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ABSTRACT

Aim Panorpodidae is a species-poor family of Mecoptera, containing only 13
species in its two genera, Panorpodes and Brachypanorpa. They are found dis-
junctly in eastern Asia and North America, and this distribution has been dee-
ply affected by the region’s complex geological and climatic history. We
calculate a time-calibrated molecular phylogeny and use it to reconstruct the
historical biogeography of the Panorpodidae, in order to explore the family’s
phylogenetic origin and the biogeographical process that resulted in the present
disjunct distribution.

Location Eastern Asia and North America.

Methods Sequence data from mitochondrial (COI and COII) and nuclear
DNA (28S and EF-1o) were assembled from eight ingroup species. A phylogeny
was reconstructed using maximum-likelihood analysis and Bayesian inference,
and divergence times were estimated using fossil-calibrated Bayesian analysis.
Ancestral areas were reconstructed with rasp 3.02, implementing dispersal—
vicariance analysis, dispersal-extinction—cladogenesis and Bayesian binary
MCMC.

Results The initial diversification of Panorpodidae occurred during the Ypre-
sian (c. 53.9 Ma). A wide ancestral distribution in eastern Asia and western
North America was inferred from the biogeographical analyses. The original
range of Panorpodes across eastern Asia and western North America was frag-
mented by intercontinental vicariance. The genus Brachypanorpa was initially
restricted to western North America and subsequently dispersed into eastern
regions of North America.

Main conclusions Two alternative biogeographical patterns were recovered.
Either Panorpodidae was restricted to western North America in the Eocene
and subsequently dispersed into eastern Asia or — more reasonably — it was
widely distributed in western North America, eastern Asia and Europe during
the Eocene. Our biogeographical reconstructions corroborate the significant
role of vicariance in shaping the current eastern Asian and North American
disjunction in Panorpodes. The geographical separation of western and eastern
North American Brachypanorpa species is likely to have resulted from the uplift
of the Rocky Mountains and the emergence of grassland biomes in central
North America.

Keywords
Brachypanorpa, disjunct distribution, molecular dating, Panorpodes, phylo-
geny, vicariance
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INTRODUCTION

The short-faced scorpionflies make up a small family —
Panorpodidae — of holometabolous insects in the order
Mecoptera, consisting of only 13 described species, and
exhibiting a disjunct Holarctic distribution (Zhong et al.,
2011). The 13 extant species are classified into two genera:
Panorpodes MacLachlan, 1875 (five species) and Brachy-
panorpa Carpenter, 1931 (eight species). Brachypanorpa is a
North American endemic, restricted to the wet, coastal
regions of the Pacific Northwest and the southern Appala-
chian Mountains (Byers, 1976, 1990). Panorpodes is almost
exclusively distributed in eastern Asia, including Japan, Korea
and China; Panorpodes colei Byers, 2005 from western North
America is the only exception (Byers, 2005; Tan & Hua,
2008; Zhong et al., 2011). The various species of Panorpodi-
dae usually live in moist, densely shaded forests with herba-
ceous ground cover (Byers, 1997; Zhong et al., 2011).

Very few biogeographical studies of Panorpodidae have
been published to date. Byers (1988) claimed that Panorpo-
didae migrated from the Palaearctic to the Nearctic over the
Bering land bridge during the early Cenozoic. Pollmann
et al. (2008) presented the first molecular systematic study of
Panorpodidae and assumed that the Bering land bridge was
associated with the present East Asian—North American dis-
junction. Fossil records of Panorpodes have been discovered
in Baltic amber, implying that Panorpodidae occurred in
Europe during the Priabonian (Carpenter, 1954; Weitschat &
Wichard, 2010; Soszynska-Maj & Krzeminski, 2013, 2015).
Fossil evidence, thus, provides insights into the historical
processes underlying the biogeography of Panorpodidae, but
little is known about the origin, divergence and evolutionary
history of the panorpodid fauna in the Holarctic region.

