. 200€)
64 Brunr-Vosendorf, 48.1°N, 16.3°1 |6.3[7.2-5.3] PaleoBio Databa Aphaenogastt, Camponotu (BACHMAYER
Austrie 1960)
65 Auxillac, Franc 45.1°N, 2.9° 6.3[7.2-5.3] PaleoBio Databa Formice (PITON & THEOBALD 193F)
66 Lake Chambor 45.6°N, 2.9° 4.5 [5.3- 3.6] PaleoBio Databa Formice, Lasius (PITON & THEOBALD 193£)
Franci
67 Willershausen Cla | 51.8°N, 10.1°| |3.1[3.6-2.6] SOHN & al. (2012 Camponotite (STEINBACH 1967 DLUSSKY
German' & al. 201))

apparent social behavior, stem-group lineages damo

that the incertae sedis gen&eetoponeandPetropone

pear to have persisted beyond the Cretaceous-Raleog (Tab. 1) may belong to the family, but could notree
(K-Pg) boundary. There is some ambiguity herehaset  liably placed due to poor preservation. Some tao@ n
is an approximately 20 million year blind spot beém  considered armaniids were initially placed in extsub-
Canadian Medicine Hat amber (78 MacKELLAR & al. families (DLUssKy 1975). A thorough review of the "arma-
2013a), where the last stem-ant groups are knownah, a niid controversy" can be found imPoLLA & al. (2013),
the Fur Formation in Denmark (55 Mar&HIBALD & al. but the fundamental problem with these initiallysciébed
2006), the next confidently-dated ant-yielding litya It taxa, along with the subsequent five species tlmtladv
should be noted that Sphecomyrminae was not reedver be described (DussKy 1999,DLUSSKY & al. 2004), re-
as monophyletic in recent phylogenetic analysesR(&N mains the quality of preservation. Armaniids posseig
& GRIMALDI 2016), and therefore additional taxonomic venation and a general habitus similar to that ofiemn
work will be necessary as more specimens are désedv  ants; however, the presence of a metalpleural diascot
and subsequent phylogenetic hypotheses are gederatebeen confirmed in any specimen to dateLs&iN (1987)
Some stem-lineages are presently left as inceeidis $0  suggested that armaniids, which are known only from
prevent taxonomic confusion until phylogenetic #igb  winged female and male morphotypes, might reprebent
is achieved. reproductive caste of sphecomyrmine workers. With t

The enigmatic armaniids, considered a subfamily bysubsequent discovery of workers and queens indisdr
BOLTON (2003), are here considered to lie outside of thetinct stem-group genera, this hypothesis can bsorea
Formicidae, following @IMALDI & ENGEL (2005) and  ably refuted. If armaniids do in fact represent tépro-
LAPoLLA & al.(2013). Dussky (1983) first described the ductive caste of an early ant lineage, the workeesyet
Armaniidae — then comprising six genera and nire> sp to be found. The true position of armaniids eithsra
cies — following the discovery of impression fosdilom  family distinct from the Formicidae, or as an eaalyt
a Cenomanian aged deposit in Russia. He also sjgedul branch similar to other known stem-group lineagesjld
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be best resolved through combined phylogeneticyaisal
of worker, queen, and male morphology simultangousl
Other proposed early ants known from imprint feskdve
been disputed based on subsequent reevaluatidowFol
ing initial placement in the Formicida€retacoformica
explicataJELL & DUNCAN, 1986 from Aptian-aged (113 -
125 Ma) impression fossils of Victoria, Australigi(lL &

tify affinities with both Myrmicinae and Pseudomyeo
inae based on postpetiole presence, however, #nts p
cular feature has been misleading in similarly presd
fossils. Cariridris bipetiolata (see BRANDAO & al. 1990)
from Aptian aged limestone impressions of the Senkeor-
mation in Brazil was initially placed within the Foicidae
based on the supposed presence of a postpetidiseSu

DuNcAN 1986) has since been placed as incertae sediguent authors (&MALDI & al. 1997, OHL 2004) have

within Hymenoptera as a whole ANMANN 1993). BRAN-
DAO & al. (1990) describedCariridris bipetiolata BRAN-
DAO & MARTINS-NETO, 1990 from a wingless specimen
of the Santana Formation of Brazil (110 - 112 M&a)aa
myrmeciine worker, however this too has been disgut
(discussed below).

Early crown-group ants

The vast majority of the earliest ant taxa aremisfrom
their modern relatives. Out of a total 45 speciescdbed
from Cretaceous deposits, nine species have bégn at
buted to modern subfamilies, however, only twovsita-
out significant controversy (dubious crown-groupsaste-
noted below with ):

Burmomyrma rossi DLUSSKY, 1996— from Burmese
amber dated to the Late Cretaceous ~ 99 Ma &Sal.
2012). Along with the type specimen Haidomyrmex
from the same locality, the type Bf rossiwas deposited
in the Natural History Museum, London (NHM) whete i
would await description for nearly 80 yearsa®EN &

challenged this placement, suggesting that thepptiete
is likely the result of preservational anomalies.

