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ABSTRACT

Molecular data along with fossils are being used increasingly to recover time-cali-
brated phylogenetic trees. Recently there have been manuscripts that have used diver-
gence dating to understand evolutionary history of certain clades within Odonata
(dragonflies and damselflies), yet the number of such articles is still low. We examined
the Odonata fossil record and made a list of fossils that can be used for divergence
time analysis. In this manuscript we provide a detailed review of the known crown
group fossils for the order Odonata and nine nodes within this clade: Zygoptera,
Epiprocta, Anisoptera, Aeshnidae, Gomphidae, Cavilabiata, Macromiidae, Corduliidae,
and Libellulidae. 
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INTRODUCTION

The fossil record suggests that modern Odo-
nata arose by the Triassic, with Anisoptera having
originated at least in the Jurassic. The earliest
stem group representatives of dragonflies and
damselflies appear in the fossil record in the earli-
est Pennsylvanian (Namurian). The most well-
known group of this time period were the giant
protodonates of the order Meganisoptera
(Grimaldi, 2005). Meganisoptera are also known as

the “griffenflies”. These remarkable stem lineages
are characterized by their large wingspans and
dense wing venation. Along with Meganisoptera
other stem group representatives of odonates
existed in the late Carboniferous. Some of these
were closely related to modern Odonata. For
example, the protozygopterous genera Bechlya
(307 Ma) and Luiseia (299 Ma) (Jarzembowski and
Nel, 2002; Nel et al., 2012), already had typical
odonate wing venational characters like the
pterostigma, nodus, and discoidal cell. However,
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crown group Odonata are much younger, having
diverged sometime after the late Triassic and
greatly diversified during the Cretaceous according
to the fossil evidence. 

Divergence time dating is a useful method for
understanding the chronology of relationships and
patterns seen in a molecular phylogeny. Fossils,
used as maximum and minimum bound for calibra-
tions, are an important part of divergence time esti-
mation (Inoue et al., 2010). However, the accuracy
of a time-calibrated phylogeny is heavily depen-
dent on the choice of the fossils (Sauquet et al.,
2012). Incorrect fossil choice (for example choos-
ing a stem fossil as a calibration for a crown node)
can lead to erroneously and inadequate dates
(Joyce et al., 2013, Dos Reis and Yang, 2013). 

In the last two decades many studies have
presented relationships among different families of
Anisoptera, the dragonflies, based on morphologi-
cal and molecular evidence (e.g., Carle, 1995;
Bechly, 1996; Lohmann, 1996; Trueman, 1996;
Bechly et al., 1998; Kambhampati and Charlton,
1999; Misof et al., 2001; Carle and Kjer, 2002;
Rehn, 2003; Saux et al., 2003; Pfau, 2005; Hase-
gawa and Kasuya, 2006; Hovmöller, 2006; Ware et
al., 2007; Bybee, 2008; Bybee et al., 2008; Carle et
al., 2008; Fleck et al., 2008; Ware et al., 2008;
Letsch et al., 2009; Dumont et al., 2010; Davis et
al., 2011; Fleck, 2011; Blanke et al., 2013), the
most recent being Carle et al. (2015), but the num-
ber of studies looking at divergence times in this
group are still relatively low. Most of these studies
have recovered time-calibrated phylogenies at a
family level (Ware et al., 2014 [Petaluridae], Ware
et al., 2008 [Libelluloidea], Ware et al., 2009 [Syn-
themistidae]), but not for the complete suborder
Anisoptera (the dragonflies). Dates recovered for
some families are not always in agreement with the
fossil record (Fleck et al., 2009; Davis et al., 2011).
In this paper we bring together a thorough exam-
ination of the Odonata fossil record with vetted cal-
ibration points for anisopteran nodes to be used in
divergence time estimation. We provide a list of 10
meticulously chosen Odonata fossils, which follow
the best practices for justifying fossil calibrations as
outlined by Parham et al. (2012). The crown
groups used in this manuscript are based on the
most recent phylogeny-based classification of
Odonata from Carle et al. (2015).

