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Abstract. We explore the phylogeography and inter-population relationships of the Southern Hawker dragonfly, Aeshna cyanea (Miiller)
in the Western Palaearctic region based on 603 bp Cytochrome Oxidase Subunit 1 (COI) mtDNA and 732 bp Internal Transcribed Spacer
region (Internal Transcribed Spacer 1, 5.8S ribosomal RNA gene and Internal Transcribed Spacer 2, ITS region) ncDNA with an increased
sampling from Europe compared to a previous study. Both DNA fragments recover a remarkable and compatible pattern: the recently de-
scribed Aeshna vercanica Schneider et al. is the sister group of 4. cyanea, which in turn comprises three distinct populations. These popu-
lations are: a population in the Caucasus region; a North African population; and a European population. When analysed alone, the ITS
fragment recovered A. vercanica and the Caucasus 4. cyanea population as separate units, but the North African and European 4. cyanea
populations were recovered as intermixed. Fg; population genetic analyses of COI data revealed high degrees of isolation between all popu-
lations as all inter-population values were between 0.818 (North Africa — Europe) and 0.944 (Europe — A. vercanica). Average pairwise
distance in COI (uncorrected p) between populations followed this pattern and was lowest between Europe and North Africa and highest
between North Africa and A. vercanica, and between Europe and A. vercanica. Within population pairwise distance values were approxi-
mately an order of magnitude lower. Pairwise distance values between populations for the ITS region were much lower than for COI, but
followed the same pattern. Our results therefore support the full species status for 4. vercanica, and clearly indicate that the current Western
European A. cyanea population originated from a North African galcial refugium and dispersed to Europe (the Iberian Peninsula) prior to
the Holsteinian interglacial period. While the North African and European populations likely remained in contact initially, the European
population was probably isolated in the Iberian Peninsula during the Holsteinian interglacial period, and subsequently spread throughout
Europe in late Pleistocene — early Holocene.
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1. Introduction

Current European biogeography is strongly affected by
the Quaternary glacial cycles, with dramatic climate
fluctuations over the past two million years having left
complex patterns of range expansions and contractions,
as well as speciation and extinction events (e.g. HEWITT
1999; Scumitt 2007). The past couple of decades have
seen a surge in species and population level biogeo-
graphical studies of the European flora and fauna (e.g.
Hewitt 1999, 2004; Scumitt 2007; NorRMAND et al. 2011;
SiMoNSEN & HUEMER 2014; Husemann et al. 2014). The
emerging picture is a mixture of patterns where some
studies reveal patterns that confirm the presence of ma-

jor Mediterranean glacial refugia in the Iberian, Italian
and Balkan peninsulas (see DE LATTIN 1964, 1967; HEwWITT
2004 for general patterns) in plants (voN CRAUTLEIN et al.,
2019), vertebrates (URSENBACHER et al. 2006; JOGER et al.
2007; NeBEL et al. 2015; MArzAHN et al. 2016) and hexa-
pods (ViLa et al. 2005; Louy et al. 2013; HiNvososA et al.
2017) — some of these studies have demonstrated several
Mediterranean refugia in the same species. However, a
number of studies show markedly different patterns,
which include patterns indicating northern glacial refugia
(e.g. ScumiTt et al. 2007; GratToN et al. 2008; HAMMAOUTI
et al. 2009; SLovak et al. 2012; BEsoLb & ScHmiTT 2014,
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SiMoNSEN & HUEMER 2014; DaNeck et al. 2015; Paucu-
Lova et al. 2016; WINDMAISSER et al. 2016; QuINzIN et al.
2017). Others indicate the presence of refugia in eastern
or southeast Western Palaearctic (SapegHi et al. 2010;
SzTENCEL-JABLONKA et al. 2015; KastocH et al. 2016; Kamp
et al. 2019), while some studies indicate a rapid post gla-
cial expansion across the entire Palacarctic (BERNARD
et al. 2011) or even Holarctic (NEBEL et al. 2015; KoHLI
et al. 2018) regions from eastern Siberian refugia. Until
recently, the role North African refugia may have played
in Western Palaearctic Quaternary biogeography has
been somewhat overlooked, not least the routes through
which Europe has been colonised from such North Af-
rican refugia (HABEL et al. 2001; DarporTo et al. 2001;
HuseMANN et al. 2014; EL MokHEFI et al. 2016; LEFEBVRE
et al. 2016). Understanding these patterns and their tim-
ing remains crucial not only for understanding current
European biogeography, but also for predicting the ef-
fects of current and future climatic changes on biodiver-
sity.