Afropone oculata, Afropone orapa DLUSSKY, BROTH
ERS& RASNITSYN, 2004 — Co-occurring witfromyrma
from ~ 92 million year old Botswanan mudstone. Whil
A. oculatais known from two winged females and is the
type species for the genus, orapais described from a pu-
tative male specimen and placed tentatively ingemeus —
all threeAfroponespecimens are poorly preserveduBs
KY & al.(2004) assignedfroponeto Ponerinae, however
also highlighted affinities with numerous subfamsliin-
cluding a petiole structure similar to Myrmeciinaen-
eral habitus as in modern Pseudomyrmecinae, arella w
separated abdominal segment 11l seen in DoryliNvage;
micinae, and others. BCHIBALD & al. (2006) note that
Afroponedoes not currently fit into Ponerinae or indeed
any other currently defined subfamily, suggestinat it
may not in fact represent a crown-group ant.

Cananeuretus occidentalis ENGEL & GRIMALDI,
2005 — Canadian Medicine Hat amber dated to ~7&Ma

GRIMALDI 2012). Because the sole specimen (an alateahe Campanian (RKELLAR & al. 2013a). RGEL & GRI-

female) is missing the entire head and portionthe@Mmeso-
soma, Dussky (1996) was initially equivocal in his as-
signment oBurmomyrmao Aneuretinae, stating the "sys-
tematic position could not be determined reliable do
poor preservation of the only specimen known". &ent
tive aneuretine placement was based on highly rsdiuc
forewing venation, curved sting, a single segme pitd
ole, and a gaster without constrictions. This patér as-
sortment of characters cannot be used to afigmo-
myrma rossto any subfamily with confidence, particular-
ly as the wing venation described is not sharedthgr
known aneuretines @JDINOT 2015). This taxon is best
treated as incertae sedis, particularly when camsid
fossil calibrations for molecular divergence estiora De-
spite the fragmentary nature of the specimen antioces
taxonomic treatmenBurmomyrma rosdhas been utilized
as the oldest minimum age calibration in many Foidhae-
wide dating estimates (e.g.RBDY & al. 2006, MOREAU
& al.2006,MOREAU & BELL 2013).

Kyromyrma neffiGRIMALDI & AGOSTI, 2000 — New
Jersey "Raritan" amber from the Turonian ~ 92 Mai{G

MALDI (2005) placedCananeuretugentatively into Aneu-
retinae noting the worker type specimen bearsikirsgr
resemblance t&otapinoma a putatively dolichoderine
genus from the same locality. The authors alsoudater
thatCananeuretusnight be a stem taxon of (Aneuretinae
+ Dolichoderinae), a hypothesis that has not bested.

Canapone dentataDLUSSKY, 1999 — recovered in
Canadian Medicine Hat amber. Based on a singlel@sag
female specimen, sSsKy (1999) initially placedCana-
ponein Ponerinae though noting the palp count and-pres
ence of ocelli might suggest a myrmeciine relat®eL-
TON (2003) inferred that the monotypic genus represents
an incertae sedis member of Ectatomminae, notiaigCth
dentataexhibits plesiomorphies not found in any modern
species. As with other ambiguous takanaponewould
benefit from a phylogenetic assessment and moreugh
examination, however, the type specimen has besn lo
(MCKELLAR & al.2013b).

Eotapinomamacalpini DLUSSKY, 1999 — Canadian
Medicine Hat amber. There are a total of three rilesd
species within the dolichoderine gerfistapinomawith

MALDI & al. 2000). The single known worker specimen of two others known from Sakhalin amben (I3sky 1988),

Kyromyrma nefficlearly exhibits an acidopore, a defining
feature of the Formicinae EB1ALDI & AGOSTI2000). Con-
sidered incertae sedis within the subfamilp(BoN 2003),
however, tribal placement within Formicini can beleded.
Afromyrma petrosa DLUSSKY, BROTHERS& RAS-

material that was originally thought to be PaleeciEnage,

but now considered EoceneAf@Nov & al. 2014). The

type specimen dE. macalpiniis a small wingless female,
most probably a worker. InssKY (1999) noted similar
features betweek. macalpiniand the type specids.

NITSYN, 2004 — known from Turonian aged mudstone depo-gracilis from Sakhalin amber, however, assignment was

sits in Orapa, Botswana dated to ~ 92 MayRER &
al. 1997). Simultaneously described with two otfoemi-
cid and armaniid species by ssky & al. (2004),Afro-

myrma petrosas the earliest putative member of the sub-

family Myrmicinae based on the presence of a ptisipe
and triangulate mandiblesR&HIBALD & al. (2006) iden-
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based largely on lacking attributes and some doabbeen
raised regarding placement within DolichoderinaeitG
MALDI & AGOST], 2000). The species description and ac-
companying figures are not sufficient to resolve plosi-
tion of this taxon and, as withanapone dentatahe type
specimen appears to be lost.



