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Abstract

‘The number of described species of the genus Zerebellides Sars, 1835 (Annelida, Trichobranchidae) has greatly
increased in the last years, particularly in the North East Adlantic. In this context, this paper deals with several
putative species recently delineated by molecular means within a well delimited clade of Zerebellides. Species
are characterised here by a combination of morphological characters, and a complementary nucleotide diag-
nostic approach. Three species were identified as the nominal species 7. stroemii Sars, 1835, T. bigeniculatus
Parapar, Moreira & Helgason, 2011 and 7 eurgpaea Lavesque et al., 2019. Five species are described as new:
1. bakkeni sp. nov., 1. kongsrudi sp. nov., T norvegica sp. nov., 1. ronningae sp. nov. and T scotica sp. nov.
The distinctive morphological characters refer to the branchial shape, absence or presence of papillae on la-
mellae of anterior margin of branchial dorsal lobes, absence or presence of ciliated papillae dorsal to thoracic
notopodia, geniculate chaetae in one or two chaetigers, and the morphology of thoracic and abdominal
uncini teeth. Furthermore, the description of 7. bigeniculatus is revised and complemented after examination
of type specimens. An updated identification key to all species of the genus in NE Atlantic and a proposal of
a classification of different types of abdominal uncini to be used in taxonomy are also included.
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Introduction

The species richness in the genus Zerebellides Sars, 1835 (Annelida, Trichobranchidae)
in the North East Atlantic (NEA hereafter) seemed to be well known after several taxo-
nomic studies (Holthe 1986; Jirkov 1989, 2001; Gagaev 2009; Parapar et al. 2011,
2016¢; Jirkov and Leontovich 2013; Parapar and Hutchings 2014). Nevertheless, mo-
lecular taxonomy approaches performed recently in a comprehensive sample of NEA
Terebellides have substantially changed the understanding of the species diversity hid-
den within members of this genus in European waters. Studies by Nygren et al. (2018)
and Lavesque et al. (2019) showed a number of genetic lineages, compatible with the
species concept — independently evolving entities that are genetically (and phenotypi-
cally) distinct (Barraclough 2010). As a result, the total number of species in the NEA
has increased dramatically from seven to 32 (Nygren et al. 2018; Lavesque et al. 2019),
but some of these still remain unnamed or not formally described.

Terebellides is the most species-rich genus of trichobranchids, with 82 nominal spe-
cies (Parapar et al. 2020; Read and Fauchald 2020) but fairly homogeneous morpho-
logically. It is distinguished from other members in the family by their characteristic
branchiae with a single mid-dorsal stalk on segment 3. However, species identification
presents some difficulties as there are no clear boundaries between the intraspecific
and interspecific variability of some of the morphological attributes considered of high
taxonomic relevance. Species diagnostic features mainly rely on details of the branchi-
ae, shape and size of anterior thoracic lateral lobes, and uncinal morphology (Parapar
and Hutchings 2014; Parapar et al. 2016a, 2016b). Surprisingly, analyses of DNA
sequences showed a large genetic diversity within the group, especially in mitochon-
drial markers, and while the genetic intraspecific divergence in the universal barcoding
marker cytochrome ¢ oxidase subunit I (COI) ranged from 0 to 3.4%, the interspecific
distance between species varied from 8.8 to 22.9% (Nygren et al. 2018).

Phylogenetic analyses consistently showed that the NEA Zerebellides are divided
into four major clades, named Groups A-D in Nygren et al. (2018). The aim of the
present paper is the systematic revision of members of Group A (according to Nygren
etal. 2018), and the morphological characterization of the species assessed after phylo-
genetic and species delimitation analyses of DNA sequence data (Nygren et al. 2018).
Given that there are some species complexes, with scarce morphological differences
between the species, if any, a list of apomorphic nucleotides (present in all sequences
of a certain species and unique of that species) is also provided as a complementary
diagnostic feature (Rach et al. 2008; Wong et al. 2009).

Materials and methods

This paper is based on the study of 132 specimens identified as belonging to Group A
as defined in Nygren et al. (2018) and corresponding to several putative species. This
material is deposited in the Zoological Museum Bergen (ZMBN, Bergen, Norway),
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Goteborg Natural History Museum (GNM, Goteborg, Sweden), the Norwegian Uni-
versity of Science and Technology, University Museum (NTNU-VM, Trondheim,
Norway; Bakken et al. 2020) and the Senckenberg Museum Frankfurt (SMF, Frank-
furt, Germany).

The sampling area covered in this paper is mostly the Norwegian and Swedish
continental shelf but also includes some samples from the Irish and Celtic seas, North
Sea, Barents Sea, Greenland Sea, South Icelandic coast and the Arctic Ocean (Suppl.
material 1: Table S1; Nygren et al. 2018).

Light microscope images were obtained by means of an Olympus SZX12 stereomi-
croscope equipped with an Olympus C-5050 digital camera. Line drawings were made
with an Olympus BX40 stereomicroscope equipped with camera lucida. Specimens for
Scanning Electron Microscopy (SEM) were prepared by critical point drying, covered
with gold and examined and photographed under a JEOL JSM-6400 electron micro-
scope at the Servizos de Apoio 4 Investigacion (SAI, Universidade da Coruna, Spain).

Methyl green (MG) staining patterns and thoracic uncini morphology were char-
acterised based on the classification proposed by Schiiller and Hutchings (2010) and
Parapar et al. (2020) respectively; specimens of similar/comparable size were used.

The species dealt within the present study are quite homogenous morphologically.
Therefore, common traits shared by all members of Group A are described first in order
to avoid repetition of the same characters in each species description.

For each species, the list of the museum registration numbers and collection details
(geographic area, locality, coordinates, depth, collecting date and habitat) is provided
in Suppl. material 1: Table S1. Unless specified, each registration number holds a sin-
gle specimen; associated GenBank DNA sequence accession numbers are provided in
Suppl. material 2: Table S2.

The present systematic account follows the phylogenetic hypothesis presented by
Nygren et al. (2018), after phylogenetic analyses of mitochondrial COI (ca. 658bp)
and 16S rDNA (ca. 440 bp), and the nuclear ITS2 (290-419 bp) and 28S rDNA
(ca. 760 bp) sequences from 513 specimens of Zerebellides species from the NEA.
In their topology, four strongly supported major clades were recovered, and named
Groups A-D. We are herein dealing only with members of Group A. Other subgroups
(A1-A4) within Group A were established after analyses of combined datasets (Fig. 1;
Nygren et al. 2018). In the present study comparison of the morphological traits of
species within these subgroups were performed in order to find potential characteristic
diagnostic features.

The COI universal barcoding gene proved to be very informative for species delim-
itation purposes alone, but insufficient to resolve deeper relationships in the Zerebellides
radiation (Nygren et al. 2018). However, in the present study further analyses based
on this mitochondrial marker alone have been performed in order to assess diagnos-
tic nucleotides for each of the species and establish genetic distances between them.
Phylogenetic analyses of COI Zerebellides sequences in GenBank generated by Nygren
et al. (2018) and Lavesque et al. (2019) were performed, using Trichobranchus roseus
(Malm, 1874), Polycirrus sp., and Pista cristata (Miiller, 1776) as outgroups (Nygren et
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al. 2018). Four hundred and seventy-one sequences were aligned with MAFFT version
7.017 (Katoh et al. 2002), and with default parameters, trimming some starting nu-
cleotides of the sequence of Zerebellides sp. (MN207188) to become 659 bp alignment.
Best-fit model according to Bayesian information criterion — BIC (TVM+F+1+G4),
was calculated with IQTREE version 1.6.11 (Nguyen et al. 2015). Maximum likeli-
hood phylogenetic analyses were also run in IQTREE version 1.6.11 (Nguyen et al.
2015), with ultrafast bootstrap (Hoang et al. 2018). Tree topology and support val-
ues for the nodes are found in Fig. 2. Given the morphological homogeneity in the
Terebellides Group A species, GenBank accession numbers (COI sequences) are pro-
vided for each species, indicating those belonging to type series. Moreover, unequivo-
cal nucleotide diagnostic characters are provided as the positions in the alignment
(nucleotide), with the alignment available in Suppl. material 2: Table S2.
Abbreviations used in text, tables and figures:

abl  anterior branchial lobe (lobe #5); fi fore intestine;
babv branchial afferent blood vessel; fs fore stomach;
bbv  branchial blood vessel; gc  geniculate chaetae;
bdl branchial dorsal lobes; gr glandular region;
bdlfl branchial dorsal lobes fusion line; hs  hind stomach;
bdltp branchial dorsal lobe terminal loli lower lip;
papilla; MG Methyl Green;
blp  branchial lamellar papillae; nop notopodial protuberance;
bst  branchial stem; np  nephridial papilla;
bt buccal tentacles; oes  oesophagus;
bvl  branchial ventral lobes; 00Cc  oocytes;
bvltp branchial ventral lobe terminal ros  rostrum;
papilla; SEM Scanning Electron Microscope;
cap capitium; SG  segment;
cbh  contractile branchial heart; STM stereomicroscope;
cr ciliary row; TC  thoracic chaetiger;
ct  ciliary tuft; tdp thoracic dorsal papilla;
ctrX capitium teeth row X; tll  thoracic lateral lappets;
dg  digestive gland; tm  tentacular membrane;

dpn dorsal projection of notopodium;  TU  thoracic unciniger.

Systematics

The revision of the specimens of Zerebellides Group A as found in Nygren et al.
(2018) resulted in the identification of three nominal species: Zerebellides stroemii
Sars, 1835, Terebellides bigeniculatus Parapar, Moreira & Helgason, 2011 and 7 ex-
ropaea Lavesque, Hutchings, Daffe, Nygren & Londofio-Mesa, 2019, and five new
species described herein as 7 bakkeni sp. nov., T kongsrudi sp. nov., T. norvegica sp.
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Figure 1. Phylogenetic tree after Maximum Likelihood analyses on a concatenated dataset of cox1, 16S
rDNA, ITS2, and 28S rDNA (as in Nygren et al. 2018). Bootstrap support values above nodes. Coloured
squares indicate the major clades referred herein as Groups A—D. Within Group A, the focus of present
study, subgroups A1-A4 and species 6-13, 18-21, 23, 28 are labelled.

nov., I ronningae sp. nov. and 1. scotica sp. nov. The remaining five species will be
dealt with in future studies.

Species included in Group A have been grouped as follows: A) subgroup Al (spe-
cies 10, 11, 12, 13, 18, 19; as in Nygren et al. 2018), B) subgroup A2 (species 6, 7, 8,
9; as in Nygren et al. 2018), C) subgroup A3 (clades 20 + 28, 21; as in Nygren et al.
2018) and D) subgroup A4 (species 23) (Figs 1, 2, Table 1); material will be described
here following this order. Material corresponding to species 12, 18, 19 (Al), 21 (A3)
and 23 (A4) is not described/named here. Species 18, 19 and 23 were represented by
1-3 specimens each (see Appendix S36 in Nygren et al. 2018) and are pending formal
description until more material is available. Clades 12 and 21 will be described else-
where by D. Gaeva and I. Jirkov (Shirshov Institute of Oceanology, Russia).
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Figure 2. Phylogenetic tree after Maximum Likelihood analyses on a dataset of cox1 (including all se-
quences in Nygren et al. 2018 and in Lavesque et al. 2019). Bootstrap support values above nodes. Species
other than members of Group A are collapsed. Species with names refer to those dealt with in present study.
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Table I. Comparison of discriminatin g taxonomic characters of the species studied in this work. Cells
with text in italic show discriminatory characters of each subgroup. Species 18, 19, and 23 were not stud-
ied and 12 and 21 only examined with SEM.

Subgroups Al A2 A3 A4
Species sensu Nygren et al. (2018) | 10 11 12 | 13 |18|19 6 7 8 9 20 + 28 21 23
SPECIES < |sale |5 e e
(as reported/described here) S 408 £l 28 4 SRR R R S R s &
IR I e I I e e e e A
Branchiae type 1 1 1 I |-]- 1 1 1 1 12 1@ -
papillae on lamellae no | no | no | no |—|—| ye yes | yes | yes no no -
edge
Thorax | ciliated papilla dorsal to | yes | yes | yes | yes | —| — no no | no | no yes yes -
notopodium )
chaetiger(s) with TC6 | TC6 | TC6 | TC6| — | — | TC6 |TC6|TCG6|TC6|TC5 + TC6| TC5 + TC6 | —
geniculate chactae
uncini type © 3 3 3 3 | -|- 3 1 3 3 3 3 -
Abdomen uncini type ¢ 1A | 2 2 | 1A |- - 2 2 2 2 1B 1B -
Bathymetry — Above (A) / Below |A/B|A/B| A |A/B|B|B A A B A B A/B B
(B) 200 m depth @
Distribution — North (N) /South N N S IN/SIN|N| S© |[N/S|N/S|S? N N N
(S) of 60°N ©

) sensu Parapar et al. (2016c); ® sometimes irregular; @ sensu Parapar et al. (2020); “ this work; © dominant trend in bold; © Skager-
rak and Kattegat; 7 Irish Sea

Family Trichobranchidae Malmgren, 1866

Genus Terebellides Sars, 1835 emended by Schiiller & Hutchings, 2013

Type species. Terebellides stroemii Sars, 1835, redescribed by Parapar and Hutchings
(2014) and neotype deposited.

Terebellides Grour A (sensu Nygren et al. 2018)

Description. The morphological features shared by all studied species in Group A are
itemized below. Some of these are also shared by Groups B, C and D as defined in
Nygren et al. (2018) (see Remarks below).

Body appearance. Complete individuals ranging from 10.0-50.0 mm in length.
Body tapering posteriorly with segments increasingly shorter and crowded towards
pygidium (Fig. 14A—C). Prostomium compact; large tentacular membrane surround-
ing mouth (Figs 5C, 14B), with typical buccal tentacles with expanded tips (Figs 15A,
20A). SGI as an expanded structure below tentacular membrane in a lower lip
(Figs 14C, 15A, 22A, 24A).

Branchiae. Branchiae arising as single structure from SGIII, with a single stalked
mid-dorsal stem (Figs 5A, 11C, 15A), one pair of dorsal (upper) partially fused lobes
(Figs 11B, 15B, 20A), and a pair of shorter ventral (lower) lobes (Fig. 5A, B) obscured or



8 Julio Parapar et al. / ZooKeys 992: 1-58 (2020)

not by dorsal ones (Figs 5A, C, 15A, B). Both dorsal and ventral branchial lobes ending
each posteriorly in short terminal papilla (Fig. 20B). Anterior projection of dorsal lobes
(fifth lobe) present but short (Fig. 5A, B) and usually obscured by tentacular membrane
and buccal tentacles (Fig. 14A, C). Posterior dorsal lobes reaching TC4 (Figs 3, 4, 19).
Branchial lamellae provided with several parallel rows of cilia in inner face (Fig. 15C); cil-
iated papillae not present, ciliary tufts present, sometimes not clearly visible (Fig. 5B, D).

Thorax. Eighteen pairs of notopodia (SGIII-SGXX) (Fig. 14B, D), those of TC1
approximately as long as following ones (Figs 20A, 22A) or slightly shorter (Fig. 15A).
Lateral lappets and dorsal projections of notopodia in anterior thoracic chaetigers with
different degree of development depending on size and preservation conditions, but
both more conspicuous on TC2—-4/5 (Figs 15A, 22A). All notochaetae as simple capil-
laries (Figs 11F, 15A). Neuropodia as sessile pinnules from TC5 or TC6 to body end,
with uncini in single or double rows, from TC7 throughout. Neuropodia on TC5 or
TC5 and TC6, provided with several sharply bent, acute-tipped, geniculate chaetae
(Figs 16B, 23A) with minute teeth forming an ill-defined capitium only visible with
SEM (Figs 12B, 25B). From TC7, neuropodia with one or several rows of uncini per
torus (Figs 16C, 23C), with long shafted denticulate hooks, with large main fang (ros-
trum) longer than upper crest of teeth (capitium), which is composed by several teeth
above main fang of decreasing length (Figs 23D, 25D, E).

Abdomen and pygidium. Approximately half as long as thorax and progressively
thinner (Fig. 14B). Neuropodia ranging from 18-38 chaetigers and forming erect pin-
nules (Figs 6F 12F) with several uncini per torus, number depending of specimen
size. Uncini provided with several teeth above rostrum surmounted by a capitium
composed of several teeth of decreasing length (Figs 6G, 16E, 21F). Pygidium blunt,
as funnel-like depression.

Colour pattern. Colour in preserved specimens pale brown (Fig. 3). MG staining
pattern 1 sensu Schiiller and Hutchings (2010: 10, fig. 4) and characterised by com-
pact green colouration in CH1-3, then turning into striped pattern in CH4-12 and
fading in following segments.

Remarks. Among the aforementioned characters, branchial features might serve to
distinguish most of Group A species (except for A3 species) from those in Groups B-D.
Those include branchial size, lobes size (i.e., whether dorsal and ventral are of similar
size or differ), presence of terminal papilla/filament on posterior lobes, and presence of
ciliary structures (rows, tufts or buttons) on lamellae. Other taxa described or reported
worldwide bear similar branchiae including 7. szroemii sensu Parapar et al. (2011) from
Iceland and sensu Parapar et al. (2013) from the Adriatic Sea, 7. kerguelensis McIntosh,
1885 and 7. longicaudatus Hessle, 1917 from Antarctic latitudes (Parapar and Moreira
2008a, 2008b), and 7. kobei Hessle, 1917 from Japan (Imajima and Williams 1985).

The other species groups as found in Nygren et al. (2018) were not studied in
depth here and will be the aim of a subsequent study. However, Group B seems to
be characterised by having a shorter body and free branchial lobes; these features are
shared with 7. atlantis Williams, 1984 and 7. irinae Gagaev, 2009 as already suggested
by Nygren et al. (2018). Members of Group C are apparently not defined by any
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unique shared morphological character but show the same geographic distribution as
1. irinae. Finally, the three putative species in Group D were related to 7. gracilis Malm,
1874 and 7. williamsae Jirkov, 1989 by Nygren et al. (2018) even though the latter was
proposed to be synonymised with the former by Parapar et al. (2011). These species
seem characterised by having ventral white colouration in a number of anterior chaeti-
gers and similar-sized branchial lobes; these characters are not shared with Group A.

Regarding Group A, six morphological characters have been considered to deline-
ate subgroups and species (Table 1). Two characters can be determined with the aid of
the STM: 1) general branchial shape, 2) number of thoracic chaetigers with geniculate
chaetae; four characters require SEM examination: 3) presence of papillae on lamellae
of dorsal branchial lobes, 4) presence of ciliated papillae dorsal to thoracic notopodia,
5) features of thoracic and 6) abdominal uncini shape dentition. Branchial typology
(1) is defined according to Parapar et al. (2016¢) and thoracic uncini (5) follows Para-
par et al. (2020). Typology of abdominal uncini (6) is described here (see Discussion).

Furthermore, species will be also characterised according to geographic and bathy-
metric distribution according to available data.

Subgroup Al

Analyses of molecular data found low or no support for monophyly of this clade (Figs 1,
2) and there is no apparent morphological synapomorphy supporting this clade either.
Cohesion of members of this group needs to be studied further, but meanwhile, it
is considered herein as a morphologically homogenous gathering of species 10-13
and 18-19 (Figs 1, 2). As it was indicated above, only species 10, 11, and 13 will be
described herein, of which 10 and 13 are new to science and 11 corresponds to 7. stro-
emii; some comments on species 12 (Zerebellides sp. 1 hereafter) are also provided.

Characters present only in subgroup Al

None (Table 1).

Character/s shared with subgroup A2

*  Branchiae of type 1 (stroemii-type, comma-shaped), all four lobes fused for
approximately half of their length and ventral ones usually obscured by dorsal ones
(Fig. 11A-C).

*  First thoracic neuropodia on TC6, with chaetiger provided with several sharp-
ly bent, acute-tipped geniculate chaetae (Figs 6A, 15A, 16B).

Character/s shared with subgroup A3

* Border of anterior region of dorsal branchial lamellae not provided with papil-
lary projections.
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*  One ciliated papilla is present, dorsal to thoracic notopodia (Fig. 5F).
 Thoracic uncini type 3 (Figs 6E, 7E, E, 16D).

Character/s variable within subgroup Al

* Abdominal uncini type 1 (Fig. 6G) and 2 (Fig. 7G) (see Conclusions Section).

Lavesque et al. (2019) describe several species from French waters similar to those
of Group A in terms of body and branchial shape. Among them, Terebellides gralli
Lavesque, Hutchings, Daffe, Nygren & Londono-Mesa, 2019 is described as lacking
papillary projections on branchial lamellae, but no mention is made to whether or
not ciliated papillae are present dorsal to thoracic notopodia. The sequences of this
species do not relate with those of any putative species as defined in Nygren et al.
(2018). Moreover, 7. gralli differs morphologically from other congeners in having
longer branchiae that may reach TC4-6 (Lavesque et al. 2019: 169, fig. 12A) instead
of only reaching TC3—4.

Terebellides bakkeni sp. nov.
http://zoobank.org/0D530A3C-65B2-4F9D-A78A-051AE5B62110

Figs 1, 2, 3A, 4A, 5, 6, 8A, 9, 17A; Table 1; Suppl. material 1: Table S1; Suppl. mate-
rial 2: Table S2

Species 10 Nygren et al. 2018: 18-22, figs 6, 10.

Material examined. Type material. Holotype: ZMBN116395. Paratypes (10 speci-
mens): Barents Sea (ZMBN116388, ZMBN116389), Norwegian coast and shelf
(ZMBN116390, ZMBN116391, ZMBN116392, ZMBN116393, ZMBN116394,
ZMBN116396, NTNU-VM61376, NTNU-VM61377).

Holotype. Complete specimen, 32.0 mm long and 2.0 mm width (Figs 3A, 4A).

GenBank accession numbers of material examined (COI). Holotype: MG025165;
Paratypes: MG025159, MG025160, MG025161, MG025162, MG025163,
MGO025164, MG025165, MG025166, MG025168, MG025169, MG025170. Addi-
tional material: MG025167.

Diagnostic features of type material. Complete individuals ranging from
23.0-32.0 mm in length (Fig. 17A). Branchial dorsal lobes lamellae without papil-
lary projections. Ventral branchial lobes generally hidden behind dorsal ones (Figs 3A,
4A, 5A—C). Lateral lappets and dorsal projection of thoracic chaetigers present on
TC2(TC3)-TC5(TC4) (Fig. 5A). Geniculate chaetae in TC6 acutely bent, with low
marked capitium (Fig. 6A, B). Ciliated papilla dorsal to thoracic notopodia (Fig. 5F).
Thoracic uncini in one row with rostrum/capitium length ratio of approximately 2 : 1
and capitium with a first row of three or four medium-sized teeth, followed by several
smaller teeth (Fig. 6C-E). Abdomen with 25-29 pairs of neuropodia (Fig. 6F) with
type 1 uncini (Fig. 6G).
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Figure 3. STM photographs of several Zerebellides species. A Terebellides bakkeni sp. nov. (species 10; hol-
otype, ZMBN116395) B Terebellides stroemii Sars, 1835 (species 11; non-type specimen, ZMBN116397)
C Terebellides kongsrudi sp. nov. (species 13; holotype, GNM14632) D Terebellides bigeniculatus Parapar,
Moreira & Helgason, 2011 (species 20 + 28; non-type specimen, ZMBN116514) E Terebellides europaea
Lavesque, Hutchings, Daffe, Nygren & Londofio-Mesa, 2019 (species 6; non-type specimen, GNM14628)
F Terebellides ronningae sp. nov. (species 7; holotype, ZMBN116357) G Terebellides norvegica sp. nov.
(species 8; holotype, ZMBN416378) H Terebellides scotica sp. nov. (species 9; holotype, ZMBN116385).
Abbreviations: bdl — branchial dorsal lobe; bvl — branchial ventral lobe; TC — thoracic chaetiger.
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Figure 4. Line drawings of several Terebellides species. A Terebellides bakkeni sp. nov. (species 10;
holotype, ZMBN116395), anterior end, right lateral view B Terebellides stroemii Sars, 1835 (species 11;
non-type specimen, ZMBN116397), anterior end, right lateral view C Terebellides kongsrudi sp. nov.
(species 13; holotype, GNM14632), anterior end, left lateral view D Terebellides bigeniculatus Parapar,
Moreira & Helgason, 2011 (species 20 + 28; non-type specimen, ZMBN116514), anterior end, left lateral
view. Abbreviations: bdl — branchial dorsal lobe; bvl — branchial ventral lobes; dpn — dorsal projection of
notopodium ; TC — thoracic chaetiger.

Nucleotide diagnostic features. Members of 7. bakkeni sp. nov. share the follow-
ing unique nucleotides at these given positions of our alignement: 162 (G), 168 (C),
345 (G; shared only with one specimen from species 17).

Type locality. Nordland, Sortlaandssunder (Lofoten Islands); 119 m deep (Suppl.
material 1: Table S1).

Distribution and bathymetry. Barents Sea, Greenland Sea, northern Norwegian
coasts from the Lofoten Islands to Trondheim; at depths 0f102-378 m (Nygren et al.
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2018) (Figs 8A, 9; Suppl. material 1: Table S1). One specimen found in North Iceland
at 1,250 m deep.

Etymology. This species is named after Dr. Torkild Bakken, from the NTNU-
University Museum, Trondheim (Norway), housing institution of some of the speci-
mens used in the present study, for his dedication to the study of Norwegian poly-
chaetes and his friendship.

Remarks. Terebellides bakkeni sp. nov. is a small-sized species, maximum-sized
specimens reaching 20.0 mm in length (n = 3). This species is characterised by the
presence of ciliated papilla dorsal to thoracic notopodia, lack of papillae on the mar-
gins of branchial lamellae and presenting abdominal uncini of type 1. Most of these
features are also shared by the closest relative, 7. stroemii (species 11 herein), but they
differ in the morphology of the abdominal uncini, being of type 2 in 7. stroemii and
type 1 in T bakkeni sp. nov. (Table 1). One specimen studied with SEM showed
ciliary tufts in the inner side of the branchial lamellae (Fig. 5D). If this feature is not
an artefact and is confirmed in all members of the species — so far only two speci-
mens were examined under SEM — it would be an autapomorphy for the species. A
similar feature was found in the non-closely related 77 gracilis, that is also present
in NEA. The ciliary tufts in 7. bakkeni sp. nov. are, however, connected by rows of
cilia (Fig. 5D), while in 7. gracilis they are confined to isolated tufts (Parapar et al.
2011: 12, fig. 9¢). On the other hand, there are no clear morphological differences
between 1. bakkeni sp. nov. and 1. kongsrudi sp. nov. (species 13). These sympatric
species differ in the southern limit of their geographic distribution: 7. bakkeni sp.
nov., as 1. kongsrudi sp. nov. are present above 65°N (Fig. 8A, C) while the latter and
1 stroemii reach more southern latitudes, such as the Skagerrak and Bergen respec-
tively (Fig. 8B, C).

Of the 462 sequences, including all NEA species, and 659 positions in the COI
alignment, the 12 sequences assigned to 7. bakkeni sp. nov. hold two unique nucleo-
tides positions, and an additional one only shared by a single specimen from another
clade (see Suppl. material 2: Table S2). The species also showed 0—1.9% of intraspecific
divergence in the COI marker, and a minimum of 11.5% uncorrected genetic distance
with congeners (in this case 7. stroemii) (Nygren et al. 2018).

Tervebellides stroemii Sars, 1835
Figs 1, 2, 3B, 4B, 7, 8B, 9, 10, 17A, 28D; Suppl. material 1: Table S1; Suppl. material
2: Table S2

Terebellides stroemii Sars, 1835: 4850, pl. 13, fig. 31a—e. Parapar and Hutchings 2014:
10, fig. 5-10. Non Parapar et al. 2011: 14-17, figs 11, 12, 13G.

Species 11 — Nygren etal. 2018: 18-22, figs 6, 10. Non Clade 6 in Nygren et al. (2018)
(see Remarks).

Type locality. Helle, Manger, Bergenfjord (Norway) (Parapar and Hutchings 2014).
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Figure 5. Terebellides bakkeni sp. nov. (species 10; paratypes, NTNU-VM-61376 and NTNU-
VM-61377), SEM micrographs. A anterior end, left lateral view B, € branchial lamellac D branchial
ciliary rows (framed in B) E nephridial papilla F thoracic notopodial papillae (framed: detail of one

papilla). Abbreviations: abl — anterior branchial lobe; bdl — branchial dorsal lobe; bvl — branchial ventral
lobe; cr — ciliary row; ct — ciliary tuft; dpn — dorsal projection of notopodium; np — nephridial papilla; TC
— thoracic chaetiger; tdp — thoracic dorsal papilla; tll — thoracic lateral lobes; tm — tentacular membrane.

Material examined. 5 specimens (Suppl. material 1: Table S1), Norwegian coast
and shelf: ZMBN 116397, ZMBN 116398, ZMBN 116399, ZMBN 116400,
ZMBN 116401.
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Additional material. Neotype (NHMOC5896) and seven “neoparatypes”
(NHMOC5899, NHMOC5902, NHMOC5904, NHMOC5905, NHMOC5907,
NHMOC5956, NHMOC5968) of T stroemii (Suppl. material 1: Table S1).

GenBank accession numbers of material examined (COI). MG025171,
MG025172, MG025173, MG025174, MG025175.

Diagnostic features of studied material. Complete individuals ranging from
6.0-20.0 mm in length (Fig. 17A). Branchial dorsal lobes lamellac without papil-
lary projections. Ventral branchial lobes hidden behind dorsal lobes (Figs 3B, 4B).
Lateral lappets present on TC1-TC4; dorsal projection well marked from TC3-TC4
(Fig. 7A). Geniculate chaetae in TC6, acutely bent (Fig. 7C) with low marked capit-
ium. Ciliated papilla dorsal to thoracic notopodia (Fig. 7B). Thoracic uncini in one
row with rostrum/capitium length ratio approximately 2 : 1 and capitium with a first
row of three or four medium-sized teeth, followed by several smaller teeth (Fig. 7E, F).
Abdomen with 23-32 chaetigers (Fig. 17A) with type 2 uncini (Figs 7G, 28D).

Nucleotide diagnostic features. There are no unique apomorphic nucleotides in
the fragments of COI analysed for 7. stroemii, when considering all Zerebellides species
present in the NEA (Suppl. material 2: Table S2). However, when comparing homolo-
gous nucleotide positions with members of only Group A (183 sequences in the COI
alignment), the following autapomorphies arise: 174 (C), 183 (C), 453 (A), 612 (C).

Distribution and bathymetry. Zerebellides stroemii was traditionally considered
as a cosmopolitan species, but its known distribution seems in fact restricted to the
Norwegian coastline (Parapar et al. 2011; Parapar and Hutchings 2014; Lavesque et al.
2019). Specimens examined by Nygren et al. (2018) and in the present paper, obtained
after comprehensive sampling in the NEA, were found only in W Norway, between
115 and 388 m deep (Figs 8B, 10; Suppl. material 1: Table S1).

Remarks. In the five sequences belonging to this species, there were four hap-
lotypes showing 0—1.1% of intraspecific divergence, and a minimum of 11.5% un-
corrected genetic distance with members of the closest relative, 7. bakkeni sp. nov.
(Nygren et al. 2018).

Terebellides stroemii is a large species, reaching up to 52 mm in length (Parapar and
Hutchings 2014) and is characterised by the presence of ciliated papilla dorsal to tho-
racic notopodia, lack of papillac on margins of branchial lamellae, thoracic uncini of
type 3 and abdominal uncini of type 2. All these features are shared with 77 kongsrudi
sp. nov.; 1. bakkeni sp. nov. is also very close morphologically to 77 stroemii but they
differ in the morphology of the abdominal uncini as explained above.

Nygren et al. (2018) misidentified species 6 as 7. stroemii, but this was later cor-
rected by Lavesque et al. (2019) who pointed out that the molecular sequences of these
specimens fit with those of 7. europaea.