Insects are often a focus group for zoological phylo-
geography because of their significant biological diversity,
fast generation time and large population sizes — which
mean they often respond quickly to changes — and gener-
al ease of access. Indeed, many studies on European phy-
logeography and speciation are based on insect groups
(several of the studies mentioned above as well as others),
mostly Lepidoptera (butterflies and moths), and Orthop-
tera (grasshoppers and crickets). Another insect order of
considerable interest for phylogeography and diversifi-
cation studies are Odonata (dragonflies and damselflies):
they are ecologically very diverse, but the individual
species are often strongly tied to specific ecological
conditions, and all have highly complex life cycles with
aquatic juvenile stages and terrestrial adults. This means
that they link the terrestrial and aquatic environments,
and are doubly sensitive to environmental and climatic
changes — they react to changes in both environments
and not just one of them (e.g. BYBEE et al. 2016). Several
studies have indeed focused on phylogeography and/or
species delimitation of Western Palaearctic Odonata.
ArTiss (2004) found strong genetic separation between
Nearctic and Palaearctic Libellula quadrimaculata Lin-
neaus, 1758, but only differentiation between Japan and
the remaining Palaearctic — not within the Palaearctic re-
gion in general. Konti et al. (2018) found divergence in
the circumpolar arctic Somatochlora salbergi Trybom,
1889 between Japan (Hokkaido) and the rest of the popu-
lations, but otherwise no variation. Similarly, BERNARD
etal. (2011) found very limited divergence across the
Palaearctic region in Nehalennia speciosa (Charpentier,
1840). In contrast to this, Hoiosa et al. (2017) found a
clear pattern in Sympetrum vulgatum (Linneaus, 1758),
which is divided into three geographical groups: Iberian
Peninsula; Europe; and Caucasus. The closely related
damselflies Coenagrion puella (Linneaus, 1758) and
C. pulchellum (Vander Linden, 1825) share intermixed
COI haplotypes in Europe (FREELAND & CoNRrRAD 2002),
and cannot be separated based on mtDNA. However,
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they are well separated based on nuclear microsatellite
markers (Lowe et al. 2008), demonstrating clearly the
risks of relying on mitochondrial genes only.

Recently, ScHNEIDER et al. (2015) studied the Aeshna
cyanea (Miiller, 1764) complex and described a new spe-
cies, A. vercanica Schneider et al., 2015, based on dis-
tinctive specimens from the Hyrcanian Forest region in
northwest Iran and southeast Azerbaijan (Fig. 1). When
they analysed molecular differences in both mitochon-
drial and nuclear genetic markers between A. vercanica
and A. cyanea, they discovered a distinctive pattern in
the latter with clear distinction between populations in
the Caucasus, North Africa, and Europe. As their focus
was on the description of the new species, 4. vercanica,
they did not explore the pattern in A. cyanea further, but
noted that the African population may be a glacial relict
(ScHNEIDER et al. 2015). Aeshna cyanea is a distinctive,
versatile and mobile species, which occurs widespread
in Western Europe from Gibraltar and Sicily to northern
England, southern Scandinavia and southern Finland. It
is absent from Ireland, and rare and localised in Scotland.
While it is apparently absent from south eastern Italy and
southern Balkan, it probably occurs throughout the rest
of Eastern Europe to the Ural and Caucasus mountains,
although the exact distribution is poorly known. It is ab-
sent from most of Anatolia, the Middle East, and north
eastern Africa, but there are rare and localised popula-
tions in north western Africa (Fig. 1; Askew 2004; ScH-
NEIDER et al. 2015; Karkman & Kitanova 2015). Here we
augment SCHNEIDER et al.’s (2015) data set with speci-
mens from northern and Eastern Europe to explore the
phylogenetic and phylogenetic patterns, population ge-
netics, and molecular divergence times in the 4. cyanea
complex in relation to Quaternary glacial cycles in the
Western Palaearctic.

2. Material and Methods

2.1. Material

We sampled sixteen specimens of Aeshna cyanea from
Europe. These samples were augmented with Genbank
sequences from a further six European specimens, three
North African specimens, nine specimens from the Cau-
casus region and three A. vercanica specimens from Iran/
Azerbaijan. All Genbank sequences were included in
ScHNEIDER et al.’s (2015) initial study of A. cyanea/ver-
canica. A single specimen of each of the species Aehsna
juncea (Linneaus, 1758) and Aeshna mixta Latreille, 1805
were used as outgroups. The full data set thus comprise
39 specimens. All specimen data is given in Table 1. All
voucher specimens sequenced for this study are depos-
ited at the Natural History Museum Aarhus. The distribu-
tion and sample localities map in Fig. 1 was constructed
by exporting a blank map from DIVA-GIS 7.5.0.0 using
the global country boundaries dataset provided on the
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Fig. 1. Geographic range and sampling sites for Aeshna cyanea (inserted photo) and A. vercanica. Distribution of A. cyanea is shown
in grey, while distribution of A. vercanica is shown in black. Open circles indicate sampling sites in Schneider et al. (2015), while filled
circles indicate our sampling sites. Small circles indicate a single specimen, while large circles indicate several specimens. Modified from
Schneider et al. (2015).

program’s website (Humans et al. 2012). Species distri-
butions (based on ScHNEIDER et al. 2015; KaLkman & Ki-
TANOVA 2015), and sample localities (based on SCHNEIDER
et al. 2015 and our sample data) were added manually in
Adobe Photoshop CS2.