Chronomyrmex medicinehatenMEKELLAR, GLASIER
& ENGEL, 2013 — From Canadian Medicine Hat amber.
Initially figured and reported but not describedd®EL-
LAR & ENGEL 2012),C. medicinehatensis known from
two worker specimens although these are not syindisis
the complete but partially obscured holotype alofith a
second partial individuaChronomyrmexs readily placed
within Dolichoderinae based on the position of pleti
gaster attachment, an apical gastral slit, as thellpres-
ence of denticles along the basal mandibular maigin
terestingly, the fossil exhibits most diagnostiatfees con-
sistent with a placement within the tribe Leptomgaini.
With respect to earliest subfamilial fossil and parrposes
of molecular datingChronomyrmex medicinehatensés
undisputed dolichoderine, has functionally replagethac-
alpini.

evolution will reveal themselves as these and dfissil
deposits are sampled.

Rise of the ants

Changing of the guard: During the Cenozoic, after a 20
million year gap spanning from the Maastrichtiarthie
Paleocene (noted above), there is a marked chante i
composition and number of ants in fossil depo®is-
ginning with the earliest known Cenozoic fossilsoneered
from the Fur Formation of Denmark (~ 56 Mar@HI-
BALD & al.2006), all ants are attributable to crown For-
micidae. A single species is described from theHeuma-
tion, Ypresiomyrma rebekkd®usT & ANDERSEN 1999),

a myrmeciine initially thought to belong to the a&mt
genusPachycondylgd RUST & ANDERSON1999,ARCHI-
BALD & al. 2006). It is difficult to make a meaningful

Although they are not yet described, there are prob comparison relating to ant abundance or ecologytfer

able dolichoderine, formicine, and ponerine speaosria
Burmese amber (V. Perrichot, pers. COmnERRCHOT
2014b), which would extend the known fossil rectod
these subfamilies, in particular Dolichoderinae Boder-
inae, considerably.

Where the ants are not

There are reports of a dolichoderine ant from Kitsio
amber dated to the CretaceousH8IDT & al. 2010,LA-

PoLLA & al. 2013), however, it seems the age of this de-

posit was reported in error. Ethiopian amber i@t con-
siderably younger, likely Miocene (P. Nascimberarsp
comm.; FERRICHOT& al. 2016). Thus, while molecular
divergence dating estimates suggest an origin émt mod-
ern subfamilies during the CretaceousofdAu & BELL
2013) very few well-preserved species from thistiper-
iod are assignable to lineages present today. R ¢dic
crown group ant fossils does not necessarily inditaat
divergence estimations are in error. It is wellhivitthe
realm of possibility that early members of modeunb-s
families were present in the mid-Cretaceous aloitg w
stem-group ants and were merely less likely toapgured
in amber, perhaps due to a hypogeic lifestyleqky &
al. 2013) or localized diversification on landmassethwi
sparse fossil records such as South AmericarRBAU &

Fur Formation with only one species known from many
partial individuals after what was apparently aeraater
mating swarm (BST& ANDERSON1999).

The Eocene is characterized by increases in the num
ber of ant-yielding deposits and the relative numtfe
ants recovered from those deposits. At least 3€gisp
mens (Dolichoderinae, Formicinae, Myrmeciinae, Miyrm
cinae, Ponerinae, and Pseudomyrmecinae reported) ar
known from French Oise amber (~ 53 MaRIA & al.
2011), comprising 2.5% of insect inclusiongaRoLLA &
al. 2013). A single named species is described frone Ois
amber,Platythyrea dlusskyARIA, PERRICHOT & NEL,
2011, which represents the oldest fossil specteibated
to an extant genus and the earliest confidently ggme-
rine. This taxonomic treatment is contrasted whi Fu-
shun amber ant fauna described from NortheastemaCh
(WANG & al. 2011). There are 36 species from Fushun
amber (52 Ma) belonging to 32 genera, 31 of whieh a
found only in this deposit (NG 2002) — the only excep-
tion is Camponotuswhich, incidentally, is the first oc-
currence of this genus. As discussed ikPbLLA & al.
(2013), these taxa are in need of revision. No isgesre
yet described from Cambay amber of Gujarat, Indiaq
- 52 Ma; RsT& al. 2010) but at least 125 specimens are
now known (comprising 10.4% of all insects in thmber;

BELL 2013) (see Ghost Lineages below). The latter is parP. Barden & D. Grimaldi, unpubl.), belonging to Anet-

ticularly likely, as all Cretaceous fossil depositewn to
yield definitive ant taxa are Laurasian.

inae, Dolichoderinae, Formicinae, Myrmicinae, Poree,
and Pseudomyrmecinae. This abundance is the highest