Specimens examined here bear thoracic uncini that are most similar to other mem-
bers of Group A; SEM examination showed, however, that some uncini have a rostrum
distal tip that is distinctly bent downwards (deformity?) (Fig. 7E, arrow) as already de-
scribed for the type specimens by Parapar and Hutchings (2014: 8, fig. 7E G), and attrib-
uted to preservation for too long in EtOH. However, we have found similar bent rostrum
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30 pm. B ¢

Figure 6. Tercbellides bakkeni sp. nov. (species 10; paratypes, NTNU-VM-61376 and NTNU-
VM-61377), SEM micrographs. ATC6 (TU1) geniculate chaetae B geniculate chaeta (arrow pointing to
capitium) C—E thoracic uncini F abdominal unciniger G detail of three abdominal uncini, frontal view.

among specimens of 7. kongsrudi sp. nov. (Fig. 12D, arrow), 1. ronningae sp. nov. (species
7) (Fig. 21C, arrows) and 7. bigeniculatus (species 20 + 28) (Fig. 26E, frame) suggesting
this may not be related to preservation. The abdominal uncini are quite similar to those
described in Parapar and Hutchings (2014: 9, fig. 8C-E) also showing a small gap among
the anteriormost teeth of rostrum (Parapar and Hutchings 2014: 8-9, fig. 8F; Fig. 7G);
these features are not shared by other species of subgroup Al, i.e., 7" bakkeni sp. nov. and
1. kongsrudi sp. nov. In all, species 11 agrees well with the redescription of 7. stroemii.
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S~ ASkn - PN L T
Figure 7. Terebellides stroemii Sars, 1835 (species 11; non-type specimen, ZMBN 116399), SEM mi-
crographs. A anterior end, right lateral view B TC6 to TC8, lateral view € geniculate chactae D TC4
and TC5, nephridial papillac E, F thoracic uncini (arrow in E pointing to rostrum curved at distal end)

G abdominal uncini. Abbreviations: bdl — branchial dorsal lobes; dpn — dorsal projection of notopodium;
np — nephridial papilla; TC — thoracic chaetiger; tdp — thoracic dorsal papilla; tm — tentacular membrane.

Geographic and bathymetric distribution of our specimens also agree with that of
1. stroemii (see Parapar and Hutchings 2014), with Manger (Norway) (i.e., type locality
of 1. stroemii; Fig. 10) being its southernmost distribution limit. The other three taxa, i.e.,
species 5, 1. europaea and 1. bigeniculatus, were also found near Manger, but all can be
clearly distinguished morphologically from each other (see above and below for 7. exropaea
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and 7. bigeniculatus) and species 5 belongs to Group B and seems closer morphologically
to 7. atlantis. On the other hand, type specimens of 7. stroemii come from depths of 55—
110 m (Parapar and Hutchings 2014) as well as specimens belonging to 7. europaea, T. ron-
ningae sp. nov., 1. scotica sp. nov. (species 9) and species 12 (<200 m), and therefore they
seem to constitute a shallow-water assemblage of species from an ecological point of view.
Finally, the Icelandic specimens reported as 7. stroemii by Parapar et al. (2011) might
not correspond to this species. In fact, it is likely that they represent at least two different
species, namely 7. bakkeni sp. nov. and 1. kongsrudi sp. nov., both reported here to the North
and East of Iceland. Therefore, the aforementioned specimens deserve further revision.

Terebellides kongsrudi sp. nov.
http://zoobank.org/541890B5-C55E-4716-BB42-0D87E7184885

Figs 1,2, 3C, 4C, 8C, 9, 11, 12, 17B, 28A; Table 1; Suppl. material 1: Table S1; Suppl.
material 2: Table §2

Species 13 — Nygren et al. 2018: 18-22, figs 6, 10.

Material examined. Type material. Holotype: GNM14632. Paratypes (20 specs):
Barents Sea (ZMBN116409, ZMBN116411, ZMBN116414); Norwegian coast
and shelf (ZMBN116412, ZMBNI116413, ZMBN116415, ZMBNI116416,
ZMBN116417, ZMBN116418, NTNU-VM66568, NTNU-VM66570, NTNU-
VMO066571, NTNU-VM066572, NTNU-VM68195, NTNU-VM72560, NTNU-
VM72561, NTNU-VM72562, NTNU-VM72563); Skagerrak (GNM15136,
GNM14632, GNM14638).

Holotype. Complete specimen, 50.0 mm long and 5.0 mm width (Figs 3C, 4C).

GenBank accession numbers of material examined (COI). Paratypes:
MG025201, MG025202, MG025203, MG025204, MG025210, MG025211,
MG025212, MG025214, MG025216, MG025217, MG025218, MG025219,
MG025223. Additional material: MG025199, MG025200, MG025205, MG025206,
MG025207, MG025208, MG025209, MG025213, MGO025215, MG025220,
MG025221, MG025222, MG025224.

Diagnostic features of type material. Complete individuals 12.0-50.0 mm in length
(Fig. 17B). Branchial dorsal lobes lamellae without papillary projections. Ventral branchial
lobes hidden in between dorsal ones (Figs 3C, 4C, 11A-C). Lateral lappets and dorsal
projection of thoracic notopodia on TC2(3)-TC5(4) (Fig. 11A). Geniculate chaetae in
TC6, acutely bent, with low marked capitium (Fig. 12A, B). Two pairs of nephridial pores
in TC4 and TC5 and ciliated papilla dorsal to thoracic notopodia (Fig. 11D, E). Thoracic
uncini in one row with rostrum/capitium length ratio approximately 2 : 1 and capitium
with a first row of 2-5 medium-sized teeth, followed by several smaller teeth (Fig. 12C—
E). Abdomen with 25-35 uncinigers (Fig. 12F) with type 1 uncini (Figs 12G, 28A).

Nucleotide diagnostic features. All sequences of 7. kongsrudi sp. nov. share the
unique apomorphic nucleotides in positions 300 (G) and 624 (G) of our alignement.

Type locality. Skagerrak; 429445 m deep (Fig. 8C; Suppl. material 1: Table S1).
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Figure 8. Geographic distribution of A 7. bakkeni sp. nov. B T. stroemii Sars, 1835 C 1. kongsrudi sp.
nov. D T bigeniculatus Parapar, Moreira & Helgason, 2011.

Distribution and bathymetry. Barents Sea, Greenland Sea, along the Norwegian
coast and shelf, reaching the Skagerrak to the South; 108-534 m deep (Nygren et al.
2018) (Figs 8C, 9; Suppl. material 1: Table S1).

Etymology. This species is named after Dr. Jon Anders Kongsrud, Department
of Natural History, Zoological Museum Bergen—ZMB (Norway), housing institution
of some of the specimens used in the present study, for his dedication to the study of
Norwegian polychaetes and his friendship.
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Figure 9. Bathymetric distribution of Zérebellides species studied in this work. Subgroups (A1-3) within
group A sensu Nygren et al. (2018) are indicated.

Remarks. This is a large species reaching up to 50.0 mm long, and is characterised
by the presence of ciliated papilla dorsal to thoracic notopodia, lack of papillae on the
margins of branchial lamellae, thoracic uncini of type 3 and abdominal uncini of type
1. These features are also shared by species 12 (sensu Nygren et al. 2018), which will
be described elsewhere (Gaeva and Jirkov, pers. comm.). Zerebellides kongsrudi sp. nov.
is also morphologically similar to 7" bakkeni sp. nov. (see above) but 7. kongsrudi sp.
nov. and species 12 show a wider geographic distribution; on the contrary, species 12
is present at shallower depths (<200 m) while 7. kongsrudi sp. nov. extends to deeper
depths (>500 m).

Finally, in the 26 sequences belonging to this species (see Suppl. material 2: Table
S2), there were fourteen haplotypes showing 0—1.9% of intraspecific divergence, and a
minimum of 8.2% uncorrected genetic distance with members of species 12 which is
the closest relative (sensu Nygren et al. 2018).

Terebellides sp. 1
Figs 1, 2, 9, 13; Table 1; Suppl. material 1: Table S1; Suppl. material 2: Table S2
Species 12 — Nygren et al. 2018: 18-22, figs 5, 6, 10.

Material examined. 4 specimens. Skagerrak. GNM 14630-4; GNM 14630-8.
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Figure 10. Map of Hordaland area (SW Norway) showing collecting sites of Zerebellides species as found
in Nygren et al. (2018) near type locality of 7. stroemii Sars, 1835. Depth ranges shown in boxes.

Remarks. This species will be described elsewhere by D. Gaeva and 1. Jirkov
(pers. comm.). In order to confirm characters here used to link species within each
subgroup, two specimens were examined under the SEM that share with subgroup
Al the following features: branchiae type 1 sensu Parapar et al. (2016¢) (Fig. 13A),
lack of papillae on border of branchial lamellae (Fig. 13B), geniculate chaetae on TCG6,
ciliated papilla dorsal to thoracic notopodia (Fig. 13C, D), and thoracic uncini of type
3 (Fig. 13E). Nevertheless, abdominal uncini are of type 2 (Fig. 13F), as it occurs in
1. stroemii and differently to 7 bakkeni sp. nov. and 7. kongsrudi sp. nov., that are the
most similar species within subgroup Al (Table 1).

SuBGrouUP A2

Molecular analyses of mitochondrial and nuclear markers recovered a strongly
supported subgroup A2 (Fig. 1). This subgroup is composed by species 6, 7, 8, and
9 (sensu Nygren et al. 2018). Analyses of the COI dataset alone also find support for
this clade, and incorporate the recently described 77 /ilasae Lavesque, Hutchings,
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Figure | 1. Terebellides kongsrudi sp. nov. (species 13; paratypes, ZMBN 116409 and ZMBN 116411),
SEM micrographs. A anterior end, left lateral view B branchiae, left side € anterior end, left lateral view
D TC1 and TC2, thoracic dorsal papillae E TC3, thoracic dorsal papilla (framed in €) F several thoracic
chaetigers, left lateral view. Abbreviations: abl — anterior branchial lobe; bdl — branchial dorsal lobe; bdlep
— branchial dorsal lobe terminal papilla; dpn — dorsal projection of notopodium; tdp — thoracic dorsal

papilla; tll — thoracic lateral lobes.

Daffe, Nygren & Londono-Mesa, 2019 (Fig. 2). There are several morphological
features that are shared, and exclusive to, all members of subgroup A2, and includes
other NEA species (see below). Three (7, 8, 9) of these four species are described
herein as new to science and the fourth species (6) corresponds to 7. europaea.
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Figure 12. Terebellides kongsrudi sp. nov. (species 13; paratype, ZMBN 116409), SEM micrographs.
A TC6 (TU1) geniculate chaeta B detail of geniculate chaeta (arrow pointing to capitium) C~E thoracic
uncini, lateral and frontal views (arrow in D pointing to rostrum curved at distal end) F abdominal un-
ciniger G abdominal uncini, frontal view (framed in F).

Character/s present only in Group A2

* Border of anterior region of dorsal branchial lamellae provided with papillary
projections (Figs 15C, 20C, 22C).
» Ciliated papilla dorsal to thoracic notopodia not present.
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Figure 13. Térebellides sp. 1 (species 12; GNM 14630-4 and GNM 14640-8), SEM micrographs. A anterior
end, right lateral view B detail of anterior branchial lamellac € TC16 D notopodial papilla E thoracic uncini
F abdominal uncini. Abbreviations: abl — anterior branchial lobe; bdl — branchial dorsal lobe; bvltp — branchial
ventral lobe terminal papilla; TC — thoracic chaetiger; tdp — thoracic dorsal papilla; tl — thoracic lateral lobes.

* Abdominal uncini type 2 (Figs 16E, 21F 23E, 25F).

Character/s shared with subgroup Al

*  Branchiae of type 1 (stroemii-type, comma-shaped), all four lobes fused for ap-
proximately half of their length and ventral ones usually obscured by dorsal ones (Fig. 20A).
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*  First thoracic neuropodia on TC6, with chaetiger provided with several sharp-
ly bent, acute-tipped geniculate chaetae (Figs 15A, 16B).

Character/s shared with subgroup A3

None (Table 1).

Character/s variable within subgroup A2

* Thoracic uncini type 1 and 3 (Figs 21E, 16D).

Several species described by Lavesque et al. (2019) have a similar body and branchi-
ae appearance to those of subgroup A2 species; however, only four species bear papillae
on the anterior border of branchial lamellae: Zerebellides bonifi Lavesque, Hutchings,
Daffe, Nygren & Londofio-Mesa, 2019, 1 europaea, 1. gentili Lavesque, Hutchings,
Daffe, Nygren & Londofo-Mesa, 2019 and 7. /ilasae. Molecular sequences were avail-
able for all except 7. gentili, with 1. europaea being the only species found among the
material sequenced and analysed by Nygren et al. (2018), as species 6, and initially
misidentified as 7. stroemii.

Terebellides gentili does not fit morphologically within any clade defined here be-
cause of having numerous marginal branchial lamellae that reach the posterior end of
dorsal lobes, the dorsal lobes are longer and reach TC5(TCO6) instead of TC3(TC4),
and TC3 has a distinct whitish glandular region with a well-defined central white line.
On the contrary, 7. lilasae was found within subgroup A2 according to molecular-
based analyses (Fig. 2); this species also fits well morphologically in A2 by having
similar branchiae (shape), papillae on branchial lamellae, thoracic uncini of type 3 and
abdominal uncini of type 2, only differing in having comparatively larger branchiae.
The original description does, however, not mention whether notopodial papillae are
present or not. This species was described from the French Mediterranean and Atlantic
waters and is not present in northern latitudes, as suggested by Lavesque et al. (2019)
and confirmed here. On the other hand, 7" bonifi bears similar branchiae (shape, size,
papillae) and thoracic uncini of type 3 (Lavesque et al. 2019: 159, fig. 4A—C) to those
of A2; however, it bears abdominal uncini of type 1 instead of type 2.

Terebellides europaea Lavesque, Hutchings, Daffe, Nygren & Londofno-Mesa, 2019
Figs 1, 2, 3E, 9-10, 14A, 15, 16, 17C, 18A, 19A; Table 1; Suppl. material 1: Table S1;
Suppl. material 2: Table S2

Terebellides europaea Lavesque et al. 2019: 163-165, figs 1, 7, 8.
Species 6 — 1. stroemii (non Sars, 1835). Nygren et al. 2018: 18-22, figs 6, 10.

Material examined. 31 specimens: Norwegian coast and shelf (GNM14625,
GNM14628, GNM15107, GNM15114, GNM15115, GNM15116, GNM15120,
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Figure 14. STM photographs of live specimens of several Terebellides species in lateral view. A Terebellides
europaea Lavesque, Hutchings, Daffe, Nygren & Londofio-Mesa, 2019 (ZMBN 116343) B Terebellides
ronningae sp. nov. (ZMBN 116349) C, D Terebellides norvegica sp. nov. (GNM 15131 and GNM 15130
respectively). Abbreviations: babv — branchial afferent blood vessel; bbv — branchial blood vessel; bdl —

branchial dorsal lobe; bst — branchial stem; bvl — branchial ventral lobes; cbh — contractile branchial heart;
dg — digestive gland; fi — fore intestine; fs — fore stomach; hs — hind stomach; loli — lower lip; oes — oe-

sophagus; ooc — oocytes; tm — tentacular membrane.
g

GNM15121, GNM15122, GNM15123, GNM15124, GNM15125, GNM15126,
GNM15127, GNMI15128, ZMBN116334, ZMBN116335, ZMBN116343,
ZMBN116344, ZMBN116346, ZMBN116347); Irish Sea (ZMBN116336,
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ZMBN116337, ZMBN116338, ZMBN116339, ZMBN116340, ZMBN116341,
ZMBN116342).

GenBank accession numbers of material examined (COI). MG025072,
MG025073, MG025074, MGO025075, MG025076, MG025077, MG025078,
MG025079, MG025080, MG025081, MG025082, MG025083, MG025084,
MG025085, MG025086, MG025087, MG025088, MG025089, MG025090,
MG025091, MG025092, MGO025093, MG025094, MG025095, MG025096,
MG025097, MG025098, MG025099, MG025100, MG025101, MG025102,
MGO025103, MG025104. Paratypes (not examined): MN207179, MN207181. Ad-
ditional sequences (material not examined): MN207180, MN207182.

Diagnostic features of type material. Complete individuals ranging from 17.0—
46.0 mm in length and 2.0-5.0 mm in width (Fig. 17C). Branchial dorsal lobes la-
mellae provided with well-developed anterior papillary projections (Fig. 15C). Ventral
branchial lobes normally hidden by dorsal ones (Figs 3E, 15B, 19A) but sometimes
discernible below (Fig. 14A). Lateral lappets and dorsal projection on thorax present
on TC1-TC4 (Fig. 16A) or TC2-TC3 in (Fig. 15A). Geniculate chaetae acutely bent
(Fig. 16B). Ciliated papilla dorsal to thoracic notopodia not observed (Figs 15A, 16A).
Thoracic uncini in one or two rows (Fig. 16C) with rostrum/capitium length ratio for
approximately 2 : 1 (Fig. 16D), and capitium with a first row of four medium-sized
teeth, followed by several smaller teeth. Abdomen with 29-38 uncinigers provided
with type 2 uncini (Fig. 16E). Epibiont ciliates observed in some specimens (Fig. 16F).

Nucleotide diagnostic features. All sequences belonging to 7. europaea share the
unique apomorphic nucleotide in position 240 (C) of the alignement.

Type locality. Bay of Brest (Brittany, France) (Lavesque et al. 2019).

Distribution and bathymetry. Bay of Biscay (Lavesque et al. 2019); Kattegat,
Skagerrak, North Sea, Irish Sea, Celtic Sea and Norwegian coast and shelf, 8-173 m
deep (Nygren et al. 2018) (Figs 9, 10, 18A; Suppl. material 1: Table S1). Lavesque et
al. (2019) included the Ria de Ferrol (Galicia, NW Spain) as part of the Bay of Biscay,
but this locality belongs to the northern Galician Rias that are out of the western limit
of this bay.

Remarks. This species is characterised by the combination of the following fea-
tures: presence of papillary projections over the edge of the anterior border of dorsal
branchial lamellae, lack of ciliated papilla dorsal to thoracic notopodia, thoracic uncini
of type 3 and abdominal uncini of type 2. The original description states that body
length is less than 17 mm, but maximal length of specimens examined here was up to
46.0 mm. Examination of live and preserved specimens has revealed that the size ratio
between the ventral and dorsal branchial lobes is similar in all specimens; however,
their arrangement differs among specimens, i.e., the ventral lobes are visible in some
while in others are hidden behind the dorsal lobes.

Terebellides europaea was misidentified as 77 stroemii by Nygren et al. (2018; spe-
cies 6) due to their morphological similarities and coexistence near the type locality
of the latter (Fig. 9). Nevertheless, Lavesque et al. (2019) found that members of spe-
cies 6 have papillae on the edge of the dorsal branchial lobes, unlike the neotypes of
1. stroemii described by Parapar and Hutchings (2014). Molecular analyses show that
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Figure 15. Terebellides europaea Lavesque, Hutchings, Daffe, Nygren & Londofio-Mesa, 2019 (species
6; non-type specimens, GNM15116 and GNM15118), SEM micrographs. A anterior end, right lateral
view B buccal tentacles and branchiae, left lateral view € branchial lamellae, detail. Abbreviations: bdl
— branchial dorsal lobe; bdltp — branchial dorsal lobe terminal papilla; blp — branchial lamellae papillae;
bst — branchial stem; bt — buccal tentacles; bvltp — branchial terminal lobe terminal papilla; cr — ciliary
row; dpn — dorsal projection of notopodium; ge — geniculate chaetae; gr — glandular region; loli — lower
lip; SG — segment; TC — thoracic chaetiger; tll — thoracic lateral lobes.

the sequences of specimens found in the Bay of Biscay belong to species 6 (Lavesque et
al. 2019); examination of all specimens also confirmed the presence of the aforemen-
tioned papillae. Moreover, 7. europaea is generally found in bottoms above 100 m deep
while 7 stroemii is present in deeper environments (>100 m) (Fig. 9).
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In the 37 sequences analysed attributed to this species (see Suppl. material 2: Ta-
ble $2), there were ten haplotypes showing 0-0.8% of intraspecific divergence, and a
minimum of 8.8% uncorrected genetic distance with members of the closest relative,
1. ronningae sp. nov.

Terebellides ronningae sp. nov.
http://zoobank.org/7A447FDE-5934-483F-95F3-D178A0857A4A

Figs 1, 2, 3E 9, 10, 14B, 17D, 18B, 19B, 20, 21, 28C; Table 1; Suppl. material 1:
Table S1; Suppl. material 2: Table S2

Species 7 — Nygren et al. 2018: 18-22, figs 5, 6, 10, Suppl. material 1: Table SI.

Material examined. Type material. Holotype: ZMBN116357. Paratypes (8 specs):
Norwegian coast (ZMBN 116350, ZMBN 116352, ZMBN 116353, ZMBN 116354,
ZMBN 116355, ZMBN 116356, ZMBN 116358, ZMBN 116359); Skagerrak
(ZMBN 116348, ZMBN 116349).

Holotype. Complete specimen, 19.0 mm long and 2.0 mm width (Figs 3F, 19B).

GenBank accession numbers of material examined (COI). Holotype:
MGO025114; Paratypes: MG025105, MG025106, MG025107, MG025109,
MGO025110, MGO025111, MGO025112, MG025113, MG025115, MGO025116.
Additional material: MG025108,

Diagnostic features of type material. Complete individuals ranging from 12.0—
35.0 mm in length and 1.5-3.0 mm in width (Fig. 17D). Branchial dorsal lobes
lamellae with poorly-developed anterior papillary projections (Fig. 20C). Ventral
branchial lobes hidden (Fig. 20A) or not (Figs 3F, 19B) by dorsal ones. Lateral lap-
pets and dorsal projection ill-defined, only slightly developed on TC2 (Fig. 20A).
Geniculate chaetae acutely bent (Fig. 21A, B) and with very low capitium. Ciliated
papilla dorsal to thoracic notopodia not observed. Thoracic uncini in one row with
rostrum/capitium length ratio of approximately 2 : 1, and capitium with a first row
of four or five (sometimes six) large-sized teeth, followed by several progressively
smaller teeth (Fig. 21C-E). Abdomen with 24-35 uncinigers with type 2 uncini
(Figs 21F, 28C).

Nucleotide diagnostic features. All sequences of 7. ronningae sp. nov. share the
unique apomorphic nucleotides in positions 129 (G), 399 (G) and 435 (G).

Type locality. Hordaland, Lysefjord (Norway); 25-47 m deep (Figs 10, 18B).

Distribution and bathymetry. Norwegian coast and shelf, Skagerrak; 25-188 m
deep (Nygren et al. 2018) (Figs 9, 18B; Suppl. material 1: Table S1).

Etymology. This species is named after Dr. Ann-Helén Ronning, Head Engineer
of the Department of Technical and Scientific Conservation, Natural History Mu-
seum—NHMO (Oslo), for her help and friendship.

Remarks. Terebellides ronningae sp. nov. is characterised by the lack of ciliated
papilla dorsal to thoracic notopodia and the presence of papillary projections pointing
over the edge of the dorsal anterior border of branchial lamellae, thoracic uncini of
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Figure 16. SEM images, Terebellides europaea Lavesque, Hutchings, Daffe, Nygren & Londofio-Mesa,
2019 (species 6; non-type specimen, GNM15116). ATC1 to TC4, lateral view B TC6 (TU1), geniculate
chaetae € thoracic double row of uncini D thoracic uncinus, capitium, upper view E abdominal uncini
F epibiont ciliate (position pointed by arrowhead) attached near TC5 nephridial papilla. Abbreviations:
cap — capitium; dpn — dorsal projection of notopodium; ros — rostrum; TC — thoracic chaetiger.

type 1 and abdominal of type 2 (Table 1). It is distinguished from the closest relatives
of subgroup A2 by the presence of thoracic uncini type 1 instead of type 3 (Table 1).

Specimens examined with SEM bear thoracic uncini with rostrum bendings (Fig. 21C)
similar to those of other NEA species (see Discussion for 7. stroemii). The branchial ventral
lobes show variability in their arrangement that is similar to that of 7" exropaea.
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Figure 17. Relationship between number of abdominal chaetigers and body length (complete speci-

mens) for Zerebellides species described in this work.

Twelve sequences (see Suppl. material 2: Table S2), in ten haplotypes, have been
attributed to this species (Nygren et al. 2018). They show 0-0.6% intraspecific diver-
gence, and a minimum of 8.8% uncorrected genetic distance, its closest relative being
1! europaea (Fig. 2).

Terebellides norvegica sp. nov.
http://zoobank.org/659C513E-01DD-43A0-AC29-D1A744EDA9BO

Figs 1, 2, 3G, 9, 10, 14C-D, 17E, 18C, 19C, 22, 23; Table 1; Suppl. material 1: Table
S1; Suppl. material 2: Table S2

Species 8 — Nygren et al. 2018: 18-22, figs 5, 6, 10, Suppl. material 1: Table SI.
Material examined. Type material. Holotype: ZMBN116378. Paratypes(36specs):

Barents Sea (ZMBN11636, ZMBN116365, ZMBN116366, ZMBN116367);
Norwegian coast (GNM146323, NTNU-VM61388, NTNU-VM61389, NTNU-
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VM61390, NTNU-VM66569, NTNU-VM66573, NTNU-VM66574, NTNU-
VM68197, NTNU-VM68198, ZMBN116362, ZMBN116363, ZMBN116368,
ZMBN116369, ZMBN116370, ZMBN116371, ZMBN116372, ZMBN116373,
ZMBN116374, ZMBN116375, ZMBN116376, ZMBN116377, ZMBN116379,
ZMBN116380, ZMBN116381, ZMBN116382, ZMBN116383, ZMBN116384);
Skagerrak (GNM14637, GNM15131, GNM15232, GNM15134,ZMBN116361).

Holotype. Complete specimen, 19.0 mm long and 1.5 mm wide (Figs 3G, 19C);
female with oocytes in body cavity.

GenBank accession numbers of material examined (COI). Holotype:
MGO025148. Paratypes: MG025119, MGO025120, MG025122, MG025124,
MGO025126, MGO025127, MG025128, MG025129, MG025131, MGO025132,
MGO025134, MG025135, MG025136, MG025137, MG025138, MG025139,
MGO025140, MG025141, MGO025142, MG025143, MG025144, MG025145,
MGO025146, MG025147, MG025149, MG025151, MGO025152, MG025153,
MGO025154, MG025155, MG025156. Additional material: MG025117, MG025118,
MG025121, MG025123, MG025125, MG025130, MG025133, MG025150.

Diagnostic features of type material. Complete individuals ranging from 20.0—
50.0 mm in length and 1.2-5.0 mm in width (Fig. 17E). Branchial dorsal lobes lamel-
lae with well-developed anterior papillary projections (Fig. 22C). Ventral branchial
lobes hidden (Figs 19C, 22A, B) or not (Fig. 3G) by dorsal ones. Lateral lappets and
dorsal projection low marked, only partially present on TC2 (Fig. 22A, D). Genicu-
late chaetae acutely bent, with poorly marked capitium (Fig. 23A, B). Ciliated papilla
dorsal to thoracic notopodia not observed. Thoracic uncini in one row (Fig. 23C) with
rostrum/capitium length ratio of approximately 2 : 1 and capitium with a first row
of two or three medium-sized teeth, followed by several progressively smaller teeth
(Fig. 23D). Abdomen with 29-38 chaetigers with type 2 uncini (Fig. 23E). Epibiont
ciliates observed in some specimens (Fig. 23F).

Nucleotide diagnostic features. All sequences of 7" norvegica sp. nov. share the
unique apomorphic nucleotides in positions 48 (C) and 285 (G) of the alignement.

Typelocality. Rogaland (Norway); at depths of between 226 and 242 m (Fig. 18C).

Distribution and bathymetry. Barents Sea, Norwegian coast, Skagerrak; 190—
1,268 m deep (Nygren et al. 2018) (Figs 9, 18C; Suppl. material 1: Table S1).

Etymology. The name of the new species refers to the country where members of this
lineage were found, along the Norwegian coast from the Barents Sea to the Skagerrak Strait.

Remarks. Terebellides norvegica sp. nov. is characterised by the presence of mar-
ginal papillae in the anterior region of branchial dorsal lamellae, thoracic uncini
of type 3 and abdominal uncini of type 2, and by lacking ciliated papilla dorsal to
thoracic notopodia (Table 1). These features are shared with species of subgroup
A2: T europaea, T. ronningae sp. nov. and 1. scotica sp. nov. (Table 1), apart from
the thoracic uncini type that is different in 7. ronningae sp. nov. Furthermore, 7
norvegica sp. nov., 1. europaea and T scotica sp. nov. also show the same variability
in whether ventral branchial lobes are hidden or not by dorsal lobes. Therefore, it
seems that members of these three species can only be distinguished according to
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Figure 18. Geographic distribution of A 7. europaea Lavesque et al., 2019, B 7. ronningae sp. nov.,
C T norvegica sp. nov., D 1. scotica sp. nov. Yellow frame showing Hordaland (Fig. 10).

the DNA sequences. However, they show little overlapping in their geographic dis-
tribution and bathymetric ranges (Figs 9, 18A, C, D). Terebellides norvegica sp. nov.
inhabits deep-water habitats (mostly below 200 m) along the Norwegian coast; its
distribution only overlaps with that of 7. europaea in southern waters (Skagerrak).
As stated before, 1. europaea has a broader distribution reaching to the South N'W
Iberian Peninsula and is generally found in shallower habitats (<100 m) similarly
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to 1. scotica sp. nov. Ciliate epibionts attached over dorsal body surface were also
observed (Fig. 23F).

On the other hand, the internal anatomy of 7. norvegica sp. nov. has been exam-
ined by transparency in one alive specimen (Fig. 14D). The digestive tract is divided
in an oesophagus clearly distinguishable between TC1 and TC3, that is followed by
the stomach and the associated digestive gland (TC4-TC7) and then by the intestine
(from TC11). Regarding the circulatory system, a double dorsal blood vessel is present
in anterior body end from which arise four afferent vessels at the level of branchial
stem and into the branchiae; the coelomic cavity bears oocytes from TC11. All these
internal features agree with those described by Jouin-Toulmond and Hourdez (2006)
and Parapar and Hutchings (2014) for other species of the genus.

Forty sequences (see Suppl. material 2: Table S2), in 33 haplotypes, have been
attributed to this species (Nygren et al. 2018). They show 0-3.1% intraspecific diver-
gence, larger than in other Zerebellides species, and a minimum of 10.5% uncorrected
genetic distance, with its closest relative being 7. scotica sp. nov. (Fig. 1).

Terebellides scotica sp. nov.
http://zoobank.org/74511F62-C57D-4BF7-8B63-48997EB1C8E9

Figs 1, 2, 3H, 9, 17F, 18D, 19D, 24, 25; Table 1; Suppl. material 1: Table S1; Suppl.
material 2: Table S2

Species 9 — Nygren et al. 2018: 18-22, figs 5, 6, 10, Suppl. material 1: Table SI.

Material examined. Type material. Holotype: ZMBN116385. Paratypes (3 specs),
North Sea (ZMBN 116382, ZMBN 116386, ZMBN 116387).

Holotype. Complete specimen, 45.0 mm long and 4.5 mm width (Fig. 3H, 19D).

Additional material. SMA_BR_23 (GenBank number: MN207187) and SMA_
BR_33 (GenBank number: MN207188) of Zerebellides sp. in Lavesque et al. (2019)
(Suppl. material 1: Table S1).

GenBank accession numbers of material examined (COI). Holotype:
MGO025157. Paratype: MG025158.