A disjunction between Eurasia and North America has
been repeatedly demonstrated in plants (Graham, 1972;
Manchester, 1999; Tiffney, 2000) and land mammals (Wood-
burne & Swisher, 1995; Beard & Dawson, 1999; Hooker,
2000; Bowen et al., 2002), and studies have been conducted
on numerous disjunctly distributed Holarctic insects, includ-
ing scorpionflies (Archibald, 2005, 2009; Archibald et al,
2005), lacewings (Archibald & Makarkin, 2006; Makarkin &
Archibald, 2013), ants (Archibald et al, 2006, 2011), dam-
selflies (Petrulevicius et al, 2007) and aphids (Ren et al.,
2013). The disjunct distribution in Panorpodidae was greatly
affected by dispersal or vicariance events between Eurasia
and North America and is likely to have been related to the
North Atlantic or Bering land bridges (Sanmartin et al,
2001; Tiffney & Manchester, 2001). Molecular phylogenetic
methods, including divergence-time estimation and ances-
tral-area reconstruction, can test whether the present disjunc-
tion in Panorpodidae arose through dispersal or vicariance.

In this study, we aim to reconstruct the phylogenetic rela-
tionships between four species of Brachypanorpa and four
species of Panorpodes using four molecular markers. Based
on the resulting phylogenetic tree and fossil calibration, we

will obtain a chronogram of Panorpodidae and use ancestral-
area reconstruction techniques to resolve the family’s phylo-
genetic origins and explore the biogeographical process that
led to its present disjunction in the Holarctic region.

MATERIALS AND METHODS

Taxon sampling and genetic data

Eight panorpodid species were sampled: five species from
North America [Brachypanorpa carolinensis (Banks, 1905);
Brachypanorpa jeffersoni Byers, 1976; Brachypanorpa orego-
nensis (MacLachlan, 1881); Brachypanorpa sacajawea Byers,
1990; and Panorpodes colei Byers, 2005], two species from
Japan (Panorpodes paradoxus MacLachlan, 1875; and Panor-
podes pulcher TIssiki, 1927), and one species from China
(Panorpodes kuandianensis Zhong et al., 2011) (Fig. 1). Four
species of Panorpidae, the sister family of Panorpodidae
(Willmann, 1987), were chosen as outgroups: Panorpa acuta
Carpenter, 1931; Panorpa fulvastra Chou, 1981; Panorpa neb-
ulosa Westwood, 1846; and Panorpa obtusa Cheng, 1949.

Most of the DNA sequence data were obtained from Poll-
mann et al. (2008). Two mitochondrial gene fragments, cyto-
chrome ¢ oxidase subunits I and II (COI and COII), and two
nuclear gene fragments, 28S ribosomal RNA (28S) and elon-
gation factor-1 alpha (EF-Ia), were used. We generated
DNA sequences from Panorpodes kuandianensis, Panorpa ful-
vastra and Panorpa obtusa using primers from Whiting
(2002) and Pollmann et al. (2008) and deposited the result-
ing sequence data in GenBank (see Appendix S1). In total,
DNA sequences of 12 species were used in this study. (See
Appendix S1 in Supporting Information for details of the
species investigated.)

DNA sequences were checked, assembled and edited with
SEQMAN (Swindell & Plasterer, 1997). Multiple sequence
alignment was performed with muscLe (Edgar, 2004) using
the default parameters. The best partition schemes and mod-
els were estimated for the whole data matrix with PaArTI-
TIONFINDER 1.1.1 (Lanfear et al., 2012) and were first codon
position of COI and COII, TrN+I; second codon position of
COI and COII, TrN+I; third codon position of COI and
COII, HKY+T+]; first and second codon positions of EF-Ia,
JC; third codon position of EF-Ia, K81uf; 28S, GTR+T.

Phylogenetic analyses and dating

Phylogenetic analyses using partitioned maximum likelihood
(ML) were run in RAXML-VI-HPC (Stamatakis, 2006) using
the graphical interface RAxMLGUI 1.3 (Silvestro & Michalak,
2012). Ten runs were started from random seeds, and boot-
strap values were evaluated across 1000 replicates under the
GTR+T model.