METHODS

Calibrating Nodes

Our calibrations pertain to nodes representing
the crown clades, which include the most recent
common ancestor and all its Recent descendants,
extinct or extant. Consequently, fossils used for
calibrating the crown group nodes must possess at
least one convincing synapomorphy that supports
nesting within the crown clade. Wing venation
characters are used most frequently for establish-
ing these synapomorphies. A detailed diagram of
the anisopteran wing venation can be seen in Fig-
ure 1 (see Appendix 1 for venerational terminol-
ogy). Calibrations reported here will provide a
lower limit for the age of each taxon. Ten nodes
have been calibrated in this paper, including the
Odonata-Ephemeroptera split, all three recent sub-
orders in Odonata, and the five Recent families of
Anisoptera that have fossil crown group represen-
tatives.

CROWN ODONATA

Node Calibrated: (1) Crown Odonata. This node
represents the order crown Odonata (Zygoptera +
Anisozygoptera + Anisoptera).
Species. Triassolestodes asiaticus (Triassolesti-
dae) Pritykina, 1981
Specimen. PIN 2240/1783 at Paleontological Insti-
tute of the Academy of Science of Russia, Moscow,
Russia. This fossil is a hind wing representing the
holotype of Triassolestodes asiaticus.
Phylogenetic Justification. Triassolestodes was
attributed by Nel et al. (1993) to the paraphyletic
grade "Anisozygoptera", but subsequently shown
to belong to Triassolestidae (Epiprocta: Isophlebi-
optera) by Bechly (1997) and Nel et al. (2002). The
latter authors redescribed the holotype, listed syn-
apomorphies (like AA and CuP and MP and CuA
are partly fused basal of the arculus in the hind
wing) in support of the attribution, and also pro-
vided a parsimony-based analysis, which con-
firmed Triassolestodes fell within the
Isophlebioptera-Triassolestidae clade.
Minimum Age. 237 Ma.
Age Justification. The type location of this fossil is
Dzhayloucho, near Madygen, south of Fergana
Valley, Kyrgyzstan. Found in Upper Triassic, Ladin-
ian-Carnian of the Madygen Formation. The attri-
bution of this fossil to Ladinian (242–237 Ma)
rather than Carnian (237–227 Ma) by Shcherbakov
(2008) is based on the megaflora (Shcherbakov,
2008), which is significantly different and more
primitive than that of other Carnian localities (e.g.,
2
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Ipswich Insect Beds in Australia or Molteno Forma-
tion in South Africa).
Discussion. This fossil has not yet been used in
molecular divergence time analyses, but will be
useful in studies exploring divergence between
Ephemeroptera and Odonata. Several other fossil
Triassolestidae have been described from the
same age: Mesophlebia antinodalis Tillyard, 1916

and Triassolestes epiophlebioides Tillyard, 1918
(227 Ma, Carnian, Ipswich, Australia), Triasso-
neura andersoni Riek, 1976 (Carnian, Molteno For-
mation, South Africa), and Triassothemis
mendozensis Carpenter, 1960 (Carnian, Argen-
tina). Two slightly younger but still undescribed fos-
sil Isophlebioptera-Isophlebioidea have been found
in the Carnian (232 Ma) of Bavaria, and the Car-

FIGURE 1. Wing venation of Anisoptera (after Bechly et al., 2001) (details for the abbreviations in Appendix 1).
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nian (230 Ma) of Steigerwald in Germany (Bechly,
2015). All these fossil Isophlebioptera also provide
a minimum age for the stem group clade Epiprocta
(and thus indirectly for stem group Zygoptera),
because Isophlebioptera is more closely related to
Epiophlebiidae + Anisoptera than to Zygoptera. 

