European Journal of Taxonomy 617: 1-23 ISSN 2118-9773
E https://doi.org/10.5852/ejt.2020.617 www.europeanjournaloftaxonomy.eu
[@)sr | 2020 . Yanai Z. et al.

This work is licensed under a Creative Commons Attribution License (CC BY 4.0).

Research article
urn:lsid:zoobank.org:pub:630B2DFD-47DA-4D3A-B245-D63C52A38068

Re-description and range extension of the Afrotropical
mayfly Cloeon perkinsi (Ephemeroptera, Baetidae)

Zohar YANAI ", Wolfram GRAF 2, Yonas TEREFE?,
Michel SARTORI* & Jean-Luc GATTOLLIAT®

145 Musée Cantonal de Zoologie, Palais de Rumine, Lausanne, Switzerland.
145 Department of Ecology and Evolution, Biophore,
University of Lausanne, 1015 Lausanne, Switzerland.
'School of Zoology, Tel Aviv University, Tel Aviv 6997801, Israel.
23 University of Natural Resources and Applied Life Sciences, Institute of
Hydrobiology and Aquatic Ecology Management, Vienna, Austria.
* Department of Biology, College of Natural and Computational
Sciences, Ambo University, Ambo, Ethiopia.

" Corresponding author: yanai.zohar@gmail.com
2Email: wolfram.graf@boku.ac.at
3Email: Yonasterefe56(@gmail.com
*Email: michel.sartori@vd.ch
SEmail: jean-luc.gattolliat@vd.ch

Murn:lsid:zoobank.org:author:8051A9A6-95B7-42CD-A6F9-B100022CBDDF
2urn:lIsid:zoobank.org:author:B658E6F2-A8FB-4819-8 1E0-ACCACB669407
3urn:1sid:zoobank.org:author: AF7BSB55-F553-494 A-99A A-F6F965E92E98
“urn:lsid:zoobank.org:author:D41DO6EA-EF27-40C6-AE14-64F21 A3D65D4
Surn:lsid:zoobank.org:author:9F2CBF71-33B8-4CD7-88D3-85D7E528 AEAS

Abstract. Cloeon perkinsi was described from South Africa in 1932 by Barnard. Despite being
relatively common in Africa, it was mentioned in the literature quite rarely, and its known distribution to
date includes most of sub-Saharan Africa. Material collected recently in Ethiopia, Israel, Saudi Arabia,
and Yemen extends its distribution in East Africa, Arabian Peninsula and the Levant. We examined
this material, and provide a re-description of adults (females and males) and nymphs of the species. It
represents a much-needed urge mainly due to inconsistencies in literature reports regarding colouration,
and sometimes incomplete morphological description of all stages. We demonstrate the intraspecific
morphological variability that we have witnessed, and provide information regarding the range of
habitats colonised by C. perkinsi. Based on geological and climatic history of the studied region, taken
together with among countries genetic distances of the mitochondrial barcoding gene COI, we propose
colonisation mechanisms for the north-easternmost limit of distribution. The fragmented distribution
pattern of the species highlights the conservation importance of isolated aquatic habitats in the region,
as well as current knowledge gaps.
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Introduction

Cloeon perkinsi Barnard, 1932 was described based on a specimen(s) collected in the town of Worcester,
South Africa, on April 1931, by A.C. Harrison. No information is given regarding type material or where
it is deposited. Following its description, it was reported from further localities in South Africa (Barnard
1940), Malawi (Kimmins 1955), Uganda and Tanzania (Kimmins 1960), Kenya (Demoulin 1965 as
Cloeon sp. no. 1), Ghana (Thomas 1966), Gambia, and Nigeria (Gillies 1980). It is considered as the
most common and widespread Cloeon species in Afrotropics (Gillies 1980, 1985).

Life stages of C. perkinsi were described separately, and by different authors: Barnard (1932) described
the adult female; he also had adult males in his possession (Barnard 1940), but this stage was only later
described by Kimmins (1960). Gillies (1980) completed with the description of the nymph. Adults of
the species are noticeable among Baetidae mayflies, especially due to their distinguishable body pattern,
and female wing pattern (Fig. 1). Nevertheless, the male form was described from East Africa (Kimmins
1960), a distance of thousands of kilometers from the species’ type locality in South Africa (Fig. 2). The
nymph was first illustrated by Demoulin (1965), but only associated with the correct species and clearly
described for the first time much later, by Gillies (1980). It is reasonable to believe that the species
mentioned from East and West Africa are the same, since they were studied by the same author (Gillies
1980, 1985), but whether they are the same as Barnard’s species from South Africa remains unverified.

The typical habitat of C. perkinsi nymphs is variable, and includes standing and running waters, from
temporary ponds to the margins of large lakes (Gillies 1980); collecting sites include cities and towns
usually in the vicinity of lakes, reservoirs, and streams (Barnard 1940; Kimmins 1960; Thomas 1966;
Gillies 1980, 1985). A gynandromorph was observed by Gillies (1980). Knowledge about the species
biology is also scarce, but a few sporadic observations teach us that C. perkinsi females can live up to
54 days after emergence from the nymph, are ovoviviparous, and that adults perform early morning
swarming (Barnard 1940; Gillies 1985). Adults were collected in South Africa in the months Nov.—Jan.
and Mar.—Apr. (Barnard 1940) and in East Africa in the months Apr. and Jun.—Aug. (Kimmins 1955,
1960).