Partitioned Bayesian inference (BI) was performed in
BEAST 1.8.0 (Drummond et al., 2012) and used to infer phy-
logenetic relationships and estimate divergence times. Fossil
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Figure 1 Geographical distribution of the examined Brachypanorpa and Panorpodes species and fossil panorpodids. “t?” indicates the
uncertain fossil record of Austropanorpodes. The red arrow represents the dispersal event of Brachypanorpa species.

data were used to time calibrate the phylogenetic tree. The
node age of Panorpodes was constrained to a normal distri-
bution of 35.9 Ma £ 1.2 Myr, based on panorpodid fossils
from Baltic amber of Priabonian age (Perkovsky et al., 2007;
Soszynska-Maj & Krzeminski, 2013, 2015). The age of the
family is less clear. Ding et al. (2014) reported a putative
earliest fossil record of Panorpidae from the Middle Jurassic
of China, but we consider this record to be doubtful, because
of the scant evidence that the fossils belong to the Panorpi-
dae and because the character states cited in support of the
family determination may be convergent. These fossils may
represent a stem group that pre-dates the divergence of
Panorpidae and Panorpodidae or an independent branch
that diverged from an orthophlebiid grade of scorpionflies.
The earliest fossils that can be confidently assigned to the
family Panorpidae are, therefore, Ypresian specimens from
the Okanagan Highland deposits in far-western North Amer-
ica (Archibald et al, 2013). The time to the most recent
common ancestor (TMRCA) of Panorpa was thus defined as
Ypresian (52.90 Ma £ 0.83 Myr) based on specimens from
McAbee, Canada (Archibald et al., 2010).

We analysed the data under an uncorrelated log-normal
relaxed clock and assuming a Yule speciation process. Four
runs were conducted with randomly generated starting trees
and a chain length of 800 million generations, sampling
every 1000 generations. The stationarity and convergence of
chains were checked with Tracer 1.5 (Rambaut & Drum-
mond, 2009), ensuring that effective sample sizes were
greater than 200 for all parameters. The first 50% of genera-
tions were discarded as burn-in, and the remaining trees
were used to generate a maximum-clade-credibility tree with
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TREEANNOTATOR 1.8.0 (Drummond et al., 2012); the results
were visualized in FIGTRee 1.3.1 (available at http://tree.
bio.ed.ac.uk/software/figtree/).

Ancestral-area reconstruction

The samples were categorized into four areas (A, western
North America; B, eastern North America; C, Japan; D,
China), based on geographical distributions obtained from
Zhong et al. (2011) and the associated database (available
at  http://researcharchive.calacademy.org/research/entomology/
Entomology_Resources/mecoptera/).

On the basis of the phylogenetic and distributional data,
the ancestral areas and biogeographical history of the Panor-
podidae were inferred with a combination of analytical
approaches, all implemented in rasp 3.02 (Yu et al, 2015).

First, we ran the parsimony-based statistical dispersal—
vicariance analysis (S-DIVA) (Yu et al., 2010) — a modified
form of dispersal-vicariance analysis (Ronquist, 1997) —
accounting for the uncertainty in the phylogenetic and biogeo-
graphical reconstructions (Nylander et al., 2008; Harris &
Xiang, 2009). The maximum number of ancestral areas was
restricted to four for each node, and 600,000 post burn-in trees
from the BEAST analysis were used.

Second, we executed a maximum-likelihood analysis under
the dispersal-extinction—cladogenesis (DEC) model (Ree
et al., 2005; Ree & Smith, 2008). Almeida et al. (2012) noted
that no significant difference was observed between stratified
DEC models and an unconstrained model. Movements
between the areas were, therefore, unconstrained: all values
in the dispersal constraint matrix were set to 1. The total
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number of the ancestral ranges of DEC model was con-
strained to four.

Third, a Bayesian binary MCMC (BBM) method was used
for biogeographical inference, using the model F81+I", which
is considered the most general and complex model in rasp
(Sanmartin et al., 2008). The MCMC chains were run for 10
million generations, and sampled every 1000 generations; the
first 25% samples were discarded as burn-in. The biogeo-
graphical results were summarized on the maximum-
clade-credibility tree from the BEAsT analysis.