Ants, either stem or crown, are conspicuously absenyet known for any pre-Miocene amber deposit, peshap

from a number of deposits where we might expeanthe

owing to the hot and wet paleoclimate or the 4dionil

From a Laurasian standpoint, there are no knows antyear period of isolation the Indian subcontinenpexx

from the biologically diverse Yixian Formation irhiDa
(120 - 125 Ma; BONGHE2006), Albian-aged (100 - 113 Ma)
Spanish amber with well over 3,000 known bioinahusi
(DELCLOS & al. 2007,PeRIS & al. 2014), or Aptian-aged
(113 - 125 Ma) Lebanese amber with several thousand
clusions reported from many outcropsz@ & al. 2010).
While Yixian fossils are considerably older thart-gield-
ing Cretaceous amber from France and Myanmar attie |
of ants in Lebanese and Spanish amber is puzZing.
South America, despite the highly productive Crato-
mation in Northeastern Brazil (Aptian age), fromierh
over 350 species spanning 18 orders have been ri@red
MALDI & MAISEY 1990,BARLING & al.2015), no ants are
known. If molecular-based divergence estimatioescar-
rect, it is likely that new and important windowsd ant

enced which ended near the formation of these Ifossi
Following description and revision of specimensrfrGam-
bay, Fushun, and Oise amber, it will be of gressrast
to compare the faunal composition of these appratdin
contemporaneous deposits, not just as well-datadomis
into post-K-Pg boundary ants, but each as a reptase
tive of distinct paleoenvironments: Oise and Camédary
ber derive from angiosperm forests of differingtlates,
while Fushun amber corresponds to an ancient conife
forest. There are myrmicines reported in Oise aathC
bay amber, however, these have not been deschibece-
fore, becaus@fromyrmacannot be confidently assigned
to Myrmicinae, the myrmicines described in Fushonber
are so far the oldest named A®b & al. 2015).
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Fig. 4: Number of species described across 67 iatdigig fossil deposits ordered in chronologicaljumbers cor-
respond to deposits outlined in Table 2. Orangs barrespond to amber deposits while grey barstdangpression

localities. *Indicates some uncertainty in ageha tdeposit.

The temporal midpoint: Following a discussion of
early Eocene ambers, we come to an approximaté "hal
way point" in the 100 million year fossil history ants.

tion, ~ 44.5 MaSAUNDERS & al. 1974) (ARPENTER1929)
and Hesse, Germany (Messel Formation, ~ 47.OM#&&TZ
& RENNE 2005) (LuTz 1986), the subfamily Formiciinae

Across all known Cretaceous and early Cenozoic depowas erected (utz 1986). ARCHIBALD & al. (2011) have

sits, a total of 83 species have been describegl.ndst
recent ~ 50 million years have given rise to a rieing

647 known species, underscoring the sheer volunneaef
terial known from younger localities (Fig. 4). Tkeare
just a handful of species known from the majorityhese
fossil deposits, however, many locations shed lighthe
shape of ancient ant communities. Eocene impre §sssil

sites also provide the only insight into an intiigy ap-
parently lost, lineage.

Although all well-preserved Cenozoic ant fossile ar
attributed to crown Formicidae, there is a pecudialp-
family that is not known to persist beyond the Huxe
WESTWOOD(1854) first describeBormicium brodeMEST

wooD, 1854 from wing remains obtained in Dorset, Eng-

land (Bagshot Beds, ~ 44.6 Ma&RYEMBOWSKI 1996).
Westwood said of the fossilThe most interesting spe-
cimen of all the insect-remains yet discovered agstn
the [fossil locality]. It is, in fact, the wing of a gigantic
ant, which, in its perfect state, must have meakatdeast
2 incheqg~ 5.0 cm]across the expanded wing&dllow-
ing the discovery of additional material, includiwgole-

since revised the subfamily — there are two geardasix
species known from four localities in present dayrtN
America and Europe (Fig. 5); thougbrmiciumis a pro-
posed collective genus, effectively holding allnfaciine
species with insufficient information to be placactur-
ately. Archibald and colleagues provided a compglli

Fig. 5: Deposit occurrences for all 211 genera veith
fossil record (Cretaceous stem- and crown-group arg
excluded and detailed in Table 1). Grey circleddat
impression fossils while orange circles represenitber
inclusions; numbers correspond to deposits outlimed
Table 2. Grey lines indicate no fossil record whilack
lines demonstrate presumed temporal ranges forrgene
¥lchnotaxon’Unclear placement Collective genus sensu
ARCHIBALD & al. (2006,2011). Extant genera under in-
certae sedis are formally described belonging rtiaodern
genus, but placement remains dubious. For exar@ple;
bopsis brodieDoONISTHORPE 1920 (Colobopsigplacement
following WARD & al. 2016), was recently suggested to
be incertae sedis due to poor preservationT@oPOV &

body specimens, in Tennessee, USA (Claiborne Formaal.2014). (pp. 15-18)
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Ag roect:)myrmecinae60
Agroecomyrmext
Eulithomyrmext

Amblyoponinae
Casaleiat
Myopopone
Stigmatomma

Aneuretinae
Aneuretellust 8
Britaneuretus®
Mianeuretus*
Paraneuretus®
Pityomyrmext
Protaneuretus®

Dolichoderinae
Alloiommat
Asymphylomyrmext
Azteca
Ctenobethylus®
Dolichoderus
Elaeomyrmext
Elaphroditest
Eldermyrmext
Emplastust
Eotapinomat 8
Eurymyrmext
Gracilidris
Iridomyrmex
Kotshkorkiat
Ktunaxia®
Leptomyrmex
Leptomyrmula®
Liometopum
Miomyrmext
Petraecomyrmext
Proiridomyrmex*
Protaztecat
Tapinoma
Technomyrmex
Usomyrmat
Yantaromyrmext
Zherichinius* 8