Diagnostic features of type material. Complete individuals ranging from 6.0—
45.0 mm in length and 1.0-4.0 mm in width (Figs 9, 17F). Branchial dorsal lobes
lamellae provided with low anterior papillary projections (Fig. 24B). Ventral branchial
lobes hidden (Fig. 24A) or not (Figs 3H, 19D) by dorsal ones. Lateral lappets and
dorsal projection low marked being only discernible on TC1-3 (Fig. 24A). Geniculate
chaetae acutely bent and provided with hardly distinguishable capitium (Fig. 25A, B).
Ciliated papilla dorsal to thoracic notopodia not observed. Thoracic uncini in one or
two rows (Fig. 25C) with rostrum/capitium length ratio of approximately 2 : 1, and
capitium with a first row of 2—4 medium-sized teeth, followed by several progressively
smaller teeth (Fig. 25D, E). Abdomen with 18-33 uncinigers provided with type 2
uncini (Fig. 25F).
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Figure 19. Line drawings of several Terebellides species. A Terebellides europaea Lavesque, Hutchings,
Daffe, Nygren & Londono-Mesa, 2019 (species 6; non-type specimen, GNM14628), anterior end, left
lateral view B Terebellides ronningae sp. nov. (species 7; holotype, ZMBN116357), anterior end, left lateral

view C Terebellides norvegica sp. nov. (species 8; holotype, ZMBN416378), anterior end, right lateral view
D Terebellides scotica sp. nov. (species 9; holotype, ZMBN116385), anterior end, left lateral view. Abbre-
viations: bdl — branchial dorsal lobe; bvl — branchial ventral lobe; TC — thoracic chaetiger.

Nucleotide diagnostic features. There are no unique apomorphic nucleotides in the
fragments of COI analysed for 7. scotica sp. nov., when considering all Zerebellides species
present in the NEA (Suppl. material 2: Table S2). However, when comparing homolo-
gous nucleotide positions with members of only Group A (192 sequences in the COI
alignment), the following autapomorphies arise: 279 (G), 444 (C), 517 (A), 630 (C).

Type locality. East Orkney Island; 85 m deep (Fig. 18D).

Distribution and bathymetry. North Sea; 48—111 m deep (Nygren et al. 2018)
(Fig. 18D; Suppl. material 1: Table S1). Two specimens (Zerebellides sp. in Lavesque et
al. 2019) were identified as 7. scotica sp. nov. according to molecular sequences; Bay of
Brest (France), in rhodolith beds, 5 m deep.
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Figure 20. Terebellides ronningae sp. nov. (species 7; paratypes, ZMBN 116349 and ZMBN 116353),
SEM micrographs. A anterior end, right lateral view B dorsal branchial lobes, terminal papilla € anterior
branchial lamellae papillae D TC4, nephridial papilla (framed: detail). Abbreviations: bdl — branchial dor-
sal lobe; blp — branchial lamellae papillae; bvltp — branchial ventral lobe terminal papilla; gr — glandular

region; np — nephridial papilla; TC — thoracic chaetiger.

Etymology. This new species is named after Scotland, since its type locality is in
the Scottish Orkneys Islands.

Remarks. Among A2 species, 7. scotica sp. nov., T europaea and 1. norvegica sp.
nov. have thoracic uncini of type 3 and show ventral branchial lobes that may be
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Figure 21. Terebellides ronningae sp. nov. (species 7; paratypes, ZMBN 116349 and ZMBN 116353),
SEM micrographs. A TC6 (TU1), geniculate chaetae B geniculate chaeta, detail (framed in A) C~E tho-

racic uncini (arrows in € pointing to rostrum curved at distal end) F abdominal uncini. Abbreviations:

cap — capitium; ctrl/2 — first and second rows of capitium teeth; ros — rostrum.

hidden in between dorsal lobes in some specimens. As stated previously, these species
can only be distinguished according to DNA sequences.

The specimen studied under SEM shows a small knob near the notopodial lobe
of TC1 (nop, Fig. 24C); its biological role is unknown and it may correspond to
an artefact.
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Two different sequences (see Suppl. material 2: Table S2; 0.2% distance) have
been attributed to this species (Nygren et al. 2018). As stated above, the closest NEA
congener is 7. norvegica sp. nov., at 10.5% genetic distance.

SusGrouP A3

Analyses of molecular data recovered a strongly supported subgroup A3 (Figs 1, 2;
Nygren et al. 2018). This group is composed by species 20 + 28 (= 7. bigeniculatus),
and species 21; the latter will be described elsewhere (Gaeva and Jirkov, pers. comm.)
but some comments are also provided here (Zerebellides sp. 2 hereafter).

Character/s present only in subgroup A3

* Branchiae stroemii-type but irregular in many specimens, with all four lobes
slightly fused; ventral lobes shorter and slimmer than dorsal ones and not hidden
in between.

*  First thoracic neuropodia on TCS5; several sharply bent, acute-tipped genicu-
late chaetae present in two chaetigers (TC5 and TC6) (Fig. 26C).

Character/s shared with subgroup Al

* Border of anterior region of dorsal branchial lamellae not provided with papil-
lary projections.
 Ciliated papilla present, dorsal to thoracic notopodia (Fig. 27B).
 Thoracic uncini type 3 (Fig. 26E).
Character/s shared with subgroup A2

e None (Table 1).

Character/s variable within subgroup A3

e None (Table 1).

Terebellides bigeniculatus Parapar, Moreira & Helgason, 2011
Figs 1, 2, 3D, 4D, 8D, 9, 10, 26, 28E; Table 1; Suppl. material 1: Table S1; Suppl.
material 2: Table S2

Terebellides bigeniculatus Parapar, Moreira & Helgason, 2011: 6-10, figs 1b, 4-7.
Species 20 + 28 Nygren et al. 2018: 18-22, figs 6, 10.

Type locality. Off North West Iceland; 333 m deep (Parapar et al. 2011).
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Figure 22. Terebellides norvegica sp. nov. (species 8; paratypes, GNM15130 and GNM15134), SEM

micrographs. A anterior end, left lateral view B branchial lobes, ventral view € anterior dorsal branchial

lamellae and papillae D TC4 to TCG, lateral view. Abbreviations: abl — anterior branchial lobe; bdl —
branchial dorsal lobe; bdlfl — branchial dorsal lobes fusion line; bdltp — branchial dorsal lobe terminal
papilla; blp — branchial lamellae papillae; bt — buccal tentacles; dpn — dorsal projection of notopodium;
gc — geniculate chaetae; gr — glandular region; loli — lower lip; np — nephridial papilla; TC — thoracic
chaetiger; tll — thoracic lateral lappets.

Material examined. 6 specimens: Barents Sea (ZMBN 116511); Norwegian
coast and shelf (ZMBN 116417, ZMBN 116510, ZMBN 116512, ZMBN 116513,
ZMBN 116514).
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Additional material. 77 bigeniculatus: Holotype (IIH 24923) and 5 paratypes
(IINH 24925) (Suppl. material 1: Table S1).

GenBank accession numbers of material examined (COI). MG025318,
MGO025319, MG025351, MG025352, MG025353, MG025354, MG025355.

Diagnostic features of studied material. Complete individuals ranging from
10.0-24.0 mm in length. Branchiae clearly fitting with type 1 only in some specimens,
irregular in others; dorsal lobes lamellae not provided with papillary projections. Lat-
eral lappets from TC1-TC5 and well-marked dorsal projection of notopodia in TC3
(Figs 3D, 4D). Geniculate chaetae present in TC5 and TC6 (Fig. 26C), acutely bent
and provided with hardly distinguishable capitium (Fig. 26D). Ciliated papilla dorsal
to thoracic notopodia. Thoracic uncini of type 3, with rostrum/capitium length ratio
of approximately 2 : 1 (Fig. 26E), and capitium with a first row of four medium-sized
teeth, followed by several progressively smaller teeth. Abdomen with 20-25 chaetigers
provided with type 1 uncini (Figs 26E 28B).

Material examined herein corresponds to a few small and incomplete specimens.
Therefore, the list of diagnostic characters given was developed with the aid of the type
specimens re-examined and the original description.

Nucleotide diagnostic features. All sequences of 7. bigeniculatus share the unique
apomorphic nucleotides in positions 67 (G) and 138 (G) of the alignement.

Distribution and bathymetry. Around Iceland at both sides of the GIF Ridge;
179-968 m deep (Parapar et al. 2011). Material examined here also confirms its pres-
ence in shallow and deep bottoms of Norway and Barents Sea (Fig. 8D).

Remarks. In some of the species delimitation analyses performed, Nygren et al.
(2018) were able to distinguish between two closely related lineages, clades 20 and
28, but some analyses of nuclear and mitochondrial datasets lump them together in a
single entity. Given that all specimens examined share characteristic features that are
distinct from other Zerebellides species studied herein, clades 20 and 28 have been con-
sidered in the present study as a single species and identified as 7 bigeniculatus.

As stated above, the sequenced specimens are small and not well preserved, hin-
dering the examination of relevant morphological features with taxonomic value (i.e.,
branchial type). However, this species is characterised by having geniculate chaetae on
TC5 and TC6 instead of only on one chaetiger (Parapar et al. 2011: 7) as in congeners
listed in the Key of the present study. Furthermore, 7. bigeniculatus is characterised by
the low fusion of the usually irregularly-shaped branchial lobes (Parapar et al. 2011:
7-8, figs 4, 5a, b), ventral lobes are not obscured by dorsal ones, the lack of marginal
papillae in the anterior region of the branchial dorsal lamellae, the presence of ciliated
papilla dorsal to thoracic notopodia, and by having thoracic uncini of type 3 and ab-
dominal uncini of type 1. However, it is likely that the irregular shape of the branchiae
may correspond to an artefact related to fixation/preservation; other specimens show
instead well-defined branchiae that agree with those of Al and A2 species but less de-
veloped (Fig. 26A, B; Parapar etal. 2011: 8, fig. 5a). Regarding the four branchial types
as defined by Parapar et al. (2016¢), branchiae of 7. bigeniculatus might correspond
therefore to type 3 but with lobes showing a more variable shape.
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Figure 23. Terebellides norvegica sp. nov. (species 8; paratypes, GNM15130 and GNM15134), SEM
micrographs. A TC6 (TU1), geniculate chaetae B detail of geniculate chacta, arrow pointing to capitium
(framed in A) C simple row of uncini D thoracic uncinus, capitium E abdominal uncini F ciliate epibi-
onts. Abbreviations: ctrl — first row of capitium teeth.

The original description states that nephridial papillae are located on TC3-TC4
or TC4-TC5 (Suppl. material 1: Table S1; Parapar et al. 2011: 7-9, figs 5¢c, 6d). Ex-
amination of the holotype and several paratypes confirmed that pores are on TC4 and
TCS5, as in other Group A species. Nephridial pores, as found in most Zerebellides spe-
cies, are usually flat and can be easily overlooked when examined with STM and even
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Figure 24. Terebellides scotica sp. nov. (species 9; paratype, ZMBN 1163887), SEM micrographs.
A anterior end, left lateral view B anterior dorsal branchial lamellae and papillae € TC1 and TC2, lateral

view (framed in A). Abbreviations: bdl — branchial dorsal lobe; blp — branchial lamellae papillae; dpn —
dorsal projection of notopodium; loli — lower lip; nop — notopodial protuberance; TC — thoracic chaetiger.

SEM; those of T bigeniculatus are larger and easier to distinguish comparatively with
STM (Parapar et al. 2011: 9, fig. 6d).

Members of species 21 (see below, as Zerebellides sp. 2) also bear geniculate chaetae
in two chaetigers; this feature had been considered as unique to 7. bigeniculatus regard-
ing other NEA species. However, species 21 is present in Arctic waters (cf. Nygren et al.



New species of Terebellides from North East Atlantic 43

2018: fig. 6) while the distribution of members of species 20 + 28 and identified here
as 1 bigeniculatus agrees with that of the type specimens (see Fig. 8D).

Terebellides sp. 2
Figs 1, 2, 9, 27; Table 1; Suppl. material 1: Table S1; Suppl. material 2: Table S2

Species 21 Nygren et al. 2018: 18-22, figs 5, 6, 10.

Material examined. 4 specimens: Barents Sea. ZMBN 116481; ZMBN 116486.

Remarks. As explained for Zerebellides sp. 1, two specimens were examined under
SEM; these share with 77 bigeniculatus the irregular shape of branchial lobes (Fig. 27A),
the presence of geniculate chaetae on TC5 and TC6 (Fig. 27C-E) and abdominal unci-
ni of type 1B (Fig. 27G). They share with subgroup A1 the presence of one ciliated pa-
pilla dorsal to thoracic notopodium (Fig. 27B) and thoracic uncini of type 3 (Fig. 27F).

On the other hand, species 18 and 19 of Al (not described here because of the few
specimens being available) and 23 (A4) have a geographic distribution similar to that
of 1" bigeniculatus but their position in the cladogram by Nygren et al. (2018: fig. 5)
suggests that they may not bear geniculate chaetae in two chaetigers.

There are no unique diagnostic nucleotide positions that are shared by the two
haplotypes (in 18 sequences) in COI. Eighteen sequences, in one single haplotype,
have been attributed to this species (Nygren et al. 2018). Members of this species
show a minimum of 3.0% uncorrected genetic distance, with its closest relative being

1 bigeniculatus (Fig. 1).

Key to European species of Terebellides

The following key of European Terebellides species is based on Lavesque et al. (2019)
and updated by including all species of Group A (in bold) apart from those that will be
described elsewhere. The known geographic or bathymetric distribution has been used
when there is a lack of discriminatory morphological characters between some species

(e.g., subgroup A2).

1 Geniculate chaetae on TC5 and TCO'......ovvvivivririieieieeeeees e,

....... (subgroup A3) T. bigeniculatus Parapar, Moreira & Helgason, 2011
- Geniculate chaetae on TC6 0nly .....coovveeerieeiinieiniiiicecceceees 2
2 Branchial lamellae margins lacking papillae” ..........c.coovvrrinierrierireinrieienn. 3
- Branchial lamellae margins with papillae...........ccccoooiiiiiinniinn 11
3 Lower branchial lobes with long posterior projections as filaments.............. 4
- Lower branchial lobes with short posterior projections.........cccceccvrecnnneee. 5

1 This character is also present in clade 21, which will be described elsewhere.
2 'This character is also present in clade 12, which will be described elsewhere.
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13

14
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Glandular region on TC3 present; branchial lamellae pointed; notochaetae from
TC1 longer than following ones; dorsal papillae absent .........cccevevccuncirieicncanes
... I. parapari Lavesque, Hutchings, Daffe, Nygren & Londofio-Mesa, 2019
Glandular region on TC3 absent; branchial lamellae rounded; all notochactae
equal-sized; dorsal papillae present.........cceeeveiiinicnieiinincinncnecnens
..................................... T. shetlandica Parapar, Moreira & O’Reilly, 2016
Ventral white band present on TC4 after MG staining ..........ccccoeevevrennnnee 6
No distinct pattern on TC4 after MG staining ........ccccoevvveveueccinineniencncnnn. 7
Large species (>30 mm in length); 5* branchial lobe present; notochaetae of
TC1 similar to following ones; main fang of thoracic uncini straight............
................................................................................ T. gracilis Malm, 1874
Small species (<20 mm in length); 5* branchial lobe absent; notochaetae of TC1
absent or shorter than following ones; main fang of thoracic uncini ‘eagle head’-
SHAPE ..
.... I ceneresi Lavesque, Hutchings, Daffe, Nygren & Londofio-Mesa, 2019
First notopodia and notochaetae longer than following ones.........................
......................................... T. mediterranea Parapar, Mikac & Fiege, 2013
First notopodia and notochaetae similar or shorter than following ones......8
Large-sized species (>50 mm); dorsal rounded projections on TC1-TC5 con-

SPICUOUS ...ttt (subgroup Al) 9
Small-sized species (<20 mm); dorsal rounded projections on TC1-TC5 ab-
sent; main fang of thoracic uncini straight ...........cccoccevviicciiinniccene. 10
Abdominal uncini type 1°..... T. kongsrudi sp. nov. and T. bakkeni sp. nov.
Abdominal uncini type 27 ......cccocviiiiiiiniie T. stroemii Sars, 1835
5% branchial lobe absent ...c.eeeeveeeeveeeeeeeeeeeennn, T. atlantis Williams, 1984

5 JODE PIESENE w.vuviveviiiiii ettt
.... I gralli Lavesque, Hutchings, Daffe, Nygren & Londofio-Mesa, 2019
Glandular region on TC3 round or oval ........cccceiiiiiiiiiiiiiiii, 12
Glandular region on TC3 otherwise.........ccoeueueiiiinincciiineeccene 13
Glandular region on TC3 stained white; branchial lamellae with rounded pa-
pillae; TC1-3 without conspicuous dorsal projection ........c.cecceevvevveirieennennns
... T. lilasae Lavesque, Hutchings, Daffe, Nygren & Londofno-Mesa, 2019
Glandular region on TC3 stained blue; branchial lamellae with conical papil-
lae; TC1-3 with conspicuous dorsal projection.........c.ceeevvevervnvcenccrincennen
... I. bonifi Lavesque, Hutchings, Daffe, Nygren & Londofio-Mesa, 2019
Most branchial lamellae with marginal papillae; upper lip elongated...................
... I. resomari Lavesque, Hutchings, Daffe, Nygren & Londofio-Mesa, 2019
Only anterior branchial lamellae with marginal papillae; upper lip not elon-

GATEd .. (subgroup A2) 14
Thoracic uncini type 1 e T. ronningae sp. nov.
Thoracic uncini type 3% ...c.c.eveveirrrniieccccceeetete e 15

3 Types of abdominal uncini as described in this work.

4 Types of thoracic uncini sensu Parapar et al. (2020).
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15 Deep-water species; mostly below 200 m deep............. T. norvegica sp. nov.
- Shallow-water species; mostly above 100 m deep ...c.coveevvvueiriciniccninicenes 16
16 Present from Southern Norway to NW Iberian Peninsula.........coceerceeicericeneann.

... I. europaea Lavesque, Hutchings, Daffe, Nygren & Londofio-Mesa, 2019
- Present in the Shetland and Orkneys Islands and in Brittany ........cccccccunneee.
......................................................................................... T: scotica sp. nov.

Discussion

Group A species: taxonomy and distribution

The comprehensive study by Nygren et al. (2018) revealed that the genus Zerebellides
holds a large species diversity in NEA waters regardless its morphological homogene-
ity. Over 25 molecular entities that meet the requirements to be recognized as species
were recovered forming four main and robust clades (A-D); Group A is composed, in
turn, by thirteen species. Among the latter, members of only three species were identi-
fied herein as current nominal species: 7. stroemii, 1. bigeniculatus, and T. europaea; the
remaining ten represent undescribed taxa.

Within Group A, three subgroups (A1-A3) can be defined based on molecular
data, being only A2 and A3 well supported and congruent among all molecular analy-
ses and datasets (Figs 1, 2; Nygren et al. 2018) but also by morphological features. Al
and A2 gather species morphologically similar to 7. stroemii, while species included
in subgroup A3 share morphological features with 7. bigeniculatus. The original de-
scription of 7. stroemii by Sars (1835) lacks detailed specific diagnostic features as
are recognised nowadays in many closely related species, most of them described in
the last years. On the contrary, 7. bigeniculatus belongs to a small group of species
bearing geniculate chaetae in two thoracic chaetigers (TC5 and TC6) instead of one
(TC6), a distinct morphological trait for the group; 7 bigeniculatus was described
from deep Icelandic waters by Parapar et al. (2011), and only later reported NEA
by Nygren et al. (2018). Zerebellides europaea was recently described after molecular
analyses by Lavesque et al. (2019) and fits within species of A1+A2. Other species from
NEA, namely 7. gracilis, T. atlantis, T. williamsae, T. irinae and 1. shetlandica Parapar,
Moreira & O’Reilly, 2016, differ from members of Group A in shape and body length,
ventral colouration in a number of thoracic chaetigers, branchiae shape and degree of
fusion and relative size of dorsal/ventral lobes (see Holthe 1986; Jirkov 2001; Parapar
et al. 2011, 2016¢). The aforementioned species fit either within groups B, C, or D
sensu Nygren et al. (2018) and will be dealt with in a forthcoming paper.

The characters considered to delineate morphologically the aforementioned sub-
groups (A1-A3) should be taken with care because there are limitations due to number
of specimens available to be studied and their condition of preservation. However,
considering the variety and origin of the material examined we were able to elucidate
some general patterns on taxonomy and distribution of the studied species. Thus, all
studied species seem quite homogeneous in terms of general body features and share
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Figure 25. Terebellides scotica sp. nov. (species 9; paratype, ZMBN 1163887), SEM micrographs. A TC6
(TU1), geniculate chaetae B detail of geniculate chaeta (arrow pointing to capitium) € double row of
thoracic uncini D, E thoracic uncini, capitium F abdominal uncini. Abbreviations: cap — capitium; ctrl

— first row of capitium teeth; ros — rostrum.

many characters; however, presence/absence of some macroscopic/microscopic char-
acters has allowed their organization in the subgroups proposed above. Nevertheless,
some species could not be differentiated according to morphological characters but
genetic data. On the other hand, geographic distributions of species do not show ap-
parent gaps; some species have a wider distribution and were more frequent in samples
such as 77 norvegica sp. nov. and 1. kongsrudi sp. nov.; this suggests that many previous



New species of Terebellides from North East Atlantic 47

Figure 26. Tercbellides bigeniculatus Parapar, Moreira & Helgason, 2011 (species 20 + 28; non-type
specimens, ZMBN 116512 and ZMBM 116513), SEM micrographs. A anterior end, left lateral view
B branchiae, ventral view € TC5 and TC6 (framed: geniculate chaetae location) D geniculate chaeta

(framed in €) E thoracic uncini (framed: uncinus rostrum with curved distal end) F abdominal uncini.

Abbreviations: bdl — branchial dorsal lobe; TC — thoracic chaetiger.

reports of 7. stroemii in NEA might correspond to the aforementioned species. Other
species apparently show a more restricted distribution, i.e., 7. bakkeni sp. nov. in north-
ern Norway or have their limit of distribution in southern Norway, as 7. europaea.
Similarly, there are no gaps in the bathymetric distribution of species, but some seem
to appear typically at shallow depths, reaching the continental shelf (0-200 m) such as
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1" europaea, T. ronningae sp. nov. and 1. scotica sp. nov. On the contrary, 7. bigenicu-
latus and 1" norvegica sp. nov. are found at depths of below 200 m while 7. stroemii,
1" bakkeni sp. nov. and 1. kongsrudi sp. nov. show a wider bathymetric distribution.

Given the morphological homogeneity, DNA sequences have been shown to pro-
vide advantageous data and support when it comes to species delineation in Zerebellides.
The most informative markers in previous studies are COI and ITS (Nygren et al.
2018; Lavesque et al. 2019). In the present study, analyses have been mainly based
on mitochondrial COI, the universal barcoding gene, because it offers no ambiguities
in the alignment process, and is the most commonly used in molecular taxonomy in
annelids (e.g., Borda et al. 2013; Tomioka et al. 2016; Alvarez—Campos et al. 2017;
Aguado et al. 2019; Grosse et al. 2020) and other taxa (e.g., Kekkonen and Hebert
2014). After species delimitation, identification to the correct nominal species level is
ideal, as species names allow the communication, study, quantification, classification,
use and management of life on the planet. This has been the motivation of recognis-
ing unequivocal diagnostic nucleotides in specific positions for the species described
in the present study. As with morphological traits, molecular diagnostic characters are
tested continuously when additional intraspecific and interspecific variation within the
groups has been found. Nevertheless, and as pointed out by previous studies, diagnos-
tic nucleotides may be an effective and relatively simple way for species identification
(Rach et al. 2008; Wong et al. 2009).

Comparisons with other NE Atlantic Terebellides

Lavesque et al. (2019) described eight new species of Zerebellides from continental
France considering an integrative taxonomy approach. Those species could be infor-
mally grouped in two assemblages:

1. Species similar to Group A sensu Nygren et al. (2018) regarding body colour
and shape, and branchiae features: 7" bonif, 1" europaea, T. gentili, T. gralli and T lilasae.

2. Species closer to groups B, C or D sensu Nygren et al. (2018): 7. ceneresi,
1. parapari and T. resomari.

The first five species were already discussed above. Regarding the remaining three
species, only 7. ceneresi was sequenced by Lavesque et al. (2019) and according to their
phylogenetic analyses, it is not related to any species of Group A; in fact, it differs
from Group A species: a) in having a very distinct MG staining pattern corresponding
to a solid stain manifested in the first ten thoracic chaetigers, being lighter in TC4;
b) the anterior branchial lobe (5% lobe) is not present; c) the outer edge of branchial
lamellae bears tufts of cilia. These characters would relate 77 ceneresi to Group D sensu
Nygren et al. (2018). This species was described with ‘eagle head’-shaped thoracic un-
cini, which are similar to those of 7. stroemii, 1. ronningae sp. nov. and 1. kongsrudi sp.
nov. as described here and 7. stroemii sensu Parapar and Hutchings (2014). However,
as explained above (see Remarks for 7. szroemii), the taxonomic value of this character
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\ :.f-'.': AVR X sl niV o . 5pm
Figure 27. Terebellides sp. 2 (species 21; ZMBN 116481 and ZMBN 116486), SEM micrographs. A anterior
end, left lateral view B TC10, thoracic dorsal papilla (framed in A) C, D geniculate chaetae of TC5 and TC6

respectively (framed in A) E TC6, geniculate chaeta (arrow pointing to capitium teeth) F thoracic uncinus
G abdominal uncini. Abbreviations: TC — thoracic chaetiger; tdp — thoracic dorsal papilla.

should be viewed cautiously and its consistent presence across the three aforemen-
tioned species needs to be assessed.

Terebellides parapari differs from Group A species in the shape and arrangement
of branchial lobes that are free from each other, and by the presence of terminal fila-
ment in ventral lobes. These features and its short body length relate 77 parapari to
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1 shetlandica and Group B sensu Nygren et al. (2018). Finally, 77 resomari is unique
among NEA Terebellides because of having “not well packed (separated) disposition of
the branchial lamellae” (Lavesque et al. 2019: 177, fig. 18B) and therefore branchiae
seem lacking a defined shape. In addition, this species also shows the “upper lip very
elongated with convoluted margins” (Lavesque et al. 2019: 177, fig. 18C), that was
also reported by Parapar et al. (2020) for Zerebellides sp. from the Adantic African
coast. Therefore, these unusual features do not allow for the allocation of 7 resomari to
any group as defined by Nygren et al. (2018).

Discriminant vs. non-discriminant body characters in species delineation

This study has revealed that some of the traditionally morphological-based taxonomic
characters are not appropriate for Zerebellides species identification. The number of
species in the genus is now large and their morphological homogeneity high. Regard-
ing Group A, two macroscopic characters have, however, been useful: 1) presence of
geniculate chaetae in one or two chaetigers (A1+A2 vs A3), 2) presence of papillary
projections in the border of branchial lamellae (A2 vs A1+A3). On the contrary, we
found that the development of lateral lappets and the presence of a dorsal projection
on the anterior thoracic notopodia seem dependent on size/age and preservation, and
therefore these characters should be taken with care for species identification. Simi-
larly, the species in Group A seem quite homogeneous when considering branchial
morphology, particularly within Al and A2. Some of the morphological differences
observed between Terebellides species rely in the exposure of the ventral lobes (hidden
or not behind the dorsal lobes). However, we have also observed some degree of vari-
ability between specimens belonging to the same species and could be due to size or
the contraction of specimens after fixation.

Morphology of thoracic and abdominal uncini seems useful for species identifi-
cation; such features need to be examined under SEM and are being considered in
descriptions of Terebellides in the last years. Recently, Parapar et al. (2020) describe
tentatively several types of thoracic uncini. The uncini of the NEA species treated here
are quite similar because of their phylogenetic proximity, being 7. ronningae sp. nov.
the only species that differ in uncini type from other congeners of subgroup A2. There
were, however, differences in abdominal uncini that correspond to two morphologies
that agree well, in turn, with groups of species as defined by molecular-based phylo-
genetic analyses. Following Parapar et al. (2020), we propose here the use of similar
criteria for the characterization of abdominal uncini, that are based on the rostrum
vs. capitium length ratio (RvC), and the number of the capitium teeth and their rela-
tive size. Therefore, considering our results after SEM examination and other previous
work, two main types of abdominal uncini can be defined:

Type 1

Capitium of ca. 0.7 of total length of rostrum (RvC = 1/0.7); capitium simple,
composed of a few wide denticles, being 3(5) in first row and 1(2) in a second row
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Figure 28. SEM micrographs of abdominal uncini types of Terebellides species. A T. kongsrudi sp. nov.
(species 13; ZMBN-116409) B 7. bigeniculatus Parapar, Moreira & Helgason, 2011 (species 20 + 28;
ZMBN-116513) C T. ronningae sp. nov. (species 7; ZMBN-116353) D Terebellides stroemii Sars, 1835
(species 11; ZMBN-116399). Abbreviations: ctr — capitium teeth row; ros — rostrum.

(Fig. 28A, B). In turn, Type 1A and 1B would differ in number of capitium teeth, be-
ing higher in B (Fig. 28A, B, Table 1). This typology is present in 7. bakkeni sp. nov.
(1A), T kongsrudi sp. nov. (1A) and 77 bigeniculatus (1B; see also Parapar et al. 2011:
fig. 7f). Type 1 uncini are apparently also present in 7. gracilis (sensu Parapar et al.
2011, 2013), T narribri Schiiller & Hutchings, 2010, 7" mediterranea Parapar, Mikac
& Fiege, 2013, 7. toliman Schiiller & Hutchings, 2013, 7. eczopium Zhang & Hutch-
ings, 2018, 7. kirkegaardi Parapar, Martin & Moreira, 2020 and 7. longiseta Parapar,
Martin & Moreira, 2020 (Parapar et al. 2013, 2020; Schiiller and Hutchings 2010,
2013; Zhang and Hutchings 2018).

Type 2

Capitium of almost same length as rostrum (RvC = 1/0.9); capitium much complex
than in Type 1, composed of a first row of 4(5) denticles and a variable number of
teeth in two more rows with decreasing number and size posterior to them (Fig. 28C,
D). Present in 7. europaea, 1. ronningae sp. nov., 1. norvegica sp. nov., 1. scotica sp.
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nov., and 7 stroemii (Table 1). Type 2 is apparently also present in 7 kergelensis
Mclntosh, 1885 (sensu Parapar and Moreira 2008a), 7. jitu Schiiller & Hutchings,
2010, 17 canopus Schiiller & Hutchings, 2013, 1. persiae Parapar, Moreira, Gil &
Martin, 2016, 7. baliensis Hsueh & Li, 2017, 1" guangdongensis Zhang & Hutch-
ings, 2018, 7. augeneri Parapar, Martin & Moreira, 2020, 7. fauveli Parapar, Martin
& Moreira, 2020, 7" nkossa Parapar, Martin & Moreira, 2020, and 7 ramili Parapar,
Martin & Moreira, 2020 (Parapar et al. 2016a, 2020; Hsueh and Li 2017; Zhang
and Hutchings 2018). This “more complex” type 2 condition of abdominal uncini
does not seem related to body size; for instance, small species such as 7. atlantis sensu
Parapar et al. (2011: 5, fig. 3f) and 7. shetlandica (Parapar et al. 2016c¢: 218, fig. 6f)
are provided with such uncini. The validity of this proposed uncini classification
should be assessed across species considering specimens of different sizes and across
abdominal chaetigers.

On the other hand, we observed differences in whether the capitium is defined
or not in geniculate chaetae of TC5/TC6, as previously highlighted by Parapar et al.
(2011, 2013, 2016a, 2016b, 2016¢). For instance, 7. ginkgo Schiiller & Hutchings,
2012 shows a well-defined capitium conformed by many large-sized teeth whereas
other species bear an almost inconspicuous capitium (e.g., 7. bakkeni sp. nov., 1. kong-
srudi sp. nov.) (Schiiller and Hutchings 2012: 10, fig. 5a—c; Figs 6G, 12G); Parapar et
al. (2011) also reported from Iceland several species with conspicuous capitium, i.e., 7.
atlantis, T. gracilis and T. stroemii. In this sense, the specimens of 7. stroemii examined
here bear a low capitium in comparison to those aforementioned from Iceland (Para-
par et al. 2011); this suggests that the latter might not correspond to 7. stroemii but to
other taxa as explained above. Again, the taxonomic value of this character should be
tested in other species considering potential intraspecific variation.