2.2. Methods

2.2.1. Laboratory procedures

Following ScHNEIDER et al. (2015) we targeted the bar-
code region of the mitochondrial gene COI (HEBERT et al.
2003), and the full Internal Transcribed Spacer region
(ITS region) in the nuclear genome. This allow us to uti-
lise the sequences published by ScHNEIDER et al. (2015)
and build directly on their work. COI has been widely
used in species delineation and phylogeograpic studies
in insects (e.g. GRATTON et al. 2008; SiMONSEN et al. 2008;
HammaouTr et al. 2009; HueMmer 2011; MUTANEN et al.
2012; SimonseN & HueMmEer 2014), although the use of
a single, mitochondrial gene for such studies has been
criticised (e.g. Durois etal. 2012; KONDANDARAMAIAH
et al. 2013; SivonseN et al. 2019). The nuclear ITS re-
gion, which comprises the genes ITS1, 5.8S, and ITS2
has been used less frequently, but shows considerable in-
ter- and intra-specific variation in insects (e.g. WEEKERS
et al. 2001; Jopicke et al. 2003; CHoBaNov et al. 2016).
As haplotype network analyses are sensitive to missing
data, we trimmed the data sets to make sure that there
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was no missing data. The aligned combined data set is
available as Supplementary Material S1.

DNA was extracted at Aarhus University (AU), Den-
mark using either E.Z.N.A. Tissue DNA Kit (Omega
BIO-TEK) or DNeasy Blood & Tissue Kit (Qiagen). The
E.Z.N.A. Tissue DNA Kit protocol was followed with
some modifications: Samples were incubated at 42° C
for 18—23 hours during lysis, steps 5 and 6 in the proto-
col were skipped, and samples were incubated with Elu-
tion Buffer for 5—10 min at 70° C and eluted once in
200 pl. The DNeasy Blood & Tissue Kit protocol was
followed with some modifications: Samples were incu-
bated at 42° C for 20 hours during lysis, elution buffer
AE was heated to 60° C prior to elution, samples were
incubated with buffer AE for 10 min at 60° C and eluted
once in 100 pl. The lower lysis temperature compared to
the 55—56° C in the manufacturers’ protocols, follows
KroscH & CransToN (2012), who demonstrated that a
lower lysis temperature is suitable for longer lysis times.

We used the following PCR protocol for COI:
95° C, 2 min; then 35—45 cycles of 95° C, 30s; 45° C,
30s; 72°C, 1 min and a final extension of 72° C for
5 min using the primers OdoF2 (with universal tail):
TGTAAAACGACGGCCAGTTTTCTACAAAYCAY
AARGATATTGG (tail in boldface italics); and OdoR3
(with universal tail): CAGGAAACAGCTATGACTAAA
CYTCTGGRTGRCCAAARAATCA (tail in boldface
italics). We used the same PCR protocol for ITS using the
primers VRAIN2F (with universal tail): TGTAAAACGA
CGGCCAGTCTTTGTACACACCGCCCGTCGCT (tail