Mayflies (order Ephemeroptera) are semi-aquatic short-living insects, therefore highly dependent on
freshwater. Their distribution patterns are usually interrupted by unsuitable landscapes, such as seas and
arid deserts. One of the most common and widespread mayfly genera is Cloeon Leach, 1815, with more
than 70 described species to date known from all continents except Antarctica (Barber-James et al. 2008;
Kluge 2019). It mainly colonises standing and slow-running waters; the imaginal stages are unusually
long for a mayfly as they can last up to a few weeks. While most Cloeon species are widely distributed
(e.g., Afrotropical C. smaeleni Lestage, 1924 or Palaearctic C. simile Eaton, 1870), recent molecular
studies proved that part of them are in fact species complexes, which include numerous cryptic species
with narrower distribution ranges (see for example Cloeon dipterum s.lat. in Rutschmann et al. 2014,
2017). Recently, Cloeon species are being described from isolated populations in islands and island-like
systems (e.g., Cape Verde; Soldan & Bojkova 2015), supporting the understanding that some Cloeon
species are actually limited in dispersal capacity and may be sensitive to environmental conditions.

Recently, a few populations of C. perkinsi have been sampled independently on the Arabian Peninsula,

in Ethiopia and Israel. Interestingly, these mayflies come from few allopatric populations, which are
as distant as 2700 km and not hydrologically connected (Fig. 2). In Israel, the main collecting site is
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the Hula Nature Reserve, a restored swamp area in a matrix of rural landscape, network of irrigation
canals and streams (Fig. 3A, D). Collecting sites (elevation ~65 m a.s.l.) were visited numerous times
in different seasons, and environmental parameters were variable (mostly standing waters, with 76—
147% dissolved oxygen, electric conductivity ~500uS, pH 7.7-8.8). This site is a tropical-like enclave
in the Levant, sustaining some endemic extant or recently extinct tropical species (e.g., species of
Cyprinidae and Cichlidae fishes, Glossiphoniidae leeches, Libellulidae dragonflies, and Belostomatidae
hemipterans; see Dumont 1991, Dimentman et al. 1992 and Goren & Ortal 1999). Additional erratic
individuals were also collected in sites in the coastal plain of Israel (170 km distant of the main site);
repeated collecting efforts in these sporadic sites in the past years yielded no more than three individuals
per site. In the Ethiopian Rift Valley, material was sampled in a restricted number of sites along the
Awash River (Fig. 3B, E). Collecting sites (elevation up to 2000 m a.s.l.) were situated in a wide river
(47-90 m), with running waters and a few deep pools, with alkaline (pH 8.7), well oxygenised (97—
120% dissolved oxygen) waters. In Saudi Arabia, habitats include permanent streams with riparian
herbaceous vegetation in semi-arid areas (Fig. 3C, F). An additional population has been sampled
in Yemen, where no information is available about the exact locality and its ecological features. In

A

Fig. 1. Cloeon perkinsi adult female in vivo. A—B. Photos taken near Johannesburg, South Africa by Pieter
Kotzee. C. Photo taken in Gaborone, Botswana by Christine Sydes. (C published on www.iNaturalist.org)
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addition to this collected material, high quality photographs taken by hobbyists were received or found
via Internet search, which suggest that C. perkinsi is also found in the vicinity of Johannesburg, South
Africa and Gaborone, Botswana. These specimens were not collected and hence not studied in the lab.
All of these localities have never before been reported for C. perkinsi.

The only Cloeon species reported from Israel and Jordan is C. dipterum s.lat. (Linnaeus, 1761) (Samocha
1972; Gattolliat et al. 2012); three species (additionally to C. perkinsi) are in fact known from Israel
(Yanai Z. and Gattolliat J.-L., unpublished data). Cloeon smaeleni is the only Cloeon species reported
from Saudi Arabia and Yemen (Gillies 1985; Salles et al. 2014). The reports of C. saharense Soldan &

N

)

Fig. 2. Reported localities for Cloeon perkinsi. Approximated previously reported localities (orange; star
indicates type locality), collecting sites for the present study (yellow), and photograph-based localities
(green). Map originated from Google Maps.
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Thomas, 1983 from Israel (Bauernfeind & Soldan 2012) and Saudi Arabia (Sartori & Gillies 1990) are
most probably based on wrong identifications. No Cloeon findings were reported from Ethiopia prior to
now, probably due to lack of mayfly research in the country.

Thanks to the recently collected material, we are able to update the knowledge on the distribution of
the species. Fresh material provides us with the opportunity to re-examine the morphological characters
of the three important life stages and provide their complete, illustrated description for the first time.
Moreover, we were able to sequence mitochondrial COI segments of a few specimens from Israel,
Ethiopia and Saudi Arabia. We use the derived information to propose colonisation mechanisms for the
spatial pattern present in the north-eastern part of the distribution range.

Material and methods

This study is based on C. perkinsi material collected in four countries (Fig. 2). The material is housed in
the collections of the following institutions: Steinhardt Museum of Natural History, Tel Aviv University,
Tel Aviv, Israel (SMNH); Museum of Zoology, Lausanne, Switzerland (MZL); Museum of Natural
History, Geneva, Switzerland (MNHG). Material has been morphologically examined in the lab under
stereomicroscope and microscope. Morphological identification and measurements below are based on
material collected in the main site in Israel (the Hula swamp). This material includes representation
of numerous nymphs and adults of both sexes; upon examination, it appears that all morphological
descriptions and drawings are valid for material collected in other countries as well.