RESULTS

Phylogeny of the Panorpodidae

The data matrix contained a total of 3195 aligned base pairs,
600 of which were parsimony informative. The ML and BI
methods generated identical and strongly supported topolo-
gies (Fig. 2): the monophyly of the family Panorpodidae was
supported, and the family was divided into two distinct
clades with high support values (maximum-likelihood boot-
strap support, BS, 100%; Bayesian posterior probability, PP,
1.0). One clade consisted of B. carolinensis, B. jeffersoni,
B. oregonensis and B. sacajawea, suggesting that the genus
Brachypanorpa is a robust monophyletic group (BS 100%;
PP 1.0). The other clade contained species of the genus
Panorpodes, the monophyly of which is also strongly sup-
ported (BS 90%; PP 1.0). The recently described Chinese
species P. kuandianensis forms the sister group to the Japa-
nese species P. pulcher + P. paradoxus, and these three spe-
cies together constitute the sister group to the North
American P. colei.

Molecular dating

The divergence-time chronogram (Fig. 2) places the origin of
Panorpodidae at a mean age of 118.3 Ma (95% highest pos-
terior density interval, HPD, 76.2-165.7 Ma). The estimated
divergence time between Brachypanorpa and Panorpodes was
53.9 Ma (95% HPD, 38.7-71.8 Ma). The species of Panor-
podes diverged c. 36.3 Ma (95% HPD, 33.9-38.7 Ma), and
the TMRCA of the Brachypanorpa clade was estimated at
29.9 Ma (95% HPD, 18.0-43.2 Ma). (See Table 1 for mean
divergence times and 95% HPD intervals for each node.)

Biogeography

The optimal ancestral-area reconstruction under the DEC
model (Fig. 3b) was highly congruent (Table 1) with the
reconstruction through S-DIVA (Fig. 3a), but strikingly dif-
ferent from the inferred range evolution under BBM
(Fig. 3¢).

Three possible ancestral ranges for the Panorpodidae were
inferred with the same marginal probability using S-DIVA.
They were (1) western North America; (2) western North
America + Japan and (3) western North America + Japan +

4

China. The inference from DEC favoured western North
America + Japan + China as the most likely ancestral area of
the Panorpodidae, whereas western North America was pre-
ferred under BBM.

Western North America + Japan + China was inferred as
the ancestral range for Panorpodes by DEC, although it is
only one of three equally likely ancestral scenarios under S-
DIVA. In the BBM reconstruction, however, western North
America was considered the most likely ancestral area, with
Panorpodes having subsequently dispersed westwards into
eastern Asia. All three biogeographical reconstructions indi-
cated that Brachypanorpa was initially restricted to western
North America, and later expanded eastwards.

DISCUSSION

The order Mecoptera first appeared in the Early Permian
and was remarkably diverse and common until the Creta-
ceous, although its species diversity and abundance has
declined progressively in more recent deposits (Novok-
shonov, 1997; Grimaldi & Engel, 2005). Mecoptera are now
a small relict group consisting of only nine extant families
(Penny, 1975; Willmann, 1987). Based on the present molec-
ular dating analysis (Fig. 2), Panorpodidae had a relatively
recent origin, with most of its diversification and speciation
occurring between the Priabonian and the Tortonian.

Two different biogeographical patterns for Panorpodidae
were recovered using ancestral-area reconstruction tech-
niques. In the first, based on the BBM analysis, Panorpodi-
dae was distributed in western North America in the Eocene
and subsequently dispersed into eastern Asia. This result
contradicts the character evolution of the rostrum from short
in Panorpodes to virtually absent in Brachypanorpa (Byers,
1988). In the second, based on the results of S-DIVA and
DEC reconstructions and the fossil record, ancestral Panor-
podes had a wide distribution in western North America,
eastern Asia and Europe during the Eocene. Previous studies
on the evolutionary trend of the rostrum concluded that
Panorpodidae migrated from the Palaearctic to the Nearctic
region (Byers, 1988, 1997; Downes & Kavanaugh, 1988), but
the discovery of Panorpodes colei in North America and our
present analysis imply that the ancestral range of Panorpodi-
dae may have covered both the Palaearctic and the Nearctic.