Methyl Green staining pattern

The MG staining pattern was mostly similar across the studied species and according
to type 1 sensu Schiiller and Hutchings (2010), being solid in three to five anterior
chaetigers, TC1-TC3(5), striped in subsequent seven or eight chaetigers, i.e., TC4(6)—
TC10(11), and fading towards the end of the thorax at TC18; minor observed dif-
ferences can be attributed to body size, degree of contraction and preservation of
specimens. Parapar et al. (2011) reported a similar pattern for specimens identified as
1. stroemii from Iceland: solid in the first six chaetigers after turning into a striped pat-
tern and fading in the posterior thoracic segments, while for 7. bigeniculatus staining is
solid from TC1 to TC11, striped between TC12 and TC14, and then fading in the fol-
lowing segments. The first pattern only partially agrees with that of 7. szroemii (species
11) and the second one would match better with that of 7. bigeniculatus (species 20 +
28) as examined here. Parapar and Hutchings (2014) reported a MG staining pattern
for neotypes of 7. stroemii being solid from TC1 to TC3, striped from TC4 to TC12
and fading in the last thoracic segments; this is exactly the same pattern as observed in
1. stroemii from Norway (Suppl. material 1: Table S1).
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Nephridial papillae

Schiiller and Hutchings (2010) and Parapar et al. (2011), among others, suggest that
position of thoracic papillae (nephridial/genital) should be considered as of taxonomic
value. We agree with this and have found that papillae are present always in TC4 and
TCS5 in the species/clades studied here. This position has also been reported in 7 graci-
lis sensu Parapar et al. (2011, 2013), 7. mediterranea, T. kerguelensis, and 1. hutchingsae
Parapar, Moreira & Martin, 2016. On the contrary, other species reported elsewhere
have such papillae in TC1 instead, including 7 persiae Parapar, Moreira, Gil & Martin,
2016, T mediterranea, and T. hutchingsae.

Conclusions

To sum up all results and according to the discussion of the aforementioned characters,
the general characteristics for each subgroup of Group A sensu Nygren et al. (2018)
are listed below. A1 and A2 are particularly close to each other and were informally de-
signed by Nygren et al. (2018) as “stroemii-group”; subgroup A3 is the most dissimilar,
with 77 bigeniculatus as the typical species.

Subgroup Al

Species are similar morphologically and differ from A2 in lacking papillae on branchial
lamellae and in having ciliated papillae on thoracic notopodia. Regarding morphology
and distribution, 7 bakkeni sp. nov. and 1. kongsrudi sp. nov. are closest to each other
than to 7. stroemii. Terebellides stroemii (as species 11 here) shows also a similar geo-
graphic and bathymetric distribution (Table 1), but seems less frequent across Norway
and differs in abdominal uncini type (cf. Fig. 7G vs. Figs 6G, 12G).

Subgroup A2

The subgroup is morphologically homogeneous. It differs from Al in having lamellae
papillae and by the lack of thoracic ciliated papillae (at least not observed with SEM).
The most recognisable species is 7. ronningae sp. nov. because of having thoracic uncini
of type 1, a long rostrum and a capitium provided with long first row teeth; the other
three species bear thoracic uncini of type 3 and differ of each other in the geographic
(T europaea, T. scotica sp. nov.) and bathymetric distribution (77 norvegica sp. nov.).

Subgroup A3

This subgroup is composed by 7. bigeniculatus (species 20 + 28) and species 21 (not
formally described here). Branchial shape is irregular and geniculate chaetae are present
in two thoracic chaetigers (TC5 and TC6). Other features are shared with Al such as
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lack of lamellae papillae; thoracic uncini type 3 or presence of thoracic ciliated papillae.
The bathymetric distribution of species is similar to Al.
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Abstract

Copepods are well studied in South Korea, with the exception of marine non-parasitic cyclopoids, and es-
pecially cyclopinids; only three species were found so far here, and only one of them is endemic. A survey
of intertidal interstitial faunas from sandy beaches revealed four endemic members of the genus Cyclopina
Claus, 1863, which represents the first record of the largest cyclopinid genus in South Korea. A detailed
study of their morphology revealed numerous differences, including in rarely studied cuticular organs.
Some of these micro-characters could easily be homologised and showed little intraspecific variability,
which might prove invaluable for matching sexes and reconstructing phylogenetic relationships. Cyclopina
busanensis sp. nov. is described from both sexes collected near Busan (South Coast of South Korea), and
is most similar to the only congener from Japan: C. kiraensis Horomi, 1984. Cyclopina koreana sp. nov.
is described from both sexes collected near Gangneung (East Coast), and has no close relatives among
currently known species. Cyclopina curtijeju sp. nov. is described from two females from Jeju (off South
Coast); it is possibly closely related to C. smirnovi Herbst, 1982, but the latter is known from a single male
from the Russian Far East. Cyclopina wido sp. nov. is described from both sexes from Wido (West Coast),
and shows numerous reductions in segmentation and armature of appendages, most of them probably a
consequence of its diminutive size. A table of 26 discrete and continuous characters commonly used in the
taxonomy of this group is provided for 48 valid species and subspecies of Cyclopina.
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Introduction

Marine cyclopoids, and especially cyclopinids, are poorly studied globally because
their diversity is highest in marginal habitats, such as intertidal interstitial and an-
chialine caves, or in highly inaccessible abyssal and hadal depths. Only three cyclopi-
nids have been reported so far from Korea: Cyclopinoides orientalis Chang, 2011;
Cyclopinopsis deformata Lee & Chang, 2019; and Paracyclopina nana Smirnov, 1935.
The first species was described by Chang (2011) from one beach on the East Coast
of mainland Korea, one beach on Jeju Island (Korea), and one beach on Tsushima
Island (Japan). The second species was described by Lee and Chang (2019) from a
shallow littoral (25 m) on the East Coast and intertidal sands on the West Coast of
South Korea. The third species was described by Smirnov (1935) from Vladivostok
(Russia) and was subsequently reported also from China (Shen 1979), Japan (Ueda
etal. 2001), and South Korea (Chang 2009, 2010); interestingly, this cyclopinid has
become a model organism for various genomic and physiological studies in recent
years (Jeong et al. 2015; Lee et al. 2015, 2017). Chang (2011) also mentioned uni-
dentified specimens belonging to the genus Cyclopina Claus, 1863 accompanying
Cyclopinoides orientalis, but it is unclear if these were collected in South Korea or
Japan. It is possible that these specimens are conspecific with one (or more) of the
four South Korean species described in this paper, but it is also possible that they
belong to Cyclopina kiraensis Hiromi, 1984, which is the only species from this ge-
nus described so far from Japan and seems to be relatively widely distributed there
(Hiromi 1984; Ueda et al. 2001).

Copepods are generally relatively well studied in South Korea, both as free-living
forms in marine (Soh et al. 2010; Lee et al. 2012) and freshwater environments (Chang
2009, 2010), as well as parasites of other organisms (Kim 2008). However, utilisa-
tion of novel taxonomic methods, such as the study of microstructures (Karanovic and
Cho 2012, 2016, 2017; Karanovic and Lee 2012; Karanovic et al. 2013) and DNA
(Karanovic and Kim 2014a, b; Karanovic et al. 2014, 2015; Kim et al. 2014), and
survey of marginal and previously understudied habitats, such as marine interstitial
(Karanovic 2014, 2017; Karanovic et al. 2012a, b; Karanovic and Lee 2016), result-
ed in numerous recent additions. While most interstitial copepods are harpacticoids
(Giere 1993), a recent survey of selected intertidal beaches in South Korea brought to
light four new species of Cyclopina presented here. There are no published data on how
much of the South Korean coastline is sandy, but it is a significant ecosystem without
any doubt. South Korea has 12,478 kilometres of coastline along three seas (Pruett
and Cimino 2000) and some three-quarters of the world’s ice-free coastlines consist of
sandy shores (Brown and McLachlan 2006). Like in most developed economies, this
ecosystem is under constant anthropogenic pressure and, being a marginal habitat, is
rarely included in protected natural reserves. However, marine interstitial harbours a
disproportionate level of biodiversity (Gray 1997; Thrush et al. 2006; Karanovic 2008),
which is yet to be fully appreciated and understood (Armonies and Reise 2000; Gray
2002; Zeppelli et al. 2015).
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Cyclopina is the oldest and type cyclopinid genus, as well as the largest by number of
species (Boxshall and Halsey 2004). It was established by Claus (1963), with C. gracilis
Claus, 1863 as the type species. Approximately 70 other species and subspecies have
been described since then, but many of them were subsequently transferred to newly
established genera or synonymised. However, this genus still contains more than 30%
of cyclopinid species (Boxshall and Halsey 2004; Walter and Boxshall 2020). The
most recent key to species and subspecies was provided by Vervoort (1964) and it was
based on an earlier one provided by Lindberg (1953). This makes identification of
species difficult. A lack of morphological detail in early species descriptions (including
nearly half of them described only after one sex) and wide intraspecific variability
between highly disjunct populations in some presumably widely distributed species
make it impossible to construct a reliable key to species (Karanovic 2008). Also, there
are no published lists of characters for all species in the genus; most authors usually
comparing new or redescribed species with only a few congeners. Apparent differences
in the armature of mouthparts between disjunct populations were often ignored,
usually based on suspicion of earlier inadequate descriptions (Jaume and Boxshall
1996), although they proved valuable in distinguishing some Australian congeners
(Karanovic 2008). Most Cyclopina species, however, have never been recorded and
redescribed after their original description, which is arguably the largest problem for
the taxonomy of this genus.

Cyclopinid systematics at large is also still in a state of flux (Boxshall and Jaume
2012 and references therein), which is perhaps best illustrated by the fact that Walter
and Boxshall (2020) list Hezerocyclopina Plesa, 1969 in the family Cyclopinidae and
the supposedly closely related genus Procyclopina Herbst, 1955 in the family Hemi-
cyclopinidae. Both genera were considered members of the allegedly monophyletic
Hemicyclopinidae by Martinez Arbizu (2001a), in addition to Pseudocyclopina Lang,
1946 and five other genera. However, the genus Pseudocyclopina was considered a
member of Cyclopinidae by Elwers et al. (2001), with one of the co-authors being
Martinez Arbizu. As noted by Boxhall and Halsey (2004), the phylogenetic analysis
presented by Martinez Arbizu (2001a) as a justification for the establishment of the
Hemicyclopinidae was not parsimony based and hinged on a single character, which is
also present in at least four unrelated genera. Some of the characters used by Martinez
Arbizu (2000a, b, 2001a, b, 2006) to define supposedly monophyletic families of cy-
clopinids were shown to be part of intraspecific variability, and sometimes even asym-
metries (Karanovic 2008). A polyphyletic nature of cyclopinids was already suspected
by Ho (1986), Ho and Thatcher (1989), and Huys and Boxshall (1991), based on
the analysis of morphological characters. It was confirmed by Khodami et al. (2017),
based on the analysis of four genes and 205 copepod species. However, the molecular
phylogeny presented by Khodami et al. (2017) did not recover monophyly of previ-
ously proposed monophyletic families (where they had representatives of more than
one genus). The same authors proposed another two new families, each containing a
single cyclopinid genus, and one of them a single species. This certainly contributes
very little to our understanding of the phylogenetic relationships between cyclopinid
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genera, but unfortunately, no comprehensive, parsimony-based test of the validity of
the new families has yet been carried out (Boxshall and Jaume 2012). It should be
noted that subsequent re-analyses of the molecular dataset published by Khodami et
al. (2017) failed to reproduce both their topology and branch supports, despite the use
of the same methods and software (Mikhailov and Ivanenko 2019a). It is reasonable
to conclude that we are still in the early stages of understanding cyclopoid systemat-
ics, with wider taxon and character sampling continuing to raise as many questions as
they answer (Khodami et al. 2019; but see Mikhailov and Ivanenko 2019b). Valid-
ity of many genera is widely disputed among different researches (see, for example,
Karanovic 2008; Ivanenko et al. 2019). The fact that nearly 60% of all cyclopinid
genera are monotypic (Boxshall and Halsey 2004; Karanovic 2008; Sudrez-Morales
and Almeyda-Artigas 2015; Walter and Boxshall 2020) clearly indicates that we are
not even close to discovering the major extent of their diversity. There is no doubt that
we will have to look for alternative characters when trying to reconstruct phylogenetic
relationships between cyclopinids. Cuticular organs on somites were recently suggest-
ed as suitable micro-characters for reconstructing phylogenetic relationships between
some harpacticoid copepods (Karanovic and Kim 2014b) and also for distinguishing
closely related species using geometric morphometrics (Karanovic et al. 2016, 2018).
However, in cyclopoids they seem to be more numerous, variable, and difficult to ho-
mologise (Karanovic and Blaha 2019).

Aims of this study were to describe four new species from South Korea in fine
detail, asses their affinities using morphological characters, provide a global list of valid
Cyclopina species and subspecies, and assemble a table of discrete and morphometric
morphological characters most commonly used to identify species in this genus.

Materials and methods

All specimens were collected from the intertidal zone in four localities in South Korea,
using the Karaman-Chappuis method. This sampling technique involves digging a hole
on the beach down to the water level and then decanting the inflowing interstitial water
and filtering it through a plankton net (mesh size 30 um). All samples were fixed in 99%
ethanol, sorted in the laboratory also in 99% ethanol, using an Olympus SZX12 dissect-
ing microscope with PLAPO objectives and magnification of up to 200 x. Locality data
and number of specimens are listed for each species separately and all material is depos-
ited in the National Institute of Biological Resources (NIBR), Incheon, South Korea.
Some specimens were dissected and mounted on microscope slides in Faure’s me-
dium (see Stock and von Vaupel Klein 1996), and dissected appendages were then
covered by a coverslip. For the urosome, two human hairs of appropriate thickness
were mounted between the slide and coverslip during examination, to prevent squash-
ing. All line drawings were prepared using a drawing tube attached to a Leica MB2500
phase-interference compound microscope, equipped with N-PLAN (5 x, 10 x, 20 x,
40 x, and 63 x dry) or PL FLUOTAR (100 x oil) objectives. Specimens that were not
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drawn were examined in glycerol and, after examination, were stored in 99.9% etha-
nol. Specimens for scanning electron microscopy (SEM) were transferred into pure
isoamyl-acetate for two hours, critical-point dried, mounted on stubs, coated in gold,
and observed under a Hitachi S-4700 scanning microscope on the in-lens detector,
with an accelerating voltage of 10 kV and working distances between 12 mm and
13.5 mm; micrographs were taken with a digital camera.

The terminology for morphological characters mostly follows Huys and Boxshall
(1991), except for the numbering of setae on the caudal rami (not used) and small dif-
ferences in the spelling of some appendages (antennula, mandibula, maxillula instead
of antennule, mandible, maxillule); the latter as an attempt to standardise the termi-
nology for homologous appendages in different crustacean groups. However, the ter-
minology of maxilla and maxilliped follows revisions proposed by Ferrari and Ivanenko
(2008). In order to save space and avoid unnecessary repetitions, species descriptions
are comparative.

Results

Cyclopina busanensis sp. nov.
http://zoobank.org/F8FFA47A-D9C4-4826-A6F1-5F286041EE1A
Figures 1-6, 17A

Type locality. South Korea, South Coast, Busan, Sonjong Beach, intertidal sand,
35°10.741'N, 129°12.317'E.

Specimens examined. Holotype ovigerous female dissected on one slide, collected
from the type locality, 6 May 2016, leg. T. Karanovic. Paratypes: one male (allotype)
and two females dissected on one slide each, seven females (one ovigerous) and five
copepodids in alcohol, and five females on one SEM stub (together with specimens
of other three species described here; row no. 2), all collected from the type locality, 6
May 2016, leg. T. Karanovic.

Etymology. The species name refers to the type locality. It is an adjective for place,
made with the Latin suffix -eznsis.

Description. Female (based on holotype and seven paratypes). Body length, ex-
cluding caudal setae, from 515 to 535 um. Colour of preserved specimens light brown,
nauplius eye not visible (Fig. 17A). Integument on all somites smooth (Figs 1-3), with
light bacterial cover, spinules only on genital and anal somites and caudal rami, cuticu-
lar pores on all somites, and sensilla on all but penultimate somite; hyaline fringes of
prosomites smooth, of urosomites serrated. Habitus (Figs 1A, 3A) ca. 2.8 x as long as
wide in dorsal view, with pronounced distinction between prosome and urosome; pro-
some ovoid, ca. 1.6 x as long as wide in dorsal view, nearly 1.3 x as long and 2.6 x as wide
as urosome, its greatest width at posterior end of first pedigerous somite; urosome gently
tapering towards posterior end, 3.3 x as long as wide, its greatest width at posterior end
of fifth pedigerous somite (first urosomite). First pedigerous somite (Fig. 1A, F) not
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Figure 1. Cyclopina busanensis sp. nov., paratype female 1, SEM photographs, all in lateral view A habi-
tus B distal part of antennula € anterior part of cephalothorax with rostrum D central part of cephalotho-
racic shield E postero-lateral corner of cephalothoracic shield F tergite of first pedigerous somite (= first
free prosomite), mostly covered by postero-lateral corner of cephalothoracic shield G tergite of second

pedigerous somite H tergite of third pedigerous somite.
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fused to cephalothorax, but its tergites partly covered with posterior extensions of cepha-
lothoracic shield (Fig. 1A, E). Pedigerous somites without lateral expansions. Rostrum
(Fig. 1C, B) well-developed, membranous, very broad. Cephalothorax (Figs 1A, C-E,
3B, C) nearly conical,approximately as long as wide, and 1.3 x as long as free prosomites
combined. Second to fourth free prosomites (Figs 1A, G, H, 2A, 3D) progressively
shorter and narrower towards posterior end, and with fewer cuticular organs.

First urosomite (Figs 1A, 2C, 3A) shortest, laterally expanded in posterior part.

Genital double-somite (Figs 2C-E, 3E, F, 4A) ca. 1.2 x as long as wide in dorsal
view, laterally expanded anterior part nearly 1.4 x as wide as posterior margin; ante-
rior part (second urosomite) with one pair of narrowly spaced posterior dorsal sen-
silla (Fig. 3E), large dorsal medial pore in between them (Fig. 3E), one pair of widely
spaced anterior dorsal sensilla, one pair of small widely spaced anterior dorsal pores,
one pair of narrowly spaced ventral pores next to copulatory pore (Fig. 4A), and two
pairs of large pores, two pairs of small pores, and longitudinal row of spinules next to
genital apertures (Fig. 2D); posterior part (third urosomite) with also with one pair
of narrowly spaced posterior sensilla and large dorsal medial pore in between them
(Fig. 3F), one pair of lateral posterior sensilla (Fig. 2E), one pair of large lateral pores
(Fig. 2E), one pair of widely spaced ventral pores (Fig. 4A), and two pairs of posterior
ventral sensilla (Fig. 4A). Medial copulatory pore (Fig. 4A) hardly bigger than cuticu-
lar pores next to it, situated in first third. Copulatory duct (Fig. 4A) narrow, rigidly
sclerotised, T-shaped. Seminal receptacles (Fig. 4A) weakly sclerotised, simple, ovoid,
with space between them slightly wider than one receptacle, reaching posteriorly
slightly beyond level of copulatory pore. Oviducts weakly sclerotised, short. Genital
apertures situated laterally, covered by reduced sixth legs. Paired egg sacs ovoid, each
containing 8—10 eggs, twice as long and ca. 1.2 x as wide as genital double-somite.
Fourth urosomite (Figs 2F, 3G, 4A) ca. 0.6 x as long as genital double-somite, with
sensilla and pores as in third urosomite, except ventral pores situated slightly more
posteriorly and more narrowly spaced. Fifth urosomite (Figs 2F, 3G, 4A) 0.8 x as
long as fourth urosomite, with medial dorsal pore and one pair of widely spaced
ventral pores. Sixth (anal) urosomite (Figs 2G, H, 3H, 4A) nearly 0.8 x as long as
fifth urosomite, with one pair of large dorsal sensilla, one pair of dorsal pores, two
pairs of ventral pores, and three rows of slender spinules fringing anal sinus; anal
operculum smooth, short, broad, slightly concave, situated in first third, represents
66% of somite’s width.

Caudal rami (Figs 2G, 4A) cylindrical, ca. 3.7 x as long as wide and twice as long
as anal somite, narrowly spaced on anal somite, diverging posteriorly; armed with one
proximal lateral seta, one dorsal seta, and four terminal setae; ornamented with row of
small spinules at base of proximal lateral seta, and posterior ventral row of spinules. All
setae slender and pinnate, and all except dorsal seta uni-articulated at base; two central
terminal setaec much longer and stronger than others and both with breaking planes;
dorsal seta inserted close to posterior margin, biarticulated at base; proximal lateral seta
inserted atapproximately two fifths of ramus’ length; medial terminal seta 1.2 x as long
as caudal ramus, 1.6 x as long as lateral terminal seta, 1.5 x as long as dorsal seta, and
2.5 x as long as proximal lateral seta.
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Figure 2. Gyclopina busanensis sp. nov., paratype female 1, SEM photographs, all in dorsal view A tergite
of fourth pedigerous somite B fifth leg C genital double-somite (=fused second and third urosomites)
D sixth leg E detail of posterior part of genital double-somite F fourth and fifth urosomites G sixth uro-
somite (= anal somite) and caudal ramus H detail of sixth urosomite.
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Figure 3. Gyclopina busanensis sp. nov., paratype female 2, SEM photographs, all in dorsal view A habitus

B anterior part of cephalothorax € posterior part of cephalothorax D free prosomites E anterior part of geni-
tal double-somite F posterior part of genital double-somite G fourth and fifth urosomite H sixth urosomite.
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Figure 4. Cyclopina busanensis sp. nov., line drawings A holotype female, urosome, ventral view B al-
lotype male, urosome, ventral view.
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Antennula (Figs 1A, B, 5A) reaching two thirds of cephalothoracic shield with its
distal tip, stout, smooth, cylindrical but tapering towards distal end, 10-segmented; no
setae with breaking planes or biarticulated, one seta on fifth segment short and spiniform,
largest seta on ultimate segment and seven setae on second and third segments bipin-
nate, all other setae smooth and slender; single slender aesthetasc on ultimate segment
fused basally to slender seta; armature formula (ae = aesthetasc) 3.5.8.4.5.7.4.3.2.7+ae;
sixth segment longest, ca. 2.8 x as long as wide, and more than 0.8 x as long as subse-
quent four segments combined; tenth segment 1.5 x as long as wide.

Antenna (Fig. 5B) slender, cylindrical, four-segmented, with highly mobile
joint between second and third segment; first segment (probably allobasis) longest
and widest, twice as long as wide, slightly curved, unornamented, armed with single
strong medial-distal seta and twice as long exopodal seta; second segment (probably
first endopodal) 0.8 x as long as basis, twice as long as wide, with spinules along
medial convex margin, and with single medial seta inserted mid-length; second
endopodal segment slightly narrower and only half as long as first endopodal, with
spinules along lateral margin, and with four medial setae (shortest one inserted
in proximal half, three near distal-medial corner; one distal seta spiniform, others
slender); third endopodal segment 1.4 x as long as second endopodal and twice as
long as wide, with spinules along lateral margin and seven apical setae (four strong
and prehensile, three slender).

Mandibula (Fig. 5C, D) with large coxa, and smaller palp consisting of basis,
two-segmented endopod, and four-segmented exopod; coxal gnathobase with relative-
ly wide cutting edge consisting of four polycuspidate large teeth (ventralmost largest),
three smaller unicuspid teeth (dorsalmost with serrated edges, others smooth), row of
spinules at base of two central polycuspidate teeth, and two short setae; dorsalmost seta
on cutting edge smooth, ca. 1.5 x as long as other, bipinnate seta; basis ovoid, 1.7 x as
long as wide, with single medial seta; endopod 0.6 x as long as basis, with three setae
on first and five setae on second segment; exopod slightly shorter than basis but much
more slender, with armature formula 1.1.1.2; all setae on basis, endopod, and exopod
slender and pinnate.

Maxillula (Fig. 5E, F) unornamented, composed of well-developed praecoxa and
three-segmented palp; arthrite of praecoxa with six strong and pinnate apical spines,
one isolated smooth spine on posterior surface, two spiniform plumose setae, and two
smooth minute setae (or perhaps large spinules?) in between plumose setae and spines;
proximalmost seta longest and strongest element, three x as long as other seta and ca.
1.1 x as long as longest and strongest (ventralmost) spine; coxa reduced to small endite
partly fused to arthrite of praecoxa, bearing single slender seta, and another slender seta
probably belonging to former epipodite; palp slightly smaller than praecoxa, composed
of large rectangular basis, small ovoid endopod, and also ovoid but shorter and wider
exopod; basis twice as long as wide, with short proximal and distal endites bearing
three and two setae respectively; endopod slightly longer than greatest width of basis,
ca. 1.5 x as long as wide, with two medial and four distal slender setae (one smooth,
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Figure 5. Cyclopina busanensis sp. nov., line drawings A=l holotype female J allotype male: A antennula
B antenna C cutting edge of mandibula D mandibular palp E praccoxa of maxillula F maxillular palp
G maxilla H syncoxa and basis of maxilliped I endopod of maxilliped J antennula.

others unipinnate); exopod 0.8 x as long as endopod, as long as wide, with four distal
slender and plumose setae.

Maxilla (Fig. 5G) stout, 1.6 x as long as wide, tapering towards distal end, or-
namented with row of spinules along lateral margin and several spinules on endites,



Four new Cyclopina from South Korea 71

composed of syncoxa (fused praecoxa and coxa), basis, and three-segmented endopod;
syncoxa largest, quadrate, with four setae on proximal endite and one seta on distal
endite; basis ca. 0.6 x as long as syncoxa, also quadrate, with three setae on proximal
endite and three setac on distal endite; first endopodal segment half as long as coxa,
with basally fused, smooth and robust claw and two articulated setae, proximal seta
strong and bipinnate, slightly longer than claw, distal seta smooth and minute; second
and third endopodal segments combined slightly longer than first, second segment
somewhat longer than third and armed with four strong setae, third segment armed
with three strong and three slender setae.

Maxilliped (Fig. 5H, 1) prehensile, slender, almost 3.5 x as long as wide, seven-
segmented, composed of syncoxa, basis, and five-segmented endopod; syncoxa rhom-
boidal, approximately as long as wide, unornamented, with one element on proximal
endite and three on distal endite; basis slightly smaller than syncoxa, quadrate, unor-
namented, with two setae on only endite; first endopodal segment nearly as long as
syncoxa and basis combined, 1.6 x as long as wide, with row of long spinules along
swollen medial margin, and with two spiniform setae near distal medial corner; distal
part of endopod cylindrical, 0.7 x as long as basis, 2.4 x as long as wide, with armature
formula 0.0.1.3, second endopodal segment partly fused to first endopodal and last
segment half as long as any other; medial apical seta spiniform, 1.7 x as long as last four
endopodal segments, twice as long as central apical seta, and 1.4 x as long as setae on
first endopodal segment; other three endopodal setae slender.

Swimming legs (Figs 1A, 6A-E) large, composed of short praecoxa, rectangular
large coxa, triangular basis, three-segmented exopod, three-segmented endopod, and
coxae of opposite appendages connected with squarish intercoxal sclerite; coxae of all
legs with pore on anterior surface, row of spinules along lateral margin, and slender
seta on medial-distal corner; intercoxal sclerites unornamented, with nearly straight
distal margin; basis with slender lateral seta, anterior pore, row of long spinules along
convex medial margin, row of minute spinules at base of lateral seta, and strong medial
spine on first leg and short spiniform process instead on other legs; all exopodal seg-
ments with short spinules along lateral margin, and all endopodal segments with long
and slender spinules along lateral margin; second endopodal segment of first to third
leg with single anterior pore, third endopodal segment of first leg with two anterior
pores, and third endopodal segments of second to fourth leg with single anterior pore;
first and second exopodal segments with single lateral spine and single medial seta; first
endopodal segments of all legs and second endopodal segment of first leg with single
medial seta; second endopodal segments of second to fourth legs with two medial
setae; third endopodal segments seta formula 6.6.6.5; third exopodal segment seta
formula 4.5.5.5 and spine formula 4.4.4.3; third endopodal segment of fourth leg 1.7
x as long as wide and third exopodal segment of fourth leg ca. 1.5 x as long as wide; all
setae slender and all spines lanceolate.

Fifth leg (Figs 2B, 4A) small, two-segmented, with short intercoxal sclerite; first
segment (presumably basis)approximately as long as wide, with single lateral seta, sin-
gle anterior pore, several parallel rows of long spinules along convex medial margin,
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Figure 6. Cyclopina busanensis sp. nov., line drawings A—E holotype female F allotype male: A first swim-
ming leg B second swimming leg C third exopodal segment of third swimming leg D third endopodal seg-
ment of third swimming leg E fourth swimming leg F third endopodal segment of fourth swimming leg.

and distal row of minute spinules; second segment (presumably exopod) ca. 1.3 x as
long as first but much narrower, 1.6 x as long as wide, with spinules along both medial
and lateral slightly convex margins, apical central seta and two subapical spines; lateral
spine 1.2 x as long as exopod and 1.6 x as long as medial spine.
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Sixth leg (Fig. 2D) simple semi-circular flap, mostly fused to genital somite, ap-
proximately twice as wide as long, unornamented, with two dorsally directed setae;
lateral seta much stronger and nearly twice as long as medial seta.

Male (based on allotype). Body length 503 um. Urosome (Fig. 4B) slenderer than
in female, and second and third urosomites fully articulated; ornamentation as in fe-
male, except ventral pores on third and fourth urosomites more widely spaced.

Caudal rami (Fig. 4B) slightly shorter than in female, but armature and ornamen-
tation without significant differences.

Antennula (Fig. 5]) digeniculate, 15-segmented, with proximal geniculation be-
tween eighth and ninth and segments, and distal geniculation between thirteenth and
fourteenth segments; armature formula: 2.5.4.2.6.1.1.2.2.1+ae.2.1.2.1.11+ae; thir-
teenth and fourteenth segments with strong cuticular ridges along anterior (geniculat-
ing) surface; ninth, eleventh, twelfth, and thirteenth segments with short spiniform
seta each, all other setae slender and most also smooth.

Antenna, mandibula, maxillula, maxilla, maxilliped, and all four swimming legs
as in female. Third endopodal segment of fourth leg (Fig. 6F) ca. 1.5 x as long as wide.

Fifth leg (Fig. 4B) segmentation, ornamentation, and armature of proximal seg-
ment as in female; armature of distal segment with two slender medial setae in addition
to two spines and central apical seta as in female; lateral spine as long as distal segment
and ca. 1.8 x as long as medial spine.

Sixth leg (Fig. 4B) also simple semi-circular flap, but better articulated than in
female, with medial minute spine and two slender setae; lateral seta 1.7 x as long as
central seta and more than 5 x as long as spine.

Variability. Cuticular organs on the cephalothorax (Figs 1C-E, 3B, C) often exhib-
ited asymmetries in position and/or absence on one side and in different specimens, to the
point that a complete survey was probably impossible. Cuticular organs on free prosomites
showed fewer asymmetries in position (Fig. 3D) and rarely any absence, while those on
urosomites showed no variability in position or number (Figs 2D, 3E). There was no vari-
ability in the segmentation or armature formulae of appendages, and any variability in the
proportion of segments or armature elements could not be confidently discounted as re-
sulting from slight difference in position due to mounting of specimens and appendages.

Cyclopina koreana sp. nov.
http://zoobank.org/ 9ACBBC99-22DF-4150-8938-666F7099CC05
Figures 7-11, 17B

Type locality. South Korea, East Coast, Gangneung, small beach, intertidal sand,
37°47.824'N, 128°55.085'E.

Specimens examined. Holotype female dissected on one slide, collected from the
type locality, 29 March 2013, leg. T. Karanovic.