100 km

Fig. 3. Habitat general appearance in newly reported populations. A, D. Hula Nature Reserve, Israel.
B, E. Awash River, Ethiopia. C, F. Wadi Elarj, Saudi Arabia. Photos by Google (A—C), Yanai Z. (D) ,
Graf W. (E) and Gattolliat J.-L. (F).
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Some individuals were available for molecular study (Table 1), and for them we sequenced the
mitochondrial cytochrome ¢ oxidase subunit I (COI), which is used as a popular barcoding sequence.
We also used the DNA sequence data to associate different life stages and confirm our morphological
identification. In addition to individuals of the focal species, we analysed sequences representing species
of all potential Cloeon relatives, as well as other unpublished species from Israel (Table 1). Some of
these sequences were obtained from online databases (NCBI GenBank) and others from unpublished
information (part of them kindly provided by S. Rutschmann, Leipzig). DNA was extracted following
Vuataz et al. (2011) and PCR-amplified with the primers HCO2198 and LCO1490 (Folmer et al. 1994).
Optimised PCR conditions included initial denaturation at 94°C for 5 min, 38 cycles of denaturation at
95°C for 40 s, annealing at 50°C for 40 s, and extension at 72°C for 40 s, with final extension at 72°C for
7 min. Automated sequencing was carried out in Microsynth (Balgach, Switzerland). Sequences were
inspected and edited using Geneious Prime v. 2019.0.4 (Biomatters Ltd.) and pairwise distances were
calculated using MEGA-X v. 10.0.5 (Kumar et al. 2018) with K2P model. GenBank accession numbers
for available online sequences are given in Table 1.

Institutional abbreviations

SMNH = Steinhardt Museum of Natural History, Tel Aviv University, Tel Aviv, Israel
MZL = Museum of Zoology, Lausanne, Switzerland

MNHG = Museum of Natural History, Geneva, Switzerland

Results

Class Insecta Linnaeus, 1758
Order Ephemeroptera Hyatt & Arms, 1891
Family Baetidae Leach, 1815
Genus Cloeon Leach, 1815

Cloeon perkinsi Barnard, 1932
urn:lsid:zoobank.org:act:6778B321-3190-44E4-AB60-A063A3B97FAC
Figs 1,4-8

Material examined

Material includes female imagos (%), female subimagos (s%), male imagos (&), male subimagos (s?),
and nymphs of both sexes (N).

ETHIOPIA « 63 29,4529, 4 3J; Awash River, Lafessa; 8 Nov. 2017; Graf W. and Terefe Y. leg.; MZL
« 4 43, Awash River, Wonji; 9 Nov. 2017; Graf W. leg.; MZL ¢ 1 &; Awash River, Korkada; 10 Nov.
2017; Graf W. leg.; MZL.

ISRAEL ¢ 1 N; Lakhish Stream; 1 Oct. 2014; Elron E. leg.; SMNH ¢« 2 9 @; Tel-Aviv, Tel-Aviv University
botanical gardens; 17 Nov. 2014; Morgulis E. leg.; MZL « 1 @; same data as for preceding; SMNH
*599,2599,6 &J, 8 N; Hula swamp; 1 Dec. 2014; Yanai Z. leg.; SMNH « 1 Q; same data as for
preceding; MZL * 1 &, 1 N; Upper Jordan River; 8 Dec. 2014; Yanai Z. leg.; SMNH » 2 N; Hula swamp;
29 Apr. 2015; Goren L. leg.; SMNH * 1 @, 1 &'; Upper Jordan River; 18 Jul. 2015; Yanai Z. leg.; SMNH
* 4 N (1 on slide); Alexander Stream; 12 Nov. 2015; Yanai Z. leg.; SMNH « 4 92, 2 s92Q, 13 3J,
8 sdd'; Yessud haMa’ala; 1 Oct. 2016; Yanai Z. leg.; SMNH ¢ 2 3 J'; same data as for preceding; MZL
* 24 N (2 on slide); Hula swamp; 16 Nov. 2016; Yanai Z. and Goren L. leg.; SMNH ¢ 6 N; same data as
for preceding; MZL * 16 N (1 on slide); Hula swamp; 17 Nov. 2016; Yanai Z. and Goren L. leg.; SMNH
«7 22, 1sd; Yessud haMa’ala; 18 Nov. 2016; Yanai Z. leg.; SMNH ¢ 1 Q; same data as for preceding;
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Table 1. Details of examined material for the molecular analysis. None of the listed specimens are type

or topotype material.