Dorylinae
Acanthostichus
Cylindromyrmex
Neivamyrmex
Procerapachyst

Ectatomminae
Ectatomma?
Electroponerat
Gnamptogenys
Pseudectatommat
Rhytidoponera

Formiciinaet
Formiciumt®
Titanomyrmat

explanation for the massive size of these anirttadslarg-
est of which are > 6.0 cm in length. The team shibthat
giant formiciine ants lived in climates that werat lalur-
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than 20.0C — the same climate constraint that seems to
act on large extant species. Formiciine ants weuadant
in some deposits, comprising approximately halfhef

ing the Eocene, with a mean annual temperaturageggrea more than 1000 specimens examined by43Ky & WED-
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Leucotaphus’ 33
Liaoformicat 1
Longiformicat B
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Orbicapitiat 1
Ovalicapitot 1
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Protoformica* 22
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Archimyrmext 12—1516

Avitomyrmext 13
Macabeemyrmat 13
Myrmeciiteste L

Prionomyrmext 22. 40
13

N
(5]

Ypresiomyrmat 9

MANN (2012) from the Messel Formation, an apparentother ants, a hypothesis recovered byMALDI & al.
underestimate due to sampling bias. The workefsref  (1997) in some analyses (other analyses produpetya
miciine ants are not yet known; all known specimares tomy at the base of Formicidae). In both treatmethis
reproductives, potentially explaining the high atbamce  formiciine terminal was represented by a majorftyniss-
of these taxa. Perhaps they gathered in massiveéahup ing characters, which can be problematic in phyhegie
flights similar to the scenario proposed for the For- reconstruction if the "wrong" characters are migsand
mation specie¥presiomyrma rebekka&he phylogenetic there are few morphological characters overallgi\g
position of Formiciinae has been tested twicar8NI 2003). BoLTON (2003) suggested the subfamily might be
URBANI & al. (1992) found the subfamily sister to all sister to the formicomorphs, a scenario that waseo
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vatively followed by WARD (2007) and is repeated here
(Fig. 3). As with many fossil groups, Formiciina@uid
benefit from further phylogenetic analysis.

Today, the "big four" subfamilies Dolichoderina@r+

form genera with ambiguous subfamily placementioiel
ing the most recent thorough examination of theh&is
nehn Formation (46.0 Ma;@ISTENIUS1996), LAPOLLA

& GREENWALT (2015) summarize the composition of ant

micinae, Myrmicinae, and Ponerinae comprise the vassubfamilies in well-characterized deposits througttbe

majority of the biomass and taxonomic diversitymnost
ecosystems (WSON & HOLLDOBLER 2005a). Aside from
the Messel Formation where formiciines are highdyra
dant (DLUssKY & WEDMANN 2012), dominance of the "big
four" is largely consistent into the Eocene. Gr&aver

(~ 51 Ma; sITH & al. 2008), perhaps best known for its
wealth of well-preserved fish fossils, has longrbaesource
for ant fossils (BUDDER1877b), although they are not as
abundant or well preserved as other approximatety c
temporaneous fossil bedsLUIBSKY & RASNITSYN (2002),

in a review and revision of Green River and theridike
Mountain Formation (~ 49 Ma; #CHIBALD 2009), report
the following composition: Dolichoderinae 61 - 72Fayr-

micinae 3 - 4%, Myrmeciinae 6 - 13%, Myrmicinae 2 -

4%, Ponerinae 10 - 11%, depending on the placeofent
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Eocene, including Baltic amber (~ 44.1* MapWSCHAT
& WICHARD 2010) and Florissant (34.1 MayBENOFF &
GREGORY-WoODzICKI 2001). The pattern is similar with
dolichoderines comprising the majority (> 50%) pési-
mens, however, formicines are the next most comimon
these deposits (~ 26 - 33%), followed by myrmiciaed
ponerines. Fossil ants from Bol'shaya SvetlovodnBys-
sian Far East (35.6 Ma;HALAIM 2008,DLUSSKY & al.
2015) exhibit a different pattern, as dolichodesicem-
prise 18%, formicines 41%, myrmicines 21%, and pone
rines 7%. For a complete review of subfamily conipos
tions at major fossil localities, see BsKy & al. (2015).
Increasing in abundance:The "rise of the ants" (W-
SON& HOLLDOBLER 2005b) measured as relative abund-
ance of ants in fossil deposits is now well docutadn



Box 1: An example of taxonomic uncertainty and seui in fossil ants.