Paratypes: two males and one female dissected on one slide each; three males, two
females, and four copepodids in alcohol; one male and two females on one SEM stub
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Figure 7. Gyclopina koreana sp. nov., paratype female 1, SEM photographs, all in dorsal view A habitus
B second pedigerous somite € third pedigerous somite D first urosomite E genital double-somite and fourth

urosomite F anterior medial pore on genital double-somite G fifth and sixth urosomites H caudal ramus.
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(together with specimens of other three species described here; row no. 4); all collected
from the type locality, 29 March 2013, leg. T. Karanovic.

Etymology. The species name refers to South Korea. It is an adjective, agreeing in
gender with the feminine genus name.

Description. Female (based on holotype and three paratypes). Body length from
620 to 635 um. Colour of preserved specimens yellowish, nauplius eye not visible
(Fig. 17B). Integument on all somites (Figs 7, 8) smooth, with light bacterial cover,
cuticular pores on all somites, spinules only on genital somite and caudal rami, and
sensilla on all but penultimate somite; hyaline fringes of prosomites smooth, of uro-
somites serrated. Habitus (Fig. 7A) ca. 2.6 x as long as wide in dorsal view, with pro-
nounced distinction between prosome and urosome; prosome ovoid, ca. 1.5 x as long
as wide in dorsal view, nearly 1.4 x as long and 2.6 x as wide as urosome, its greatest
width at posterior end of first pedigerous somite; urosome nearly cylindrical, ca. 3 x
as long as wide, its greatest width at posterior end of fifth pedigerous somite (first uro-
somite). First pedigerous somite (Fig. 7A) not fused to cephalothorax, but its tergites
partly covered with posterior extensions of cephalothoracic shield as in C. busanensis.
Cephalothorax (Fig. 7A) broader in anterior part than in C. busanensis, ca. 1.2 x as
long as wide, and twice as long as free prosomites combined. Second to fourth free
prosomites (Figs 7A—C, 8F) progressively shorter and narrower towards posterior end,
and with fewer cuticular organs; not many prosomal cuticular organs clearly homolo-
gous to those in previous species (compare Figs 2A, 8F), except dorsal medial pores and
several posterior sensilla (Fig. 7B, C).

First urosomite (Figs 7D, 8G, 9A) short, slightly laterally expanded in posterior
part, with four dorsal sensilla and single dorsal medial pore.

Genital double-somite (Figs 7E, E 8G, 9A) ca. 0.9 x as long as wide in dorsal
view, laterally expanded anterior part only ca. 1.1 x as wide as posterior margin; sensilla
and pores as in C. busanensis. Copulatory pore, copulatory duct, seminal receptacles,
oviducts, and genital apertures as in C. busanensis, except first part of copulatory duct
slightly wider. Fourth urosomite (Figs 7E, 9A) ca. 0.6 x as long as genital double-
somite, with sensilla and pores as in C. busanensis. Fifth urosomite (Figs 7G, 8H, 9A)
0.7 x as long as fourth urosomite, with medial dorsal pore and one pair of widely spaced
ventral pores as in C. busanensis. Sixth urosomite (Figs 7G, 8H, 9A) 1.2 x as long as
fifth urosomite, with one pair of dorsal sensilla, two pairs of dorsal pores, and single
pair of ventral pores; no spinules on fringes of anal sinus; anal operculum smooth,
short, broad, slightly convex, situated in first third, represents 62% of somite’s width.

Caudal rami (Figs 7H, 8H, 9A) cylindrical, ca. 3.5 x as long as wide and 1.5 x as
long as anal somite, very widely spaced on anal somite, diverging posteriorly; armed
as in C. busanensis; ornamented with single sensilla near proximal lateral seta, row of
small spinules at base of proximal lateral seta, and posterior ventral row of spinules.
Proximal lateral seta inserted at ca. two fifths of ramus’ length; medial terminal seta
nearly 0.9 x as long as caudal ramus, 1.6 x as long as lateral terminal seta, 0.8 x as long
as dorsal seta, and 2.3 x as long as proximal lateral seta.
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Figure 8. Gyclopina koreana sp. nov., SEM photographs A-E paratype male 1, ventral view F-H para-
type female 2, lateral view: A habitus B distal part of antennula € fourth swimming leg D fourth and fifth
urosomites E sixth urosomite F tergite of fourth pedigerous somite G anterior part of urosomite, with
fifth and sixth legs H fifth and sixth urosomites.
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Figure 9. Gyclopina koreana sp. nov., line drawings A holotype female, urosome, ventral view B holotype
female, antennula C allotype male, urosome, ventral view.
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Antennula (Fig. 9B) segmentation and most armature as in C. busanensis, but prox-
imal half stouter and distal half slenderer; armature formula 3.6.8.4.5.6.4.2.2.7 +ae;
apical aesthetasc significantly shorter than in C. busanensis and fifth segment with two
short setae; sixth segment longest, ca. 3 x as long as wide, and nearly 0.9 x as long as
subsequent four segments combined; tenth segment nearly twice as long as wide.

Antenna (Fig. 10A) as in C. busanensis, but another small exopodal seta present
and second endopodal segment slightly longer.

Mandibula (Fig. 10B) as in C. busanensis, except second endopodal segment with
six setae, apical setae on fourth exopodal segment of markedly different lengths (outer
one twice as long as inner one), and additional row of minute spinules at base of uni-
cuspid teeth.

Maxillula (Fig. 10C) segmentation and armature formula as in C. busanensis, but
only one minute seta on praecoxal arthrite smooth, one seta on endopod markedly
shorter than other endopodal setae, and both endopod and exopod slightly slenderer.

Maxilla (Fig. 10D) as in C. busanensis, but with only three setae on proximal syn-
coxal endite, proximal basal endite less mobile and with one seta minute, endopodal
claw smooth, and endopod four-segment.

Maxilliped (Fig. 10E) segmentation and armature formula as in C. busanensis, but
with longer syncoxa, shorter first endopodal segment, and two long setae on ultimate
endopodal segment.

Swimming legs (Fig. 10A-E) shape, segmentation, and ornamentation as in C. bu-
sanensis; armature formula as in C. busanensis, except third exopodal segment of fourth
leg with only four setae; all spines lanceolate; three setae on endopod of fourth leg also
lanceolate, other setae slender; third endopodal segments seta formula 6.6.6.5; third
exopodal segment seta formula 4.5.5.4 and spine formula 4.4.4.3; third endopodal
segment of fourth leg 1.7 x as long as wide and third exopodal segment of fourth leg
ca. 1.6 x as long as wide.

Fifth leg (Fig. 8A, G) shape, segmentation, armature formula, and ornamentation
as in C. busanensis, but first segment slightly shorter (ca. 0.6 x as long as wide) and
lateral spine on second segment also proportionately shorter (approximately as long as
second segment and 1.3 x as long as medial spine).

Sixth leg (Fig. 8G) as in C. busanensis.

Male (based on allotype and two other paratypes). Body length from 440 to
500 pm. Habitus (Fig. 8A) similar to female, but slenderer. Urosome (Figs 8D, E, 9C)
also slenderer than in female, and second and third urosomites fully articulated as in
C. busanensis; ornamentation as in female.

Caudal rami (Fig. 9C) slightly less widely spaced than in female, but armature and
ornamentation without significant differences (perhaps dorsal seta somewhat shorter).

Antennula (Figs 8B, 11F) shape, geniculation, segmentation, ornamentation, and
almost all armature as in C. busanensis, but fifth segment with traces of additional
segmentation, both aesthetascs longer, and tenth segment with additional short seta
(armature formula therefore: 2.5.4.2.6.1.1.2.2.2+ae.2.1.2.1.11+ae).
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Figure 10. Gyclopina koreana sp. nov., line drawings, holotype female A antenna B mandibula € maxil-
lula D maxilla E maxilliped.
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Figure 1. Cyclopina koreana sp. nov., line drawings A—E holotype female F-H allotype male: A third
endopodal segment of first swimming leg B third exopodal segment of first swimming leg C third ex-
opodal segment of second swimming leg D third endopodal segment of second swimming leg E fourth
swimming leg F antennula G third endopodal segment of fourth swimming leg H third exopodal segment

of fourth swimming leg.



Four new Cyclopina from South Korea 81

Antenna, mandibula, maxillula, maxilla, maxilliped, and all four swimming legs
(Fig. 8A, C) as in female. Third endopodal segment of fourth leg (Fig. 11G) ca. 1.6 x
as long as wide, with proximal medial seta lanceolate along both sides; third exopodal
segment (Fig. 11H) with only four setae as in female, ca. 1.6 x as long as wide.

Fifth leg (Fig. 9C) segmentation, ornamentation, and armature formula as in
C. busanensis, i.e., with two medial setae on second segment; proximal segment as in fe-
male; lateral spine ca. 0.7 x as long as second segment and 1.1 x as long as medial spine.

Sixth leg (Fig. 9C) as in C. busanensis, but broader and without minute medial
spine; lateral seta 1.5 x as long as medial seta.

Variability. Except for small differences in body size no other forms of variability
were observed, but some specimens were damaged (e.g., with some setae broken off;
see Fig. 7H) so comparisons were somewhat limited.

Cyclopina curtijeju sp. nov.
http://zoobank.org/D1D520C8-2BC3-4A0B-BO0C-A9BBC730D4A8
Figures 11, 12, 17C

Type locality. South Korea, South Coast, Jeju Island, Gwangchigi Beach near Seong-
san Sunrise Peak, 33°27.122'N, 126°55.481'E.

Specimens examined. Holotype female dissected on one slide, collected from the
type locality, 14 April 2014, leg. T. Karanovic. Paratype female on an SEM stub (to-
gether with specimens of other three species described here; row no. 3), collected from
the type locality, 14 April 2014, leg. T. Karanovic.

Etymology. The species name is composed of the Latin adjective curtus (= short),
referring to its short caudal rami, and the name of the type locality (Jeju). It should be
treated as a noun (gender feminine) in apposition to the generic name.

Description. Female (based on holotype and one paratype). Body length 400 pm.
Colour (Fig. 17C), nauplius eye, body segmentation, integument on somites (Fig. 12),
and general habitus as in C. busanensis, except for different sensilla and pores pattern
on prosomites (Fig. 12A-D) and hyaline fringes of urosomites (except anal somite)
rather wavy than serrated (Fig. 12F-H). Prosome ca. 1.4 x as long as urosome.

Genital double-somite (Fig. 12E, F) as in C. busanensis, except with two addi-
tional dorsolateral pair of pores, one additional ventrolateral pair of pores, posterior
lateral pore almost at same level as posterior lateral sensillum (instead of being anterior
to posterior lateral sensillum), and sensillum instead of large pore at dorsal end of
lateral row of spinules. Genital field not clearly observed because of mounting, but in
lateral view seems very similar to that in C. busanensis. Fourth urosomite (Fig. 12G) as
in C. busanensis, except with one additional pair of dorsal pores in anterior half. Fifth
urosomite (Fig. 12G) and sixth urosomite (Fig. 12H) as in C. busanensis.

Caudal rami (Fig. 12A, H) cylindrical, ca. 1.3 x as long as wide, 1.2 x as long as
anal somite, narrowly spaced on anal somite, parallel; ornamented as in C. busanensis;
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Figure 12. Gyclopina curtijeju sp. nov., paratype female, SEM photographs, all in lateral view A anterior
part of cephalothoracic shield B posterio-lateral corner of cephalothoracic shield € tergite of second
pedigerous somite D tergites of third and fourth pedigerous somites E genital double-somite F sixth leg
G fourth and fifth urosomites H sixth urosomite and caudal rami.
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Figure 13. Gyclopina curtijeju sp. nov., holotype female, line drawings A caudal ramus, lateral view
B distal part of antennula, without armature € coxa of mandibula D endopod of maxillula E endopod of
maxilla F endopod of maxilliped G third exopodal segment of first swimming leg H third endopodal seg-
ment of first swimming leg I basis and endopod of second swimming leg ] fourth swimming leg K fifth leg.
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most armature broken off; dorsal seta nearly 3 x as long as ramus; proximal lateral seta
inserted at approximately midlength of ramus.

Antennula (Fig. 13B) 11-segmented, but all armature as in C. koreana; armature
formula 3.6.8.4.5.6.2.2.2.2.7+ae; sixth segment ca. 2.7 x as long as wide, nearly 0.9
x as long as subsequent five segments combined; tenth segment 1.5 x as long as wide.

Antenna and mandibula (Fig. 13C) shape, segmentation, armature, and orna-
mentation as in C. koreana.

Maxillula (Fig. 13D) also as in C. koreana, except endopod slightly slenderer.

Maxilla (Fig. 13E) with only two setae on second endopodal segment; everything
else as in C. koreana.

Maxilliped (Fig. 13F) generally as in C. koreana, except first endopodal segment
slightly slenderer, seta on fourth endopodal segment shorter, large setae on fifth en-
dopodal segment stronger, and slender seta on fifth endopodal segment shorter.

Swimming legs (Fig. 13G-]) shape, segmentation, armature formula, and most
ornamentation as in C. busanensis; fourth leg (Fig. 13]) with three setac on endopod
lanceolate as in C. koreana, five setae on third exopodal segment as in C. busanensis,
but unlike these species with two parallel posterior rows of spinules on intercoxal
sclerite and with posterior row of spinules on basis; third endopodal segment of
fourth leg 1.6 x as long as wide and third exopodal segment of fourth leg ca. 1.5 x
as long as wide.

Fifth leg (Fig. 13K) shape, segmentation, and armature formula as in C. busanen-
sis, but first segment without inner spinules and second segment slightly longer (1.5 x
as long as first segment and 1.9 x as long as wide); lateral spine ca. 1.3 x as long as
second segment and nearly 1.8 x as long as medial spine.

Sixth leg (Fig. 12F) as in C. busanensis.

Male unknown.

Variability. Only two females were examined, both partly damaged, one in detail
with a light microscope (holotype), and the other with a scanning electron microscope
(paratype), so variability could not be properly assessed. However, the paratype female
was also beforehand examined with a light microscope (although without dissection)
and no variability was observed in the most important diagnostic characters (caudal
rami length, antennula segmentation, swimming legs armature, or fifth leg propor-
tions); mouth appendages could not be examined without dissection.

Cyclopina wido sp. nov.
http://zoobank.org/06FD35E8-BD0D-4592-BAE3-717CEB70AF9C
Figures 14-16, 17D

Type locality. South Korea, West Coast, Wido Island, small beach, intertidal sand,
35°35.089'N, 126°15.196'E.

Specimens examined. Holotype ovigerous female dissected on one slide, collected
from the type locality, 12 April 2013, leg. T. Karanovic.
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Figure 14. Gyclopina wido sp. nov., paratype female 1, SEM photographs, all in dorsal view A posterior
part of cephalothorax B first and second pedigerous somites € third and fourth pedigerous somites D first
urosomite E sixth leg F posterior part of genital double-somite and fourth urosomite G hyaline fringe of

fifth urosomite and sixth urosomite H caudal rami.
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Paratypes: one male (allotype) dissected on one slide; one female on one SEM
stub (together with specimens of other three species described here; row no. 1); both
collected from the type locality, 12 April 2013, leg. T. Karanovic.

Etymology. The species name refers to its type locality (Wido). It should be treated
as a noun (gender feminine) in apposition to the generic name.

Description. Female (based on holotype and one paratype). Body length of
holotype 327 pm, that of paratype 323 pm. Colour of preserved specimens yellow-
ish, nauplius eye not visible (Fig. 17D). Integument on all somites (Fig. 14) smooth,
with moderate bacterial cover, cuticular pores on all somites, spinules only on genital
somite and caudal rami, and sensilla on all but penultimate somite; hyaline fringes of
prosomites smooth, of urosomites serrated. Habitus ca. 2.6 x as long as wide in dorsal
view, with pronounced distinction between prosome and urosome; prosome ovoid but
with more flared posterior end than in C. busanensis, ca. 1.6 x as long as wide in dorsal
view, nearly 1.6 x as long and 2.7 x as wide as urosome, its greatest width at posterior
end of first pedigerous somite; urosome nearly cylindrical, ca. 3 x as long as wide, its
greatest width at posterior end of fifth pedigerous somite (first urosomite). First pe-
digerous somite (Fig. 14B) not fused to cephalothorax, but its tergites largely covered
with posterior extensions of cephalothoracic shield. Cephalothorax (Fig. 14A) shape
as in C. busanensis, nearly conical, approximately as long as wide, and 1.2 x as long as
free prosomites combined; however, cuticular sensilla and pores pattern unique. Sec-
ond to fourth free prosomites (Fig. 14B, C) progressively shorter and narrower towards
posterior end, and with fewer cuticular organs; not many prosomal cuticular organs
obviously homologous to those in previous species, except perhaps dorsal medial pores
and several posterior sensilla.

First urosomite (Fig. 14D) as in C. busanensis and C. koreana, short, slightly lateral-
ly expanded in posterior part, with two pairs of dorsal sensilla, single dorsal medial pore,
one pair of dorsolateral pores, and one pair of ventrolateral pores (at base of fifth legs).

Genital double-somite (Figs 14E, 15A) as in C. busanensis, except ventral poste-
rior pores slightly closer to ventral posterior sensilla, pair of small lateral anterior pores
closer to sixth leg, somite ca. 1.1 x as long as wide, and laterally expanded anterior
part nearly 1.4 x as wide as posterior margin. Copulatory pore, copulatory duct, semi-
nal receptacles, oviducts, and genital apertures as in C. busanensis. Fourth urosomite
(Figs 14F, 15A) ca. half as long as genital double-somite, with sensilla and pores as in
C. busanensis. Fifth urosomite (Figs 14G, 15A) almost as long as fourth urosomite,
with medial dorsal pore and one pair of widely spaced ventral pores as in C. busanensis,
but dorsal hyaline fringe coarsely serrated and expanded posteriorly almost as pseudo-
operculum (completely covering anal operculum). Sixth urosomite (Figs 14G, 15A)
0.85 x as long as fifth urosomite, with one pair of dorsal sensilla, two pairs of dorsal
pores, and single pair of ventral pores; no spinules on fringes of narrow anal sinus; anal
operculum smooth, very short, narrow, slightly concave, situated in first fourth, repre-
sents approximately 40% of somite’s width.

Caudal rami (Figs 14H, 7H, 8H, 9A) robust, cylindrical, ca. 2.3 x as long as wide
and 1.4 x as long as anal somite, very narrowly spaced on anal somite, nearly parallel;
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Figure 15. Cyclopina wido sp. nov., line drawings A, B holotype female C, D allotype male: A urosome
without first urosomal somite, ventral view B antennula € urosome, ventral view D penultimate and

ultimate segments of antennula.

armed with six setae as in C. busanensis; ornamented with single pore near proximal
lateral seta, row of small spinules at base of proximal lateral seta, posterior ventral row
of spinules, and short diagonal dorsomedial row of large spinules in anterior half.
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Proximal lateral seta inserted at ca. two fifths of ramus’ length; medial terminal seta
only ca. 0.6 x as long as caudal ramus, 1.2 x as long as lateral terminal seta, 0.6 x as
long as dorsal seta, and 1.6 x as long as proximal lateral seta.

Antennula (Fig. 15B) 10-segmented, very stout, nearly cylindrical (proximal part
only slightly wider than distal part); armature formula 3.5.5.4.4.6.3.3.2.7 +ae; apical
aesthetasc significantly shorter than in C. busanensis and fifth segment with two short
setae, as in C. koreana; sixth segment longest, ca. 1.5 x as long as wide, and 0.6 x as
long as subsequent four segments combined; tenth segment ca. 1.3 x as long as wide.

Antenna (Fig. 16A) shape, segmentation, most ornamentation, and most armature
asin C. koreana, but no exopodal setae and inner-distal seta on basis significantly shorter.

Mandibula (Fig. 16B) as in C. koreana, except cutting edge somewhat narrower,
basis slenderer, exopod stouter, setae on fourth exopodal segment of equal length, and
no spinules at base of unicuspid teeth.

Maxillula (Fig. 16C) as in C. koreana, except endopod shorter and with only six
setae, as well as setae on distal basal endite of equal length.

Maxilla (Fig. 16D) as in C. curtijeju, i.e., with only two setae on second endopo-
dal segment.

Maxilliped (Fig. 16E) as in C. koreana, except apical setae slightly shorter.

Swimming legs (Fig. 16F-I) shape, most segmentation, most ornamentation, and
most armature as in C. busanensis, except endopod of first leg two-segmented and with
one less seta, as well as second endopodal segments of second to fourth legs with single
medial seta; all spines lanceolate and all setae slender; third exopodal segment seta for-
mula 4.5.5.5 and spine formula 4.4.4.3; third endopodal segment of fourth leg 1.3 x
as long as wide and third exopodal segment of fourth leg only ca. 1.1 x as long as wide.

Fifth leg (Fig. 16]) shape, segmentation, armature formula, and ornamentation as
in C. koreana, but second segment longer and lateral spine shorter than medial; second
segment ca. 1.9 x as long as first segment and ca. 1.7 x as long as wide; lateral spine ca.
0.5 x as long as second segment and 0.7 x as long as medial spine.

Sixth leg (Fig. 14E) as in C. busanensis.

Male (based on allotype). Body length 305 um. Habitus similar to female, but
slightly slenderer. Urosome (Fig. 15C) also slenderer than in female, and second and
third urosomites fully articulated as in C. busanensis; ornamentation as in female.

Caudal rami (Fig. 15C) slightly shorter and slenderer than in female, but arma-
ture and ornamentation without significant differences.

Antennula (Fig. 15D) geniculation, segmentation, ornamentation, and all arma-
ture as in C. koreana, but all segments shorter.

Antenna, mandibula, maxillula, maxilla, maxilliped, and all four swimming
legs (Fig. 16K-M) as in female. Endopod of first leg (Fig. 16K) also two-segmented,
with only seven setae; third endopodal segment of fourth leg (Fig. 16L) nearly 1.4 x as
long as wide; third exopodal segment of fourth leg (Fig. 16M) ca. 1.2 x as long as wide.

Fifth leg (Fig. 15C) segmentation, ornamentation, and armature formula as in
C. busanensis, except second segment more rounded and lateral spine shorter; second
segment twice as long as first segment and 1.5 x as long as wide; lateral spine ca. 0.6 x
as long as distal segment and 0.9 x as long as medial spine.
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Figure 16. Cyclopina wido sp. nov., line drawings A=J holotype female K-M allotype male: A antenna,
without apical armature B mandibula € maxillular palp D endopod of maxilla E last four endopodal
segments of maxilliped F first swimming leg G third exopodal segment of second swimming leg H endo-
pod of second swimming leg I fourth swimming leg J fifth leg K endopod of first swimming leg L third
endopodal segment of fourth swimming leg M third exopodal segment of fourth swimming leg.

Sixth leg (Fig. 15C) without medial spine as in C. koreana; lateral seta 1.4 x as long
as medial seta.

Variability. Only one male and two females were examined, so variability could
not be properly assessed. One female was examined in detail with a light microscope
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Figure 17. Light photographs of four new species (not to scale) A Cyclopina busanensis sp. nov., four
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females (two ovigerous) B Cyclopina koreana sp. nov., three females and four males € Cyclopina curtijeju

sp. nov., two females D Cyclopina wido sp. nov., two females (one ovigerous) and one male.

(holotype), and the other with a scanning electron microscope (paratype). However,
the paratype female was also beforehand examined with a light microscope (although
without dissection) and no variability was observed in the most important diagnostic
characters (caudal rami length, antennula segmentation, swimming legs segmentation
and armature, or fifth leg proportions); mouth appendages could not be examined
without dissection. Male characters that are not sexually dimorphic show only minute
differences from female characters in proportions of somites, segments, or armature.

Discussion

Four new species from South Korea share a number of characters that are considered im-
portant in cyclopoid taxonomy and systematics, such as free first pedigerous prosomite,
extended postero-lateral corners of the cephalothoracic shield, T-shaped copulatory
duct and ovoid seminal receptacles on the completely fused genital double-somite,
very short anal operculum, relatively short caudal rami armed with only six setae, short
female antennula (10- or 11-segmented) with longest sixth segment, four-segment-
ed antenna with armature formula of the last three segments 1/4/7, four-segmented
mandibular exopod with armature formula 1/1/1/2, one-segmented maxillular exopod
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armed with four setae, maxillipedal armature formula 4/2/2/0/0/1/3, three-segmented
exopods of all swimming legs with spine formula of the third segments 4/4/4/3, three-
segmented endopods of second to fourth legs with seta formula of the third segments
6/6/5, two-segmented female fifth leg with two spines and central seta on the second
segment, and male fifth legs (in three species with known males) with two additional
medial setae on the second segment. All of these characters are within the currently
recognised boundaries of the genus Cyclopina (see Lotufo 1994; Gémez and Martinez
Arbizu 2004; Karanovic 2008). However, the four South Korean congeners can easily
be distinguished from each other by a multitude of features, including size, caudal rami
shape, proportions of caudal setae, proportions of ultimate endopodal and exopodal
segments on the fourth leg, proportions of segments and armature on the fifth leg, and
cuticular sensilla and pores pattern on prosomites and some urosomites. Other dis-
tinguishing characters include: space between caudal rami (less than the width of one
ramus in C. busanensis, C. curtijeju, and C. wido; more than the width of one ramus in
C. koreana ), antennula segmentation (10-segmented in C. busanensis, C. koreana, and
C. wido; 11-segmented in C. curtijeju), number of exopodal setae on the antenna (one
in C. busanensis, two in C. koreana and C. curtijeju, and none in C. wido), number of
setac on the mandibular endopod (five in C. busanensis, six in other species), number
of setae on the second endopodal segment of maxilla (four in C. busanensis and C. kore-
ana, two in C. curtijeju and C. wido), number of long setae on the ultimate segment of
maxilliped (one in C. busanensis, two in other species), first leg endopod segmentation
(two-segmented in C. wido, three-segmented in other species), number of setae on the
first leg endopod (seven in C. widb, eight in other species), number of setae on the sec-
ond endopodal segment of second to fourth legs (one in C. wido, two in other species),
number of setae on the third exopodal segment of fourth leg (four in C. koreana, five
in other species), and nature of setae on the second endopodal segment of fourth leg
(plumose in C. busanensis and C. wido, lanceolate in C. koreana and C. curtijeju). Other
smaller differences are highlighted in their comparative descriptions above. It should
be clear from the presented distribution of character states among the four species that
there are no clear sister-species pairs here. The only thing about their phylogenetic re-
lationships that can be concluded from morphological characters is that C. wido stands
apart from the other three species by a number of reductions in segmentation and
armature, which are perhaps related to its diminutive size.

Cuticular organs (sensilla and pores) on somites certainly show some differences
between the four new South Korean species described here, but some of these rarely
studied micro-characters could easily be homologised (especially on urosomites) and
showed little intraspecific variability. This could be invaluable in future studies trying
to match opposite sexes, especially because numerous Cyclopina species are known after
only one sex (Karanovic 2008). It might also be useful in reconstructing difficult phy-
logenetic relationships among cyclopinids at large, as was shown for some harpacticoid
copepods (Karanovic and Kim 2014b).

Cyclopina busanensis is probably most similar to the Japanese C. kiraensis Horomi,
1984, described from the Pacific Coast of Honshu (Hiromi 1984) and later reported
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from the same island, but from the Sea of Japan (Ueda et al. 2001). However, the
Japanese species can easily be distinguished from its South Korean congener by slightly
shorter caudal rami and ultimate endopodal and exopodal segments of the fourth leg,
as well as by the presence of lanceolate setae on the fourth leg endopod and modified
apical seta on the mandibular exopod. Both share many morphological details with a
large group of species around the widely distributed C. gracilis Claus, 1863 (which is
the type species of the genus) and the Mediterranean C. esilis Brian, 1928 (see Claus
1863; Sars 1913; Brian 1928; Steuer 1940; Lang 1946; Herbst 1964; Pallares 1968;
Monchenko 1979; Wells and McKenzie 1973; Jaume and Boxshall 1996), but can
be distinguished by at least some details in the proportion of certain segments and
armature (Table 1). It should be noted that this whole complex is in need of revi-
sion, with intraspecific variability between some highly disjunct populations some-
times exceeding interspecific variability. For example, specimens redescribed as C. esilis
from the Black Sea by Monchenko (1979) almost certainly represent a different species
from those redescribed from Mallorca by Jaume and Boxshall (1996). Discrepancies
in body size and caudal rami shape in some Mallorcan specimens reported by Jaume
and Boxshall (1996) could indicate further sympatric cryptic species, as recently dem-
onstrated using molecular tools for several groups of copepods (Karanovic and Cooper
2012; Karanovic et al. 2016). However, Jaume and Boxshall (1996) were probably well
justified in synonymising with C. esilis specimens from France that were tentatively
reported by Herbst (1953) as C. kieferi Schéfer, 1936. Problems surrounding distribu-
tion and variability of C. gracilis are of similar nature: while Sars (1913) stated that the
male fifth leg is exactly the same as in the female in a population from Norway, Herbst
(1964) illustrated a male fifth leg with one additional medial seta in a population from
the Red Sea, and Pallares (1968) redescribed a population from Argentina that cannot
possibly be conspecific with these two.

Cyclopina koreana is easily distinguishable from most congeners by its slender and
widely spaced caudal rami, as well as by only four setae on the third exopodal segment
of fourth leg. Only C. adelphae Karanovic, 2008 has somewhat similar caudal rami,
but this Australian species has a completely different armature formula of the anten-
nula, antenna, and swimming legs, as well as a more bulbous copulatory duct and
slenderer fifth leg. Four setae on the third exopodal segment of fourth leg is a character
so far reported only for three other congeners (see Table 1): C. caroli Lotufo, 1994
from Brazil; C. parapsammophila Monchenko, 1981 from the Black Sea; and C. psam-
mophila Steuer, 1940 from the Mediterranean and Red Sea (see Steuer 1940; Herbst,
1964; Monchenko 1981; Lotufo 1994). All three, however, have very short caudal
rami, and the latter two also have four setae on the third exopodal segment of third leg.
Note that Lotufo (1994) stated in his description that C. caroli has five setae on the
third exopodal segment of the fourth leg, but his fig. 13 clearly shows four and he did
not mention this character as variable.

Including C. curtijeju, there are currently only seven species of Cyclopina with cau-
dal rami that are less than 1.5 x as long as wide (Table 1). Among them the new South
Korean species is the only one with an 11-segmented antennula. In fact, they all differ
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Table I. List of selected character states for valid species and subspecies of the genus Cyclopina Claus,
1963. Abbreviations used: ?, unknown; +, present; —, absent; A, anterior; Al, antennula; A2, antenna;
AnSo, anal somite; Bp, basis; Cr, caudal ramus; Enp, endopod; Exp, exopod; L, length; Md, mandibula;
Mxl, maxillula; Mxp, maxilliped; P, posterior; P1, first leg; P4, fourth leg; P5, fifth leg; PG, sixth leg; W,

width. See text for more details.
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Cr, LIW
Cr /AnSo
medial seta/Cr

Cr, medial/dist. lateral seta

Cr, medial/dorsal seta

Cr, prox. lat. seta position
Cr, space between rami

Female A1, segmentation

A2, no. of exopodal setae

A2Bp, no. of medial setae

A2Enp2, no. of setae

MdEnp, armature formula

MxIEnp, no. of setae

MxpEnp, armature formula

P1Enp, no. of segments

P1Enp, no. of setae

P4Exp3, LIW

P4Exp3, no of setae

P4Enp3, L/W

P4Enp, lanceolate setae

D5, Exp/Bp

P5Exp, L/W

D5, lateral spine/Exp
— | P5Exp, lateral/medial spine

v | Male P5, no. of medial setae

Male P6, medial spine
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markedly in so many morphological details that it is probably safe to assume that short
caudal rami originated convergently in this genus a number of x. A further 12 species
have caudal rami that are between 1.5 and 1.9 x as long as wide (Table 1). Among
them, only two have an 11-segmented antennula, both of them Australian endemics:
C. amita Karanovic, 2008 and C. soror Karanovic, 2008. However, they both have no
lanceolate setae on the fourth leg endopod, and have only six setaec on the maxillular
endopod (vs. seven in C. curtijeju) and four setae on the second segment of mandibu-
lar endopod (vs. six in C. curtijeju); additionally, C. amita has a different maxillipedal
armature formula, while the fifth leg in C. soror has the medial spine longer than lateral
spine (Karanovic 2008). Most of the other 12 species with relatively short caudal rami
have a 10-segmented antennula, except the Brazilian C. caissara Lotufo, 1994 and the
Scandinavian C. schneideri Scott T., 1903, which both have a 12-segmented antennula
(see Scott T. 1903; Sars 1913; Lotufo 1994). Note that both Sars (1921) and Gurney
(1927) considered C. brevifurca Sars, 1913 a subjective junior synonym of C. schnei-
deri, presumably because both species were described from Norway and Sars (1913)
was not aware of Scott’s (1903) paper, but morphological differences between them are
significant enough to consider them as separate species (Table 1). For two Cyclopina
species with short caudal rami we dont know the segmentation of female antennula:
C. kieferi Schifer, 1936 and C. smirnovi Herbst, 1982. The former is presumably wide-
ly distributed in Europe (see Schifer 1936; Steuer 1940; Petkovski 1955) and differs
from C. curtijeju by antennal armature and proportions of the fifth leg. The latter was
proposed as a new name by Herbst (1982) for a single male from Vladivostok, origi-
nally identified by Smirnov (1935) as C. brachystylis Sars, 1921 and illustrated by two
simple drawings. This species could be closely related to C. curtijeju, but the lack of
information on C. smirnovi and the fact that only females were found for the South
Korean new species preclude further discussion.