GenBank
Species Country Locality Date Collector(s) accession
number
C. perkinsi Saudi Arabia Al-Itnayn Dam 14 Nov. 2012 Gattolliat J.-L. MN640623
C. perkinsi Saudi Arabia Wadi Buwa 8 Nov. 2012 Gattolliat J.-L. MN640624
C. perkinsi Saudi Arabia Wadi Buwa 8 Nov. 2012 Gattolliat J.-L. HG935110
C. perkinsi Ethiopia Lafessa 9 Nov. 2017 Graf W. MN640626
C. perkinsi Israel Yessud haMa’ala 1 Oct. 2016 Yanai Z. MN640625
C. perkinsi Israel Hula 16 Nov. 2016 Yanai Z. and Goren L. MN640634
C. marginale China - - Zhou D. and Zhou C. KR612248
C. bicolor India - 17 Dec. 2013 Selvakumar C. LC061857
C. simile The Netherlands 2 ennemerland, ) o018 Daan Drukker MN640621
Het Wed
C. simile Greece Lamia 24 Sep. 2011 Rutschmann. S, Qelger M.F. and KU757102
Gritzalis K.C.
C simile Latvia 20 krr} 501‘1th of 5 Sep. 2011 Rutschmann S., Geiger M.F. and KU757119
Liepaja Kurzrock K.
C. smaeleni Madagascar Antananarivo 23 May 2003 Gattolliat J.-L. HG935104
C. smaeleni Madagascar Antananarivo 23 May 2003 Gattolliat J.-L. HG935105
C. smaeleni Ethiopia Lafessa 9 Nov. 2017 Graf W. MN640622
C. dipterum s.lat. Latvia Daugava River 7Sep.2011  Rutschmann ., Geiger M.F.and 65654
Kurzrock K.
C. dipterum s.lat. South Korea - 21 May 2013 Lee J.K. KF966551
C. dipterum s.lat. Greece Kerkini Lake 25 Sep. 2011 Rutschmann 8., Geiger MF.and 7577
Gritzalis K.C.
C. dipterum s.lat. Latvia Kanieris Lake 8 Sep. 2011 Rutschmann S., Geiger M.F. and KJ631637
Kurzrock K.
. Doiran Lake (North Rutschmann S., Geiger M.F. and
C. dipterum s.lat. Greece of Thessalonique) 25 Sep. 2011 Gritzalis K.C. KU757105
. . Somotor, Manko P., Rutschmann S. and
C. dipterum s.lat. Slovakia Somotorsky canal 16 Aug. 2011 Kurzrock K. KJ631639
C. dipterum s.lat.  The Netherlands Zwa‘]‘\j{t‘g‘édam’ 17 May 2012 Bram Koese MN640630
C. dipterum s.lat. The Netherlands Utrecht 9 May 2018 Daan Drukker MN640631
C. dipterum s.lat. Switzerland Ca.nton Zurich, 15 May 2012 Lubini V. KJ631625
Kleinandelfingen
C. dipterum s.lat. Russia St. Petersburg 27 May 2012 Przhiboro A. KU757129
C. dipterum s.lat. Spain Canary .Islands, 21 Mar. 2014 Rutschmann S. and Detering H. KU757113
El Hierro
C. dipterum s.lat. Spain Canary Islands, 17Mar. 2014 Rutschmann S. and Detering H. KU757121
Lanzarote
Kallipéfki (West .
C. dipterum s.lat. Greece slope of Mount 24 Sep. 2011 Rutschmann. S, Qelger MF.and KU757103
Gritzalis K.C.
Olympus)
Cloeon sp.1 Israel Zarta winter pool 26 Jan. 2015 Yanai Z. MN640627
Cloeon sp.1 Israel Roberts winter pool 10 Apr. 2018 Kassner Z. and Meresman Y. MN640628
Cloeon sp.1 Israel Yehudiyya stream 12 Apr. 2018 Yanai Z. MN640629
Cloeon sp.2 Palestinian ‘En Fares 28 May 2018 Elron E. MN640632
Authority
Cloeon sp.3 Israel ‘En Bogeq 10 Jan. 2015 Yanai Z. MN640633
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MZL + 9 N; Hula swamp; 8 May 2017; Goren L. leg.; SMNH « 7 sQ 2, 4 s &J; Yessud haMa’ala;
19 Aug. 2017; Yanai Z. leg.; SMNH.

SAUDI ARABIA « 9 N; Wadi Buwa; 8 Nov. 2012; Gattolliat J.-L. leg.; MZL « 2 29, 1 s&, 26 N;
Wadi Elarj, near Adam; 9 Nov. 2012; Gattolliat J.-L. leg.; MZL * 1 s9; ‘Al-Itnayn Dam; 14 Nov. 2012;
Gattolliat J.-L. leg.; MZL.

YEMEN -« 1 &; Ta’izz; 3 Apr. 1998; van Harten A. & Ahwad A. leg.; MNHG * 1 Q; Ta’izz; 30 May
1998; van Harten A. leg.; MNHG * 7 99, 6 3 J; Ta’izz; 24 Jan. 1999; van Harten A. and Ahwad A. leg;
MNHG.

Diagnosis

Nymph
LENGTH. (based on 30 mature specimens) Body 4.6-6.1 mm, cerci 3.6-4.1 mm, median caudal filament
2.6-4.0 mm.

Corourartion. (Fig. 4) General colouration honey-orange to brown. Head brown with light ecru spots and
light vermiform mark between compound eyes. Scape and pedicel brown, flagellum ecru. Thorax brown.
Legs ivory with distinct brown bands on distal /5 of femora and proximal ' of tibiae and tarsi. Base of
claws and joints between leg segments dark brown. Abdominal terga relatively uniform, light brown
with two central pale yellow spots on posterior terga, tergum X and sometimes X almost completely
bright. Abdominal sterna ecru to pale brown. Gills milky, semi-transparent, tracheation dark brown.
Cerci ecru to light brown with thin ring on each segment, every fourth ring darker; median transversal
band absent or very fade in Israel, dark brown in Saudi Arabia.

HEeap. Antennae almost bare (Fig. SA). Labrum (Fig. 5B) dorsal surface with scattered long setae and
setal bases; ventral surface with 7-8 disto-lateral short stout setae, distal margin with row of 25-40 fine
long feathered bifid setae. Hypopharynx (Fig. SE) lingua hemispheric; lingua and superlingua densely
covered with short thin hairs; base of superlingua laterally serrated. Left mandible (Fig. 5C) with incisors
composed of two sets of four denticles each; prostheca with broad, short denticles and elongated comb-
shaped structure; margin between prostheca and mola with tuft of fine setae. Right mandible (Fig. 5D)
with incisors composed of outer and inner sets of four and three denticles respectively, middle denticles
of each set more prominent; prostheca with minute pointed denticles; margin between prostheca and
mola with tuft of fine setae. Maxillae (Fig. SF) with three broad, hooked teeth and dentiseta similar

Fig. 4. Cloeon perkinsi, nymph. Habitus. Specimen collected in Hula swamp, Israel. Scale bar = 5 mm.
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Fig. 5. Cloeon perkinsi, nymph. A. Antennal scape, pedicel and first flagellomeres. B. Labrum (left,
ventral; right, dorsal). C. Left mandible (typical molar tooth enlarged). D. Right mandible.
E. Hypopharynx. F. Maxilla. G. Labium (left, ventral; right, dorsal). All mouthparts scaled.

