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Summary. In this study, we successfully generated mitochondrial cytochrome ¢ oxidase
subunit I (COI) DNA barcodes for 10 stonefly specimens belonging to three Eastern Palearctic
species of the genus Alloperla Banks, 1906: A. mediata (Navas, 1925), A. rostellata (Klapalek,
1923), and A. teleckojensis Samal, 1939. Based on both morphological features and molecular
evidence, Alloperla ishikariana Kohno, 1953 from Japan was found to be conspecific with
the widespread A. mediata and is hereby formally downgraded to its junior synonym. A
genus-wide phylogenetic reconstruction and species delimitation revealed three distinct types
of incongruence between current public sequence repositories and morphological taxonomy:
1) several distinct morphospecies shared single mOTU, 2) a single morphospecies splitting into
multiple distant non-monophyletic molecular operational taxonomic units (mOTUs), and
3) strictly monophyletic lineages of a single species being artificially fragmented into
different mOTUs due to the over-sensitivity of the BOLD and ASAP frameworks. Pairwise
divergence histograms combined with a blind kernel density estimation analysis via the spider
library conclusively demonstrated that the macro-evolutionary barcoding gap occurs at
exactly 6.1%. Implementing this empirically derived threshold successfully corrected
algorithmic over-splitting and validated the conspecificity of deeply divergent allopatric
populations within Alloperla chloris Frison, 1934, A. petasata Surdick, 2004, A.
teleckojensis, and A. mediata.

Key words: Plecoptera, Alloperla, taxonomy, synonymy, DNA barcodes, barcoding gap,
Eastern Palaearctic.

A. A. Cemenuenko, B. A. Tecienko. Ouenka noporosbix 3nauenunii JTHK-
O0apkoauHra B poae BecHsiHOK Alloperla Banks, 1906 (Plecoptera: Chloroper-
lidae) u odocHoBanue cuHonumuu A. mediata (Navas, 1925) // JlanbHeBOCTOY-
HBIii 3HTOMOJIOT. 2026. N 560. C. 17-32.

Pe3tome. B Hacrosieit pabote Briepssie nonyuetsl JJHK-6apkozst o ¢pparmMeHTy MUTO-
XOHJPHAJIBHOrO TeHa nuroxpomokcunassl I (COI) nns 10 3Kx3eMIIIsipoB BECHSHOK, MPHHAA-
JeKANMX K TPEM BOCTOYHONAICAPKTUYECKUM BUnaM poxa Alloperla Banks, 1906: A. mediata
(Navas, 1925), A. rostellata (Klapalek, 1923) u A. teleckojensis Samal, 1939. Ha ocroBauuu
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KOMIUIEKCa MOP()OJIOTHUECKNX U MOJIEKYJSIPHO-TEHETHYECKUX AaHHBIX YCTAHOBIECHO, YTO
omucaunblii u3 Snouuu Bun Alloperla ishikariana Kohno, 1953 xoHcneuuduyeH mUpoKo
pacrpocTpaHeHHOMY BUAY A. mediata v moimXeH OBITh CBEJEH B MIAALINE CHHOHUMBIL.
QdunoreHeTH4eCKNil aHAIM3 W METOABI PA3TPAaHHUYCHUS CHUKBEHCOB HA MOIEKYISIPHEIC
omnepaoHabie TakcoHomuueckue exuaunsl (MOTY) mns JJHK-6apkomoB pona BEISBHI TpU
OCHOBHBIX THIIA TAKCOHOMHUYECKHX HECOOTBETCTBHUI: 1) HECKOJIBKO BHIOB OOBEIWHUINCH K
omHoit MOTY; 2) omun BHJ paznenuiics Ha HeMoHodmietnunsie MOTY; 3) mpownzonuio
pazaeneHre MOHO(QHIETHIECKUX JIMHUN ofHOr0 BHaa Ha pasHele MOTY B cuity n30BITOUHOM
yyBcTBUTENbHOCTH anroputMoB BOLD u ASAP. IloctpoeHue rucrorpamm pacnpeieneHus
TIONAPHBIX AUCTAHIUH B COYETAHHM CO «CIEMBIM» aHaIM30M IIoTHOocTH KepHena B makere
spider mokasano, 4To MOPOr pa3JeieHUs BHYTPUBHIOBOH M MEXBHIOBOH HM3MEHYHBOCTH
HaxoauTcss Ha oTrmeTke 6.1%. IIpumeHeHme 3Toro mopora IMO3BOJHIO CKOPPEKTHPOBATH
HN30BITOYHYI0 UyBCTBHUTENIBHOCTh ABTOMATHUYECKHX MPOTPAaMM M HAJCKHO IIOJTBEPIUTH
KOHCHEU(UIHOCTh reorpadMIecKy yJaJeHHBIX MOMYJAIMH C BBICOKOW BHYTPHUBHIOBOI
museprenuueit st Alloperla chloris Frison, 1934, A. petasata Surdick, 2004, A. teleckojensis n
A. mediata.