3N



SIMONSEN et al.: Phylogeography of Aeshna cyanea

GGIEIENIN 1806E6NIN MaN G/1-¥YNCO-LN3 puepnlissp Jlewus(q adoing eauefs euysay
6S9EI6NIN C806EBNIN MaN 9/1-¥YNC-LN3 Puepnf yinog Jlewusq adoing eauefs euysay
199E96NIN 7806E6NIN M8N EVE-YNCO-LN3 puepnr isey Jewus(q adoing eaued) euyssy
£G9E96NIN 8L06E6NIN MBN ZL1-YNQ-IN3 puejnr1se3 ylewuaq adoing eauefs euysay
099€96NIN 6806EBNIN MaN ZEE-YNG-IN3 uA4 ewuaq adoing eauety euysay
699E96NIN €806E6NIN MaN CYE-YNAO-LNI Ugin Jlewusq adoing eauely euysay
799E96NIN C606E6NIN MaN 6YE-YNA-LN3 puejesz 1seayloN Jewuaq adoing eauely euyssy
€99E96NIN 1606EENIN M8N 87E-YNQ-LN3 puejesz 1seayioN Hewus(q adoing eauel) euyssy
0L9E96NIN 0606E6NIN MBN LVE-YNCO-LIN3 puejesz 1sesyuoN ylewuaq adoing eauehs euyssy
C99€96NIN LB0BEGNIN M3N 97E-YNQ-LNT wjoyuiog Hewus(q adoing eauefs euyssy
899E96NIN 9806E6NIN M3N GYE-VNQ-LNT wjoyuiog Hewusq adoing eauely euyssy
999€96NIN GBOBEGNIN MaN 7¥E-YNQ-LNT wjoyuiog JHewus(q adoing eauely euyssy
B8GIEIENIN 0806EGNIN MaN 9€1-YNO-INT wjoyuiog Hewus(q adoin3 eauely euyssy
L99EI6NIN 6L06E6NIN M8N GEL-VNQ-IN3 wjoyuiog Hewus( adoin3 eaueld euyssy
959€96NIN 8806EBNI MaN 686-YNQ-LN3 puej uspams adoing eaueds euysay
G99EI6NIN €606E6NIN M3N LELL-YNQ-LNT B)Se|pod ejelg puejod adoin3 eauely euyssy
78E08LNN 60€08L N GLOZ '[e 38 1aplauyas €9 - ureds adoing eauefo euyssy
6LE08LNN 80€08LNXN GLOZ '[e 18 1apauyag L1 BIUBIBWO 1S9\ puejod adoin3 eauely euyssy
8LE08LNY 90€08LNY G10Z '[e 18 Japlauyds 69 elueJBWOd 1S8\\ puejod adoing paueAd euysayy
LLEDBLNN GOEosLNN GLOZ '[e 38 Japlauyas 82 - Arey adoing eauefo euysay
9/£08LNY 10€081NY G10Z ‘e 18 JapIauyas 019 Biaquaninpn-uapeg Auewiag adoing eauefa euysay
€LEOBLNN 70E08LNN GLOZ '[e 38 1aplauyds I — wnifjeg adoing eauefo euyssy
98E08LMN 0cEo8LNN GLOZ '[e 18 1apiauyas 9 - eisaun| By YUON eauefs euysay
GBEOBLMN 0LE08LNN GLOZ "[e 18 1apisuyag €L - eisaun| eI YHON eauefo euysay
yLE08LNN LLEOBLNN GLOZ '[e 38 Japiauydag 1o - euably eI YLON eauefo euysay
£8€08LNX 8Le08LNA GLOZ ‘|e 18 1ap1auyas 9 Snseane) ‘AYSA01SO| eIssny Snseane) 2auefs euysay
28£08LNY £1€08LNY GL0Z "|e 38 Japiauyas 19 SNseane) ‘AYsA0iso| elssny snseane) eauefs euysay
18e08LNY c1e08LN GL0Z '|e 18 Japiauyag 919 SNSeane) ‘AYSA0ISo| eissny snseaney oouefs euysay
08€08LNY Z1E08LNY G10Z '[e 18 Japiauyag Glo SNSeaney ‘AYSA0lso| elssny snseaneg pouefs euysay
GLEOBLNN 71€08LNN GLOZ e 33 J8plauyds L1d - elbiosy snseaneg esuets euysay
¢LE0BLNN L2e08LNN GLOZ '[e 18 Japisuyag [Ax - ejusuly Snseaney esuety euysay
LLE0BLNN 6LE0BLNN GLOZ '[e 18 JapiBuyag Y - eljusuy snseaney eaueha euyssy
0££08LN 9LE08LNN GLOZ '[e 18 JapiBuyag o - elusuly SNseaney eauefo euysay
69€081 N GLEOBLN GLOZ '[e 18 JapiBuyag 819 - elusuly snseaneg eauets euysay
L9E08LNN 2zensLny GLOZ B 38 J8p1auydg gan uereyue uefieqiazy - eajueIIgN euysay
89€08LNN €0€08LNN GLOZ '[e 18 Japiauyag {8h - ueyj - ealuedIsN euysay
G9E08LNN ¢0E08LNN GLOZ '[e 18 Japiauyag LaA — ueyj - e3juedIdN euysay
CEIEBENIN G9L6EBNIN M3N CL1-YNC-LNT puepnr isey Jlewusq - e euysay
919E66NIN 898LVBNIN MaN 67¢-YNO-LN3 puepnr isspn Jewusq - egoun/ euyssy
S1| #)uequan 109 #juequan aaualayay J13yanop uoifiay Anunoy dnoifioan sa10adg snuag

‘papraoId SIOqUINU UOISSIIOL JUBQUOL) PUB ‘SUOT)EUSTISOP IOYONOA ‘SanI[eso] ‘sdnoi-0as yirm Apnis sTyy ur pasn suowroods *T I[qeL

SENCKENBERG

—

o



ARTHROPOD SYSTEMATICS & PHYLOGENY — 78 (2) 2020

in boldface italics); and VRAIN2R (with universal tail):
CAGGAAACAGCTATGACTTTCACTCGCCGTTA
CTAAGGGAATC (tail in boldface italics). The COI
primers were developed for this study, while the ITS re-
gion primers were from FELIX et al. (2001). All samples
were sequenced at Macrogen Europe using the Sanger
Method. Contigs and consensus sequences were obtained
using DNA Baser Sequence Assembler v5.8.0 (HERACLE
Biosort 2018). We checked the identity of all sequences
using BLAST on GenBank and/or BOLD (Barcode Of
Life Data base) Identification System.

2.2.2. Phylogenetic analysis and molecular
dating

We analysed the combined COI + ITS data set in Mr-
Bayes v3.2.5 (Ronquist et al. 2012). The data set was
divided into two partitions (COI and ITS region), for
each partition we allowed the program to assess the best
model for evolution (nst=mixed) with a gamma distribu-
tion. The analysis was run for 100 million generations
with sampling every 10,000 generations, and the first
50% were discarded as burnin. We allowed Mr Bayes
to access the best model rather than using a dedicated
software package for this purpose following the recom-
mendation in the Mr Bayes v3.2.5 manual (RoNQuisT
et al. 2012). To avoid potential over-parameterisation,
we did not partition the COI dataset into codon parti-
tions.