CROWN ZYGOPTERA

Node Calibrated: (2) Crown Zygoptera. This
node represents the suborder crown Zygoptera
(damselflies).
Species. Mersituria ludmilae (Hemiphlebiidae)
Vasilenko, 2005
Specimen. Part and counterpart of incomplete
forewing, PIN no. 4626/462 at Paleontological
Institute of the Academy of Science of Russia,
Moscow, Russia.
Phylogenetic Justification. Several wing charac-
ters support the attribution of this fossil to Hemi-
phlebiidae, close to the Cretaceous genus
Parahemiphlebia, such as tiny size with few cells in
the wing venation, basally open discoidal cell in
forewings, non-aligned postnodal and postsub-
nodal crossveins, and the kink of RP1 at the stig-
mal brace vein.
Minimum Age. 132.9 Ma.
Age Justification. Found in Doronino Formation,
Chernovskaya transitional sequence, Upper Juras-
sic (late Malm, Tithonian) or Lower Cretaceous
(early Neocomian, Valanginian), Chernovskie Kopi,
left bank of Ingoda River, 18 km southwest of Chita
city, Chita Region, Chita District, Transbaikalian
Siberia, Russia (Vasilenko, 2005). The dating is
based on geological data and the stratigraphical
position of the sediments (Sinitza, 1995; Sukat-
sheva and Vassilenko, 2013). The provided abso-
lute age for Tithonian-Valanginian is based on the
most recent International Chronostratigraphic
Chart v2013/01 (Cohen et al., 2013).
Discussion. Further Upper Jurassic Hemiphlebii-
dae have recently been discovered in the silificied
limestone of Painten (uppermost Kimmeridgian,
153 Ma) and the Solnhofen lithographic limestones
(150 Ma) from Bavaria in Germany (Bechly, unpub-
lished data), but they are still unpublished. There-
fore, these fossils are not considered at this time. 

CROWN EPIPROCTA

Node Calibrated: (3) Crown Epiprocta. This node
represents crown Epiprocta (Anisozygoptera +
Anisoptera). 
Species. Liassophlebia sp. (Liassophlebiidae) Till-
yard, 1925

Specimen. Incomplete right hind wing of a female
Liassophlebia sp. with collection number TUClP-In-
192 in collection of Prof. Carsten Brauckmann at
the Technische Universität Clausthal (Paläontolo-
gie) in Clausthal-Zellerfeld, Germany.
Phylogenetic Justification. The wing venation of
this fossil is nearly identical to other fossils of the
genus Liassophlebia and shares the following syn-
apomorphies with Heterophlebioptera and Hetero-
phlebioidea (Nel et al., 1993; Bechly, 1996): unique
unicellular anal loop, which lies beneath the sub-
discoidal cell and is ventrally closed by CuAb that
is parallel to AA and thus directed towards the wing
base instead of the posterior wing margin; subdis-
coidal cell of the hind wing with a convex curved or
angulated posterior margin; antenodal crossveins
between costal margin and ScP suppressed distal
of ax2; IR2 arising on RP3/4. The attribution to the
stem group of Anisoptera is well established by the
unique synapomorphy of the shape of the hind
wing discoidal cell, which foreshadows the
anisopterid division into hypertriangle and triangle
(only sometimes lacking the dividing crossvein).
Minimum Age. 199.3 Ma.
Age Justification. Found in clay lenses in sandy
sediments ("Pflanzensandstein"), Bayreuth Forma-
tion, sand pit at Pechgraben (district Kulmbach)
near Bayreuth, Northern Bavaria, Germany. Lower
Jurassic, Liassic alpha 1 (Rhaeto-Liassic), lower
Hettangian, 200 Ma (Cohen et al., 2013). The attri-
bution to the Rhaeto-Liassic is established by the
stratigraphic position of the Bayreuth Formation
between well-dated Keuper sediments and the
Gryphaeensandstein Formation (Bloos et al.,
2005), and by plant index fossils (Weber, 1968).
Discussion. This fossil is not yet assigned to a
species and was only figured in the unpublished
Ph.D. thesis of the author (Bechly, 1999, text-figure
138). Therefore, we here provide a drawing of the
wing venation (Figure 2). Fully described speci-
mens of Liassophlebia have been found in only
slightly younger sediments of the Lower Jurassic
(lower Pliensbachian, Carixian Substage, ca. 190
Ma) of Charmouth, England (Nel et al., 1993). The
much more advanced Liassogomphidae are known
from the Toarcian (180 Ma) of several localities in
middle Europe (Nel et al., 1993).