9
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to teeth; lacinia with one row of small setac and long, serrated setae; one row of soft, long, slightly
feathered setae and one row of shorter setae; palp three-segmented, segment I1I with single apical scale.
Labium (Fig. 5G) glossae subequal to paraglossae, with scattered ventral thin, long setae; inner margin
and apex of glossa with medium, stout setae; paraglossa curved, with 4—6 setae on inner dorsal side and
four long simple setae on outer margins. Labial palp three-segmented; segment I shorter than segments
IT and III combined; segment II with dorsal row of four long, pointed setae; segment III broad and
clavate, distal margin with stout, pointed setae; surface of segments II and I1I with scattered stout setae.

Trorax. Forelegs (Fig. 6A): Coxae bare. Trochanters, femora and tibiae dorsally and ventrally with
numerous short, pointed setae; femoral dorsoapical setal patch formed by 4-6 minute setac and a few
hair-like setae; no tibial subproximal arc of setae. Tarsi with at least 20 ventral pointed setae; dorsal
margin with sparse short, thin setae; one pointed seta, shorter than most ventral setae, on ventral tarsus-
claw meeting point. Tarsal claws (Fig. 6B) hooked and elongated, as long as 0.4 tarsus length; with two
rows of 9—11 acute teeth, increasing in length toward the apex. Mid and hindlegs similar to forelegs.

ABDOMEN. Terga [-IX with many scale bases, denser and much more numerous on distal part of tergum;
tergal distal margin with row of acute spines of different lengths (Fig. 6F); tergum X with distal spines
arranged in one central and two lateral groups. Sterna I-1X with scattered scale bases. Lateral abdominal
margins with no spines on segments [-VII, 5-10 spines on segment VIII, and 8—12 spines on segment [X
(Fig. 6G). Gills [-VI with two lamellae; in gill I upper lamella longer than lower lamella; gill VII with
one triangular lamella (Fig. 6C—E). Paraproct (Fig. 6H) covered with few fine setae; margin with 15-25
triangular spines; postero-lateral extension with fine setae, margin with 10-20 small triangular spines.
Cerci with whorls of spines, lateral spines more prominent.

Adult female
LENGTH. (based on 13 specimens). Body 5.1-6.3 mm, forewing 4.7—6.3 mm, cerci 6.2—8.9 mm.

Corourartion. (Figs 1, 7A-B). Compound eyes dark grey with whitish frame and two reddish cross lines.
Head, thorax and abdominal terga I-VIII beige to light brown with longitudinal medium purple-brown
stripes as follows (faintly visible on terga VIII-X): two lateral wide stripes starting behind compound
eyes, and central stripe forked in two on head, wide on prothorax and narrow on terga, sometimes
missing on all or only posterior terga. Abdominal sterna [-VIII white. Legs beige, brownish near joints,
femora sometimes with proximal small chestnut-brown spot. Cerci white with dark rings every four
segments.

Wines. (Fig. 7C). Costal field uniform light brown; subcostal field solid brown; rest of the wing
completely transparent. Veins and cross-veins coppery brown; pterostigma composed of 2—3 cross-
veins; no cross-veins proximally to main bulla; generally, three cross-veins on subcostal and first radial
fields, distal cross-veins not aligning; all marginal intercalaries present and single.

Adult male
LencTH. (based on 15 specimens). Body 4.2-5.6 mm, forewing 4.1-5.3 mm, cerci 7.3—-10.0 mm.

CoLourartion. (Fig. 7D). Head and thorax with chestnut brown to purple stripes, similar to female pattern.
Turbinate eyes honey orange. Wings transparent with no pattern, costal and subcostal fields hyaline,
veins yellowish. Legs ivory white. Abdominal terga [-VI with two medium purple-brown stripes divided
by dorsal white-yellow line, sometimes median narrow dark stripe present, may be fragmented, and
may decrease on terga III-IV. Sterna I-VIII white, lateral narrow black line between terga and sterna,
posterior segments medium to dark brown. Cerci white with dark rings.

10
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Fig. 6. Cloeon perkinsi,nymph. A. Foreleg. B. Tarsal claw. C. Gill I. D. Gill IV. E. Gill VII. F. Abdominal
tergum V, surface and distal margin. G. Lateral abdominal margins (segments VI, VII, VIII, IX).
H. Paraproct plate.
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Fig. 7. Cloeon perkinsi, adults. A. Q habitus (dorsal). B. @ habitus (lateral). C. ¢ forewing. D. & habitus
(dorsal). E. & gonopods. Specimens collected in Yessud haMa’ala, Israel. Scale bars = 5 mm.
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GeniTALIA. (Fig. 7E). Gonopods three segmented; length of basal gonopod segment and segment [
subequal, segment II three times longer than segment I; segments I and 11 well separated, tip of segment
I considerably wider than base of segment II; segment II without spur at base, apex expanded; terminal
segment (III) piriform and minute. Genital plate (penis cover) narrower than gap between two basal
segments of gonopods.

Molecular analysis

Blasting the resulted sequences in NCBI and in Barcode of Life Database (BOLD) failed to match
similarities higher than 87.7%, meaning that COI sequences of this C. perkinsi have never been deposited
online before. Comparing to newly obtained sequences of representatives of Cloeon species from the
other morphological species groups (see below), we found distances no lower than 14% (Table 2).

Cloeon perkinsi average intra-group distances were 0.1% (Saudi Arabia, n=3) and 0.7% (Israel, n=2).
Inter-group distances were very low between the Ethiopian and Israeli populations (0.5%), while the
Saudi sequences were more distant (3.9—4.8%) (Table 2).

Discussion
Taxonomic discussion

The following can be considered as the first diagnostic discussion for the species.