We ran molecular dating analyses in BEAST v2.6 in
conjunction with BEAUti v2.6 (BouckakgrT et al. 2019).
As in MrBayes the data was partitioned into COI and the
ITS region, while the substitution model for both parti-
tions was set to GTR with a gamma distribution based on
the model assessed by MrBayes, and the tree prior set to
the Yule Model; all other priors were left as default. We
first ran an exploratory analysis in BEAST for 100 mil-
lion generations with sampling every 10,000 generation
to compare the result to the result obtained from the anal-
ysis in MrBayes. We then fixed the topology in BEAST
to correct the major difference between the analyses (i.e.
including the Spanish specimen in A. cyanea Europe —
see Results), and set the clock to Relaxed Exponential
with the clock rate left to 1.0, and the age of their last
common ancestor was set to 1.5 million years (based on
an uncorrected p COI divergence rates of 0.036 — see Re-
sults) with a sigma value of 1.0. The new analysis was
run for 10 million generations. To test the stability of the
result we reran the latter analysis twice with the age of
the last common ancestor of 4. vercanica + A. cyanea set
to 1.0 million years and 2.0 million years, respectively.
In the two latter analyses the sigma values were set to
0.5 and 1.5, respectively. In all BEAST analyses we con-
structed a consensus tree in TreeAnnotator 2.6.0 (part
of the BEAST package) discarding the first 50% of the
trees as burnin. The log files from MrBayes and BEAST
were examined in Tracer 1.6.0 (part of the BEAST pack-
age), and trees were analysed in FigTree 1.4.2 (part of the
BEAST package).
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2.2.3. Phylogeographic analyses, genetic
diversity and population genetics

Prior to running the phylogeographic and population ge-
netic analyses, we removed outgroups, otherwise the data
sets were identical to the data sets used for phylogenetic
analyses. We constructed median-joining haplotype net-
works (BANDELT et al. 1999) for the individual COI and
ITS data sets, and for the combined data set in Network
v5.0.1.1 (available at: fluxus-engineering.com).

We separated the samples into populations to explore
genetic diversity and population genetic patterns. We
treated A. vercanica (3 specimens) as a single popula-
tion, whereas 4. cyanea was split into three population
geo-groups based on geography: A. cyanea Caucasus (9
specimens), A. cyanea North Africa (3), and A4. cyanea
Europe (22) (Table 1). We calculated the average uncor-
rected p distance for each gene individually between
populations and within populations in MEGA 7 (KumaARr
et al. 2016). The uncorrected p distance has been used in
a wide range of studies, and employing it here allows for
direct comparison to earlier results. The within and be-
tween population values for COI and the ITS region are
shown in Tables 2 and 3, respectively. To assess how iso-
lated the populations are we calculated the F¢; value be-
tween populations based on the COI data set in Arlequin
3.5.2.2 (ExcorriEr et al. 2005) with 10,000 permutations
to test for statistical significance. Fq; values are shown in
Table 4.

3. Results

3.1. Phylogenetics and phylogeography
The 39 taxa data set for the phylogenetic analyses was
comprised by 603 bp COI, and 733 bp ITS region includ-
ing gaps. The 37 taxa data set for the haplotype network
analyses was comprised by 603 bp COI and 702 bp ITS.
The difference in the ITS data set length corresponds to
gaps in the alignment that includes outgroup taxa, where-
as without outgroups, the alignment had no gaps. 16 dif-
ferent haplotypes were identified in the ingroup in the
COI data set, and eleven haplotypes were identified in the
ingroup in the ITS region data set.

The analysis in MrBayes (Supplementary Figure S2)
recovered the ‘4. cyanea-group’ (A. vercanica + A. cya-
nea) as monophyletic with strong support (pp=1), just as
A. vercanica and A. cyanea are recovered as reciprocally
monophyletic with strong support (pp=1 and 0.996, re-
spectively). Aeshna cyanea Caucasus is not recovered as
monophyletic, but forms as paraphyletic grade at the base
of A. cyanea. Aeshna cyanea Europe and 4. cyanea North
Africa are recovered as reciprocally monophyletic sister
groups in a well-supported western clade (pp=0.9998),
but support for a monophyletic 4. cyanea Europe group
is very low (pp=0.52), while support for a monophyl-
etic A. cyanea North Africa group is strong (pp=1). The
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Fig. 2. Median-joining haplotype networks of Aeshna cyanea and A. vercanica. Numbers next to a branch indicate number of mutations.

A: COI + ITS region; B: COI; C: ITS region.

unconstrained analysis in BEAST (Supplementary Fig-
ure S3) returned an overall similar result with two im-
portant differences: 1) A. cyanea Caucasus is recovered
as monophyletic with strong support (pp=0.9892) and
comprise the sister group of the remaining 4. cyanea; 2)
The single Spanish specimen is removed from 4. cyanea
Europe and is placed as sister to A. cyanea North Africa.
However, the support for this placement is poor (pp=
0.6589). The support for the monophyly of the remaining
European specimens remains poor (pp=0.6709).