INTRODUCTION

The genus Alloperla Banks, 1906, belongs to the tribe Alloperlini Surdick, 1985 of the
subfamily Chloroperlinae and family Chloroperlidae. Alloperla includes about 52 species
distributed across the Nearctic and East Palaearctic realms (DeWalt et al., 2026). There are
about 15 East Palearctic species in six countries: Japan (3), Korea (4), Mongolia 4), Kazakh-
stan (5), Russia (8), and China (9) (Shimizu ef al., 2005; Hwang & Muranyi, 2020; Judson &
Nelson, 2012; Devyatkov, 2022; Teslenko & Zhiltzova, 2009; Rehman et al., 2025). Of them
three species only, Alloperla joosti Zwick, 1972, A. mediata (Navas, 1925) and A. rostellata
(Klapalek, 1923), are widespread and common to five countries. However, in Japan, Alloperla
species widespread on the mainland have not yet been officially recorded, with the exception
of the insular 4. kurilensis Zhiltzova, 1978, known from the Southern Kuril Islands and
Hokkaido. At the same time, despite the specific insular character of the Plecoptera fauna,
about three dozen stonefly species from other genera and families shared Sakhalin Island, the
Kuril Islands, and the Eurasian continent have been recorded in Japan (Teslenko & Zhiltsova,
2009). Recently, Yoshinari et al. (2024) discovered the Eastern Palearctic mainland species
Utaperla orientalis Nelson & Hanson, 1969 (Plecoptera: Chloroperlidae) in the Satsunai
River, Hokkaido, Japan, for the first time. Along with morphological characteristics, genetic
information was presented, including for the species Alloperla ishikariana Khono, 1953,
collected from the same river. After comparison, we found that the DNA barcoding
sequences of A. ishikariana and A. mediata are very similar. In this study, using our own
collections, including those from the type locality, we conduct a thorough comparison of 4.
mediata and A. ishikariana, and taking into account the DNA barcoding data for both species,
we propose considering A. ishikariana Kohno, 1953 as a junior synonym of A. mediata
(Navas, 1925).

To date, 282 publicly available DNA barcodes of the genus Alloperla have been released,
clustered into 25 BINs (BOLD system). Although these sequences represent 22 formally
identified species, a significant portion of the records remains unidentified. Despite the
substantial number of sequences, most studies incorporating these data focus on broad-scale
invertebrate biodiversity and ecology across regions such as Canada (Hebert et al., 2016;
deWaard et al., 2019; Erasmus & Huber, 2020; Cordero et al., 2017) or local faunas the
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USA, China, and Japan (Pilgrim ef al., 2011; Polato et al., 2018; Yu et al., 2019; Yoshinari et
al., 2023). In these studies, Alloperla stoneflies were treated as components of aquatic
biocenoses without dedicated analysis of their specific molecular evolution or taxonomic
boundaries.

In the present study, we provide 10 new DNA barcodes for three Alloperia species from
Russia including the aforementioned A. mediata, and integrate them into a comprehensive
analysis of phylogeny and species delimitation. Standard delimitation approaches, such as
ASAP or the BOLD BIN system, often rely on a universal threshold of approximately 2%
(Hebert et al., 2003). However, for several genera within the family Chloroperlidae, the
distance (p-distance or K2P) to the nearest neighbor (NN) sequence has been reported to be
much higher, ranging from 7.94% to 17.04% (Zhou et al., 2010; Moriniére et al., 2017;
Hlebec et al., 2022; Vuataz et al., 2024). In this regard, we conducted a barcoding gap
analysis to determine the precise threshold between intraspecific and interspecific K2P
divergence. By comparing BOLD BIN assignments with morphologically determined
species, we aim to clarify the COI evolution rate and resolve the taxonomic uncertainty
currently surrounding the genus Alloperla.

MATERIAL AND METHODS

The specimens were collected through the sweeping of coastal vegetation using an ento-
mological net. Samples were fixed with 75% ethanol.