Ctenobethylus goeppertias a particularly storied taxonomic past. GustaiMhYr (1868) describetiypoclinea
goeppertiin his monograph on Baltic amber, placing the ifasson in the subfamily Dolichoderinae, a group o
ants characterized by a slit-like opening presértha anterior end of the abdomen in place of agstin the
subsequent ~150 yeand, goeppertiwould be transferred to the dolichoderine ger@othriomyrmex(DALLA

TORRE 1893), Iridomyrmex (WHEELER 1915), andLiometopum(SHATTUCK 1992). In the interim, Charles T.
BRUES (1939) described ultimately conspecific mater&lCéenobethylus succinaligithin the family Bethylidae, a
group of largely parasitoid wasps with apterousdke®. This incorrect designation was a result efghrticular

preservation of the holotype: the hind legs ofshecimen obscured the "waist", preventing Bruesfrmting the

characteristic petiole segment that would otheriaee prompted placement within Formicidae. Thi®rewas

recognized and corrected byrBWN (1976), who synonymizetenobethylus succinaligith Iridomyrmex

goeppertifthe correct formal name at the time]. Most rebemLUSSKY (1997) transferredliometopum goepperti
to Ctenobethyluswhich is the current valid name. The placemerfbssil taxa is often not straightforward, owing
to simultaneous description, cryptic preservatiand differing opinion. Although it is not always gsible or
practical, placement of fossils is best evaluaktedugh phylogenetic analysis.

(GRIMALDI & AGOSTI2000,DLUSSKY & RASNITSYN 2002, 10% of specimens respectively, indicating that fihe
LAPoLLA & al.2013), although it has been noted that themost abundant species make up almost 80% of all in-
faunal composition preserved in the fossil recoeymot  clusions known in Baltic amber.
accurately reflect that of ancient ecosystems,(8@.0R- This trend applies to several other deposits, axl h
ZANO KRAEMER & al. 2015). There are some anomalies, often been noted by Dlussky (e.gLU3SKY & RASNIT-
but the general trend is as follows: Ants neverenag  SYN 2002,2009,DLUSSKY & al. 2015) and others @-
more than 1.5% of insects in fossil localities dgrthe  PoLLA & GREENWALT 2015). Among the Green River ants,
Cretaceous, in the Cenozoic prevalence increaseshigh the incertae sediEoformica pinguigSCUDDER, 1877b)
as 13.1% in the Messel Formation during the Eo¢exe  comprises 40% of all impression fossils and théctiot
call that reproductive formiciines are responsiolehalf derineDolichoderus kohlsDLussKY & RASNITSYN, 2002
of this abundance; ISSKY & RASNITSYN 2002,DLUSS 25% (LAPOLLA & al.2013). In the Florissant formation,
KY & WEDMANN 2012) and 20% in the Eocene-aged Flo- dolichoderinedrotazteca elongat€ARPENTER 1930 and
rissant Formation (8RPENTER1930). During the Mio-  Liometopum miocenicu@ARPENTER 1930 comprise ~ 27%
cene, in Dominican amber, ant prevalence reach&s ~ each, with the formicinéasius peritulug COCKERELL,
- 36% (PINAR & POINAR 1999,DLUSSKY & WEDMANN 1927) representing ~ 25% of ants. Among the 22 idame
2012). Today, highly dominant species such as mesnbe species present in the Bouldnor Formation (~ 34 Ma,;
of Formicain parts of Europe anldidomyrmexin some  HOOKER & al. 2009), two species ddecophyllarepre-
landscapes of Australia (MLDOBLER & WILSON 1990)  sent 52% of ants andeucotaphus gurnetens{€ock-
make up the majority of ant biomass. This fact offlern  ERELL, 1915) 25% after preservational bias is taken into
ecosystems appears to hold true into the past:rorhi  account (NTROPOV & al. 2014). The ant abundance of
taxa drive the march to ant abundance in the fossdrd. Radoboj, Croatia (~ 18 Ma;ARNITSYN & QUICKE 2002)
The ants of Baltic amber are well known. In thatfir is somewhat more equally distributed, with threzsvpfent
comprehensive study of a fossil ant assemblagerRV  formicine species-ormica ungeriHEER, 1849,Lasius oc-
(1868) produced a landmark volume, recording o9  cultatus(HEER, 1849), and_asius longaevugHEER, 1849)
specimens belonging to 49 species. Incrediblynglsi  corresponding to ~ 19%, ~ 15%, and ~ 11% of ant im-
speciesCtenobethylus goeppefMAYR, 1868) (Box 1)  pression fossils (DUSSKY & PUTYATINA 2014). There are
was represented by 680 amber inclusions, or, ~ 88% two notable exceptions to the dominant species"rof
all Baltic amber ants. WEELER (1915) would go on to  well sampled Cenozoic fossil deposits: the Kishertebr-
survey the collection Mayr utilized, along with addi- mation where no species holds more than 10% ofispec
tional ~ 700 specimens studied bWERE (1895) and  mens (lAPOLLA & GREENWALT 2015) and Bol'shaya Svet-
more than 9,500 new fossils. Out of this aggregatib  lovodnaya, which is also apparently devoid of ahhig
11,678 specimens, Wheeler found that 46% of all speabundant species (DSsKy & al. 2015).
cimens wereC. goepperti Said Wheeler!lt is far and In Dominican amber, the dolichoderiAateca alpha
away the most abundant and dominant ant in the ambeNILSON, 1985a makes up approximately 30 - 50% of all
fauna ... These various specimens seem to me to shoents from this deposit (WsoN 1985d,JOHNSON & al.
conclusively thatl. goepperti[C. goepperfi was every-  2001), perhaps the most extreme example of dom&anc
where abundant in the amber forests, that it forpeat (Fig. 6). Taken with the ant prevalence estimatBlafss-
ulous colonies, whose workers foraged in files ahd Ky & WEDMANN (2012), this suggests that alphacom-
tended plant-lice on the oak and Pinites trees,imasc  prises between ~ 11 - 18% of all insects from Dacain
the species ofiometopunof the present day forage on amber in total. If this single species of extrenudy
the conifers and oaks in the western United Stated, minant ant was present in any other pre-Miocen®sigp
on the oaks in Austria, Italy and the Balkan Penlim$ it alone would increase abundance dramaticallgspec-
The next three most abundant spediesinica flori MAYR, tive of all other taxa. It is hard to overstate thgact
1868, Yantaromyrmex geinitfMAYR, 1868), and_asius  that highly abundant species have had on the isergm
schiefferdeckerMAYR, 1868 comprise ~ 11%, 11%, and ant prevalence over time in fossil deposits.
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Fig. 6: An assemblage of the highly ab-
undant anAzteca alphaViLsoN, 1985a