The median-joining haplotype networks display the
same overall pattern (Fig. 2). In the network based on
the combined data set (Fig. 2A) A. vercanica is connect-
ed to the remaining network by a very long branch that
connects to a median vector. Aeshna cyanea Caucasus
connects to the same median vector by a short branch,
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which also connects via a long branch to an overall group
comprising the North African and European specimens.
Aeshna cyanea North Africa connects directly by a long
branch to the complex 4. cyanea Europe. The network
based on the COI data set (Fig. 2B) shows the same gen-
eral relationships, with the only difference being that
A. cyanea North Africa via a medium length branch are
connected to a median vector they share with the Span-
ish and one Polish specimen. This group is connected to
the remaining European specimens. The network based
on the ITS region data set (Fig. 2C) is somewhat differ-
ent, but overall compatible to the other analyses; while
A. vercanica and A. cyanea Caucasus are still separated
from the remaining specimens, the European and North
African specimens are not separated as the North African
specimens and a single Belgian specimen share a unique
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Table 2. Average uncorrected p values for COI within and between geo-groups of A. cyanea, and A. vercanica.

CO0I, average Europe North Africa Caucasus A. vercanica
Europe 0.002

North Africa 0.013 0.004

Caucasus 0.016 0.021 0.001

A. vercanica 0.039 0.044 0.028 0.004

Table 3. Average uncorrected p values for the ITS region within and between geo-groups of 4. cyanea, and A. vercanica.

TS, average Europe North Africa Caucasus A. vercanica
Europe 0.002

North Africa 0.002 0.000

Caucasus 0.005 0.003 0.000

A. vercanica 0.008 0.006 0.006 0.000

Table 4. Pairwise Fg; values between geo-groups of A. cyanea, and A. vercanica. Numbers in boldface are statistically significant.

Fst, pairwise Europe North Africa Caucasus
North Africa 0.81849

Caucasus 0.89558 0.91336

A. vercanica 0.94409 0.90000 0.93460

haplotype. The combined 4. cyanea Europe and 4. cya-
nea North Africa group remain separated from A. ver-
canica and the A. cyanea Caucasus group.

3.2. Genetic diversity

The uncorrected p distance for COI (Table 2) within geo-
groups is very low and ranged from 0.001 to 0.004. The
same distance between populations was approximated an
order of magnitude higher ranging from 0.013 to 0.044,
but there were considerable differences between the
different populations. A. cyanea Europe and A. cyanea
North Africa were most similar with a value of 0.013,
while the distance between 4. cyanea Europe and 4. cya-
nea Caucasus, and A. cyanea North Africa and 4. cyanea
Caucasus were 0.016, and 0.021, respectively. Not sur-
prisingly, A. vercanica and the various A. cyanea showed
the greatest differences. However, the distance values
varied from 0.028 between A. vercanica and A. cyanea
Caucasus, to 0.039 and 0.044 between A. vercanica and
A. cyanea North Africa, and A. vercanica and A. cyanea
Europe, respectively. The average uncorrected p distance
between A. vercanica and all 4. cyanea was 0.036. The
uncorrected p distance for the ITS region (Table 3) within
populations was 0 for all populations except A. cyanea
Europe, where it was 0.002. The uncorrected p distance
between populations was low between all populations,
but lower between A. cyanea populations (0.002—-0.005)
than between A. vercanica and the different 4. cyanea
populations (0.006—0.008). The pairwise Fg; values (Ta-
ble 4) are high (0.81849—-0.94409) between all popula-
tions. Fq; values range from 0.0 to 1.0 and indicates how
isolated two populations are from each other with 0.0
indicating no isolation with free interbreeding, and 1.0
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indicating full isolation and no interbreeding (e.g. MEIR-
MANs & Heprick 2011). Our results thus indicate that all
the populations display a high degree of isolation, with
A. cyanea Europe and A. cyanea North Africa with an
Fqr value of 0.82 being least isolated, while the other
population pairs, including 4. vercanica and the different
A. cyanea populations, show a higher and similar degree
of isolation (Fg; = 0.90—-0.94).

3.3. Divergence times

As outlined above we used an enforced topology in the
divergence time analysis in BEAST (Fig. 3). Aeshna
cyanea Caucasus is non-monophyletic in the MrBayes
analysis, but monophyletic with strong support in the
BEAST analysis. The group also appear united in all the
haplotype analyses, and the average uncorrected p value
between the specimens in the group is the lowest of all the
groups. We therefore allowed it to remain monophyletic
in the divergence time analysis without any constrains.
However, we enforced monophyly of all European spec-
imens including the single specimen from Spain. The
Spanish specimen grouped with the North African speci-
mens in the unconstrained BEAST analysis, but it was
nested within the European specimens in the MrBayes
analysis (albeit with weak support in both analyses). It
also appears closer associated with the European speci-
mens in all three haplotype network analyses. As there
are no fossil records that can be assigned to the 4. cya-
nea group, and no phylogeny of Aeshna with divergence
times has been published, we rely on COI divergence
to calibrate the dating analysis in BEAST. Following
Brower’s (1994) estimate of an average COI evolu-
tion rate of 2% pr. million year, we set the split between
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A. vercanica and A. cyanea (uncorrected p=0.036) to 4.