The adults were studied in detail and documented by digital cameras (Nikon Coolpix 995
and Toup View 3.7) and with the stereomicroscope Olympus SZX16 and digital camera
Olympus DP74, and stacked using Helicon Focus software. The final illustrations were post-
processed for contrast and brightness using Adobe® Photoshop® software. The material is
deposited in the collection of the Federal Scientific Center of the East Asia Terrestrial
Biodiversity, Far Eastern Branch, Russian Academy of Sciences, Vladivostok, Russia.

Total genomic DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen,
Hilden, Germany) or ExtractDNA Blood & Cells (Evrogen, Moscow, Russia). We amplified
the mitochondrial protein-coding gene cytochrome c oxidase I (COI) using polymerase chain
reaction (PCR). For primers, reaction protocols, cycling programs, purification of PCR
products, and sequencing details, see Teslenko & Semenchenko (2022). The obtained
sequences belonged to the ten specimens of Alloperla were deposited in GenBank under
accession numbers PZ381789-PZ381798.

To assemble the comparative dataset, we retrieved all publicly available DNA barcodes
for the genus Alloperla from the BOLD Systems database (as of May 2026), resulting in 282
records representing 25 BINs. Sequences were aligned, and genetic distances were calculated
using the Kimura 2-parameter (K2P) model in MEGA7 (Kumar et al., 2016). Molecular
species delineation was achieved using Barcode Index Number (BIN) implemented in Barcode
of Life Data System server (Ratnasingham & Hebert 2013) and Assemble Species by
Automatic Partitioning (ASAP) (Puillandre ef al., 2021) using K2P distances as substitution
model.

To visualize the barcoding gap, histograms of pairwise K2P distances were constructed
in R v.4.6.0 (R Core Team, 2026) using the ggplot2 package. Pairwise K2P distances were
categorized into intraspecific and interspecific groups according to two independent criteria:
automated BOLD BIN assignments and morphological species identifications. For the latter,
only specimens formally identified to the species level were included in the analysis. To
perform a high-resolution barcoding gap analysis, separate detailed histograms restricted to a
10% divergence threshold were constructed for each approach. To provide a character-
independent validation of these boundaries without prior taxonomic assumptions, a blind
kernel density estimation (KDE) analysis was implemented using the spider v1.5.2 package
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for R. The optimal macro-evolutionary divergence threshold for the genus Alloperia was
mathematically determined via the localMinima function with a smoothing bandwidth of
1.0% (bw = 1.0). Based on the results of this combined barcoding gap visualization, an
additional species delimitation analysis was performed using an empirically derived fixed
distance threshold. This threshold was established to strictly separate intraspecific and
interspecific K2P distances calculated between all individual sequences in the dataset.

To optimize dataset size and optimize space on the final phylogenetic reconstruction, a
representative subset of sequences was selected. We included a single individual from each
BIN. However, in cases where a single BIN contained multiple morphologically recognized
species, one representative from each species within that BIN was selected to explicitly illustrate
the lack of resolution between distinct morphological taxa. Specimens not identified to the
species level (designated as Alloperia sp.) were excluded from the phylogenetic dataset, except
for those that formed unique, distinct BINs.

Phylogenetic analyses were performed using MrBayes v.3.2.7 (Ronquist et al., 2012)
which was preceded by the selection of the best-fit partitioning scheme and models separately
for each codon position of COI using PartitionFinder 2.1.1 (Lanfear et al., 2012). The best
models for the first, second and third codon position of COI were SYM+G (Zharkikh, 1994),
F81+1 (Felsenstein, 1981) and GTR+G (Tavaré, 1986) respectively. For the BI, two separate
runs with four Markov chain Monte Carlo (MCMC) simulations were performed for 1 million
generations, sampling every 500 generations and discarding the first 25% trees as burn-in.
Trace files were visually inspected in Tracer v.1.7 (Rambaut et al., 2018). Phylogenetic trees
were visualized using FigTree v.1.4.4. Suwallia errata Li et Li, 2021 was selected as out-
group. Finally, the molecular operational taxonomic units (mOTUs) resolved by the BOLD
BIN system, the ASAP algorithm, and the newly established empirical within a single con-
sensus tree. threshold was mapped alongside the resulting Bayesian topology to evaluate and
visualize species delimitation consistency.