Cyclopina wido has a completely unique swimming legs armature formula in the
genus. It shares its two-segmented endopod of the first leg with only four congeners:
C. arenosa Lotufo, 1994 from Brazil; C. pontica Monchenko, 1977 from the Black Sea;
C. sinaitica (Por, 1979) from the Red Sea; and C. yutimaete Lotufo, 1994 from Brazil.
All these species, however, have two setae on the second endopodal segment of second
to fourth legs and differ from C. wido in many additional morphological characters
(see Monchenko 1977; Por 1979; Lotufo 1994; Table 1). There could be very little
doubt that the two-segmented condition evolved in this group convergently. This is
further supported by the fact that a two-segmented endopod of the first leg could be
found in several unrelated cyclopinid genera (see Herbst 1952, 1964; Krishnaswamy
1957; Plesa 1961; Rao and Ganapati 1969; Herbst 1974; Lotufo and Rocha 1991),
and was also once reported as intraspecific variability (Ivanenko and Defaye 2004).

Several problems illustrated above should make it obvious that the genus Cyclopi-
na is in need of revision. Unfortunately, as already mentioned by several researchers
(Jaume and Boxshall 1996; Ivanenko and Defaye 2004; Karanovic 2008), incomplete
descriptions of many species and a lack of one sex in some make this task impossible.
To help facilitate further studies in this genus a list of characters is provided below for
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48 species and subspecies currently considered as valid (Table 1). It does not include
the Chinese C. heterospina Shen & Bai, 1956, which appears to have an 18-segmented
antennula without elongated sixth segment and a fifth leg exopod with only two ele-
ments (see Shen and Bai 1956). This is obviously a completely different genus, but so
many morphological details are missing from the species description that it is impos-
sible to postulate phylogenetic relationships with the existing cyclopinid genera. On
the other hand, very detailed descriptions and illustrations (including SEM photo-
graphs) of the Mexican Mexiclopina campechana Sudrez-Morales & Almeyda-Artigas,
2015 leave very little double that this is a member of Cyclopina in its current (broad)
definition, which could be already guessed from a very comprehensive comparison
Sudrez-Morales and Almeyda-Artigas (2015) provided with C. esi/is Brian, 1938 and
C. kieferi Schifer, 1936. Therefore, it is included in Table 1 as Cyclopina campechana
(Sudrez-Morales & Almeyda-Artigas, 2015) comb. nov. Characters and measurements
in this table were scored from original descriptions but also from subsequent redescrip-
tions. Reported variability and/or asymmetries for discrete characters (such as arma-
ture formulae) are included in brackets, while those for continuous characters (such
as various proportions) were averaged and rounded to the first decimal. The latter are,
of course, approximate, which is one of the reasons they should be taken with caution
and not used to construct keys to species. In addition to original species descriptions,
which are automatically included in the reference list below, and papers already men-
tioned above, the following publications were consulted for species listed in Table 1:
C. brevifurca Sars, 1913 (see also Lang 1946); C. caissara Lotufo, 1994 (see also Gémez
& Martinez Arbizu 2004); C. ensifera Grandori, 1926 (see also Brian 1928; Petkovski
1955); C. mediterranea Steuer, 1940 (see also Petkovski 1955; Lotufo 1994); C. nor-
vegica Boeck, 1865 (see also Sars 1921; Lang 1946); and C. steueri Friichtl, 1923 (see
also Herbst 1955; Plesa 1963; Monchenko 1976). Armature formula for the maxil-
lipedal endopod is given for the last four segments only. Unfortunately, state of the
terminal seta on tip of the exopod of mandibular palp is unknown in most Cyclopina
species, and therefore is not included in the table. However, there is no doubt that the
state of this character would be very important in any phylogenetic analysis; this seta
is modified (umbrella-like) in C. esilis (see Jaume and Boxshall 1996), as well as in
C. gracilis and probably several other congeners (D. Jaume, pers. comm. July 2020).
All South Korean new species, as well as all Australian species (Karanovic 2008), have
this seta unmodified, so any revision of this genus will have to test the significance of
this morphological character using molecular tools.
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Abstract

Seven new species of the subfamily Neanurinae from north-western Iran are described and illustrated in
detail. Endonura agnieskae sp. nov. differs from the most similar congener, E. reticulata (Axelson, 1905),
in chaetotaxic details and the arrangement of tubercles on the dorsal side of the body. Endonura annae
sp. nov. can be easily recognised by its wide labrum, the absence of chaetae C on the head and the pres-
ence of a toothed claw. Endonura schwendingeri sp. nov. is especially distinctive due to the absence of
chaetae A and Ocp on the head and the presence of the male ventral organ. Deutonura breviseta sp. nov.
is related and most similar to D. persica Smolis, Shayanmehr & Yoosefi-Lafooraki, 2018, described re-
cently and known from Mazandran Province in Iran. The new species can be easily distinguished by the
following set of features: dark pigmented body, presence of chaetaec C and DI3 on the head, absence of
microchaetae on the furca rudimentary, presence of thickened macrochaetae on dorsal side of body and
absence of cryptopygy. The main characteristics of Deutonura sengleti sp. nov. include a white body with
dark pigmented eyes, the fusion of tubercles Di and De on the first thoracic segment and the presence
of the male ventral organ. Deutonura iranica sp. nov. is superficially similar to D. gibbosa Porco, Bedos
& Deharveng, 2010, a species known from the Alps and Jura in Europe, but it differs in the body colour
and the number of labial chaetae and chaetae (L+So) on the head. Paravietnura rostrata sp. nov., the
first member of this enigmatic and intriguing genus known from Iran, is characterised by an unusually
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elongate ogival labrum and extreme reduction of dorsal chaetotaxy. Furthermore, new records of several
other species of the subfamily: Cryptonura maxima Smolis, Falahati & Skarzyriski, 2012; C. persica Smolis,
Falahati & Skarzyiiski, 2012; Deutonura persica; Endonura longirostris Smolis, Shayanmehr, Kuznetsova &
Yoosefi-Lafooraki, 2017; E. paracentaurea Smolis, Shayanmehr, Kuznetsova & Yoosefi-Lafooraki, 2017;
Neanura deharvengi Smolis, Shayanmehr & Yoosefi-Lafooraki, 2018; N. muscorum (Templeton, 1835)
and Protanura papillata Cassagnau & Delamare Deboutteville, 1955 are given. The present study is based
on the rich material collected by Antoine Senglet and loaned by Peter J. Schwendinger.

Keywords

Asia, new records, springtails, taxonomy, western Palearctic

Introduction

Springtails, classified within the subfamily Neanurinae, differ significantly in terms of
morphology and behaviour from other Collembola. First of all, they have completely
lost the furcula and their movement may be defined as exceptionally slow compared
to the majority of springtails. Another noticeable difference between them and the
majority of other Collembola is the covering of the dorsal and lateral sides of the body
by spherical structures naming tubercles, which make them resemble a mulberry. In
addition, chaetae covering Neanurinae body are usually strongly developed, elongated
and considerably widened, as well as covered with numerous teeth (Deharveng 1983;
Smolis 2008). Paradoxically, although they do not have a furcula, i.e. structures ena-
bling express escape from predators, Neanurinae are an example of an evolution suc-
cess, demonstrated by its over 800 currently described taxa which constitutes nearly
one tenth of all the known Collembola (Bellinger et al. 2020; Smolis and Greenslade
2020). Regarding the actual distribution of the subfamily, the largest species diversity
is observed both in tropical and temperate forests on all continents, excluding Antarc-
tica (i.e. Yosii 1976; Cassagnau and Deharveng 1984; Deharveng and Weiner 1984;
Cassagnau 1988; Deharveng 1989; Deharveng and Bedos 1992; Cassagnau 1996;
Deharveng and Suhardjono 2000; Palacios-Vargas and Simén Benito 2007; Zhi-Chun
and Jian-Xiu 2008; Palacios-Vargas and Deharveng 2014; Smolis and Deharveng
2015; Luo and Palacios-Vargas 2016; Ji-Gang et al. 2018). Nevertheless, knowledge
on global diversity of the subfamily is still insufficient and far from complete as many
areas, i.e. the Middle East, North Africa, New Guinea or Central Asia, are poorly sur-
veyed in this respect.

An examination of an exceptionally-rich material of Neanurinae from north-west-
ern Iran (Provinces: Gilan, Golestan, Kermanshah, Mazandaran, North Khorasan,
Semnan and West Azerbaijan), collected in the early 1970s by Antoine Senglet and
loaned for the presented studies by Peter ]J. Schwendinger (curator of the Muséum
d’histoire naturelle in Geneva, Switzerland), has revealed seven unknown species of
this subfamily. Their detailed and illustrated descriptions are provided with new re-
cords of several other known species classified to Neanurinae.
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Materials and methods

The specimens were cleared in Nesbitts fluid, subsequently mounted on slides in
Swan’s medium and studied using a Nikon Eclipse E600 phase contrast microscope.
Figures were drawn with a camera lucida and prepared for publication using Adobe
Photoshop CS3.

The whole material, types as well as the other material, is deposited in the Muséum
d’histoire naturelle in Geneva, Switzerland.

Terminology

Terminology and layout of the tables used in the paper follow Deharveng (1983),
Deharveng and Weiner (1984), Smolis and Deharveng (2006) and Smolis (2008).

Abbreviations

General morphology:

Abd. abdomen; Scx2 subcoxa 2;

Ant. antenna; T tibiotarsus;

AOIII  sensory organ of antennal Th. thorax;
segment I1I; Tr trochanter;

Cx coxa; VT ventral tube.

Fe femur;

Groups of chaetae:

Ag antegenital; Ve or ve ventroexternal;

An chaetae of anal lobes; Vea ventroexternoanterior;
Ap apical; Vem  ventroexternomedial;
Ca centroapical; Vep ventroexternoposterior;
Cm centromedial; Vel ventroexternolateral;
Cp centroposterior; Vec ventroexternocentral;
D dorsal; Vei ventroexternointernal;
Fu furcal; Viorvi ventrointernal;

Vc ventrocentral; AY| ventrolateral.
Tubercles:

Af antenno-frontal; Dl dorsolateral;

Cl clypeal; L lateral;

De dorsoexternal; Oc ocular;

Di dorsointernal; So subocular.
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Types of chaetae:

Ml  long macrochaeta; iv ordinary chaetae on ventral Ant.

Mc short macrochaeta; 1v;

Mcc  very short macrochaeta; or organite of Ant. IV;

Me mesochaeta; brs border s-chaeta on Ant. IV;

mi microchaeta; i ordinary chaeta on Ant. IV;

ms s-microchaeta; mou cylindrical s-chaetae on Ant. IV

Sors chaetas; (“soies mousses”);

Bs s-chaeta on Ant. IV; X labial papilla x;

miA  microchaetae on Ant. IV; r ordinary lateral chaeta on Abd. V;
B4, B5 ordinary chaetae on tibiotarsi.

Taxonomy

Endonura agnieskae sp. nov.
http://zoobank.org/B8FE7E36-B1F9-4D2E-BA23-1588CCA1126D
Figs 1-13, Tables 1-3

Type material. Holotype: adult female on slide, IRAN, Mazandaran Province, Nashtarud,
forest reserve, sifting, 10.VIL.1973, leg. A. Senglet, sample 7318. Paratypes: 4 females,
2 males and 2 juveniles on slide, same data as holotype.

Other material. Female on slide, Iran, Mazandaran Province, Kiasar (36°16'N,
53°25'E), 10.VIL.1975, leg. A. Senglet, 7546; 9 females, 2 males and juvenile on slide,
Gilan Province, Limir, large trees in marsh, sifting, 28.V1.1973, leg. A. Senglet, 7306;
female on slide, Iran, Gilan Province, Paresar, tree holes, leaves, sifting, 2.VII.1973,
leg. A. Senglet, 7310; female on slide, Gilan Province, road to Jirandeh, 1000 m a.s.l.,
forest, 9.VIII.1974, leg. A. Senglet, 7486; female on slide, Semnan Province, near
Loveh (37°19'N, 55°46'E / 1300 m a.s.l.), 22.VIIL.1975, leg. A. Senglet, 7574.

Etymology. The new species is dedicated to Agnieszka, wife of the first author.

Diagnosis. Habitus typical of the genus Endonura. Dorsal tubercles present and
well developed. 2+2 large pigmented eyes. Buccal relatively short, labrum nonogival.
Central area of head with complete chaetotaxy. Tubercles Cl and Af separate. Tubercles
Dl and (L+So) on head with 6 and 10 chaetae, respectively. Tubercles Di on Th. I pre-
sent and fused with tubercle De. Tubercles De on Th. I and III with 3 and 4 chaetae,
respectively. Tubercles L on Abd. III and IV with 3—4 and 7 chaetae, respectively. Abd.
IV and V with 8 and 3 tubercles, respectively. Furcal rest without mi. Claw without
inner tooth. Tibiotarsi with chaetae B4 and B5 rather short.

Description. General. Body length (without antennae): 0.8 (juvenile) to 1.7 mm
(holotype: 1.5 mm). Colour of the body bluish-grey. 2+2 large black eyes, in a typical
arrangement for the genus (one anterior and one posterior eye, Fig. 3).

Chaetal morphology. Dorsal ordinary chaetae of five types: long macrochactae
(M), short macrochaetae (Mc), very short macrochaetae (Mcc), mesochaetae and
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Figures 1-13. Endonura agnieskae sp. nov.: | apical bulb, dorsal view 2 apical bulb, ventral view
3 chactotaxy of head and Th., dorsolateral view 4 chaetotaxy of labium and group Vi (holotype)
5 chaetotaxy and ventral sclerifications of labrum (holotype) 6 tubercle De of Th. III 7 chaeta B4 of
leg 111 8 claw of leg I, lateral view 9 ventral chactotaxy of Ant. III 10 dorsal chaetotaxy of Ant. III-IV
(holotype) I'l dorsal chaetotaxy of Abd. III-VI 12 chaeta Dil of Abd. V I3 sensillum of Abd. V.
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Table |. Chaetotaxy of Endonura agnieskae sp. nov.: Cephalic chaetotaxy—dorsal side.

Tubercle Number of chaetae Types of chaetae Names of chaetae
Cl 4 Ml F
me G
Af 11 Ml B
Mc A O,CD,E
Oc 3 Ml Ocm
Mc Ocp
mi Oca
Di 2 Ml Dil
Mcc Di2
De 2 Ml Del
Mcc De2
DI 6 Ml DI5, DIl
Mc DI3
Mce DI2, DI4, DI6
(L+So) 10 Ml L1, L4, Sol
Mce L2
mi L3, So2
me S03-6

Table 2. Chactotaxy of Endonura agnieskae sp. nov.: Chaetotaxy of antennae.

Segment, Group Number of chaetae Segment, Group Number of chaetae adult
1 7 v or, 8 S, i, 12 mou, 6 brs, 2 iv
II 12
I 5 sensilla AO III
ve 5 ap 8 bs, 5 miA
ve 4 ca 2 bs, 3 miA
vi 4 cm 3 bs, 1 miA
d 5 cp 8 miA, 1 brs

microchaetae. Long macrochaetae thick, slightly arc-like or straight, narrowly sheathed,
feebly serrated, apically rounded (Figs 3, 6, 11, 12). Macrochaetae Mc and Mcc mor-
phologically similar to long macrochaetae, but much shorter. Mesochaetae similar to
ventral chaetae, thin, smooth and pointed. Microchaetae similar to mesochaetae, but
clearly shorter. S-chaetae of terga thin, smooth and short, distinctly shorter than near-
by macrochaetae (Figs 3, 6, 11, 13).

Antennae. Typical of the genus. Dorsal chaetotaxy of Ant. III-IV as Fig. 10 and
Table 2. S-chaetae of Ant. IV of medium length and moderately thickened (Fig. 10).
Apical vesicle distinct, trilobate (Figs 1 and 2). Ventral chaetotaxy of Ant. III-1V as
Fig. 9 and Table 2, sensillum sgv long and slightly s-shaped.

Mouthparts. Buccal cone rather short with labral sclerifications nonogival. La-
brum chaetotaxy: 4/2, 4 (Fig. 5). Labium with four basal, three distal and three lateral
chaetae, papillae x absent (Fig. 4). Maxilla styliform, mandible thin and tridentate.

Dorsal chaetotaxy and tubercles. Chaetotaxy of head complete (Fig. 3). Tubercles
Di on head present, on Th. I differentiated and fused with De. Th. III and Abd. I-III
with chaetae De3 free (Figs 6 and 11). On Abd. I-1II, the line of chaetaec Del—chaeta s
parallel to the dorsomedian line (Fig. 11). On Abd. IV chaetae Dil short. Cryptopygy
absent, Abd. VI well visible from above. Chaeta Di2 on Abd. V as Mc, Mcc or mi.
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Table 3. Chactotaxy of Endonura agnieskae sp. nov.: Postcephalic chaetotaxy.

Terga Legs
Di De DI L Scx2 Cx Tr Fe T
Th. T 3 1 - 0 3 6 13 19
Th. I 3 2+s 3+s+ms 3 2 7 6 12 19
Th. 111 3 3+s 3+s 3 2 8 6 11 18
Sterna
Abd. T 2 3+s 2 3 VT: 4
Abd. 1T 2 3+s 2 3 Ve: 5; chaeta Vel present
Abd. TIT 2 3+s 2 3 Vel:5-6; Fu: 5 me, 0 mi
Abd. IV 2 2+s 3 5-6 Vel: 4; Vec: 2; Vei: 2; VI: 4
Abd. V (3+3) 7—8+s Ag: 3; VI: 1
Abd. VI 7 Ve: 14; An: 2 mi

Ventral chaetotaxy. On head, groups Vea, Vem and Vep with 3, 3—4, 4 chaetae,
respectively. Group Vi on head with 6 chaetae (Fig. 4). On Abd. IV, furca rudimentary
without microchaetae. On Abd. IV, tubercle L without free chaeta.

Legs. Chaetotaxy of legs as in Table 3. Claw without internal tooth (Fig. 8). On
tibiotarsi, chaeta M present and chaetae B4 and B5 rather short and pointed (Fig. 7).

Remarks. Due to the general appearance, dorsal and ventral chaetotaxy, E. agnieskae
sp. nov. strongly resembles E. reticulata (Axelson, 1905), Holarctic and circumboreal
species occurring in tundra, boreal and temperate biotopes of northern Europe (Scan-
dinavian Peninsula), north-eastern Asia and North America (Smolis et al. 2011). Nev-
ertheless, these species can be easily distinguished from each other by the set of char-
acters: size of the eyes (expressed by the ratio of anterior eye diameter and diameter of
base of chaeta Ocm, in agnieskae 2:1, in reticulata 1:1 or 5:4), the number of lateral la-
bial chaetae (in agnieskae three, in reticulata four), the length of chaetae Ocp and A on
the head (in agnieskae, equal in length, in reticulata chaeta Ocp, longer than chaeta A),
the presence of tubercle Di on Th. I (in agnieskae, present and fused with De, in reticu-
lata, absent), the location of chaeta De2 on Abd. I-III (in agnieskae, connected with
tubercle De, in reticulata, free), the location of chaeta s on Abd. I-1II (in agnieskae, the
line of chaetae Del—chaeta s parallel to the dorsomedian line, in reficulata, not parallel)
and the length of chaeta Dil on Abd. IV (in agnieskae, distinctly shorter than chaeta
Dil on Abd. II1, in reticulata, longer or equal to chaeta Dil on Abd. III).

Endonura annae sp. nov.
http://zoobank.org/A26E5348-95D7-4E84-BB9A-C50383757D11
Figs 14-27, Tables 4-6

Type material. Holotype: adult female on slide, IraN, Gilan Province, road to Dyava-
herdeh, 1100-1300 m a.s.l., 7.VIIL. 1974, leg. A. Senglet, sample 7484. Paratypes: 2
females, male and juvenile on slide, same data as holotype.

Other material. IraN, 7 females and male on slide, Gilan Province, near Asalem,
300-600 m a.s.l., large beeches, sifting, 30.VI.1973, leg. A. Senglet, 7308; 3 females on
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Figures 14-27. Endonura annae sp. nov.: 14 chaetotaxy of head and Th. (holotype), dorsolateral view
15 chaetotaxy and ventral sclerifications of labrum 16 Mandible 17 Maxilla 18 chaetotaxy of labium and
group Vi 19 apical bulb, dorsal view 20 apical bulb, ventral view 21 sensillum sgv and microsensillum of
Ant. I1I 22 dorsal chaetotaxy of Ant. III-IV 23 dorsal chaetotaxy of Abd. III-VI (holotype) 24 sensillum
of Abd. V 25 chaeta Dil of Abd. V 26 tibiotarsus and claw of leg I11, lateral view 27 tubercle L of Abd. IV.
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Table 4. Chactotaxy of Endonura annae sp. nov.: Cephalic chactotaxy—dorsal side.

Tubercle Number of chaetae Types of chaetae Names of chaetae
Cl 4 Ml F
me G
Af 8 Ml B
Mc AE
Mcc D
Oc 3 Ml Ocm
Mc Ocp
Mcc Oca
Di 2 Ml Dil
Mc Di2
De 2 Ml Del
Mcc De2
DI 6 Ml DI5, DIl
Mc Dl4
Mcc DI2, DI3, Dl6
(L+So) 8 Ml L1, L4, Sol
Mcc L2
me So03-6

slide, Gilan Province, Shahrbijar, tree hole, humus, sifting, 6.1X.1973, leg. A. Senglet,
7366; 4 females and juvenile on slide, Gilan Province, Asalem (37°45'N, 48°57'E), leaves
and tree holes, sifting, 11.VI.1975, leg. A. Senglet, 7519; juvenile on slide, Mazandaran
Province, Pol-e Zanguleh, 2300 m a.s.l., 12.VI1.1973, leg. A. Senglet, 7320.

Etymology. The new species is dedicated to Anna, wife of the second author.

Diagnosis. Habitus typical of the genus Endonura. Dorsal tubercles present and
well developed. 2+2 large pigmented eyes. Buccal cone short, labrum nonogival. Head
with chaetae A, B, D and E. Chaetae O and C absent. Tubercles Cl and Af separate.
Tubercles DI and (L+So) on head with 6 and 8 chaetae, respectively. Tubercles Di on
Th. I present. Tubercles De on Th. II and III with 3 and 4 chaetae, respectively. Tuber-
cles L on Abd. III and IV with 3 and 6 chaetae, respectively. Abd. IV and V with 8 and
3 tubercles, respectively. Furcal rest without mi. Claw with inner tooth. Tibiotarsi with
chaetae B4 and B5 rather short.

Description. General. Body length (without antennae): 0.8 to 1.45 mm (holo-
type: 1.25 mm). Colour of the body white. 2+2 large black eyes, in a typical arrange-
ment for the genus (Fig. 14).

Chaetal morphology. Dorsal ordinary chaetae of four types: long macrochactae
(M), short macrochaetae (Mc), very short macrochaetae (Mcc) and mesochaetae.
Long macrochaetae thick, slightly arc-like, narrowly sheathed, feebly serrated, apically
rounded (Figs 14, 23, 25). Macrochaetae Mc and Mcc morphologically similar to long
macrochaetae, but shorter. Mesochaetae similar to ventral chaetae, thin, smooth and
pointed. S—chaetae of terga thin, smooth and short, notably shorter than nearby mac-
rochaetae (Figs 14, 23, 24).

Antennae. Typical of the genus. Dorsal chaetotaxy of Ant. III-IV as Fig. 22 and
Table 5. S-chaetae of Ant. IV of medium length and moderately thickened, sensillum
sgd notably short (Fig. 22). Ant. III with two chaetae d. Apical vesicle distinct, trilo-
bate (Figs 19, 20). Ventral chaetotaxy of Ant. III as in Table 5, sensillum sgv long and
slightly s-shaped (Fig. 21).
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Table 5. Chactotaxy of Endonura annae sp. nov.: Chaetotaxy of antennae.

Segment, Group Number of chaetae Segment, Group Number of chaetae adult
1 7 v or, 8 S, i, 12 mou, 6 brs, 2 iv
11 12
111 5 sensilla AO IIT
ve 5 ap 8 bs, 5 miA
ve 4 ca 2 bs, 3 miA
vi 4 cm 3 bs, 1 miA
d 2 cp 8 miA, 1 brs

Table 6. Chactotaxy of Endonura annae sp. nov.: Postcephalic chaetotaxy.

Terga Legs
Di De DI L Scx2 Cx Tr Fe T
Th. T 1 2 1 - 0 3 6 13 19
Th. I 3 2+s 3+s+ms 3 2 7 6 12 19
Th. III 3 3+s 3+s 3 2 8 6 11 18
Sterna
Abd. T 2 3+s 2 3 VT: 4
Abd. II 2 3+s 2 3 Ve: 5; chaeta Vel present
Abd. 111 2 345 2 3 Vel: 5; Fu: 4-5 me, 0 mi
Abd. IV 2 2+s 3 6 Vel: 4; Vec: 2; Vei: 2; VI: 4
Abd. V (2+2) 5+s Ag:3; VI 1, L% 1
Abd. VI 7 Ve: 13—14; An: 2 mi

Mouthparts. Buccal short and wide with labral sclerifications nonogival (Fig. 15).
Labrum chaetotaxy: 4/2, 4 (Fig. 15). Labium with four basal, three distal and four
lateral chaetae, papillae x absent (Fig. 18). Maxilla styliform (Fig. 17), mandible with
four teeth and relatively thin (Fig. 16).

Dorsal chaetotaxy and tubercles. Head without chaetae O, C, So2 and L3 (Fig. 14).
Chaetae D free and not connected with tubercle. Tubercles Di on Th. I differentiated,
not fused with tubercles De (Fig. 14). Th. III and Abd. I-III without free chaetae De2
and De3 (Figs 14, 23). On Abd. I-III, the line of chaetae Del—chaeta s perpendicular
to the dorsomedian line. On Abd. III-1V, chaetae Dil notably longer than chaetae
Dil of Abd. V (Fig. 23). On Abd. V, tubercle (Di+Di) with 2+2 chaetae. Cryptopygy
strongly developed, Abd. VI practically not visible from above (Fig. 23).

Ventral chaetotaxy. On head, groups Vea, Vem and Vep with 3, 4, 4 chaetae, respec-
tively. Group Vi on head with 6 chaetae (Fig. 18). On Abd. IV, furca rudimentary without
macrochaetae, tubercle L with 6 chaetae (Fig. 27). On Abd. V, chaetae V1 and L present.

Legs. Chaetotaxy of legs as in Table 6. Claw with internal tooth. On tibiotarsi,
chaeta M present and chaetae B4 and B5 relatively short and pointed (Fig. 26).

Remarks. Morphologically, E. annae sp. nov. is strongly reminiscent of E. persica
Smolis, Kahrarian, Piwnik & Skarzyniski, 2016, taxon described from Kermanshah
Province in northern Iran (Smolis et al. 2016a). Nevertheless, the new species can
be easily recognised by several characters, including: the absence of chaeta C on the
head (in persica present), the presence of 6 chaetae DI on the head (in persica 5), wide
and short buccal cone (in persica narrow and long), chaetae E on the head connected
with tubercle Af (in persica free), chaetae De2 and De3 on Th. II-1II, connected with
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tubercle De (in persica free), 2+2 chaetae Di on Abd. V (in persica 3+3) and strong
cryptopygy (in persica, slightly developed).

E. annae sp. nov. is also similar to two species with toothed claw: E. dentifera Smolis,
Skarzynski, Pomorski & Kaprus', 2007 and E. dobrolyubovae Smolis & Kuznetsova,
2018, described from the Crimea and the Caucasus, respectively (Smolis et al. 2007;
Smolis and Kuznetsova 2018). These species differ, however, in a number of details:
the shape of the buccal cone (in annae, wide and short, in dentifera and dobrolyubovae,
narrow and relatively long), the presence of chaeta C on the head (in annae, absent,
in dentifera and dobrolyubovae, present), the presence and location of chaeta E on the
head (in annae, present and connected with tubercle Af, in dentifera, present and free,
in dobrolyubovae, absent), the number of chaetae (L+So) on the head (in dentifera, 10
chaetae, in annae and dobrolyubovae, 8 chactae), the presence of tubercle Di on Th.
I (in annae, present, in dentifera and dobrolyubovae, absent), the location of chaetae
De3 on Th. IIT and Abd. I-III (in annae, connected with tubercle De, in dentifera
and dobrolyubovae, free), the presence of male ventral organ (in annae and dentifera,
absent, in dobrolyubovae, present) and the presence of cryptopygy (in annae, present,
in dentifera and dobrolyubovae, absent).

Endonura schwendingeri sp. nov.
http://zoobank.org/19378FF6-D560-4C9E-A729-B7681C695986
Figs 28—41, Tables 7-9

Type material. Holotype: female on slide, IraN, Gilan Province, Paresar, tree holes,
leaves, sifting, 2.VII.1973, leg. A. Senglet, sample 7310. Paratypes: 3 females and
male on slide, same data as holotype.

Other material. IraN, 3 females and male on slide, Gilan Province, Lunak, 600 m
a.s.L., forest, leaves, trunk, sifting, 6.VI1.1973, leg. A. Senglet, 7313.

Etymology. The new species is dedicated to Peter J. Schwendinger, curator of the
Muséum d’histoire naturelle in Geneva and prominent Austrian Arachnologist.

Diagnosis. Habitus typical of the genus Endonura. Dorsal tubercles present. 2+2
large pigmented eyes. Buccal cone relatively long, labrum nonogival. Head with chae-
tac B, C and D. Chaeta O absent. Tubercles Cl and Af separate. Tubercles DI and
(L+So) on head with 5 and 7 chaetae, respectively. Tubercles Di on Th. I absent. Tu-
bercles De on Th. IT and III with 3 and 4 chaetae, respectively. Tubercles L on Abd.
III and IV with 2 and 4 chaetae, respectively. Abd. IV and V with 8 and 3 tubercles,
respectively. Furcal rest without mi. Claw with inner tooth. Tibiotarsi with chaetae B4
and B5 long.

Description. General. Body length (without antennae): 0.5 (juvenile) to 1.15 mm
(holotype: 1.1 mm). Colour of the body bluish-grey. 2+2 large black eyes, in a typical
arrangement for the genus (Fig. 29).