Discussion

1.5 million years +/— 1.0 million years, with settings
otherwise as explained above. The resulting tree with
the dating values for the major splits is shown in Fig.
3. The split between 4. cyanea and A. vercanica is es-
timated to be ca 0.82 mya (0.15-1.90 mya); the split
between A. cyanea Caucasus, and 4. cyanea North Af-
rica + A. cyanea Europe is estimated to be ca 0.61 mya
(0.106—1.45 mya), while the split between A. cyanea
North Africa and A. cyanea Europe is estimated to be ca
0.41 mya (0.07-0.98 mya). The divergence times were
only slightly higher in the analysis where the split be-
tween A. vercanica and A. cyanea was set to 2.0 million
years, and slightly lower when it was set to 1.0 million
years (results not shown).
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Our results confirm the conclusion by ScHNEIDER et al.
(2015) that A. vercanica and A. cyanea form two dis-
tinct and well-separated clades. While ScHNEIDER et al.
(2015) were not able to resolve the relationship between
A. vercanica, A. cyanea Caucasus, and A. cyanea North
Africa + 4. cyanea Europe, our results clearly place
A. vercanica as the sister taxon of 4. cyanea. The very
high pairwise Fq; values (Table 4) between A. vercanica
and the three 4. cyanea geo-groups (Fs:>0.9) indicat-
ing virtually no interbreeding between A. vercanica and
A. cyanea also support the full species status of the for-
mer. Interestingly the lowest pairwise Fg; value (0.9) is
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between A. vercanica and A. cyanea North Africa, and
this is also the only pairwise Fg; value that is not statis-
tically significant. Given the considerable geographical
and phylogenetic distance between the two groups, we
consider this most likely an analytical abnormality, pos-
sibly due to the low sample size of the two populations.
We also confirm ScHNEIDER et al.’s (2015) initial obser-
vations that 4. cyanea is divided into three distinct and
geographically separated sub-clades: one in Caucasus;
one in northwest Africa; and one in Europe. Although our
Bayesian analysis in MrBayes (Supplementary Figure
S2) fail to recover A. cyanea Caucasus as monophyletic
(a result similar to ScHNEIDER et al. (2015)), the Bayes-
ian analysis in BEAST (Supplementary Figure S3), and
all haplotype network analyses (Fig. 2A—C) recover the
group as monophyletic, and distinct from the other 4. cy-
anea geo-groups. SCHNEIDER et al. (2015) considered the
Caucasus group to be a loosely related group, but our
results — especially the very low internal uncorrected p
distance (Tables 2—3), and the high Fg; values (Table 4)
compared to other groups — indicate that the group is both
well-defined and isolated. ScHNEIDER et al. (2015) con-
sidered A. cyanea North Africa and 4. cyanea Europe to
comprise a single subclade related to the western Medi-
terranean refugium. Although our results confirm that the
two groups are closely related and form a distinct clade,
there are also clear indications that they form two sepa-
rate groups. Our Bayesian analyses have difficulties plac-
ing the Spanish specimen clearly in one of the groups
with the unconstrained BEAST analysis placing it with
the North African group (Supplementary Figure S3),
albeit with very low support (pp=0.65), and MrBayes
placing it with the European group (Supplementary Fig-
ure S2) with very low support (pp~0.52). However, the
haplotype networks do place it with the other European
specimens (Fig. 2A—C), and while the pairwise Fg; value
between A. cyanea North Africa and A. cyanea Europe
(including Spain) is the lowest in the analysis, it is still
very high (0.81849) and indicate a high degree of isola-
tion between the groups (Table 4).

It is interesting to compare out results to HiNnoiosa
etal.’s (2017) study of another dragonfly, Sympetrum
vulgatum. This species is widespread in the Palearctic
region and divided into three subspecies: S. vulgatum de-
coloratum in Caucasus and Anatolia; S. vulgatum iberi-
cum in the Iberian Peninsula; and S. vulgatum vulgatum
in the rest of Europe (Hmososa etal. 2017). Based on
COI and the ITS region they found that the three sub-
species are separated, but that the genetic divergence in
COlI is low (0.1-0.4%), while there was no difference in
the ITS region. Interestingly, they found that S. vulga-
tum vulgatum from Europe and S. vulgatum decolora-
tum from Caucasus and Anatolia were more similar to
each other (COI divergence =0.1%) than either were
to S. vulgatum ibericum from Spain (COI divergence =
0.3—0.4%). Their results are in other words more or less
the opposite of ours. It is also worth noting that the three
well-defined subspecies in S. vulgatum display an inter-
subspecific variation in COI that is directly comparable
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to the intra-population variation we find in the 4. cyanea
group.

The deep split between populations in the Caucasus,
and populations in Europe in general was also found
by Kawmp etal. (2018) in a detailed study of the Mid-
dle-Spotted Woodpecker based on several mitochon-
drial and nuclear markers. Several studies over the past
few years have found evidence of a Pleistocene glacial
refugium in Northern Africa (reviewed by HUSEMANN
et al. 2014). FerrEIRA et al. (2016) studied the damselfly
Coenagrion puella throughout the Western Palaearctic.
They found no pattern in Europe — including the Iberian
Peninsula and Russian Caucasus, but found that North
African populations were highly distinct regardless of
the genetic markers used. EL MokHEFI at al. (2016) also
found that the pine processionary moth (Thaumetopoea
pityocampa (Denis & Schiffermiiller, 1775)) potentially
has several North African refugia. The close connec-
tion we find between North Africa and the Iberian Pen-
insula is supported by several previous studies. JOGER
etal. (2007: reptiles), HABEL et al. (2011: butterflies),
and LEFEBVRE et al. (2016: termites) show that western
North African and Iberian populations are often closely
related, even if they are distinct today. Similarly, Huse-
MANN et al. (2014) considered the Tunisian-Algerian-
Moroccan northern regions to have comprised a single
Atlanto-Mediterranean glacial refugium together with
the Iberian Peninsula.