TAXONOMY

Alloperla mediata (Navas, 1925)

Figs 1-12

Chloroperla mediata Navas, 1925: 210, fig. 4a-b (original description of female from
Russia); Zapekina-Dulkeit, 1961: 50 (distribution in Siberia).

Alloperla mediata: Zwick 1973: 285; Ham, 2008: 185; Teslenko, 2009: 699 (distribution);
Teslenko & Zhiltzova 2009: 88, fig. 554—556 (key); Surenchorloo, 2009: 714 (first report
for Mongolia); Judson & Nelson, 2012: 25, fig. 100-103 (male, female, distribution); Huo
etal., 2022: 6,9, fig. 8 C—B (female, distribution); Rehman et al., 2025: 368, fig. 4 A-D.

Alloperla (Sweltsa) alexanderi Nelson & Hanson, 1968: 425-428, fig. 4-6 (original des-
cription of male from China). Synonymized by Zwick et al. (1971: 855).

Alloperla ishikarianus Kohno, 1953: 67, P1. 7 (original description of male); Illies, 1966: 432
(catalog); Shimizu et al., 2005: 272, fig. 19—2-5 (male and female); Rahman et al., 2021:
125886 (flight); Negishi et al., 2022: 4203 (life cycle); Yoshinari et al., 2024: 237, fig. 3, 5
(abundance, emergence, barcoding). Syn. n.

DIAGNOSIS. The general body color is pale yellow or yellow-green. Head pale brown,
with a barely noticeable brownish M-line in front of the median ocellus and a pair of barely
noticeable brownish round spots in the occiput closer to the eyes (Figs 1, 7). The pronotum
has a characteristic dark medial stripe widened posteriorly (Figs 1, 7). Abdomen dorsally with
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Figs 1-6. Alloperla mediata from type locality (Vladivostok): 1 — male head and
pronotum, dorsal view; 2 — male epiproct with apical sclerite, lateral view; 3 — male epiproct
with apical sclerite and everted penis, dorso-lateral view; 4 — male epiproct with apical sclerite,
dorsal view; 5 — the apical sclerite, dorsal view; 6 — female subgenital plate, ventral view.
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Figs 7-12. Alloperla mediata from Masunogawa River, Takino, Sapporo, Hokkaido,
Japan: 7 — male head and pronotum, dorsal view; 8 — male epiproct with apical sclerite,
lateral view; 9 — male epiproct with apical sclerite, dorso-lateral view; 10 — male epiproct
with apical sclerite, dorsal view; 11 — apical sclerite, dorsal view; 12 — female subgenital
plate, ventral view.
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a median longitudinal black stripe. The erected epiproct is large, triangular, and directed
upward with an extremely sclerotized small sclerite at the apex (Figs 2, 8). Sclerite is divided
into two portions, nearly equal in width, separated by noticeable constriction (Figs 3—5,
9—11). The posterior portion of the sclerite is short and rounded; the anterior portion is oval
with a pointed tip, bearing numerous symmetrical serrations along lateral margins, easily
visible from the dorsal view (Figs 5, 11), and tiny setae ventrally (Figs 5, 11). The female
subgenital plate (Figs 6, 12) is a long, narrow triangle extending almost the entire length of
the sternum 9; the base of the subgenital plate is wide with a pair of rounded lobes laterally;
the triangular apex of the subgenital plate is sometimes dark brown, sometimes with a rib in
the middle, and covered with pale hairs; the lateral edges are uneven, especially in island
populations of this species (Figs 6, 12).

MATERIAL EXAMINED. Russia: Primorsky Krai, vicinity of Vladivostok, the Chernaya
Rechka River, 1.V 1987, 59, coll. TI Arefina; the same place, 12.VII 1994, 13, 29, coll. TI
Arefina; a stream at the Chaika railway station near the FSC EATB FEB RAS, 5.VI 1995,
39, coll. TT Arefina; the Lazurnaya River, Shamora Bay, the Sea of Japan basin, 27.V 2007,
13, coll. VA Teslenko; an unnamed stream above the Energetik holiday home, the Sea of
Japan basin, 3—-16.VI 2014, 13, 29, coll. VA Teslenko; Mertvaya Pad' stream, above the
Rybachy settlement, the Sea of Japan basin, 2.VI 2016, 19, coll. EA Gorovaya; Partizansk
District, Shkotovka River, Shkotovo settlement, the Sea of Japan basin, 25-29.V 2015, 43,
69, coll. VA Teslenko; the same place, 1.VI 2025, 143 169, coll. VA Teslenko. Japan:
Hokkaido, Masunogawa River, Takino, Sapporo, 28.V 1991, 133, 269, coll. VA Teslenko;
Eniva, Izari River, Okuizarigawa Bridge, 29.V 1991, 3J, 12, coll. VA Teslenko.