CROWN ANISOPTERA

Node Calibrated: (4) Crown Anisoptera. This
node represents crown Anisoptera (dragonflies). 
Species. Sinacymatophlebia mongolica (Cymato-
phlebiidae) Nel and Huang, 2009
4
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Specimen. NIGP 148312 (Nanjing Institute of
Geology and Palaeontology, China): hind wing of
male, holotype of Sinacymatophlebia mongolica.
Phylogenetic Justification. The phylogenetic
relationship of this fossil with Aeshnidae and hence
Anisoptera is strongly supported by many wing
venational synapomorphies (Bechly et al., 2001;
Nel and Huang, 2009). These include: the pres-
ence of Rsp1 vein, RP1 and RP2 basally parallel
up to the pterostigma, and RP3/4 and MA undulat-
ing.
Minimum Age. 168 Ma.
Age Justification. Found in Middle Jurassic
Jiulongshan Formation (= Haifanggou Formation)
near Daohugou village, Wuhua township, Ningc-
heng county, Chifeng city, Inner Mongolia, north-
east China. The Daohugou-Biota, resting on the
Jiulongshan Formation, has been dated with
SHRIMP U-Pb zircon age of 168-152 Ma, giving a
minimum age for Jiulongshan Formation of 168 Ma
(Liu et al., 2006). There is debate about the age of
the Jiulongshan Formation, as radioisotopic stud-
ies have not been congruent (Liu et al., 2012).
However, because the Daohugou Formation over-
lies the Jiulonshan formation, we can conserva-
tively use the age range of the former to provide a
minimum age as 168 Ma for the calibrating fossil. 
Discussion. This fossil calibrates the crown group
node Anisoptera (Figure 3), which we are consider-
ing to include modern families of Anisoptera but not
the Liassic stem group families Henrotayiidae and
Liassogomphidae (Fleck et al., 2003; Davis et al.,
2011). This fossil also calibrates the crown group
node for Aeshnoidea (Austropetaliidae + Aeshni-
dae), a well-supported clade called Aeshnoptera
by Bechly et al. (2001). This has not yet been used
in molecular estimates. Ware et al. (2007) and

Ware (2008) set the maximum age of Anisoptera to
be 250 Ma, with a minimum age for Anisoptera of
144 and 120 Ma, respectively. The current fossil
calibration will provide more accuracy and preci-
sion at the root of the dragonfly tree.

Nel and Huang (2009) placed this species in
Cymatophlebiidae based on various alleged syn-
apomorphies, such as the presence of undulating
IR2 that is parallel to RP2 and RP3/4 and MA being
more strongly undulating compared to other fami-
lies. We consider the original attribution of Sinacy-
matophlebia to Cymatophlebiidae to be erroneous
and assert that it rather belongs to Paracymato-
phlebiidae, because it shares all synapomorphies
of Paracymatophlebiidae and only differs from this
extinct family in the plesiomorphic presence of a
second distal lestine oblique vein. The strongly
undulating RP3/4 and MA are not only shared with
Cymatophlebiidae but also with Paracymatophlebi-
idae. Contrary to Nel and Huang (2009, p. 203),
the published figures of Sinacymatophlebia show
that it lacks the main synapomorphy of Cymato-
phlebiidae, namely the undulating course of IR2
parallel to the undulating RP2. As stated by Nel
and Huang (2009), Sinocymatophlebia differs from
Cymatophlebioidea (Cymatophlebiidae + Rudi-
aeschnidae) by the plesiomorphic presence of only
two rows of cells between IR2 and Rspl. This latter
character state is again shared with Paracymato-
phlebiidae. According to Bechly et al. (2001), Para-
cymatophlebiidae is even more closely related to
Aeshnidae than Cymatophlebiidae, sharing a
larger set of synapomorphies. An attribution of
Sinacymatophlebia to Paracymatophlebiidae
rather than Cymatophlebiidae would thus not affect
the calibration of this node and Sinacymatophlebia

FIGURE 2. Wing venation of Liassophlebia sp., specimen TUClP In 192, from the Liassic alpha of Pechgraben in
Germany (Bechly, 1999) (Scale equals 10 mm)
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mongolica represents the oldest crown group
Anisoptera under either scenario.