The fossil record of Panorpodidae is extremely poor, with
only one fossil species of Austropanorpodes and four fossil
species of Panorpodes so far discovered (Carpenter, 1954;
Petrulevicius, 2009; Soszynska-Maj & Krzeminski, 2013,
2015). The four reliable fossil species of Panorpodes were
found in Baltic amber, and the more uncertain Austropanor-
podes gennaken Petrulevicius, 2009 comes from the Ypresian
(52 Ma) of Argentina, indicating that panorpodid species
were distributed in Europe and possibly also in South Amer-
ica in the Eocene (Carpenter, 1954; Perkovsky et al., 2007;
Petrulevicius, 2009; Weitschat & Wichard, 2010). The fossil
evidence implies that the family is likely to have had a much
wider global distribution in the Eocene than now, although
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Figure 2 Bayesian maximum-clade-credibility tree based on the concatenated dataset (COI, COII, 28S and EF-1a) in BEAST 1.8.0 with a
relaxed clock and Yule speciation process. Node numbers above blue bars show maximume-likelihood bootstrap support (BS) and
Bayesian posterior probabilities (PP); node numbers below blue bars indicate the mean estimated divergence times of Panorpodidae in
millions of years ago. Fossil calibration points are indicated with black stars. Horizontal blue bars at nodes represent 95% highest

posterior density date ranges. Pal., Palaeocene; Oli., Oligocene; Pli., Plio

the relationships between the extant panorpodids and the
fossil species have not been well established.

The distribution of Panorpodidae has been deeply affected by
the region’s complex geological and climatic history. During the
Eocene, Europe was separated from Asia by the epicontinental
Turgai Strait, which is often considered to have formed a disper-
sal barrier to animals, although there was still a direct route
westwards from Europe across a forested Arctic into eastern Asia
(Tiffney, 1985b; Sanmartin et al., 2001; Archibald et al., 2011;
Eberle & Greenwood, 2011). The climate in the Ypresian was
warm with high levels of precipitation, and the Arctic was
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cene; P., Pleistocene.

generally temperate except for brief hyperthermal intervals
(Basinger, 1991; Basinger et al., 1994; Sluijs et al., 2006, 2009;
Jahren, 2007; Greenwood et al, 2010; Eberle & Greenwood,
2011). The Baltic forests were composed of warm-temperate
subtropical oaks and pines (Penney, 2010), and the diversity of
aquatic insect fossils in the Baltic amber suggests that there was
flowing water (Wichard et al., 2009). The ancient Baltic forests,
with warm temperatures and moist air, were covered with abun-
dant trees (including oaks and hickories) and herbaceous under-
storey plants, providing suitable habitats for panorpodid species
(Byers, 1997; Zhong et al., 2011).
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Table 1 Estimated divergence times and the ancestral-area reconstructions of Panorpodes and Brachypanorpa implemented in rRASP
under statistical dispersal-vicariance analysis (S-DIVA), dispersal-extinction—cladogenesis (DEC) and Bayesian binary MCMC (BBM).

Mean estimated S-DIVA DEC BBM
divergence time
Node (95% HPD) (Ma) Areas* Probability, % Areas* Probability, % Areas* Probability, %
13 16.4 (9.2-23.4) C 100.00 C 100.00 C 99.09
14 27.5 (20.8-33.7) CD 100.00 CD 100.00 D 34.85
C 27.17
A 25.05
15 36.3 (33.9-38.7) ACD 33.33 ACD 100.00 A 94.66
AC 33.33
AD 33.33
16 8.7 (3.5-14.5) B 100.00 B 100.00 B 93.67
17 18.7 (10.1-28.2) AB 100.00 AB 100.00 A 93.60
18 29.9 (18.0-43.2) A 100.00 A 54.23 A 98.71
AB 45.77
19 53.9 (38.7-71.8) ACD 33.33 ACD 57.94 A 96.99
AC 33.33 ABCD 18.81
A 33.33 AD 14.47

*Only ancestral areas with a marginal probabilities above 10% are presented. A, western North America; B, eastern North America; C, Japan; D,

China.

The demise of the Turgai Strait coincided with global
cooling in the Eocene—Oligocene transition period, leading
to extensive biogeographical exchange between Europe and
Asia (Tiffney & Manchester, 2001). McKenna (1983) demon-
strated major faunal turnovers in Europe at the Eocene—
Oligocene boundary, during which most of the endemic
European fauna became extinct, probably including panorpo-
dids.