For practical identification purposes, Cloeon species can be gathered in groups based on the pattern of
the costal and subcostal fields on the female wing. According to this, Cloeon perkinsi (Kimmins 1947)
is clearly close to the Afrotropical C. durani Navas, 1926, C. morna Soldan & Bojkova, 2015, C. sidadi
Soldan & Bojkova, 2015, C. virgiliae (Barnard, 1932), and to the Oriental C. bengalense Kimmins,
1947, C. bicolor Kimmins, 1947, C. marginale Hagen, 1858, and C. viridis Kimmins, 1947. In most
of these species the subcostal field is coloured the same as the costal, though sometimes lighter (dark
brown in C. bengalense, pale in C. bicolor, yellow in C. durani, pale amber in C. virgiliae, yellow-green
in C. viridis). Nevertheless, C. perkinsi presents a subcostal area clearly darker than the costal area
(Fig. 7C). Such pattern is shared with two Cape Verde species, C. morna and C. sidadi. Cloeon morna
differs by having a subcostal field which is basally dark brown and distally yellowish-brown (Soldan &
Bojkova 2015). Indian species with uniform costal and subcostal fields include C. bengalense and
C. viridis, both with tergal pattern different from C. perkinsi. Two other Oriental species, which may be
synonyms, are C. bicolor and C. marginale, which have paler costal and subcostal fields in comparison
to C. perkinsi, and their abdomen presents different pattern (Chopra 1924; Kimmins 1947). The uniform
colour of the costal and subcostal fields and the absence of hyaline windows surrounding extra cross-
veins in costal and subcostal fields, differ C. perkinsi from the widespread species C. dipterum s.lat.
as well as from the Afrotropical C. smaeleni Lestage, 1924 and C. bellum Navas, 1931 (Navas 1926;
Gillies 1980, 1985; Gattolliat & Rabeantoandro 2002).

Abdominal pattern is also important for distinguishing male adults. The only other species which
has a median pale stripe like in C. perkinsi is C. morna, which appears lighter (Soldan & Bojkova
2015) than C. perkinsi. Cloeon sidadi is not known at the male imago stage, but its male subimago is
different in colours and does not possess a distinguishable longitudinal line (Soldan & Bojkova 2015).
Cloeon karachiensis Ali, 1970 from Pakistan, only known in its adult male form, is also different from
C. perkinsi in its abdominal pattern (Ali 1970). Generally, male adults of African and Asian species
are not described in details and sometimes remain completely unknown. Gonopod structure remains
the most informative character for comparison, described here for C. perkinsi for the first time. This
character is also known for C. morna, which has a wider genital plate comparing to C. perkinsi, and
its gonopod first and second segments are almost entirely fused. Outside the morphological African
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species group determined earlier, it is worth mentioning that in C. perkinsi the penial bridge is apically
wider and rounder and the first segment of the gonopod is wider comparing to the Palearctic widespread
C. dipterum s.lat. (Sowa 1975).

Important Cloeon nymphal characters include the shape of the labial palp, number of segments in
maxillary palp, size and number of denticles on claw, number and arrangement of abdominal lateral spines
and gills shape. Gillies (1980) made the first attempt to determine these important nymphal characters
for African Cloeon species and conducted very useful comparisons. The shape of labial palp, which he
defines as either “tapered” or “clavate”, is confusing, even when considering the associated illustrations.
Cloeon perkinsi is reported to have tapered labial palpi, like C. gambiae Gillies, 1980 (Gillies 1980),
C. orna, C. sidadi (Soldan & Bojkova 2015), and C. emmanueli Lugo-Ortiz and McCafferty, 1998
(Lugo-Ortiz & McCafferty 1998). However, our examination of the Israeli C. perkinsi nymphs suggests
that the labial palpi are more clavate in shape, similarly to C. smaeleni, C. scitulum Kimmins, 1956
(Gillies 1980), and C. tanzaniae Gillies, 1985 (Gillies 1985). This character should be investigated
further with a comparison of wide sample of Cloeon species, and until then carefully regarded.

More nymphal characters distinguish C. perkinsi from other African species. Cloeon morna, C. sidadi
(from Cape Verde), and C. emmanueli (from Madagascar) have claws with more denticles (at least 15;
Lugo-Ortiz & McCafferty 1998; Soldan & Bojkova 2015). The arrangement and number of lateral
spines on the posterior abdominal segments easily distinguish C. perkinsi from the African C. bellum
and C. cylindroculum (Kimmins, 1956) (recently assigned to the subgenus Oculogaster Kluge, 2016
(Kluge 2016)), which possess more spines on segments VI-VII (Gillies 1980). On the other hand,
C. gambiae, C. morna, and C. scitulum are distinguishable by having fewer spines on segments VIII-IX
(Gillies 1980; Soldan & Bojkova 2015). The five morphological characters listed above do not clearly
distinguish nymphs of C. perkinsi from C. smaeleni; the general pattern of abdominal terga, being much
more contrasted in the latter (Gattolliat & Rabeantoandro 2002), seems like the best character to separate
the two species at the nymphal stage (as mentioned above, wing pattern of adult females provide the best
separation between the two species).

Body pattern and colouration are crucial for the identification of adult Cloeon mayflies, which generally
lack noticeable structural characters (with the exception of male gonopods and, to lesser extent, wing
venation). With no ability to publish colour photos, authors from early 20" century did their best effort
trying to describe patterns and colouration, with occasional hand-drawn low-resolution illustrations.
Inevitably, each of them used different terms to define the same colours. In females the dorsal stripes
are described as either orange-red, castaneous, reddish-brown, reddish, or brick-red (Barnard 1932),
all basically referring to the same shade. Another source of confusion is the abdominal dorsal pattern:
Barnard (1932) reports “a narrow medio-dorsal brick-red stripe, laterally a broad stripe of same colour,
then a narrow white stripe followed on the pleurae by narrow red line (i.e. there are dorsally five red
stripes)”. Kimmins (1960) found this pattern on females from one locality, but other populations “show a
progressive reduction of the red pigmented pattern until it is much reduced”. Kimmins (1960) describes
the male pattern as “reddish brown, with two narrow, sinuous, yellow lines...”. Both sexes have “red
and cream stripes” according to Gillies (1980), who also describes the male terga as “generally pink
with a central cream band and often with a median pink line”. He further indicates that the pattern in
both sexes is variable and the median dark stripe may be lacking. In the material that we examined from
Ethiopia and Israel, it seems that such variability does exist, at least regarding the median dark line
which may be evident, fragmented, reduced to the posterior 3—4 terga, or even completely lacking. The
dorso-lateral stripes are also confusing, often composed of a wide stripe (medium shaded), bordered
with two narrower, darker lines. One may count these as a single line (with darker borders not worth
mentioning) or as three independent lines (Fig. 8). This natural variation (Kimmins 1960; Gillies 1980)
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in number of lines and personal writing style of authors may lead to reports on two to nine dorsal lines,
causing obvious confusion.