CROWN AESHNIDAE

Node Calibrated: (5) Crown Aeshnidae. This
node represents crown Aeshnidae. 
Species. Gomphaeschna inferna (Gom-
phaeschninae) Pritykina, 1977
Specimen. Hind wing without base, PIN 1989/
1808 Paleontological Institute of the Academy of
Science of Russia, Moscow, Russia.
Phylogenetic Justification. This fossil preserves
the all the synapomorphies of the subfamily Gom-
phaeschninae: lack of crossveins in the antesub-

nodal area between RA and RP, no accessory
cubitoanal crossveins in the submedian space
between CuP- crossing and PsA and the discoidal
triangle only divided into two cells by a single
crossvein (Bechly et al., 2001). 
Minimum Age. 139.8 Ma.
Age Justification. Found in Zara Formation, Zaz-
insk series at Baissa near the uppermost course of
Vitim River, Transbaikals, Eravninsk region, Buryat
Republic (Tyumen), Russia. The Zara Formation is
Berriasian (145.0–139.8 Ma; Lower Cretaceous) in
age, according to (Cohen et al., 2013). Thus the
minimum age of the Berriasian is used for the cali-
bration. 

FIGURE 3. A cladogram of Odonata (adapted from Carle et al., 2015) showing the phylogenetic relationships among
Anisopteran families. The species highlighted in blue are the crown group fossils discussed in this manuscript. Node
numbers are listed in the order in which they are discussed in the manuscript. Node ages indicate the minimum age of
the crown fossil used. The question mark indicates weak support for the node Petaluridae + Gomphidae (see Carle et
al., 2015 for more details). Extinct species are indicated by a dagger. Note: nodes 2, 5, 6, 8, 9, and 10 are drawn for
simplicity, but these fossil taxa may be nested deep within the family to which they are assigned. The fossils shown in
the tree are not sister to the rest of the members of the family.
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Discussion. This fossil has not yet been used in a
molecular divergence estimation. Although the
specimen has this been tested phylogenetically for
its inclusion within the genus Gomphaeschna, evi-
dence from synapomorphies supports its use as a
calibration for crown Aeshnidae. The oldest fossil
record of the basal aeshnid subfamily Gom-
phaeschninae was chosen to calibrate this node.
Baissaeschna prisca Pritykina, 1977, belonging to
the Allopetaliinae (Bechly et al., 2001), has been
found in the same strata of the Zara formation and
hence provides additional support for the calibra-
tion of this node. Gomphaeschna? sibirica, was
described by Bechly et al. (2001) from a Siberian
locality of similar Lower Cretaceous age. 

CROWN GOMPHIDAE

Node Calibrated: (6) Crown Gomphidae. This
node represents crown Gomphidae.
Species. Proterogomphus renateae (Protero-
gomphinae) Bechly et al., 1998
Specimen. Specimen no. 6D in collection of D.
Kümpel, Wuppertal, Germany: a male exoskeleton
(complete specimen missing one wing). This type
specimen shall be donated or inherited to Staatli-
ches Museum für Naturkunde Stuttgart (SMNS),
Stuttgart, Germany.
Phylogenetic Justification. Bechly et al. (1998),
Bechly (1998), and Vernoux et al. (2010) estab-
lished the phylogenetic position of Proterogomphi-
dae within the crown group of Recent Gomphidae,
as closest relatives of the subfamily Hageniinae.
This position is supported by several synapomor-
phies, like hind wing triangles with angulate distal
side and trigonal planate (posttrigonal sector), hind
wings with less than 5 antefurcal crossveins, and
branching of RP at midfork symmetrical.
Minimum Age. 150 Ma.
Age Justification. Found in Solnhofen limestones
of Bavaria, Germany. These limestones are lower
Tithonian (Upper Jurassic) in age. Specifically, the
Malm zeta 2b, Hybonotum zone has a minimum
age of 150 Ma (Schweigert, 2007).
Discussion. This has not yet been used in phylo-
genetic analyses or divergence time estimation.
Apart from Proterogomphus renateae, all other
species of Proterogomphidae are found in Lower
Cretaceous strata (Bechly et al., 1998; Bechly,
2010; Vernoux et al., 2010). Additional crown
group Gomphidae are known from the Lower Cre-
taceous (upper Aptian, ca. 115 Ma) Crato Forma-
tion of Brazil, including Cratolindenia and
Cratohagenius (Bechly, 2000; Bechly, 2010). 