DISTRIBUTION. East Palearctic species distributed widely: Republic of Altai, Irkutsk
Oblast, Krasnoyarsk Krai, Republic of Buryatia, Republic of Tuva, and Russian Far East,
including Chukotka Autonomous Okrug, Magadan Oblast, Kamchatka Krai, Khabarovsk
Krai, Sakhalin Island, Kuril Islands, and Primosky Krai. Occurs in the Eastern Kazakhstan
(Devyatkov, 2022), Mongolia, China, South Korea, and Japan.

REMARKS. Chloroperla mediata was described by Navas (1925) from a single female
collected in Vladivostok. The original description included two illustrations of a head with a
pronotum and forewing tip, but the characteristic female subgenital plate was not illustrated.
Zwick studied the holotype of Chloroperla mediata, and a drawing of the distinctive long
subgenital plate extending from a broad base was first presented in a paper on the stonefly
fauna of the Soviet Far East (Zwick et al.,, 1971, fig. 19). In the same paper, a female was
associated with a male (Zwick et al, 1971, fig. 20) from numerous fresh specimens from
Kamchatka. Additionally, a comparison of the 4. mediata holotype with the topotype of a
male Alloperla alexandrii Nelson et Hanson, 1968, described from the Greater Khingan,
China, established the identity of both species and that A. alexandrii is a junior synonym of
A. mediata. It was later established that 4. mediata adults of the Kuril and Sakhalin popula-
tions exhibit considerable variability in a number of characteristics, including body color,
shape and color of the female genital plate, color of the medial part of the pronotum and
distal parts of the forewing veins (Levanidova & Zhiltzova, 1979). Shimizu et al. (2005)
provided excellent illustrations of Alloperla ishikariana Kohno, 1953, described from
Hokkaido, which were in agreement with illustrations of 4. mediata, indicating they may
refer to the same species. Although the similarity of the two species was not in doubt, no
nomenclatural changes were made for them. The Japanese researchers noted that the relation-
ship of insular A. ishikariana to mainland 4. mediata requires further study (Shimizu et al.,
2005).

Recently, Yoshinari et al. (2024) discovered the Eastern Palearctic mainland species
Utaperla orientalis in the Satsunai River, Hokkaido, Japan, for the first time. Along with
morphological characteristics, genetic information was presented, including for the species
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Alloperla ishikariana, collected from the same river. After comparison, we found that the
DNA barcoding sequences of insular A. ishikariana and mainland 4. mediata are very similar.
In this study, using our own collections, including those from the type locality, we conduct a
thorough comparison of 4. mediata and A. ishikariana, and taking into account the DNA bar-
coding data for both species, we propose considering A. ishikariana as a junior synonym of 4.
mediata.

RESULTS OF COI DNA BARCODING

We sequenced fragments of the mitochondrial cytochrome ¢ oxidase subunit I (COI) gene
(622-658 bp in length) from 10 specimens of the genus Alloperla, belonging to three species:
A. mediata, A. rostellata, and A. teleckojensis. The average intraspecific K2P sequence
divergence within these three species was 2.20%, 0.18%, and 3.12%, while the maximum
intraspecific divergence reached 4.11%, 0.30%, and 3.12%, respectively. For the three newly
sequenced species, 4. rostellata, A. mediata, and A. teleckojensis, the minimum interspecific
K2P distances to their nearest neighbors were Alloperla delicata (BOLD:AAJ2684) (11.08%)
for the former, while both latter species shared the same closest match toward Alloperla
serrata (BOLD:AAQ2344) at 12.61% and 6.79%, respectively.

Moreover, specimen of Alloperla ishikariana from Japan (BOLD process ID: GBAAX68627-
24, BIN BOLD:AGN9030, GenBank accession number LC818982) was found to be conspecific
with Alloperia mediata. The average K2P genetic distance between A. ishikariana and A.
mediata was 1.16%, whereas the A. mediata specimen TVA402 from Kamchatka shared an
identical haplotype with the Japanese A. ishikariana sequence.