Additionally, it is important to notice that mayflies are routinely preserved in liquid (nowadays, 70% or
absolute ethanol is the most widely used), which may alter colours severely over the years; however, the
pattern is usually more constant and not expected to change (compare Fig. 1 and Fig. 7A, D). Barnard
(1932) and Kimmins (1960) studied mostly alcohol preserved material, the former even expressed his
frustration regarding the degraded shape of dried specimens. Gillies (1980, 1985), however, provided no
information on storage conditions of the material he studied, but only a warning regarding the possible
colour change in fluid preserved specimens.

Moreover, our study of C. perkinsi from the newly reported countries revealed intraspecific variation
in the number of pterostigmatic cross-veins in female wing. While Barnard (1932) reported 4-5, we
recorded cases of only 2-3 cross-veins in Ethiopia and Israel. Other important adult characters, such
as male genitalia, are unfortunately not reported by Kimmins (1960). In the nymph stage, we noticed
variability in the medial transversal band on the cerci, which seems to be more evident in Saudi Arabia

Fig. 8. Cloeon perkinsi, Q abdominal terga II-V. Arrows presenting two different methods of counting
the lines. Left: counting only the dark stripes (three stripes in total). Right: counting dark and bright
stripes, including darker borders of stripes (seven dark lines in total).
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and fade (sometimes completely missing) in West Africa (Gillies 1980) and Israel. These examples
suggest that intraspecific variation, as expected in such widespread species, should be reported carefully
to avoid confusions.

Nymphs are illustrated by Demoulin (1965) with no specific assignment, and mentioned by Gillies (1980,
1985) with no thorough morphological treatment. The few details given by Gillies (1980) generally fit
the nymphs we studied from Ethiopia and Israel, with one disagreement about the shape of the labial
palp. It is not clear how exactly Gillies (1980) associated nymphs with the adults he believed were
C. perkinsi. Even if the association is correct, with colouration variability of adults, and no attention
paid for the shape of male genitalia, Gillies may be wrong in his specific identification. As the nymph
of South African C. perkinsi has never been reported, neither Gillies (1980) nor our present study can
be certain that we have examined the same species. This is an obvious result of the general lack of
diagnostic characters in adult mayflies.

Genetic information for most of the discussed species, including C. perkinsi, is unavailable, with only a
handful of species (representing all species morphological groups as mentioned above) being sequenced
for the mitochondrial barcode gene COI. The examined populations of C. perkinsi clearly belong to
neither of these species, with a distance of at least 14% between them and other available sequences
(Table 2).

As expected, the three morphologically similar populations from Israel, Ethiopia and Arabian Peninsula
form a genetically monophyletic group; despite the morphological similarity, the Saudi population
appears to be genetically more distinct from the other two populations. The COI distance between Saudi
Arabia and other countries (3.9-4.8%) is higher than expected for intra-specific variation, but not high
enough to consider them as separate species with certainty (Ball ef al. 2005; Stéhls & Savolainen 2008;
Webb et al. 2012). Similar distances have been demonstrated among mayfly populations (Ecdyonurus sp.)
which have been split around 2 Ma (Gattolliat ef al. 2015). The sample size remains rather restricted; a
single haplotype is now known from Saudi Arabia and sequences from most of the distribution range in
Africa are not available. We expect to discover additional populations in the future, with genetic features
linking the available haplotypes.

Biogeographical discussion

Cloeon perkinsi is known from southern, western and eastern Africa, and reported as a common and
abundant species (Barnard 1932; Kimmins 1960; Gillies 1980, 1985). It is reasonable to assume that
it is also common in the less studied regions of central Africa. With the new geographical information
presented here, the known distribution of C. perkinsi now includes the southern Levant and the south-
west of the Arabian Peninsula. The latter region, although not in continental Africa, is considered
Afrotropical, thus this species displays a typical widespread continental Afrotropical distribution (it is
not yet known from Afrotropical islands). In the north-easternmost limit of its range, C. perkinsi exhibits
a fragmented distribution pattern, based on allopatric patches of variable habitat types.

Cloeon species are known for colonising large ranges of habitat types and environmental conditions,
medium and rapid currents excluded. Cloeon perkinsi occupies habitats of variable nature, including
standing and running waters, in perennial and ephemeral waterbodies (Barnard 1940; Kimmins 1960;
Gillies 1980, 1985; Fig. 3). Wide geographical distribution is also not surprising for Cloeon, one of
the best mayfly colonisers (Landa & Soldan 1986) with longest flying period; a C. perkinsi female is
recorded to live for 54 days after emergence (Barnard 1940). Fragmented distribution patterns are rare
in widespread mayflies, and are usually due to lack of suitable habitats. While the absence of C. perkinsi
can be understood in the vast Arabian and Saharan deserts, the question remains, why many suitable
habitats in regions like northern Israel are uncolonised. Sporadic findings of few individuals (< 5 per
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site) in remote sites in Israel suggest that C. perkinsi is able to disperse as efficiently as other Cloeon
species, but seems to fail in sustaining populations in these new habitats. A possible explanation for that
can be intra-generic competition, e.g. with an undescribed local species of C. dipterum s.lat.