CROWN CAVILABIATA (LIBELLULOIDEA 
SENSU LATO)

Node Calibrated: (7) Crown Cavilabiata. This
node represents the suborder Cavilabiata. 
Species. Juralibellula ningchengensis (Juralibeluli-
dae) Huang and Nel, 2007 
Specimen. NIGP 143439 (Nanjing Institute of
Geology and Palaeontology, China): a thorax with
four wings.
Phylogenetic Justification. This species was
demonstrated by Huang and Nel (2007) to be
nested within Cavilabiata as sister group to Neo-
brachystigmata. It shares the main wing venational
apomorphies of Cavilabiata: distal part of antesub-
nodal area free of crossveins ("cordulegastrid
gap"), basal part of CuA ("gaff") before its branch-
ing distinctly prolonged in hind wing, RP3/4 and
MA slightly undulating; pterostigmata not parallel
sided (distal side more oblique than basal side),
and rather stout with length less than eight times
width, forewing nodus shifted distinctly distal of
midwing position; hind wing CuAa shortened, with
only five posterior branches, anal loop elongated
and enlarged with more than five cells. Further-
more, it shares several synapomorphies with more
advanced Cavilabiata, which are absent in Cord-
ulegastridae + Neopetaliidae: Pterostigmata short
covering only 1–3 cells, distal area between RP2
and IR2 widened with at least two rows of cells,
basal area between MP and CuA widened with at
least two rows of cells in hind wing, terminal branch
of CuAa secondarily branched on CuA.
Minimum Age. 168 Ma.
Age Justification. Found in Middle Jurassic
Jiulongshan Formation (= Haifanggou Formation)
near Daohugou village, Wuhua township, Ningc-
heng county, Chifeng city, Inner Mongolia, north-
east China. As discussed above in the Anisoptera
calibration age justification, the 168 Ma minimum
age is derived from the age range of the overlying
Daohugou Formation.
Discussion. According to Huang and Nel (2007)
Juralibellula is relatively advanced and appears to
be nested well within Cavilabiata, suggesting great
antiquity for the clade as a whole. Cavilabiata is a
well-supported node by both morphology and
molecular data (e.g., (Misof et al., 2001; Fleck et
al., 2008; Letsch et al., 2009; Blanke et al., 2013).
The presence of the apomorphic spoon-shaped
labial mask supports the monophyly of this group.
This group formerly referred to as Libelluloidea
includes families: Chlorogomphidae, Neopetalli-
dae, Cordulegastridae, Macromiidae, Cordullidae,
Libellulidae and GSI (sensu Ware et al., 2007).
7
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Molecular divergence time estimates by Ware et al.
(2007) and (2008) suggest a Cretaceous age for
the Cavilabiata clade.

CROWN MACROMIIDAE

Node Calibrated: (8) Crown Macromiidae. This
node represents the crown Macromiidae.
Species. Epophthalmia biordinata (Macromiidae)
Lewis, 1969
Specimen. University of Colorado Boulder. Holo-
type specimen No. UCM 28198: hind wing.
Phylogenetic Justification. This is a fossil that is
assigned to the genus Epophthalmia, which has
been recovered by Ware and Ballare (unpublished
data) within the family Macromiidae. Synapomor-
phies supporting this assigning of the fossil wing
include the presence of more antenodal crossveins
than Macromia, or Didymops, which are all sister
taxa to Epophthalmia. Additionally, the anal loop in
this fossil more closely resembles to Epophthalmia
than any of the other members of Macromiidae
(Lewis, 1969). Nel and Paicheler (1994) consid-
ered the attribution to the recent genus Epophthal-
mia as probable.
Minimum Age. 15.5 Ma.
Age Justification. Found in Latah Formation at
Marshall Creek, Spokane, Washington, USA. Age
estimates for the Latah Formation span the Burdi-
galian-Langhian-Serravallian (Miocene). Based on
an electron microprobe analysis of Fe and Ca con-
tent in ash samples, Nash and Perkins (2012) cor-
related the previously undated Latah Formation to
the well-dated lower Bully Creek Formation (also
dated by electron microprobe analysis), and thus
establish an absolute age of 15.8–15.5 Ma (Lang-
hian).
Discussion. Two other fossil macromiid species,
Epophthalmia zotheca Zhang, 1989 and Macromia
pilifera Lin, 1982 (attributed to Macromia by Zhang
et al., 1994) as well as Macromia sp. larvae
(Zhang, 1989) have been described from the early
middle Miocene of Shanwang in the Shandong
Province of China.