in Dominican amber. Highly abundant
species such a&. alphaconstitute the
majority of fossil specimens recovered
in some deposits.

Agents of selectionincreases in ant prevalence un-

doubtedly acted as a selective force on numeroesr ot
organismal groups, and there is evidence for tiféxein
amber. RRKER & GRIMALDI (2014) reported the first

on the phylogenetic position of the lineage in dioes
there is an expectation of fossil occurrences,thist ex-
pectation is not met (DRELL 1992). The placement of
Martialinae and Leptanillinae, which branched earhan

known myrmecophilous insect from Cambay amber datedther crown formicids, suggests the ancestors efdh

to the Early Eocene — a staphylinid beetle beloggm
the supertribe Clavigeritae. All of the over 35@ae% spe-
cies of Clavigeritae are obligate myrmecophilegjualy
adapted to living in ant coloniesARKER 2016). In Bal-
tic amber, there is a fascinating report of a gtcasite
belonging to the genuglyrmozercon- most species of
which appear have species-specific ant hosts tedding-
ing to the head capsule ofZdenobethylus goeppentiork-
er (DUNLOP & al. 2014). The presence of highly speci-
alized myrmecophiles in the Eocene is significast it
indicates, along with divergence estimations aiteiases
in fossil abundance, that ants were ecologicaliyi§i
cant enough to support obligate individual- or cyto
level parasites. For a review of evidence for sytibi
relationships between ants and mealybugs in anseer,
JOHNSON& al. (2001) and kPoLLA & al. (2013). Along
with driving diversification as hosts of parasisigecies,
ants are thought to have pruned branches of tleedtire
life. KHRAMOV & al. (2015) offer a fossil-based window
into the role of ants in the extinction of an inskweage.
Prior to the K-Pg boundary, nearly all green lacgnfios-
sils are attributable to the subfamily Limaiinaewever,
this group does not persist beyond the Eocene.ridva
and colleagues hypothesize that the apparent &égtincf
Limaiinae was a result of Cenozoic increases iranb-
dance. While the larvae of three extant chrysophfami-
lies possess structures to defend against stegmminan-
tending ants (these neuropteran larvae feed onater
rhyncha), such features are presumed absent oiingsa
which would have left them susceptible to extengire>
dation.

Ghost lineages

There are three subfamilies with absolutely noifoss-
ord (Fig. 3). So-called "ghost" lineages exist wheased
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two groups should have been present during, amatdef
the diversification of other crown ants. In additjighe
subfamily Heteroponerinae is not currently knowraity
fossil deposit, though its sister taxon, Ectatomaminis
known from multiple fossils: one dubious occurreirte
Canadian Medicine Hat amber and four genera knoown f
four Cenozoic fossil localities (Fig. 5). Why afete no
known fossils for these three subfamilies, givesirthlace-
ment among other taxa?

First, it is possible, more so with reference torfidd:
inae and Leptanillinae, that the positions of thise-
ages have been recovered in error. There has lbsn s
tantial discussion regarding the topology of thé tage
and these early branches in particularofiau & al.
2006,BRADY & al. 2006,RABELING & al. 2008,KUCK &
al. 2011, Lucky & al. 2013, MOREAU & BELL 2013,
WARD 2014). Although it appears that most analyses
support the relationship figured here (Fig. 3pREAU &
BELL 2013), this potential source of error is nevertbgle
included for completeness. Very likely, the paledot
gical absence of these lineages reflects preservaias
based on the geographical position of fossil ddpasi
habitat specialization. The majority of ant-yielglifossil
localities are in the Northern Hemisphere (Fig.whijch
would seem to preclude the entrapment of heterapune
and martialine ants (presently distributed almasirely
in the Southern Hemisphere). Members of Martialiang
Leptanillinae are subterranean or leaf litter diwgll which
could render them less likely to be preserved sasil®in
tree resin or mud. However, there are ants withlaim
lifestyles preserved in amber. For example, twacEse
of Discothyreaare known from Dominican and Mexican
amber (I ANDRADE 1998a), which presumably occupied
similar cryptic niches. Finally, it is possible tithe mor-
phological features currently defining these lireagere