Based on our research, Panorpodes is likely to have origi-
nated during the Ypresian (c. 53.9 Ma), at which time the
Holarctic region was still held together by the Bering and
North Atlantic land bridges (McKenna, 1983). It is, there-
fore, reasonable to assume that Panorpodes existed in eastern
Asia and North America as well as Europe in the Eocene.
During the warm-temperate and humid early Eocene,
boreotropical forests dominated the whole Northern Hemi-
sphere and spread between North America and Eurasia
across the two land bridges (Wolfe, 1978; Tiffney, 1985b).
The terrestrial connection between Europe and North Amer-
ica ended during the Ypresian (50 Ma) (Tiffney, 1985b), pre-
ceding the divergence of Panorpodes at 36.3 Ma and so
preventing any dispersal of Panorpodes across the North
Atlantic land bridge. During the Lutetian and Bartonian ages,
Beringia was covered with deciduous hardwood forests and
evergreen communities, and the Arctic forests consisted
mainly of deciduous conifers, allowing extensive interconti-
nental interchange across Beringia (Sanmartin et al., 2001;
LePage, 2003; Jahren, 2007; Greenwood et al., 2010). After
the Eocene-Oligocene boundary, however, the climate con-
tinued to become cooler and drier until the Pleistocene
glaciations (Wolfe, 1978; Tiffney, 1985a). Thereafter, the Ber-
ingian region was less suitable as a dispersal route, and the
exchange of Panorpodes between Eurasia and North America
through Beringia was disrupted. Eventually, the Asian

6

Panorpodes species became geographically isolated from the
North American species.

The eastern Asian Panorpodes species are restricted to
China, Japan and Korea (Tan & Hua, 2008; Zhong et al.,
2011). We estimate that the Japanese Panorpodes paradoxus
and P. pulcher split from the Chinese P. kuandianensis
¢. 27.5 Ma (Fig. 2), preceding the Messinian (6.0 Ma) isola-
tion of the Japanese islands from the rest of East Asia, which
suggests that vicariance rather than dispersal led to the isola-
tion of Japanese Panorpodes. The close geographical affinities
between China, Japan and Korea probably resulted in fre-
quent exchanges of eastern Asian Panorpodes species, as
occurred in the genus Panorpa (Hu et al., 2015).

The genus Brachypanorpa is endemic to North America
and geographically separated into western and eastern spe-
cies. Our biogeographical analyses imply that the range of
Brachypanorpa was initially restricted to western North
America and that the genus subsequently spread eastwards.
The genus diversified in the Rupelian (c. 29.9 Ma), when the
early Rocky Mountains were levelled by erosion, the entire
North American Cordillera became a peneplain (Sanmartin
et al., 2001), and the boreotropical vegetation of the Rocky
Mountains region was replaced by a mixture of conifers and
broad-leaved deciduous forests (Wing, 1987). This encour-
aged the extensive eastward migration of Brachypanorpa spe-
cies out of western North America. During the Chattian
(Oligocene) and Miocene, orogenic activity in the western
Nearctic resulted in the uplift of the Rocky Mountains,
which eventually led to the emergence of the extensive grass-
lands in central North America (Axelrod, 1985; Graham,
1993). These grassland biomes presented a barrier to disper-
sal and presumably led to the isolation of western and east-
ern Brachypanorpa species. Brachypanorpa carolinensis and
B. jeffersoni are currently restricted to the southern
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Figure 3 Ancestral-area reconstructions of Panorpodidae using rasp 3.02: (a) parsimony-based statistical dispersal-vicariance analysis
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Appalachian Mountains (Byers, 1976), which are thought to
have acted as a refugium during the Pleistocene glaciations
(Grimaldi & Engel, 2005; Pollmann et al., 2008).

CONCLUSIONS

The fossil-calibrated molecular dating with BEAsT and ances-
tral-area reconstructions with Rrasp provide a detailed
description of the processes behind the historical biogeogra-
phy of the Panorpodidae. The family is very likely to have
originated in the Early Cretaceous. Biogeographical analyses
and fossil records reveal that the ancestral range of Panor-
podes is likely to have covered North America, eastern Asia
and Europe and that vicariance played a significant role in
shaping the current biogeographical disjunction. Brachy-
panorpa initially dispersed into western North America and
subsequently spread into eastern regions of North America.
The uplift of the Rocky Mountains and the emergence of
grassland biomes in central North America may provide a
historical explanation for the geographical separation
between western and eastern Brachypanorpa species.
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