CROWN CORDULIIDAE

Node Calibrated: (9) Crown Corduliidae. This
node represents the crown Corduliidae. 
Species. Croatocordulia platyptera (Corduliidae)
de Charpentier, 1843
Specimen. The holotype specimen (described
without collection number), a male dragonfly speci-
men preserving three wings and body fragments,
was loaned to Charpentier by the famous German

botanist Heinrich Göppert (Breslau). It is lost
according to Kiauta (1969). Our inquiry showed
that the fossil is not preserved at the University of
Wrocław in Poland, where most of the remaining
specimens of Göppert’s private fossil collection are
deposited in the Geological Museum and the Insti-
tute of Evolutionary Biology and Ecology). It is also
not in the Radoboj collection of Oswald Heer at the
ETH Zürich (Switzerland), even though Heer
(1849) had examined and redescribed this fossil
specimen. A figure of this fossil can be found in
Heer (1849), on page 5 and figure number 3b.
Phylogenetic Justification. Kiauta (1969) sug-
gested a close relationship of this fossil genus with
the recent Corduliid genera Cordulia, Dorocordulia,
and Somatochlora, based on a comparison of wing
venational characters. This attribution was followed
by Nel and Paicheler (1994). Several synapomor-
phies confirm an attribution to Corduliidae + Libel-
lulidae, like the hind wings with triangle recessed to
arculus and a boot-shaped anal loop with midrib.
The presence of an anal triangle and anal angle
excludes a position in Libellulidae. The presence of
only one crossvein beneath the pterostigma, as
well as the phenetic similarity of the venation pat-
tern in both pairs of wings, confirms an attribution
to Corduliidae.
Minimum Age. 12.7 Ma.
Age Justification. Found in Radoboj (Radoboy)
near Krapina, north of Zagreb in Croatia, late mid-
dle Miocene, Serravalian/early Sarmatian, lacus-
trine limestone. According to Mlíkovský (1997), the
Radoboj site was specified as Sarmatian, which
corresponds to the younger part of the middle Mio-
cene, or to the micromammal Neogene zones MN
7–8. This author mentioned that micropaleontologi-
cal research of the middle Miocene deposits
around Krapina dated two of the localities (Lopat-
ica and Gornja Šemnica) as early Sarmatian, and
one (Frug) in the nannoplankton zones 6–7.
Mlíkovský (1997) considered it as probable from
this context that the classical Radoboj site belongs
in micromammal zone MN 7, which lasts from
14.8–12.7 Ma according to Steininger et al. (1996).
Discussion. Two older alleged crown group Cor-
duliidae have been described: Stenogomphus?
scudderi was described by Cockerell (1921) from
the middle Eocene Green River Formation from
Green River, Wyoming (USA), and Stenogomphus
carletoni was described by Scudder (1892) from
the late Eocene Florissant Formation of Colorado
(USA). Unfortunately, the attribution of Stenogom-
phus to Corduliidae is dubious and would need a
thorough revision of the type material (Nel and Pai-
8
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cheler, 1994). Ris (1910) considered Stenogom-
phus carletoni to be closely related to the recent
genera Neurocordulia, Platycordulia, and Aeschno-
soma, which was considered by Nel and Paicheler
(1994) as the most probable hypothesis. If this
attribution could be confirmed by a revision of the
holotype, it would extend the minimum age of
crown group Corduliidae to the Oligocene.