Cloeon perkinsi is not the only aquatic insect displaying this distribution pattern. Similarly, the baetid
mayflies Cloeon smaeleni and Labiobaetis glaucus (Agnew, 1961) are two Afrotropical species, widely
distributed in Continental Africa, which are also reported from Saudi Arabia (Salles et al. 2014; Gattolliat
et al. 2018). The strong affinities between Africa and the southern part of the Arabian Peninsula are
demonstrated also in other aquatic insects, such as some caddisflies (Trichoptera) (Botosaneanu 1992;
Malicky 1986). For example, the caddisfly Hydroptila cruciata Ulmer, 1912 is reported from vast areas
in West, East, and Southern Africa, Madagascar, Arabian Peninsula, and the Levant (Malicky 1986;
Tobias & Tobias 2019). This species has no specific ecological requirements and occurs in habitats
ranging from small headwaters to large rivers, in rainforests or deserts, with no specific altitudinal
preference (Botosaneanu 2002). All three above-mentioned species co-occur with C. perkinsi at the
Awash River, Ethiopia (Graf & Terefe, unpublished data).

The African origin of C. perkinsi is supported by morphology; in particular, the female wing pattern
which clearly assigns it close to the Afrotropical C. morna and C. sidadi. Based on the genetic distances
calculated, a few distribution shaping scenarios possibly explain the colonisation in the Levant
and Arabian Peninsula. Split of the Saudi populations from those of Israel and Ethiopia must have
happened during the late Pliocene or early Pleistocene, at least 1.2 Ma (dated by applying a “standard”
mitochondrial DNA clock estimated at 2.3% My-1, given by Papadopoulou et al. 2010). Similar genetic
distances (4%) have been shown on Ecdyonurus mayflies which split 2.0 Ma in Corsica and Sardinia
(Gattolliat et al. 2015). Southern areas of the Arabian Peninsula and eastern coasts of Africa were last
directly connected via the Bab El-Mandab bridge over the Red Sea (10-5.3 Ma), but the last gene
flow was still possible millions of years later, probably thanks to occasional decreases in sea level
(Rohling ef al. 1998), creating bridges over the Red Sea, some as recent as 18 kya (Thunell ef al. 1988;
Flemming et al. 2003). Given enough time and assisted by wind, Cloeon adults are known to cross
long oversea distances (Monaghan et al. 2005; Gattolliat & Staniczek 2011; Rutschmann et al. 2014;
Gattolliat et al. 2015). Link northward to the Levantine populations could have been possible under
more humid conditions, which repeatedly occurred over the Pleistocene and Holocene, until 6 kya (Por
1975; Sanlaville 1992; Frumkin & Comay 2019); but relict populations of C. perkinsi in the Arabian
Peninsula were already isolated at this time. The genetic proximity of the Ethiopian and Israeli samples
could have only been possible due to recent gene flow, supporting migration northwards along the Great
Rift Valley during the Pleistocene (as suggested by Botosaneanu (1999) rather than earlier-migration
theories suggested by Heller (2007)).

The 2700 km separating these two localities nowadays were more suitable for aquatic insects in the near
past, as climatic conditions had changed rapidly throughout the Pleistocene and Holocene, alternately
enabling humid savannas with large water bodies up until 6—4.5 kya (Pachur & Kropelin 1987; Ritchie &
Haynes 1987; Frumkin & Comay 2019). Cloeon perkinsi could have used occasional subtropical oases
as ‘step-stones’ via eastern Sahara and the Sinai Peninsula, an area which also experienced more rainfall
than the present day (Por 1975; Hassan 1997). It is also possible that the connection between East Africa
and the Levant is still maintained via undocumented populations; ‘Cloeon kaheriensis’ or ‘C. moursii’,
nomina nuda mentioned (but not formally described) by Hassan & Abdel Fattah (2007) from Egypt,
may be a clue for one of these missing links. Understanding the biogeography and colonisation history
of C. perkinsi (and freshwater invertebrates in general) in the region is limited mainly due to lack
of current research and poor collecting efforts in some countries (e.g. parts of the Arabian Peninsula,
Egypt, Sudan, South Sudan).
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We conclude that the most reasonable scenario for C. perkinsi colonisation north-eastwards pattern
began with an African origin, followed by spread northwards and eastwards in more humid eras. In the
following dry periods, the species was able to sustain populations only in humid tropical-like refugia. The
combination of the Red Sea and the arid Arabian conditions isolated the Saudi population. The Levantine
populations remained connected to the ancestral African populations until recently, or they have resulted
from a recent stepping-stone colonisation. Genetic isolation of the Saudi population suggests that the
Red Sea functions as a much important barrier comparing to the Sahara-Arabian deserts.

The Jordan Valley and Hula swamp are unique hot and humid habitats in the Levant (Dimentman ef al.
1992). Cloeon perkinsi is hence a typical tropical species with relict populations in a no-longer tropical
region, or a tropical opportunist which established sustainable populations in tropical enclaves. Either
way, it represents a rare biological element in the Levant and Arabia, and highlights the conservation
value of the tropical refugia it occupies in these regions, which support other tropical elements as well.

The present study provides more information on the north-eastern limit of distribution for C. perkinsi and
illuminates a probable process of colonising this region. Comparing fresh material from South Africa and
elsewhere in Africa can either confirm the large intraspecific variability of a very widespread species, or
provide information to claim that more than one species exists in this group. Given that the nymphs are
not described from South Africa, it is highly possible that the nymphs reported from East Africa (Gillies
1985) and/or in the current study actually belong to another species. Further morphological and genetic
study is needed to solve these issues.
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