Bayesian phylogenetic inference of the genus Alloperla, using Suwallia errata Li, Li as
an outgroup, suggests that the 4. mediata + A. ishikariana cluster and A. rostellata represent
early-branching clades (Bayesian posterior probability, BPP = 0.94 and 0.86 respectively)
(Fig. 13). A. teleckojensis, in turn, nested within a well-supported clade (BPP = 0.91) that
comprises ten distinct Barcode Index Numbers (BINs) belonged to seven species.

Molecular species delimitation approaches implemented via the BOLD BIN system and
the ASAP algorithm demonstrated near-complete congruence. However, in several instances,
multiple morphologically recognized species were assigned to a single mOTU. For example,
the top-clade on the consensus tree encompasses four distinct morphological species: A.
hamata, A. caudata, A. atlantica, and A. banksi.

Conversely, the phylogenetic tree also revealed incongruencies where identical morpho-
logical species designations appeared across different mOTUs, as observed for A. caudata, A.
pilosa and A. severa. Finally, the tree topology resolved four cases where monophyletic
lineages belonging to the same morphospecies were partitioned into different mOTUs due to
high genetic distances; these cases include 4. chloris, A. petasata, A. teleckojensis, and A.
mediata.

To establish an empirical barcoding gap for the genus, we constructed three pairwise
K2P distance histograms utilizing the complete 4/loperla dataset, incorporating also a blind
kernel density analysis via the SPIDER library (Figs 14 A, B, C). The first histogram (Fig. 14
A) illustrates the frequency distribution of all pairwise comparisons across the entire genus.
To evaluate the sensitivity of the BOLD algorithm, comparisons within a single BIN were
color-coded in blue, while comparisons between different BINs were color-coded in red. The
BIN algorithm implemented in BOLD strictly partitioned intra- and inter-species distances at
approximately the 2% threshold; however, the overall distribution revealed that the
barcoding gap occurs at the 6.1% K2P divergence level. To clarify these boundaries, a high-
resolution histogram was restricted to K2P distance values below 10% (Fig. 14 B). This
high-detail analysis corroborated the primary frequency drop at 6.1%, while resolving two
secondary declines in pairwise comparison frequencies around 1.8% and 3.0%.
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Fig. 13. Ultrametric Bayesian inference (BI) consensus tree based on the mitochondrial
cytochrome c oxidase subunit I (COI) nucleotide sequence data of the genus Alloperla Banks
using Suwallia errata Li et Li as the outgroup. Bayesian posterior probabilities (BPP) higher
than 0.7 are given above the respective nodes. Bars on the right illustrate species delimitation
schemes implemented using BOLD BIN, ASAP, and the empirically derived fixed K2P
distance threshold of 6.1% established in this study. Reference specimens obtained in the
present study are highlighted in bold.
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Alloperla hamata GLMCR332-20
Alloperla caudata INHSP224-09
Alloperla atlantica PKSTO179-08
Alloperla banksi PLENB046-09
Alloperla sp. HIMXD213-10
Alloperla chloris CBSTO054-10
Alloperla chloris PLENB023-09
Alloperla chloris HWDRW503-23
Alloperla caudata INHSP223-09
Alloperla sp. INHSP088-09
Alloperla sp. PKSTO040-08
Alloperla sp. PKSTO055-08
Alloperla sp. GMWGF1162-18
Alloperla petasata PLENB052-09
Alloperla petasata SSGBC2585-14
Alloperla voinae PLENB021-09
Alloperla biserrata MDA840-09
Alloperla imbecilla MDA842-09
Alloperla acadiana PLENB061-09
Alloperla severa BKSTO215-08
Alloperla thalia EVOTR026-12
Alloperla pilosa EVOTR015-12
Alloperla severa BKSTO217-08
Alloperla pilosa UCOL282-23
Alloperla pilosa UCOL283-23
Alloperla elevata BKSTO458-11
Alloperla concolor BKST0259-09
Alloperla teleckojensis TVA032 PZ381791
Alloperla teleckojensis TVA182 PZ381792
Alloperla serrata BBEPT029-10
Alloperla delicata BKSTO291-09
Alloperla rostellata TVA018 PZ381789
Alloperla rostellata TVA263 PZ381793
Alloperla rostellata TVA266 PZ381795
Alloperla rostellata TVA408 PZ381798
Alloperla mediata TVA402 PZ381797
Alloperla ishikariana GBAAX68627-24
Alloperla mediata TVA264 PZ381794
Alloperla mediata TVA277 PZ381796

Alloperia mediata TVA026 PZ381790 BN
Suwallia errata MF198253
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To contrast the automated algorithms with expert taxonomy, we constructed an additional
pairwise K2P distance histogram (Fig. 14 C) utilizing exclusively the specimens formally
identified to the species level. In these plots, the frequency distributions were color-coded to
differentiate between comparisons within the same morphological species (green) and those
between distinct morphological species (orange). The primary barcoding gap remained
discernable at the 6.1% K2P divergence level. However, a strict boundary between the two
categories was obscured due to a pronounced overlap at low divergence levels. In numerous
instances, specimens assigned to different morphological species exhibited genetic distances
well below the barcoding threshold, extending down to zero. This significant conflict between
morphological designations and COI divergence further underscores the necessity for a
comprehensive taxonomic revision of the genus Alloperla.