Although the divergence time analysis in BEAST is
uncertain, our results do indicate the timing of the events
that have shaped the current distribution of the 4. cyanea
complex in Western Palearctic. SCHNEIDER et al. (2015)
suggested that the original spilt between 4. vercanica and
A. cyanea occurred in the Hyrcanian Forest in what is
today northern Iran. Our analysis dates this split to have
occurred approximately 0.82 mya, which coincides with
climatic changes at the beginning of the Cromerian ‘com-
plex’ in the “North Western Europe stage’ (EHLERS & GiB-
BARD 2008, GiBBARD & CoHEN 2008, HOUMARK-NIELSEN
et al. 2012), and the end of the Krinitisian/Krinitsa period
in the ‘Russian Plain Stages’ (GiBBARD & CoHEN 2008).
During the interglacial periods in the mid-Cromerian
(ca 0.7—0.6 mya: GiBBARD & CoHEN 2008, HoUMARK-
NIELsEN et al. 2012), A. cyanea may have spread west
and southwest through Anatolia and the Middle East to
North Africa, and further into the Maghreb region along
the southern Mediterranean coast to Tunisia, Algeria and
Morocco. During the various inter-glacial cycles in the
mid-Cromerian (EHLERS & GIBBARD 2008, GIBBARD &
CoHeN 2008, HoumARK-NIELSEN et al. 2012), populations
in the Middle East and eastern North Africa may have be-
come extinct leading to genetic isolation and eventually
the split between A. cyanea Caucasus and the ancestor
of A. cyanea North Africa + Europe around 0.6 mya —
perhaps further enforced by the onset of the Donian Gla-
ciation in the ‘Russian Plain Stages’ (mid-Cromerian) ca
0.5—-0.6 mya (GiBBARD & CoHEN 2008). Prior to the Hol-
steinian interglacial period (ca 0.4—0.39 mya, (GIBBARD
& CoHeN 2008, HoumARK-NIELSEN et al. 2012)) A. cya-
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nea probably dispersed from western North Africa to the
Iberian Peninsula, and the populations on either side of
the Strait of Gibraltar probably formed a loosely connect-
ed meta-population until they were finally separated ca
0.41 mya at the start of the Holsteinian interglacial period
(GiBBARD & CoHEN 2008, HouMARK-NIELSEN et al. 2012).
Finally, A. cyanea probably spread from the Iberian Pen-
insula throughout Europe following the isolation in the
Iberian Peninsula. However, our data does not provide
sufficient resolution to allow us to assess whether this
dispersal has happened during some warming periods
in the Saale Glaciation (ca 390—130 kya), the Eemian
Interglacial (ca 130—115 kya), the Weichsel Glaciation
(ca 115—12 kya), or the warming in early Holocene (ca
11.7 kya) (GiBBARD & CoHEN 2008, HOUMARK-NIELSEN
et al. 2012, HELMENs 2014). The relatively high genetic
variation within 4. cyanea Europe indicates that the Eu-
ropean population has not been through a recent genetic
bottleneck like e.g. Sympetrum vulgatum (HiNososa et al.
2017) or Nehalennia speciosa (BERNARD et al. 2011). The
colonization of Europe from a North African-Iberian
refugium may fit a general picture (e.g. HUSEMANN et al.
2014), but the scenario is not completely uncontroversial.
Husemann et al. (2014) also mention North Africa — Italy
(via Sicily) as a common colonization route, and DAPPOR-
To et al. (2011) demonstrate this pattern for the butterfly
Maniola jurtina (Linneaus, 1758). Nevertheless, the Ital-
ian specimen in our data set clearly group with northern
European taxa in a separate subgroup (with strong sup-
port in the Bayesian analyses) (Figs 2A—C, 3; Supple-
mentary Figures S2—S3), despite the fact that the current
North African populations are closer to Sicily than they
are to the Iberian Peninsula (Fig. 1).

Despite our reasonably clear results, we must urge
some caution as 4. cyanea occurs beyond our sampled
area throughout Eastern Europe and deep into Russia
to the southern Ural Mountains (KALKMAN & Kitanova
2015). It is quite possible that populations in Russia and
Ukraine are more closely related to 4. cyanea Caucasus
than to A. cyanea Europe. However, we do have speci-
mens from eastern Poland and the Swedish island Oland
in the Baltic Sea, which clearly belong in A. cyanea
Europe. Some previous studies on other taxa, that have
shown an East-West split in Europe, have placed speci-
mens from Oland (TINNERT et al. 2016) and eastern Po-
land (SzTENCEL-JABLONKA et al. 2015) in eastern groups
clearly distinct from Western Europe.

5. Conclusions

The Aeshna cyanea complex appears to be an excellent
model system for studying the phylogeography and re-
sponses to Quaternary climate and landscape changes of
Western Palaearctic insects, and genome based studies
with a broad taxon sampling of the group should be a
priority.
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