Fig. 7: Map of fossil deposits with described taxa.

recently derived; meaning early fossils would netat-
tributed to these groups as we know them today.
Improved sampling of known fossil deposits willdlig
reduce the overall number of ghost lineages botihet
subfamily and generic level. Crown ants are regprbeit

ous evasion. Another fossil lineage "rediscovesdtdr pre-
sumed extinction relates to the gehaptomyrmexa dis-
tinct group of ants with a peculiar modern day ritist-

tion. Until very recently extant memberslafptomyrmex
were known to exhibit an exclusively Australasidas-d

not described, from Canadian Hat Creek amber (50 #ribution (Lucky 2011), which made the discoveryladp-

55 Ma) as putative members@blichoderus Leptothorax
andTechnomyrmeXPoINAR & al. 1999). There are also

tomyrmex neotropicuBARONI URBANI, 1980 in Domi-
nican amber contentious (seelldbN 1985d,BARONI

reported and described members of Amblyoponinae, Fo URBANI & WILSON 1987). Incredibly, worker and male
micinae, Ponerinae, Ectatomminae, and Dolichoderina specimens of a nelxeptomyrmespecies were collected

in the Miocene-aged Foulden Maar fossil site of Neaa-
land (KauLFuss& al.2015,2015b) — interesting not just

in Brazil (BouDINOT & al. 2016), greatly expanding the
known range for living members of this group. This-

as a much needed window into the Southern Hemispher prising discovery highlights the value of fossifshio-

but as the later two subfamilies are not currefaiynd in
New Zealand. In a survey of what is probably thestmo
thoroughly sampled fossil ant localitye®NEY & PRE-

geographic reconstruction.
As with divergence estimation informing fossil mac
ment, ancestral area reconstruction based on eterat

Z10s1(2013) used species richness curves to suggest thahould not be utilized to infer evolutionary retetships.

29% of species from Baltic amber remain undiscodere

Moreover, biogeographic analyses that do not irmaite

Remarkably, despite high prevalence today, the genufossil ranges known to be discordant with modesirdi

Tetramoriumwas only recently discovered from Baltic
amber (RDCHENKO & DLUSSKY 2015). If a substantial
proportion of species still remain to be discoveiredn a
deposit heavily studied since the mid™&entury, what
important taxa do other localities hold?

Lazarus taxa and biogeographic history

While Recent taxa may lead our expectations ofilfoss
currences, there are two examples where fossilispec
have heralded neontological discoveryl 86N (1985d)
describedGracilidris humiloides(WILsoN, 1985a) (initi-
ally Iridomyrmey from Dominican amber as part of a
fossil assemblage that detailed faunal turnoveéhénCa-
ribbean (WLsoN 1985e). Over twenty years later, I\
& CUEZzz0 (2006) described a highly similar, putatively
congeneric, extant species based on several weplei-
mens collected in South America. Today, the exspet
cies is known from single localities in both Argeatand
Paraguay, as well as throughout southern Bragilr@SA

butions should be considered incomplete. Certdictueal
distributions are rendered invisible under suchpang
protocols. There are clear cases of local extinatigving
distributional patterns among living species. Myciiree
ants, endemic to Australia and New Caledonia todey,
cupied a much greater range in the past: Fossilkraown
from South America, North America, Europe, and Asia
spanning from the early Eocene to the Miocene (5ijg.
BARONI URBANI 2000,WARD & BRADY 2003, ARCHI-
BALD & al. 2006,DLUSSKY 2012,DLUSSKY & al. 2015).
The formicine genu®ecophyllapresently occupies parts
of Sub-Saharan Africa, Southern India, Southeast &sd
northern regions of Australasia. Despite this aufrteo-
pical distribution, several fossils are known thghaut
Europe, ranging in age from just 7 Ma to ~ 56 Mag-s
gesting that the group may have indeed originatetthé
Palaearctic (DUSSKY & al. 2008). Ectatommine fossils
have been found in present day Europeu&sky 2009)
suggesting their current distribution is a reflectof range

& al. 2015). Foraging workers have only been reportedioss. The famous "relict anfneuretus simonEMERY,

during dusk and night, potentially explaining theievi-

1893, currently known only from Sri Lanka as thée sex-

21



tant member of Aneuretinae, is itself an exemplaange
contraction: Fossil aneuretines have been desdtibbedgh-
out Asia, Europe and North America QAELER1915,CAR-
PENTER1930,DLUSSKY & al. 2015).

Based upon work supported by the National Scieocs¥
dation Postdoctoral Research Fellowship in Biolagger
Grant No. 1523788.
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