Chaetal morphology. Dorsal ordinary chaetae of five types: long macrochactae
(M), short macrochaetae (Mc), very short macrochaetae (Mcc), mesochaetae and mi-
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Figures 28-41. Endonura schwendingeri sp. nov.: 28 chaetotaxy of labium 29 chaetotaxy of head and
Th. (holotype), dorsolateral view 30 apical part of labrum 31 Mandible 32 Maxilla 33 tibiotarsus and
claw of leg I1I, lateral view 34 apical bulb, ventral view 35 apical bulb, dorsal view 36 dorsal chaetotaxy
of Ant. III-1V 37 sensillum sgv and microsensillum of Ant. IIT 38 ventral chaetotaxy of Abd. II-VI (adult
male) 39 dorsal chaetotaxy of Abd. I1I-VI 40 chacta Dil of Abd. V 41 sensillum of Abd. V.

c
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Table 7. Chaetotaxy of Endonura schwendingeri sp. nov.: Cephalic chaetotaxy—dorsal side.

Tubercle Number of chaetae Types of chaetae Names of chaetae
Cl 4 Ml F
me G
Af 6 Ml B
mi C,D
Oc 2 Ml Ocm
mi Oca
Di 2 Mc Dil
mi Di2
De 2 Ml Del
Mcc De2
DI 5 Ml DI5, DIl
Mcc Dl4
mi DI2, DI6
(L+So) 7 Ml L1, L4, Sol
me S03-6

crochaetae. Long macrochaetae relatively thin, straight or slightly arc-like, narrowly
sheathed, feebly serrated, apically rounded (Figs 29, 39, 40). Macrochaetae Mc and
Mcc morphologically similar to long macrochaetae, but much shorter (Figs 29, 39).
Mesochaetae similar to ventral chaetae, thin, smooth and pointed. Microchaetae simi-
lar to mesochaetae, but clearly shorter (Figs 29, 39). S—chaetae of terga thin, smooth
and short, notably shorter than nearby macrochaetae (Figs 29, 39, 41).

Antennae. Typical of the genus. Dorsal chaetotaxy of Ant. III-IV as Fig. 36 and
Table 8. S—chaetae of Ant. IV of medium length and thickened, sensillum sgd short
and straight (Fig. 36). Apical vesicle distinct, trilobate (Figs 34, 35). Ventral chactotaxy
of Ant. III-IV Table 8, sensillum sgv as Fig. 37.

Mouthparts. Buccal cone relatively short with labral sclerifications nonogival
(Fig. 30). Labrum chaetotaxy: 4/2, 4. Labium with four basal, three distal and three
lateral chaetae, papillae x absent (Fig. 28). Maxilla styliform (Fig. 32), mandible rela-
tively thin with two basal and two apical teeth (Fig. 31).

Dorsal chaetotaxy and tubercles. Head without chaetae A, E, Ocp, DI3, So2,
L2 and L3 absent (Fig. 29), chaeta D free. Tubercles Di on Th. I not differentiat-
ed (Fig. 29). On Th. IIT chaetae De2 and De3 free, on Abd. I-III chaetae De3 free
(Figs 29, 39). On Abd. I-1II, the line of chaetae Del—chaeta s non perpendicular to
the dorsomedian line. Cryptopygy present, but weakly developed, Abd. VI partially
visible from above (Fig. 39).

Ventral chaetotaxy. On head, groups Vea, Vem and Vep with 3, 4 and 4 chaetae,
respectively. Group Vi on head with 6 chaetae. On Abd. IV, furca rudimentary without
microchaetae (Fig. 38). On Abd. IV, group L without free chaeta. On Abd. V, chaetae
VI present, chaetae L absent (Fig. 38). Male with thick and forked chaetae (male ven-
tral organ) on anal plates (Abd. VI) and in groups: Ag (Abd. V); Vei, Vec and Vel (Abd.
IV) and Fu (Abd. I11) (Fig.38).

Legs. Chaetotaxy of legs as in Table 9. Claw with internal tooth. On tibiotarsi,
chaeta M present and chaetae B4 and B5 relatively long and pointed (Fig. 33).

Remarks. Since E. schwendingeri sp. nov. is characterised by chaetotaxic features
unknown in other members of the genus, for example, the absence of chaetae A and
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Table 8. Chactotaxy of Endonura schwendingeri sp. nov.: Chaetotaxy of antennae.

Segment, Group Number of chactae Segment, Group Number of chaetae adult
1 7 v or, 8 S, i, 12 mou, 6 brs, 2 iv
1I 12
111 5 sensilla AO IIT
ve 5 ap 8 bs, 5 miA
ve 4 ca 2 bs, 3 miA
vi 4 cm 3 bs, 1 miA
d 5 cp 8 miA, 1 brs

Table 9. Chaetotaxy of Endonura schwendingeri sp. nov.: Postcephalic chaetotaxy.

Terga Legs
Di De DI L Scx2 Cx Tr Fe T
Th.1 1 2 1 - 0 3 6 13 19
Th. I 3 2+s 3+s+ms 3 2 7 6 12 19
Th. III 3 3+s 3+s 3 2 8 6 11 18
Sterna
Abd. T 2 3+s 2 2 VT: 4
Abd. 11 2 34s 2 2 Ve: 4-5; chaeta Vel present
Abd. 111 2 3+s 2 2 Vel: 3—4; Fu: 5 me, 0 mi
Abd. IV 2 2+s 3 4 Vel: 4; Vec: 2; Vei: 2; VI: 4
Abd. V (3+3) S5+s Ag: 3; VI 1
Abd. VI 7 Ve: 11-12; An: 2 mi

Ocp on the head, its closer affinities with other Endonura species are currently un-
certain and hard to assess. However, taking into account the weak development of
tuberculation, delicate buccal cone and the presence of well-developed male ventral
organ, the new species seems to be most similar to E. quadriseta Cassagnau & Péja,
1979, a form shortly described from Greece (Cassagnau and Péja 1979), but recently
re-described, based on types and a new material from the Crimea (Smolis et al. 2007).
Nevertheless, besides characters mentioned above, these taxa differ in numerous fea-
tures: the number of lateral labial chaetae (in schwendingeri, three, in quadriseta, four),
the presence of chaetae C and O on the head (in schwendingeri, absent, in quadriseta,
present), the number of chaetae (L+So) on the head (in schwendingeri, 7, in quadriseta,
9), the number of chaetae DI on the head (in schwendingeri, 5, in quadriseta, 6), the
number of chaetae L on Abd. III and 1V (in schwendingeri, 2 and 4, in quadriseta, 4
and 7) and the presence of an internal tooth on claws (in schwendingeri, present, in
quadyriseta, absent).

Deutonura breviseta sp. nov.
http://zoobank.org/98297969-EFC7-42C8-9597-14ED4612CD03
Figs 4252, Tables 10-12

Type material. Holotype: male on slide, Iran, Gilan Province, near Asalem, 300—
600 ma.s.l., large beeches, sifting, 30.VI.1973, leg. A. Senglet, sample 7308. Paratypes:
3 females and 2 males on slide, same data as holotype.
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Figures 42-52. Deutonura breviseta sp. nov.: 42 chaetotaxy of head, Th. and Abd. I (holotype), dorsolat-
eral view 43 chaetotaxy of tubercles Dl and (L+So), lateral view 44 apical bulb, dorsal view 45 apical bulb,
ventral view 46 dorsal chaetotaxy of Ant. III-IV 47 ventral chaetotaxy of Ant. III 48 ventral chaetotaxy
of Abd. IV-V (adult male) 49 claw of leg III, lateral view 50 dorsal chaetotaxy of Abd. IV-VI (holotype)
51 sensillum of Abd. V 52 chaeta Dil of Abd. V.
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Table 10. Chactotaxy of Deutonura breviseta sp. nov.: Cephalic chaetotaxy—dorsal side.

Tubercle Number of chaetae Types of chaetae Names of chaetae
Cl 4 Ml F
Mc G
Af 8 Ml B
Mc A
mi C
mi or me D
Oc 3 Ml Ocm, Ocp
mi Oca
(Di+De) 4 Ml Dil, Del
Mc Di2
Mecc or mi De2
DI 6 Ml DIs, DIl
Mc DI3, DI4
Mcc or mi Dl6
mi DI2
(L+So) 9 Ml L1, L4, Sol
me So3-6
mi L2, So2

Other material. IraN, female on slide, Gilan Province, Asalem (37°45'N, 48°57'E),
leaves and tree holes, sifting, 11.V1.1975, leg. A. Senglet, 7519; female, male and 2
juveniles on slide, Gilan Province, Paresar, tree holes, leaves, sifting, 2.VII.1973, leg. A.
Senglet, 7310; male on slide, Mazandaran Province, Nashtarud, forest, reserve, sifting,
10.VIL.1973, leg. A. Senglet, 7318; female and 3 males on slide, Mazandaran Province,
near Amol, forest, sifting, 18.VI1.1973, leg. A. Senglet, 7329b; 4 females, 3 males and
juvenile on slide, Mazandaran Province, Aliabad, 30.VIL.1974, leg. A. Senglet, 7475;
female on slide, Gilan Province, road to Dyavaherdeh, 1100-1300 m a.s.l., 7.VIIL.
1974, leg. A. Senglet, 7484.

Etymology. The name of the new species is referring to its exceptionally short
macrochaetae ML

Diagnosis. Habitus typical of the genus Deutonura. Dorsal tubercles present and
well developed. 2+2 large pigmented eyes. Buccal cone relatively long and wide, la-
brum without ogival sclerifications. Head without chaetae E, O and L3. Tubercles Cl
and Af separate. No granular area between chaetae A and B on head. Tubercles De on
Th. II and III with 3 and 4 chaetae, respectively. Tubercles Di on Abd. V not bilobed.
Cryptopygy not developed. Male ventral organ present.

Description. General. Body length (without antennae): 0.7 (juvenile) to 1.7 mm
(holotype: 0.85 mm). Colour of the body white. 2+2 large black eyes, in a typical ar-
rangement for the genus (Figs 42, 43).

Chaetal morphology. Dorsal ordinary chaetae of five types: long macrochactae
(M), short macrochaetae (Mc), very short macrochaetae (Mcc), mesochaetae and
microchaetae. Long macrochaetae thickened, slightly arc-like or straight, narrowly
sheathed, serrated, apically rounded and extended at apex (Figs 42, 43, 50, 52). Macro-
chaetae Mc and Mcc morphologically similar to long macrochaetae, but much shorter
(Figs 42, 43, 50). Mesochaetae similar to ventral chaetae, thin, smooth and pointed.
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Table | 1. Chaetotaxy of Deutonura breviseta sp. nov.: Chaetotaxy of antennae.

Segment, Group Number of chaetae Segment, Group Number of chaetae adult
1 7 v or, 8 S, i, 12 mou, 6 brs, 2 iv
11 12
111 5 sensilla AO IIT
ve 5 ap 8 bs, 5 miA
ve 4 ca 2 bs, 3 miA
vi 4 cm 3 bs, 1 miA
d 5 cp 8 miA, 1 brs

Table 12. Chaetotaxy of Deutonura breviseta sp. nov.: Postcephalic chaetotaxy.

Terga Legs
Di De DI L Scx2 Cx Tr Fe T
Th. 1 1 2 1 - 0 3 6 13 19
Th. I 3 2+s 3+s+ms 3 2 7 6 12 19
Th. I1I 3 3+s 3+s 3 8 6 11 18
Sterna
Abd. I 2 3+s 2 3 VT: 4
Abd. 11 2 34+s 2 3 Ve: 5; chaeta Vel present
Abd. 11 2 3+s 2 3 Vel: 5; Fu: 5 me, 0 mi
Abd. IV 2 2+s 3 6 Vel: 4; Vec: 2; Vei: 2; VI: 4
Abd. V (3+3) 5+s Ag:3;VI: 1, L% 1
Abd. VI 7 Ve: 14; An: 2 mi

Microchaetae similar to mesochaetae, but clearly shorter (Figs 42, 43). S-chaetae of ter-
ga thin, smooth and short, notably shorter than nearby macrochaetae (Figs 42, 50, 51).
Antennae. Typical of the genus. Dorsal chactotaxy of Ant. III-IV as in Fig. 46 and
Table 11. S-chaetae of Ant. IV of medium length and relatively thin, sensillum sgd
short and straight (Fig. 46). Apical vesicle distinct, trilobate (Figs 44, 45). Ventral chae-
totaxy of Ant. IIT as in Fig. 47 and Table 11, ventral chaetotaxy of Ant. IV as Table 11.
Mouthparts. Buccal cone relatively short and wide, labral sclerifications nonogival
(Fig. 42). Labrum chaetotaxy: 2/2, 4. Labium with four basal, three distal and four
lateral chaetae, papillae x absent. Maxilla styliform mandible thin and tridentate.

Dorsal chaetotaxy and tubercles. Head without granular area between chaetae A
and B. Elementary tubercles DE and EE on head absent (Fig. 42). Head without
chaetae E, O and L3, chaeta D free (Figs 42, 43). Chaetac Ocm and Ocp of nearly
equal length. Chaetae De2 on head usually as Mc, rarely as mi (Fig. 42). Chaeta DI6
on head as Mcc or mi. Th. I with tubercles Di and De not fused. Chaetae Di3 on Th.
II-1II free. On Th. III, chaetae De2 slightly shorter than De3 (Fig. 42). On Abd. I-1II,
chaetae De2 distinctly shorter than De3 (Fig. 50). Cryptopygy absent, Abd. VI well
visible from above.

Ventral chaetotaxy. On head, groups Vea, Vem and Vep with 3, 4 and 4 chaetae,
respectively. Group Vi on head with 6 chaetae. On Abd. IV, furca rudimentary without
microchaetae. Male with thick and forked chaetae (male ventral organ) around genital
aperture (Abd. V). On Abd. V, chaetae V1 and L present (Fig. 48).

Legs. Chactotaxy of legs as in Table 12. Claw without internal tooth (Fig. 49). On
tibiotarsi, chaeta M present and chaetae B4 and B5 relatively long and pointed.
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Remarks. Deutonura breviseta sp. nov. seems to be closest to D. persica Smolis,
Shayanmehr & Yoosefi-Lafooraki, 2018 recently described from the northern part of
Iran (Mazandaran Province, Smolis et al. 2018). However, these species differ in nu-
merous characters, including the number of lateral labial chaetae (in érevisera, four, in
persica, three), the presence of chaetae C on the head (in brevisera, present, in persica,
absent), the number of chaetae (L+So) on the head (in brevisera, 9, in persica 8), the
presence of chaetae DI3 on the head (in brevisera, present, in persica, absent), the pres-
ence of microchaetae on furca rudimentary (in breviseta, absent, in persica, present)
and the presence of cryptopygy (in breviseta, present, in persica, absent). Additionally,
male ventral organ in D. breviseta sp. nov. is built of thickened and forked chaetae on
Abd. V only (in persica, also on Abd. III, IV and VI).

Deutonura sengleti sp. nov.
http://zoobank.org/15B48E2F-B8EF-4C46-8A2F-CC09CEDDDG62A
Figs 53—61, Tables 13—15

Type material. Holotype: female on slide, Iran, Gilan Province, Shahrbijar, tree hole,
humus, sifting, 6.IX.1973, leg. A. Senglet, sample 7366. Paratypes: 2 males on slide,
same data as holotype.

Other material. IraN, 2 males on slide, Gilan Province, Limir, large trees in
marsh, sifting, 28.V1.1973, leg. A. Senglet, 7306; female, 2 males and juvenile on
slide, Gilan Province, road to Jirandeh, 1000 m a.s.l., forest, 9.VIIL.1974, leg. A. Sen-
glet, 7486; female, male and juvenile on slide, Gilan Province, near Asalem (37°38'N,
48°48'E), 1800 m a.s.l., tree holes, sifting, 10.VI.1975, leg. A. Senglet, 7516; 2 males
and juvenile on slide, Gilan Province, near Asalem (37°40'N, 48°52'E), 1200 m a.s.l.,
tree holes, sifting, 10.VI.1975, leg. A. Senglet, 7517; female on slide Gilan Province,
Asalem (37°45'N, 48°57'E), leaves and tree holes, sifting, 11.V1.1975, leg. A. Senglet,
7519; male on slide, Mazandaran Province, near Amol, forest, sifting, 18.VI.1973,
leg. A. Senglet, 7329b; male on slide, Mazandaran Province, road to Tchorteh, 800 m
a.s.l., tree and leaves, sifting, 5.VII1.1974, leg. A. Senglet, 7482.

Etymology. The new species is dedicated to Antoine Senglet, collector of the Ira-
nian material studied and prominent Swiss Arachnologist.

Diagnosis. Habitus typical of the genus Deuronura. Dorsal tubercles present and
well developed. 2+2 large pigmented eyes. Buccal cone relatively long and narrow,
labrum without ogival sclerifications. Head without chaetae O, So2 and L3. Tubercles
Cl and Af separate. No granular area between chaetae A and B on head. Tubercles
De on Th. II and IIT with 3 and 4 chaetae, respectively. Tubercles Di on Abd. V not
bilobed. Cryptopygy not developed. Male ventral organ present.

Description. General. Body length (without antennae): 0.85 (juvenile) to
1.55 mm (holotype: 1.45 mm). Colour of the body bluish-grey. 2+2 large black eyes,
in a typical arrangement for the genus (Fig. 53).
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Figures 53-61. Deutonura sengleti sp. nov. 53 chaetotaxy of head, Th. and Abd. I (holotype), dorso-
lateral view 54 dorsal chactotaxy of Ant. III-IV 55 ventral chaetotaxy of Ant. III 56 chacta Dil of Abd.
V 57 sensillum of Abd. V 58 apical part of labrum 59 chactotaxy and ventral sclerifications of labrum
60 dorsal chactotaxy of Abd. V-VI (holotype) 61 ventral chaetotaxy of Abd. III-IV (adult male).
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Table 13. Chactotaxy of Deutonura sengleti sp. nov.: Cephalic chaetotaxy—dorsal side.

Tubercle Number of chaetae Types of chaetae Names of chaetae
Cl 4 Ml F
Mc G
Af 10 Ml B
Mc A
Mcc or mi C
mi D,E
Oc 3 Ml Ocm, Ocp
mi Oca
(Di+De) 4 Ml Dil, Del
Mc Di2
mi or Mcc De2
DI 6 Ml DI5, DIl
Mc DI3, Dl4
mi or Mcc DI2
mi Dl6
(L+So) 8 Ml L1, L4, Sol
me S03-6
mi or Mcc L2

Chaetal morphology. Dorsal ordinary chaetae of five types: long macrochaetae
(M), short macrochaetae (Mc), very short macrochaetae (Mcc), mesochaetae and
microchaetae. Long macrochaetae thickened, slightly arc-like or straight, narrowly
sheathed, serrated, cylindrical, apically rounded (Figs 53, 56, 60). Macrochaetae Mc
and Mcc morphologically similar to long macrochaetae, but much shorter (Figs 53,
60). Mesochaetae similar to ventral chaetae, thin, smooth and pointed. Microchae-
tae similar to mesochaetae, but clearly shorter (Figs 53, 60). S-chaetae of terga thin,
smooth and short, notably shorter than nearby macrochaetae (Figs 53, 57, 60).

Antennae. Typical of the genus. Dorsal chactotaxy of Ant. III-IV as in Fig. 54 and
Table 14. S—chaetae of Ant. IV long and relatively thin, S3 notably longer than others,
sensillum sgd of medium size and straight (Fig. 54). Apical vesicle distinct, trilobate.
Ventral chaetotaxy of Ant. III as in Fig. 55 and Table 14.

Mouthparts. Buccal cone relatively long and narrow, labral sclerifications non-
ogival (Figs 58, 59). Labrum chaetotaxy: 4/2, 4 (Fig. 59). Labium with four basal,
three distal and four lateral chaetae, papillae x absent. Maxilla styliform mandible thin
and tridentate.

Dorsal chaetotaxy and tubercles. Head without granular area between chaetae A
and B. Elementary tubercles DE and EE on head absent (Fig. 53). Head without chae-
tae O, L3 and So2, chaeta D free. Chaetae C as Mcc or mi (Fig. 53). Chaetae Ocm and
Ocp of nearly equal length. Chaetae De2 on head as mi or rarely Mcc (Fig. 53). Th. I
with tubercles Di and De fused (Fig. 53). Chaetae Di3 on Th. II-1II free. On Th. III,
chaetae De2 slightly longer than De3 (Fig. 53). On Abd. I-1Il, chactae De2 shorter
than De3. Cryptopygy absent, Abd. VI well visible from above.

Ventral chaetotaxy. On head, groups Vea, Vem and Vep with 3, 4 and 4 chaetae,
respectively. Group Vi on head with 6 chaetae. On Abd. IV, furca rudimentary with 6
minute microchaetae without visible chaetopores (Fig. 61). Male with thick and forked



Contribution to the knowledge of Neanurinae of Northwestern Iran 125

Table 14. Chactotaxy of Deutonura sengleti sp. nov.: Chaetotaxy of antennae.

Segment, Group Number of chaetae Segment, Group Number of chaetae adult
1 7 v or, 8 S, i, 12 mou, 6 brs, 2 iv
11 12
111 5 sensilla AO IIT
ve 5 ap 8 bs, 5 miA
ve 4 ca 2 bs, 3 miA
vi 4 cm 3 bs, 1 miA
d 5 cp 8 miA, 1 brs

Table 15. Chaetotaxy of Deutonura sengleti sp. nov.: Postcephalic chaetotaxy.

Terga Legs
Di De DI L Scx2 Cx Tr Fe T
Th. T 3 1 - 0 3 6 13 19
Th. I 3 2+s 3+s+ms 3 2 7 6 12 19
Th. III 3 3+s 3+s 3 2 8 6 11 18
Sterna
Abd. I 2 3+s 2 3 VT: 4
Abd. 11 2 3+s 2 3 Ve: 5; chaeta Vel present
Abd. 11T 2 3+s 2 3 Vel: 4-5; Fu: 5 me, 6 mi
Abd. IV 2 2+s 3 6 Vel: 4; Vec: 2; Vei: 2; VI: 4
Abd. V (3+3) S5+s Ag:3; VI 1, L% 1
Abd. VI 7 Ve: 14; An: 2 mi

chaetae (male ventral organ) on furca rudimentary (Abd. IV, Fig. 61) and around geni-
tal aperture (Abd. V). On Abd. V, chaetae V] and L present.

Legs. Chaetotaxy of legs as in Table 15. Claw without internal tooth. On tibiotarsi,
chaeta M present and chaetae B4 and B5 of medium size and pointed.

Remarks. The new species runs in the most recent key to Deutonura species
(Deharveng et al. 2015) to D. caerulescens Deharveng, 1982 from France (Deharveng
1982). However, these species differ in the number of chaetae (L+So0) on the head (in
sengleti, 8, in caerulescens, 9-10), the presence of microchaetae on furca rudimentary
(in sengleti, present, in caerulescens, absent), the number of chaetae L on Abd. III and
IV (in sengleti, 3 and 6 chaetae, in caerulescens, 4 and 8 chaetae), the number of chaetae
on tubercle (De+DI+L) of Abd. V (in sengleti, 5+s, in caerulescens, 7+s) and ratio of
chaetae Di1:Di2:Di3 on Abd. V (in sengleti, 1:4:16, in caerulescens, 1:2:4 or 1:3:7).

Deutonura iranica sp. nov.
http://zoobank.org/A3ESE3DA-122E-4C11-888D-CF1265288184
Figs 62—71, Table 16-18

Type material. Holotype: juvenile (second instar) on slide, IrRaN, West Azerbaijan
Province, Choj (38°37'N, 45°02'E), 1.VI.1975, leg. A. Senglet, sample 7503.
Etymology. The species name refers to the country of its collecting.
Diagnosis. Habitus typical of the genus Deutonura. Dorsal tubercles present and
well developed. 2+2 large pigmented eyes. Buccal cone relatively long and narrow,
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Figures 62-71. Deutonura iranica sp. nov.: 62 chactotaxy and ventral sclerifications of labrum
63 chactotaxy of head and Th. (holotype), dorsolateral view 64 dorsal chaetotaxy of Ant. III-IV 65 ventral
chacetotaxy of Ant. ITII-IV 66 chactotaxy of tubercles L of Abd. ITI-1V, ventral view 67 chaetotaxy of la-
bium and group Vi 68 dorsal chaetotaxy of Abd. III-VI (holotype) 69 chaeta Dil of Abd. V 70 chaeta
Di2 of Abd. V 71 sensillum of Abd. V.
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Table 16. Chactotaxy of Deutonura iranica sp. nov.: Cephalic chaetotaxy—dorsal side.

Tubercle Number of chaetae Types of chaetae Names of chaetae
Cl 4 M F
Mc G
Af 10 Ml B
Mc AE
Mcc C,D
Oc 3 Ml Ocm
Mc Ocp
mi Oca
(Di+De) 4 Ml Dil, Del
Mcc Di2, De2
DI 6 Ml DIs5, DIl
Mc DI3, Dl4
Mce DI2, Dl6
(L+So) 7 Ml L1, L4, Sol
me So3-6

Table 17. Chaetotaxy of Deutonura iranica sp. nov.: Chaetotaxy of antennae.

Segment, Group Number of chaetae Segment, Group Number of chaetae II instar
1 7 v or, 8 S, i, 10 mou, 4 brs, 2 iv
11 12
I 5 sensilla AO III
ve 5 ap 8 bs, 5 miA
ve 4 ca 2 bs, 3 miA
vi 4 cm 3 bs, 1 miA
d 5 cp 8 miA, 1 brs

labrum without ogival sclerifications. Head without chaetae O, So2, 1.2 and L3. Tu-
bercles Cl and Af separate. No granular area between chaetae A and B on head. Tuber-
cles De on Th. II and III with 3 and 4 chaetae, respectively. Tubercles Di on Abd. V
bilobed. Cryptopygy strongly developed.

Description. General. Body length (without antennae): holotype: 1.05 mm. Colour
of the body white. 2+2 large black eyes, in a typical arrangement for the genus (Fig. 63).

Chaetal morphology. Dorsal ordinary chaetae of five types: long macrochae-
tac (Ml), short macrochaetae (Mc), very short macrochaetae (Mcc), mesochaetae
and microchaetae. Long macrochaetae relatively thin, arc-like or straight, narrowly
sheathed, feebly serrated, apically sharply pointed (Figs 63, 68—70). Macrochaetae Mc
and Mcc morphologically similar to long macrochaetae, but much shorter (Figs 63,
68). Mesochaetae similar to ventral chaetae, thin, smooth and pointed. Microchaetae
similar to mesochaetae, but clearly shorter. S-chaetae of terga thin, smooth and short,
shorter than nearby macrochaetae (Figs 63, 68, 71).

Antennae. Typical of the genus. Dorsal chactotaxy of Ant. III-IV as in Fig. 64 and
Table 17. S-chaetae of Ant. IV long and relatively thin, S3 notably longer than others,
sensillum sgd of medium size and straight (Fig. 64). Apical vesicle distinct, trilobate.
Ventral chaetotaxy of Ant. ITII-1V as in Fig. 65 and Table 17.

Mouthparts. Buccal cone relatively long and narrow, labral sclerifications non-
ogival (Figs 62, 67). Labrum chaetotaxy: 4/2, 4 (Fig. 62). Labium with four basal,
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Table 18. Chaetotaxy of Deutonura iranica sp. nov.: Postcephalic chaetotaxy.

Terga Legs
Di De DI L Scx2 Cx Tr Fe T
Th. T 1 2 1 - 0 3 6 13 19
Th. I 3 2+s 3+s+ms 3 2 7 6 12 19
Th. III 3 3+s 3+s 3 2 8 6 11 18
Sterna
Abd. I 2 3+s 2 3 VT: 4
Abd. 11 2 3+s 2 3 Ve: 5; chaeta Vel present
Abd. 1II 2 3+s 2 4 Vel: 5; Fu: 4 me, 0 mi
Abd. IV 2 2+s 3 8 Vel: 4; Vec: 2; Vei: 2; VI: 4
Abd. V (3+3) T+s Ag:3;VI: 1, L% 1
Abd. VI 7 Ve: 14; An: 2 mi

three distal and four lateral chaetae, papillae x absent (Fig. 67). Maxilla styliform man-
dible thin and tridentate.

Dorsal chaetotaxy and tubercles. Head without granular area between chaetae A
and B. Elementary tubercles DE and EE on head present (Fig. 63). Head without
chaetae O, L2, L3 and So2. Chaetae C as Mcc. Chaetae Ocp notably shorter than
Ocm. Chaetae De2 on head as Mcc (Fig. 63). Th. I with tubercles Di and De not fused.
Chaetae Di3 on Th. II-III connected with tubercle Di. On Th. II1, chaetae De2 slightly
longer than De3 (Fig. 63). On Abd. I-1II, chactae De2 longer than De3 (Fig. 68).
Cryptopygy present and strongly developed, Abd. VI invisible from above (Fig. 68).

Ventral chaetotaxy. On head, groups Vea, Vem and Vep with 4, 3 and 4 chaetae,
respectively. Group Vi on head with 6 chaetae (Fig. 67). Tubercles L on Abd. III and
IV with 4 and 6 chaetae, respectively (Fig. 66). On Abd. IV, furca rudimentary without
microchaetae. On Abd. V, chaetae V] and L present.

Legs. Chaetotaxy of legs as in Table 18. Claw without internal tooth. On tibiotarsi,
chaeta M present and chaetae B4 and B5 of medium size and pointed.

Remarks. Since juveniles (beginning from the first instar) of the subfamily Nea-
nurinae are characterised by the complete chaetotaxy of the head, thorax and abdo-
men, we decided to describe the new species despite having only one specimen of the
second instar. D. iranica sp. nov. runs in the most recent key to Deutonura species
(Deharveng et al. 2015) to D. gibbosa Porco, Bedos & Deharveng, 2010, a form com-
mon and widespread in southern France (the Alps and Jura), Switzerland, Italy and
Slovenia (Porco et al. 2010). Both species are readily distinguished from most members
of the genus by the presence of very prominent and conspicuously bilobed tubercle
(Di+Di) on the penultimate abdominal segment. This unique character is additionally
associated with the specific chaetotaxic arrangement of chaetae Di, with their shift
backwards. D. iranica sp. nov. can be easily separated from D. gibbosa by the presence
of white body colour (in gibbosa deep to light blue), the presence of 7 chaetae on ce-
phalic tubercle (L+So) (in gibbosa, 8-9 chaetae), the presence of cephalic chaetae Ocp
equal chaetae A (in gibbosa, chaetae Ocp distinctly longer than A) and the presence of
4 lateral labial chaetae (in gibbosa, 3 chaetae).
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Paravietnura rostrata sp. nov.
http://zoobank.org/E4B57858-235D-4FCC-99D6-A7AFBEG848A7
Figs 72-82, Tables 19-21

Type material. Holotype: juvenile (second instar) on slide, IraN, Gilan Province,
Shahrbijar, tree hole, humus, sifting, 6.IX.1973, leg. A. Senglet, sample 7366.

Etymology. The name of the new species referring to its exceptionally-long buccal
cone.

Diagnosis. Habitus typical of the genus Paravietnura with stumpy and short body.
Macrochaetae long thick and widely sheathed. 2+2 large pigmented eyes. Buccal cone
extremely long and narrow, labrum with ogival sclerifications. Tubercle (Af + 20c)
with chaetae B and Ocm, chaetae A and Ocp absent. Tubercle Cl without chaetae G.
Tubercle (DI+L+So) with 9 chaetae. Furca rudimentary with minute and difficult mi-
crochaetae, without chaetopores.

Description. General. Body length (without antennae): holotype: 0.45 mm. Colour
of the body bluish. 2+2 large black eyes, in a typical arrangement for the genus (Fig. 75).

Chaetal morphology. Dorsal ordinary chaetae of five types: long macrochaetae
(M), short macrochaetae (Mc), very short macrochaetae (Mcc), mesochaetae and mi-
crochaetae. Long macrochactae thickened, arc-like, widely sheathed, strongly serrated,
apically rounded (Figs 75, 79, 81). Macrochaetae Mc and Mcc morphologically similar
to long macrochaetae, but much shorter (Figs 75, 79). Mesochaetae similar to ventral
chaetae, thin, smooth and pointed. Microchaetae similar to mesochaetae, but clearly
shorter (Figs 75, 79). S—chaetae of terga thin, smooth and short, shorter than nearby
macrochaetae (Figs 75, 79, 82).