DISCUSSION

DNA barcoding using the mitochondrial COI gene remains a primary tool for the precise
species-level identification of various invertebrate groups (Hebert et al., 2003). For
stoneflies, which serve as crucial bioindicators within the standardized EPT (Ephemeroptera,
Plecoptera, Trichoptera) index (Lenat, 1988; Plafkin er al., 1989), robust molecular identifi-
cation is of paramount importance to ensure accurate biodiversity and water quality assessments.
For the practical and reliable application of DNA barcoding in environmental monitoring, the
creation of a high-quality, curated reference database is an absolute prerequisite. Such
baseline libraries must be rigorously verified by expert taxonomists rather than relying on
automated or unverified submissions.

This study represents the first comprehensive generation of DNA barcodes for the genus
Alloperla from the Eastern Palearctic realm. Prior to our work, the entire global dataset of
public Alloperla barcodes was heavily biased toward the Nearctic realm, with 281 publicly
available sequences and only a single Palearctic sequence of A. ishikariana from Japan
(Yoshinari et al., 2024). We generated new DNA barcodes for three Eastern Palearctic
species, A. mediata, A. rostellata, and A. teleckojensis, and implemented a comprehensive
comparative analysis incorporating all available DNA barcodes for this genus.

DNA barcoding results conclusively demonstrated that the Japanese sequence of A.
ishikariana is conspecific with the widespread 4. mediata. Consequently, A. ishikariana is
hereby formally designated as a junior synonym of 4. mediata.

By constructing a phylogenetic tree and species delimitation algorithms using a single
representative from each morphologically identified species per BIN, we revealed three types
of incongruencies. In the first case, a single BIN shares multiple morphospecies, such as 4.
hamata Surdick, 1981, A. caudata Frison, 1934, A. atlantica Baumann, 1974, and A. banksi
Frison, 1942, or A. biserrata Nelson et Kondratieff, 1980, and A. imbecilla Say, 1823 (Fig.
13). This may require synonymization of these species and/or detailed comparison with type
specimens for accurate identification.

In the second case, conversely, a single morphological species shares multiple non-
monophyletic BINs, as observed for A. caudata and A. severa (Hagen, 1861). This is usually
associated with cryptic species or hidden morphological traits. Similarly, this requires
meticulous comparison of morphological features with type specimens, using methods like
scanning electron microscopy (SEM) of male epiprocts and female eggs.

Finally, the third type of incongruence is associated with the separation of monophyletic
individuals into different mOTUs by the BOLD and ASAP algorithms. The tree revealed
four cases where sister (monophyletic) individuals were placed in different mOTUs due to
high pairwise distances: 4. chloris Frison 1934, A. petasata Surdick, 2004, 4. teleckojensis,
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and A. mediata (Fig. 13). The latter two species were sequenced in the present study. For 4.
teleckojensis, two specimens collected from Khabarovsk and Primorsky territories (unfortuna-
tely, both were imago females) were assigned to different mOTUs despite having identical
morphological characteristics. For 4. mediata, a specimen from the Primorsky territory was
placed in a separate mOTU relative to the Kamchatka and Khabarovsk Kray samples. Adult
males were analyzed from both the Primorsky and Kamchatka populations, and their morpho-
logical traits unequivocally confirm their conspecificity. For the remaining stonefly species,
specimens were also collected from distant localities across their ranges, while apparently
sharing identical morphological characters. Obviously, these examples demonstrate that
the BOLD and ASAP algorithms possess an unjustifiably high sensitivity, leading to the
excessive fragmentation of sequences into potential species and an unwarranted search for
non-existent morphological diagnostic characters.