We did not use Molercordulia karinae from the
Palaeocene Moler Formation of Denmark as a cali-
bration point because its attribution to Corduliidae
by Bechly (2005) was based on symplesiomor-
phies. It cannot be ruled out that Molercordulia
could be a stem group representative of Cordulii-
dae, a stem group representative of Libellulidae, or
even an advanced stem group representative of
the clade Corduliidae + Libelulidae.

CROWN LIBELLULIDAE

Node Calibrated: (10) Crown Libellulidae. This
node represents crown Libellulidae. 
Species. Tauriphila? cerestensis Nel and Paic-
heler, 1993
Specimen. MNHM PE 2014/4 (old no. Od6 coll.
Herbert Lutz) at Naturhistorisches Museum in
Mainz (Germany): a nearly complete dragonfly.
Phylogenetic Justification. Even though this
extant genus has never been included in a phylo-
genetic analysis based on molecular data, morpho-
logical studies suggest that Tauriphila is a libellulid.
It shares the unique wing venational apomorphies
of the family Libellulidae (e.g., shape of anal loop)
and can be attributed to the modern subfamily Pan-
talinae (= Trameinae) based on the presence of
two rows of cells between Rspl and IR2, and the
strongly broadened hind wing anal field with
numerous small cells basal of anal loop, correlated
with a typical triangular shape of hind wings
(Davies and Tobin, 1985). The Nel and Paicheler
(1993) Tauriphila? fossil meets the synapomor-
phies for Trameinae (with the exception of flight
behavior) and for Tauriphila (last antenodal incom-
plete, forewing triangle crossed, Mspl distinct,
median planate cells forming a single row; Garri-
son et al., 2006). 

Minimum Age. 29.2 Ma.

Age Justification. Found in Céreste, Vaucluse,
France. These deposits are upper Rupelian (33.9–
28.1 Ma; Cohen et al., 2013), and can be assigned
to the "Stampien supérieur", mammal Paleogene
zone MP 24 (Ducreux et al., 1985) which spans
30.2–29.2 Ma (İslamoğlu et al., 2010).

Discussion. Sympetrum bigoti Nel and Papazian,
1985 was described from the latest Oligocene of
Aix-en-Provence in France, which confirms the
presence of the crown group of Libellulidae in the
upper Oligocene. The libellulid Palaeolibellula
zherikhini was described from the Upper Creta-
ceous (Turonian, 93.9–89.8 Ma) of Kazakhstan by
Fleck et al. (1999) but we did not use it to calibrate
the crown group node Libellulidae because the
phylogenetic position of this fossil species within
the family Libellulidae is not resolved and it might
instead represent a stem libellulid.

CONCLUSION

Here we have provided the oldest crown fos-
sils for clades Odonata, Zygoptera, Anisoptera,
Epiprocta, Aeshnidae, Gomphidae, Macromiidae,
Cordullidae, and Libellulidae. However, we lack a
crown group fossil record for Epiophlebiidae, Aus-
tropetaliidae, Chlorogomphidae, Neopetaliidae,
Cordulegastridae, and GSI/Synthemistidae. Molec-
ular ages for the nodes within Odonata are few in
number, with only Calopterygoidea (Dumont et al.,
2005) Petaluridae (Ware et al., 2014), and Libellu-
loidea/Cavilabiata (Ware et al., 2008) estimated so
far. For Anisoptera, the molecular ages suggest a
Cretaceous origin of Cavilabiata. The fossil evi-
dence we present here suggests a minimum age in
the mid-Cretaceous Period. We hope researchers
will find this manuscript a useful resource, and we
look forward to using these current fossil calibra-
tions in future divergence time estimates across
anisopteran families and genera. 
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KOHLI, WARE, & BECHLY: DRAGONFLY FOSSIL CALIBRATIONS
APPENDIX 1. 

The following table shows the Odonata venational terminology and abbreviation that are used in
this manuscript. This manuscript follows the Riek and Kukalová-Peck (1984) terminology

scheme. 

Costa C

Subcosta ScP

Radius anterior RA

Radius posterior, first branch RP1

Radius posterior, second branch RP2

Radius posterior, third branch RP3+4

Intercalar vein 1 IR1

Intercalar vein 2 IR2

Media anterior MA

Media posterior MP

Cubitus anterior CuA

Anal anterior and posterior AA/AP
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