Neglecting minor mathematical discrepancies between the p-distance and K2P models, it
is evident that interspecific NN distances for chloroperlids never fall below 7.94% (between
Siphonoperla torrentium (Pictet, 1841) and S. italica (Aubert, 1953) from Switzerland (Vuataz
et al., 2024) under the p-distance model, which scales up to 9.15% when recalculated using
K2P distances. In turn, literature data indicate that maximum intraspecific distances can
reach up to 2.99%, as documented for S. forrentium (Moriniére et al., 2017). Consequently,
the literature confirms that the standard ~2% threshold implemented by BOLD (Hebert et al.,
2003; Ratnasingham & Hebert, 2013) is excessively sensitive, whereas the actual K2P
interspecific boundary lies above 9%.

However, a dedicated divergence threshold had never been calculated specifically for the
genus Alloperla, and the aforementioned literature values represent isolated pairwise compa-
risons rather than a comprehensive genus-wide statistical analysis supported by hundreds of
reference sequences. To address this limitation, we constructed three pairwise K2P distance
histograms utilizing all available Alloperla DNA barcodes to visualize the frequency of total
comparison pairs and localize the true barcoding gap (according to Hebert et al., 2003).

Our compiled histograms demonstrate that the true drop in pairwise transition frequencies
occurs within a broad range between 6% and 7%. The localMinima algorithm from the R
package spider allowed us to precisely calculate this baseline, which was localized at 6.1%
(Figs 14 A, B, ).

We analyzed literature data reporting the minimum genetic distances of Chloroperlidae
species to their nearest neighbors (NN) to evaluate the baseline for intraspecific and inter-
specific divergence within the family. Canadian stoneflies of genera Hastaperla Ricker, 1935
and Haploperla Navas, 1934 exhibited K2P NN values of 10.89% (Zhou et al., 2010). In the
Croatian fauna, chloroperlids of the genus Siphonoperlia Zwick, 1967 displayed p-
distances to their NN of 11.46%, while Xanthoperla apicalis (Newman, 1836) differed

Fig. 14. Combined frequency distribution histograms and kernel density estimation
(KDE) overlay of pairwise K2P genetic distances for the genus Alloperia based on the
mitochondrial COI gene. (A) Full-scale interspecific (red) and intraspecific (blue)
comparisons according to BOLD BIN. (B) High-resolution subset restricted to 0—10%
divergence with inter- and intraspecific comparisons according to BOLD BIN. (C)
Morphological validation analysis restricted to 0-10% divergence, color-coded by
interspecific (orange) and intraspecific (green) comparisons. The smooth dark blue curve
tracks the kernel density estimation (bw = 1.0%). The vertical red dashed line indicates the
mathematically resolved global minimum of the macro-evolutionary barcoding gap at 6.1%,
computed via the localMinima function.
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from Siphonoperla by 17.04% (Hlebec et al., 2022). German chloroperlids spanning two
species of Chloroperla Newman, 1836 and one species of Siphonoperla yielded K2P NN
values of 10.18-12.96% (Moriniere et al., 2017). For Swiss chloroperlids of the same genera,
but with broader species coverage, these NN values ranged between 7.94% and 10.33%
using p-distances (Vuataz et al., 2024).

Although the automated ASAP framework utilizes the same underlying distance dataset,
it favors a much more sensitive partition (1.53%). This discrepancy occurs because the
ASAP algorithm is fundamentally designed to maximize the partition of sequences into the
tightest possible subgroups based on immediate genetic similarities, heavily penalizing any
group mergers. Based on our empirically derived 6.1% threshold, we mapped an additional
species delimitation partition onto our consensus tree (Fig. 13). This custom molecular
partition demonstrated that strictly monophyletic individuals belonging to a single morpho-
logical species successfully collapsed into unified, stable molecular operational taxonomic
units (mOTUs), which is taxonomically more conservative. Clear examples of this algori-
thmic correction on the tree topology include 4. chloris, A. petasata, A. teleckojensis, and A.
mediata.

Finally, when mapping intraspecific and interspecific distances based on morphologically
defined species onto the histograms (Fig. 14 C), we observe numerous incongruencies that
align with the first two types discussed above. Most of these incongruencies are driven by
the splitting of individuals with very low or zero pairwise distances into separate
morphological species, a phenomenon prominently visible within the highly compressed
terminal clades at the top of the phylogenetic tree. Conversely, instances of unusually high
intraspecific divergence exceeding the 6.1% threshold are less common. Such cases are
restricted to Alloperla pilosa, A. chloris, A. serrata, and A. caudata, all of which clearly
require comprehensive taxonomic revision.
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