Antennae. Typical of the genus. Dorsal and ventral chaetotaxy of Ant. III-IV as
in Figs 72—74 and Table 20. S-chaetae of Ant. IV relatively short and thin (Fig. 72),
sensillum sgd of medium size and straight (Fig. 73), sensillum sgv relatively long and
slightly s-shaped (Fig. 74). Apical vesicle distinct, bilobate (Fig. 72).

Mouthparts. Buccal cone extremely elongated with labral sclerifications ogival
(Figs 76, 77). Labrum chaetotaxy: 0/2, 4, without prelabral chaetae (Fig. 76). Labium
with three basal, three distal and two lateral chaetae, papillae x absent (Fig. 77). Maxilla
styliform mandible thin and tridentate.

Dorsal chaetotaxy and tubercles. Chaetotaxy of head as in Fig. 75 and Table 19.
Chaetotaxy of Th. and Abd. As in Figs 75, 79 and Table 21. On Th. I, tubercle De with
one chaeta (Fig. 75). On Th. II and III, chaetae Di 3 absent. Th. II and III with two
chaetae De (Fig. 75). On Abd. IV, chaetae Dil distinctly longer than Abd. V (Fig. 79).
On Abd. V, chaetae Di2 and Di3 absent. Tubercle Di of Abd. IV partially fused (Fig. 79).
Cryptopygy present and strongly developed, Abd. VI invisible from above (Fig. 79).

Ventral chaetotaxy. On head, groups Vea, Vem and Vep with 3, 2 and 4 chaetae,
respectively. Group Vi on head with 5 chaetae (Fig. 77). On Abd. IV, furca rudimen-
tary with 4 minute microchaetae and 4 mesochactae (Fig. 78). On Abd. V, chaetae V1
present and L absent.
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Figures 72-82. Paravietnura rostrata sp. nov.: T2 apical part of Ant. IV, dorsal view 73 sensillum
sgd and microsensilla of AOIII, dorsolateral view 74 sensillum sgv and microsensillum of Ant. III
75 chactotaxy of head and Th. (holotype), dorsolateral view 76 chaetotaxy and ventral sclerifications of
labrum 77 chaetotaxy of labium and group Vi 78 furca rudimentary 79 dorsal chaetotaxy of Abd. ITI-VI
(holotype) 80 claw of leg III, lateral view 81 chaeta Dil of Abd. III 82 sensillum of Abd. IV.
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Table 19. Chaetotaxy of Paravietnura rostrata sp. nov.: Cephalic chaetotaxy—dorsal side.

Tubercle Number of chaetae Types of chaetae Names of chaetae
Cl 2 Ml F
(Af+20c¢) 4 Ml B, Ocp
(Di+De) 2 Ml Dil, Del
(DI+L+So) 9 impossible to recognise

Table 20. Chaetotaxy of Paravietnura rostrata sp. nov.: Chaetotaxy of antennae.

Segment, Group Number of chaetae Segment, Group Number of chaetae II instar
1 7 v or, 8 S, i, 10 mou, 4 brs, 2 iv
11 11
I 5 sensilla AO III
ve 5 ap 8 bs, 5 miA
ve 4 ca 2 bs, 3 miA
vi 4 cm 3 bs, 1 miA
d 4 cp 8 miA, 1 brs

Table 21. Chaetotaxy of Paravietnura rostrata sp. nov.: Postcephalic chaetotaxy.

Terga Legs
Di De DI L Scx2 Cx Tr Fe T
Th. T 1 1 1 - 0 3 6 13 19
Th. I 2 1+s 2+s+ms 3 7 6 12 19
Th. III 2 1+s 2+s 3 8 6 11 18
Sterna
Abd. I 2 2+s 2 2 VT: 4
Abd. 11 2 2+s 2 2 Ve: 3; chaeta Vel present
Abd. 11T 2 2+s 2 2 Vel: 3; Fu: 4 me, 4 mi
Abd. IV (1+1) 1+s 3 3 Vel: 2; Vec: 2; Vei: 2; VI: 4
Abd. V 4s Ag: 2; VI 1
Abd. VI 7 Ve: 11; An: 1mi

Legs. Chactotaxy of legs as in Table 21. Claw without internal tooth (Fig. 80). On
tibiotarsi, chaeta M present and chaetae B4 and B5 of medium size and pointed.

Remarks. No doubt, the new species is the third member of the remarkable Nea-
nurinae genus Paravietnura Smolis & Kuznetsova, 2018 described recently from the
Caucasus (Smolis and Kuznetsova 2018). Paravietnura rostrata sp. nov. seems to be the
closest to P notabilis Smolis & Kuznetsova, 2018; however, it can be easily separated
from the mentioned species because of the reduction of its cephalic chaetotaxy (in
rostrata, chaetae G and Ocp absent, in notabilis, present), extremely elongated labrum,
which is well visible from above (in notabilis, feebly elongated and practically invisible
from above), absence of prelabral chaetae (in nozabilis, 2 chaetae present), the presence
of 1+1 chaetae De on Th. I (in notabilis, 2+2 chaetae present), the absence of chaetae
Di3 on Th. (in notabilis, present), reduction of the number of chaetae De on Th. IT and
I (in rostrata, 1+s chaetae, in notabilis, 2+s and 3+s chaetae, respectively), the absence
of chaetae De2 and De3 on Abd. I-1II (in notabilis, present), the fusion of tubercles
Di on Abd. IV (in notabilis, not fused) and the presence of 1 chaeta Di on Abd. V (in
notabilis, 3 chaetae Di present).
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New Records

Cryptonura maxima Smolis, Falahati & Skarzynski, 2012

Material. IraN, Mazandaran Province, Baladeh, 2200 m as.l., 12.VIL.1974, leg.
A. Senglet, sample 7459; numerous specimens on slide, Iran Mazandaran Province,
Aliabad, 30.VIL.1974, leg. A. Senglet, 7475.

Note. Up to date, the species was known from the Elburz Mts. in Golestan Prov-
ince (Smolis et al. 2012).

Cryptonura persica Smolis, Falahati & Skarzynski, 2012

Material. IrRaN, Mazandaran Province, near Gorgan, forest, mosses, sifting, 20.VI.1973,
leg. A. Senglet, sample 7332; Mazandaran Province, near Shahpasand, leaves, sifting,
29.VIL.1974, leg. A. Senglet, 7473; West Azerbaijan Province, Choj (38°37'N, 45°02'E),
1.VL.1975, leg. A. Senglet, 7503; Golestan Province, near Tangrah (37°23'N, 55°50'E),
16.VIL.1975, leg. A. Senglet, 7552; North Khorasan Province, near Tangrah (37°20'N,
56°01'E), 16.VI.1975, leg. A Senglet, 7553; Golestan Province, near Loveh (37°20'N,
55°44'E /700 ma.s.l.), 21.VIII.1975, leg. A. Senglet, 7572; Golestan Province, near Loveh
(37°18'N, 55°43'E / 1200 m a.s.l.), 21.VIIL.1975, leg. A Senglet, 7573; Semnan Province,
near Loveh (37°19'N, 55°46'E / 1300 m a.s.l.), 22.VIIL.1975, leg. A. Senglet, 7574.

Note. Similarly to the previous species, C. persica was known exclusively from the
Elburz Mts. in Golestan Province (Smolis et al. 2012). The outlined records, from
provinces West Azerbaijan, Mazandaran, Semnan and North Khorasan, shows that this
form seems to be quite common and widespread in north-western Iran.

Deutonura persica Smolis, Shayanmehr & Yoosefi-Lafooraki, 2018

Material. Iran, Gilan Province, near Asalem (37°42'N, 48°53'E), 450 m a.s.l., tree
holes, sifting, 10.V1.1975, leg. A. Senglet, sample 7518; Iran, Mazandaran Province,
Ivel (36°14'N, 53°37'E / 1500 m a.s.l.), under stones, 11.VIL.1975, leg. A Senglet,
7547A.

Note. Until now, the species was known from its type locality only: Hezarjarib
Forest in region Neka in Mazandaran Province (Smolis et al. 2018).

Endonura longirostris Smolis, Shayanmehr, Kuznetsova & Yoosefi-Lafooraki, 2017

Material. IraN, Mazandaran Province, Nashtarud, forest, reserve, sifting, 10.VI.1973,
leg. A. Senglet, sample 7318; Iran, Mazandaran Province, near Delaam, forest,
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4.VIII.1974, leg. A. Senglet, 7478; Golestan Province, near Loveh (37°20'N, 55°44'E
/700 m a.s.l.), 21.VIIL.1975, leg. A. Senglet, 7572.

Note. Up to now, this very characteristic member of the genus Endonura was
known from two localities in Mazandaran Province (Smolis et al. 2017).

Endonura paracentaurea Smolis, Shayanmehr, Kuznetsova & Yoosefi-Lafooraki, 2017

Material. IraN, Gilan Province, Limir, ;large trees in marsh, sifting, 28.V1.1973, leg. A.
Senglet, sample 7306; Gilan Province, Shahrbijar, tree hole, humus, sifting, 6.1X.1973,
leg. A. Senglet, 7366; Mazandaran Province, road to Tchorteh, 800 m a.s.l., tree and
leaves, sifting, 5.VIII.1974, leg. A. Senglet, 7482.

Note. Until now, Endonura paracentaurea was recorded exclusively from
Mazandaran Province (Smolis et al. 2017).

Neanura deharvengi Smolis, Shayanmehr & Yoosefi-Lafooraki, 2018

Material. IraN, Gilan Province, Limir, big trees in marsh, sifting, 28.V1.1973, leg.
A. Senglet, sample 7306; Mazandaran Province, Nashtarud, forest, reserve, sifting,
10.VIL.1973, leg. A. Senglet, 7318; Mazandaran Province, Kiasar, very dry forest, sift-
ing, 22.VII.1973, leg. A. Senglet, 7334.

Note. To date, this unique member of the genus Neanura MacGillivray, 1893 char-
acterised by strong reduction of cephalic chaetotaxy, was recorded from two localities
in Mazandaran Province only (Smolis et al. 2018).

Neanura muscorum (Templeton, 1835)

Material. IraN, Gilan Province, Zandzan (36°43'N, 48°21'E), 15.IX.1973, leg. A.
Senglet, sample 7372.
Note. Up to now, this cosmopolitan and the most widespread member of the

subfamily Neanurinae was recorded from three Iranian provinces: Zanjan, Gilan and
Mazandaran (Cox 1982, Yahyapour 2012).

Protanura papillata Cassagnau & Delamare Deboutteville, 1955

Material. IraN, Kermanshah Province, Geravand, 5.VIII.1973, leg. A. Senglet, sample
7344,

Note. This species is known from Lebanon, Israel and Iran (Smolis et al. 2016b).
The present record is the third from Kermanshah Province.
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Discussion

Until recently, the whole knowledge on richness and diversity of Iranian Neanurinae
was based solely on a Cox’s (1982) paper, in which four European and rather com-
mon taxa, i.e. Neanura muscorum and Bilobella aurantiaca (Caroli, 1912) were men-
tioned. However, the last decade has resulted in a real explosion of research on Iranian
Collembola. Taking into account all recent data, one can conclude that Neanurinae
fauna of Iran contains 21 species of the following genera: Bilobella Caroli, 1912 — 1;
Cryptonura Cassagnau, 1979 — 2; Deutonura Cassagnau, 1979 — 5; Endonura Cassa-
gnau, 1979 — 8; Neanura MacGilliwray, 1893 — 2; Paravietnura Smolis & Kuznetsova,
2018 — 1; Persanura Mayvan, Smolis & Skarzyriski, 2015 — 1; Protanura Bérner, 1906
and 7haumanura Borner, 1932 — 1 (Cox 1982; Smolis et al. 2012; Mayvan et al.
2015b; Smolis et al. 20164, b, 2017; Smolis and Kuznetsova 2018; Smolis et al. 2018).
Despite the fact that the image of diversity and richness of Iranian Neanurinae is still
incomplete, some general comments can be made.

Firstly, the Iranian fauna is characterised by a remarkable percentage of en-
demites, since seventeen species are known exclusively from this country. This num-
ber is probably underestimated as earlier records of some taxa, i.e. Bilobella auran-
tiaca, Thaumanura echinata (Kos, 1940) and Deutonura decolorata (Gama & Gisin,
1964 in: Gisin 1964) are rather unlikely and should be revised. Such a high number
of endemites is certainly noteworthy; nevertheless, it is a known and rather general
phenomenon for this group of springtails. Research conducted, both in tropical
and temperate forests, indicated that Neanurinae have a strong tendency to specia-
tion and their fauna on a larger geographical scale is often characterised by a high
degree of endemism (e.g. Deharveng 1979; Cassagnau and Palacios-Vargas 1983;
Deharveng and Weiner 1984; Cassagnau and Deharveng 1984; Cassagnau 1988,
1996; Greenslade 1994; Palacios-Vargas and Simén Benito 2007; Janion et al. 2011;
Queiroz and Deharveng 2015; Smolis 2017).

Secondly, in terms of species richness, this fauna should be treated even today
as very rich. Especially, the Hyrcanian forest, where sixteen species of the subfamily
were noted, seems to be not only a national but also a regional hot spot. The observed
situation, however, may not be especially surprising as this huge and diversified area
covers almost one million hectares and ranges from west to east through five Iranian
Provinces: Ardabil, Gilan, Mazandaran, Golestan and North Khorasan. In addition,
this forest is a worldwide and commonly-known refuge for many iconic and spectacu-
lar mammals, i.e. the Persian leopard Panthera pardus ciscaucasica, trees, i.e. the Persian
ironwood Parrotia persica, the Caspian locust tree Gleditsia capsica and insects, i.e. the
longhorn beetle Parandra caspia, the red flat beetle Cucujus muelleri (e.g. Sagheb-Talebi
et al. 2014; Mayvan et al. 2015a; Miiller et al. 2015; Bussler 2017).

Finally, current and especially future knowledge (many regions of Iran still remain
unexplored, see Shayanmehr et al. 2013, Fig. 2) of the Iranian Neanurinae fauna could
shed light on key issues such as its origin and relationship with fauna of neighbouring
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regions. For example, the similarity of Iranian fauna to that of the Caucasus (presence
of genera Paravietnura and Persanura) and the east Mediterranean region (presence of
Protanura papillata and genus Cryptonura) should already be underlined.
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Abstract

Apodemus peninsulae, a dominant rodent species in temperature forests of northeastern China, is a model ani-
mal to explore the ecological functions of reciprocal coevolution of animals and plants. From August to Oc-
tober 2016, 24 infra-red cameras were installed to study the feeding behavior and activity patterns of A. pen-
insulae in its natural environment. By analyzing 5618 video records, we found that feeding behavior, followed
by motor and sentinel behaviors, was their main activity. In the behavior spectra, motor behavior (creep, walk,
and skip), feeding behavior (forage, feeding, transport, hoarding, and clean), and sentinel behavior (alert, flee,
banishment, and coexistence) accounted for 57.96%, 40.36%, and 1.68% of their behavior, respectively.
The peak of feeding behavior occurred between 18:00 and 23:00, and feeding behavior frequency, duration,
and activity rhythms differ among August to October. Furthermore, activity was the greatest after sunset and
before sunrise, indicating a nocturnal lifestyle; however, from August to October, the start time of the activity
was earlier, and the end time was later than usual. On average, mice spent 21.6 £ 11.6 times/night feeding,
with a duration of 63.58 & 98.36 s; while they spent less time in foraging, 39.05 £ 51.63 s. We found a
significant difference in feeding and foraging frequency, with mice spending on average 10.84 & 9.85 times/
night and 9.23 * 11.17 times/night, respectively. Our results show that feeding and foraging behavior is also
influenced by light intensity, suggesting a preference for crepuscular periods of the day. Infra-red cameras are
very useful in detecting activity patterns of animals that are not easily observable; these cameras are able to
capture a large amount of valuable information for research into ecological functions.

Copyright Dianwei Li et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

Through adaptive evolution, animals respond to environmental factors, as well as their
physiology, in order to adapt to their environment (Lehner 1996; Halles and Stenseth
2000; Pearson and Theimer 2004; Seri et al. 2018; Tang et al. 2020). They do this in a
range of ways, including adjusting their behavior in response to environmental changes,
such a daily circadian rhythm, temperature, competition, predation avoidance, and re-
source availability, as well as their own physiology (Flannigan and Stookey 2002; Li
etal. 2019; Tang et al. 2020). As a result, they form specific behavior patterns and activ-
ity thythms. Therefore, it is important to understand how animals adapt and adjust their
behavior to their environment and to assess the mechanisms that drive these patterns.

Foraging activity of animals involves a wide spectrum of behaviors used in the quest
to find food. Foraging and feeding behaviors are often linked together, and animals will
use a combination of strategies. Foraging and feeding behaviors include finding, ob-
taining, processing, ingesting, and hoarding, following specific pattern specific to the
animal. Depending on the need, feeding can occur at the site where food is found or
can be moved and consumed somewhere else. The decision to do so is dependent on
external pressures such as predation, the time available for foraging, and environmental
factors such as temperature (Halles and Stenseth 2000; Pearson and Theimer 2004;
Seri et al. 2018). In learning the factors that affect the feeding and foraging behavior
spectra of animals, we hope to gain further insight into adaptive capability, activity
intensity, which will give us a clearer understanding on adaptive strategies of animals
as well as niche dimensions in specific communities (Lehner 1996; Halles and Stenseth
2000; Pearson and Theimer 2004; Seri et al. 2018; Tang et al. 2020).

Infra-red (IR) cameras have been found to be highly beneficial to ecological stud-
ies of cryptic animals, those that are active at night when it is difficult to see them, or
those that occur in hard to reach locations. Moreover, IR cameras have many benefits,
such as being non-invasive, capacity for long-term monitoring with 24 hour or longer
monitoring (Karanth 1995; Rowcliffe et al. 2008; O’Connell et al. 2020), low cost,
low environmental interference, resistance to environmental changes, and ability to re-
cord greatly hidden species and complex terrain (Karanth 1995; Rowcliffe et al. 2008;
Mondol et al. 2009; O’Connell et al. 2010; Zhang et al. 2013; Claridge et al. 2019).
In addition, IR cameras can capture a large amount of information in the natural state
(O’Connell et al. 2010), including population structure, species diversity, and some
information on spatial distribution (Mondol et al. 2009; Zhang et al. 2013; Claridge
et al. 2019). As a result, IR cameras have been widely used in studies involving field
monitoring, quantity estimation, habitat characteristics, individual recognition, be-
havior patterns, and activity rhythm (Mondol et al. 2009; Zhang et al. 2013; Claridge
et al. 2019). For example, in studies involving mammals in the superorder Glires, IR



Foraging behavior and activity patterns of Apodemus peninsulae 141

cameras have been widely used to assess species diversity and estimate population den-
sity (Zhang et al. 2013). However, in smaller-bodied species of Glires, such informa-
tion is lacking. Much of the research has been conducted on larger species of Glires:
Sino-Mongolia beaver Caster fiber birulai, Asiatic brush-tailed porcupine Atherurus
macrourus and red-bellied squirrel Callosciurus erythralus (Liu et al. 2015; Wen et al.
2016; Wang et al. 2019; Tang et al. 2020). Thus, more research is needed using IR
cameras to study the behavior of smaller-bodies species of Glires.

The Korean wood mouse, Apodemus peninsulae, is a dominant species of the Glires
community in temperate forests in northeastern China, inhabiting a variety of habitats
such as forests, shrubs, glades, grasslands, and farmlands at the forest margins. This
species feeds on and stores a variety of seeds and fruits from plants such as Quercus
mongolican, Pinus koraiensis, and Corylus mandshurica (Lu and Zhang 2005; Park et
al. 2014; Liu et al. 2015; Li et al. 2018). As a keystone species in the forest ecosystem,
A. peninsulae is not only a primary consumer and seed disperser, but also an impor-
tant food resource for carnivores. Research on A. peninsulae has mainly focused on
population dynamics, food storage, nest activity, body temperature, and distribution
(Lu and Zhang 2005; Park et al. 2014; Liu et al. 2015; Li et al. 2018; Masaki et al.
2005). However, there were no reports on feeding behavior and activity patterns in A.
peninsulae under natural conditions. However, Lu and Zhang (2005) did report on the
activity rthythm and seed hoarding of this species under laboratory and artificial fence
conditions. Due to the limitation of space and human interference, these studies could
not fully reflect the natural activity rules of Gires. Our study used IR cameras to moni-
tor the feeding behavior of A. peninsulae in its natural environment. Our results will
provide a new perspective on the various application of IR cameras as a non-invasive
tool for monitoring and studying the ecology of animal behavior in natural settings.

Site and methods

Study area and research site selection

The study was conducted from June 2015 to October 2016. The research site was in a
forested area of Hengdaohezi town, Hailin City (44°44'N-44°55'N, 129°6'E-129°15'E,
elevation 460—600 m), at the northern end of the Changbai Mountains in northeastern
China, the east vein of the main ridge of Zhangguangcai Mountain. The mountain runs
northwest-southeast. The climate is temperate continental monsoon, with four distinct
seasons and a hot rainy season. The maximum temperature is 37 °C, the minimum tem-
perature is —44.1 °C, and the annual average temperature is 2.3—3.7 °C. About 100-160
days in the year are frost free. The first frost is in late September, and the last frost is in late
April to early May. Precipitation is concentrated in June to September and varies between
400 mm and 800 mm. The forests in this area are dominated by secondary vegetation.
There is a high abundance and diversity of Glires, largely dominated by combinations of
various species such as A. peninsulae, A. agrarius, and Clethrionomys rufocanus.
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In the theropencedrymion, three alternative plots with less human interference
were selected for research. For each plot, we first used the rat traps method to investi-
gate the presence of small Glires in the area. The plot with the largest capture rate of A.
peninsulae was selected as the research site. The chosen site was 100 m x 150 m and at

an altitude of 533-552 m.

Infra-red camera settings

In the study plot, four sample strips with an interval of 20 m were set, and six IR
cameras (Lt Acorn, LTL-6310MC) were installed in each sample strip. The IR camera
interval was 20 m, with 24 cameras in total. The IR cameras were set to the photo +
video mode. Each camera was set to take three shots after triggering and then to auto-
matically record for 15 s after every 30 s interval. Cameras automatically recorded the
date, time, environmental temperature, and other information. Cameras were fixed on
tree trunks, or other fixed objects, about 30 cm above the ground, and baits (marked
seeds of Quercus mongolican, Pinus koraiensis, and Corylus mandshurica) were placed on
the ground approximately 30-80 cm in front of the camera. Ten days later, cameras
were retrieved to collect and analyze the photos and videos.

Recording and characterization of behaviors

Once the target animal was identified, the following observations were recorded, char-
acterized, and later analyzed in order to construct the feeding and foraging behavior
spectrum. The characterization included noting the type, frequency, and duration of
behaviors exhibited during feeding and foraging. Due to the short duration of the
video recording interval, 30 s, the video recording time, location of activity, and state
of the target animal before and after the activity was used to assess whether the activ-
ity was continuous. The activity was considered to be continuous if the location and
behavior did not change for the duration of the recording.

Measuring of environmental variables: environment temperature, light inten-
sity, sunrise, and sunset time

The environmental temperature was measured with the IR cameras, while light in-
tensity was measured during early, middle, and late stage of the survey period, respec-
tively. The measurements were taken once an hour only between 17:00 and 20:00 in
the evening and 3:00 and 5:00 in the morning. For the sunrise and sunset time, we
referred to local climate data and calculated the median.

Statistical analysis

The data was tested for normality and equality of variance using the Kolmogorov-
Smirnov and Levene’s test of homogeneity. Data was treated with respective tests
depending on whether they met or did not met the assumptions of normality. The
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Kruskal-Wallis H test (nonparametric test) was used to compare the significant dif-
ferences in behavior frequency, behavior duration, temperature, and light intensity
among the three months. The t-test (Parametric test) or Mann-Whitney U test (non-
parametric test) was used to test the differences between the different months. The as-
sociation between feeding frequency, light intensity, and temperature was tested using
the Pearson Correlation analysis. All data were expressed as mean + sd and statistical
significance was accepted when o < 0.05. All statistical analyses were conducted in
SPSS 22.0 software.

Results

Species diversity and composition of Glires in the study area

Among the 6383 effective recorded activities in the video, 5618 were of A. peninsulae,
accounting for 85.73% of all the Glire species in the area. Other recorded Glires in-
clude Zamias sibiricus with 523 records, squirrel with 226 records, and Clethrionomys
rufocanus with 16, accounting for 7.98%, 3.45%, and 2.84%, respectively. Therefore,
A. peninsulae was the absolute dominant species in the selected research plot.

Classification and definition of foraging behaviors of A. peninsulae

Apodemus peninsulae behavior was analyzed from the video records. The main behavior
y.
patterns are as follows:

Motor behavior

A series of animal behaviors with obvious spatial displacements in different positions
through various types of movement.

* Creep (slow movement). The abdomen of the body is on the ground, the
forelimbs are stretched forward and flat on the ground, and then the two hindlimbs
move forward simultaneously in a creeping movement. This kind of movement is the
slowest, is used as the completion of short-distance movement and often occurs during
foraging and feeding.

*  Walk (medium-speed movement). The abdomen is off the ground; the limbs
move alternately as the body stretches. The speed and distance in this kind of the
movement are between creep and skip. It is used as complete short and medium-
distance displacement and often occurs during foraging.

* Skip (fast movement). The hind limbs quickly kick off the ground, the body
jumps forward and upward, and the displacement occurs in the form of a parabolic
trajectory; the flying height is 10-30 c¢m, including a single skip and multiple con-
secutive skips, without other accompanying behaviors. This kind of movement often
occurs during transport.



144 Dianwei Li etal. / ZooKeys 992: 139-155 (2020)

Feeding behavior

A series of behaviors exhibited by animals during feeding,.

* Forage: when animals are searching for food by walking and creeping using
their senses of smell and vision. They usually search over a large area before finding
a concentrated food source and continue to search in a smaller area after finding the
food source. Animals often exhibit the following behaviors: sniffing, looking around,
forearm digging, and other search actions with single short skips (Fig. 1a).

* Feeding: when animals are handling and eating food. When feeding, they usu-
ally do not move around, but they do occasionally creep, squat, or lie on the ground
with hind limb support. The abdomen is on the ground, the back is raised, the fore-
limbs are on the ground or slightly raised and the two front paws grasp the food to
assist in processing the seed coat and biting and chewing the food (Fig. 1b).

* Transport: when animals are moving their food from where it was found, but
not eating or processing it immediately. Transport occurs after foraging, and animals
usually leave quickly by running or skipping. The direction of transport is scattered.

* Hoarding: when animals, after transporting the food in a short distance, do
not eat or process the food but stores it in a place. This can be a concentrated area
(concentrated hoarding) or scattered spots (scattered hoarding) within the foraging
area. Usually, the food is buried in the soil and the litter using the mouth to carry the
food and forelimbs to dig.

* Clean: when animals self-groom by scratching to clean or groom the fur of the
cheeks, neck, and chest with mouth, forelimbs, and hindlimbs. It usually occurs after
or during feeding.

Sentinel behavior

A series of behaviors of animals exhibited in response to risks and disturbances in
the environment, and vigilance in response to what is in the environment to avoid

being depredated.

* Alert: animals immediately interrupt foraging, feeding and other activities;
animals stay still by squatting while lifting the forelimbs, standing up slightly, bowing
back, sniffing, listening, and observing the surrounding environment (Fig. 1c¢).

* Flee: animals immediately interrupt their ongoing activity and leave quickly
by running fast with skip or continuous large distance skips after perceiving the danger
or disturbance.

* Banishment: animals immediately interrupt ongoing activities when another
rodent appears within the same area where it is foraging or feeding. Animals will quick-
ly move to the other rodent by skipping to chase it away.

* Coexistence: when two rodents forage within the same area without any com-
petition or showing any aggression towards each other. Both animals conduct their
own forage or feeding behavior with at least 30 cm between one another (Fig. 1d).
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Feeding behavior strategy
Activity time of A. peninsulae

The start and end time of activity was consistent with sunrise and sunset; the percentage
of activity time of A. peninsulae after sunset and sunrise was 100%, and 99.96%, respec-
tively. Only two observations of activities that extended past sunrise by 30 minutes were
found (Table 1). There was a seasonal, as well as night and day, effect on activity pat-
terns, and much of the activity in summer was shorter than in autumn. From August to
October, as the temperatures become cooler from August to October, the activity time
starts to become longer. In August, A. peninsulae activity was at 37.1% of the whole day
but increased to 52.3% and 52.2% in September and October, respectively.

Feeding behavior frequency and duration

Forage, feeding, and transport in feeding behavior were the main activities of A. pen-
insulae and were accompanied with motor and sentinel behavior. Of the total number

of records (4403) of various types of behaviors, 57.96% (2552) were motor, 40.36%
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Table I. The activity time of A. peninsulae and partial climatic characteristics.

Month  Earliest time Latest time Sunset time Sunrise time  Temperature (°C) Illumination (Lx)
8 19:08:48 04:02:09 18:40 4:18 19.1+£2.2 371.4 £ 938.9
(18:31-18:47) (4:12-4:24)
9 17:21:37 05:54:53 17:19 5:12 10.0 £ 1.6 64.6 +138.5
(17:10-17:29) (5:06-5:18)
10 17:00:46 05:31:10 16:46 5:34 43+ 1.4 16.3 + 38.4
(16:37-16:55) (5:28-5:40)
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Figure 2. Proportion of three types behaviors of A. peninsulae.
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Figure 3. Proportion of motor behaviors of A. peninsulae.

(1777) were feeding, and 1.68% (74) were sentinel behaviors (Fig. 2). Of motor behav-
iors, creep, walk, and skip accounted for 38.24%, 30.41%, and 31.35% of behavior,
respectively (Fig. 3). Of feeding behaviors, foraging, feeding, transport, and cleaning
accounted for 48.79%, 35.85%, 14.01%, and 1.35%, respectively (Fig. 4). Hoarding
behavior after transport could not be recorded due to the limitation of camera moni-
toring range. In sentinel behavior, alert, flee, banishment, and coexistence accounted

for 35.14%, 40.54%, 4.05%, and 20.27%, respectively (Fig. 5).
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Table 2. Frequency and duration of feeding behavior of A. peninsulae in different months.

Month Frequency(time/night) Duration (s)
Activity Forage Feeding Transport Forage Feeding
8 72+28 4.58 +2.87 4.17 +4.83 2.48 £1.86 42.78 + 4495  91.10 £ 118.02
9 29.7+£7.8 21.60 £ 10.02 12.30 £ 10.55 4.89 £5.90 47.05 £ 66.80 68.51 £102.98
10 15775 10.10 *+ 8.36 11.35 + 14.09 6.06 +4.83 29.16 £ 30.36 53.83 + 88.72
Total 21.6 £ 11.6 10.84 +9.85 9.23 +11.17 4.37 +4.57 39.05 = 51.63 63.58 + 98.36
100
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Figure 4. Proportion of feeding behaviors of A. peninsulae.
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Figure 5. Proportion of sentinel behaviors of A. peninsulae.

Feeding behavior frequency varied significantly in different months (A = 82.848,
df = 2, P < 0.001). Total frequency was 21.6 £ 11.6 times/night (4.2-41.6 times /
night, N = 26), of which 7.2 + 2.8 times/night (4.2-10.5 times/night, N = 5) in Au-
gust, 29.7 £ 7.8 times/night (17.9-41.6 times/night, N = 14) in September, which
was the most frequent month, and 15.7 £ 7.5 times (4.5-25.4 times/night, V= 7) in
October. The frequency of activities in August was significantly less than that in Sep-
tember (#=-9.220, P < 0.001) and October (¢ = -2.382, P < 0.05), and the frequency
of activities in September was higher than October (¢ = 3.931, P < 0.01) (Table 2).



148 Dianwei Li etal. / ZooKeys 992: 139-155 (2020)

Forage and feeding frequency were the highest in September, followed by October, and
lowest in August (forage: H = 36.163, df = 2, P < 0.001; feeding: 4 =10.262,df=2, P
< 0.01). The transport frequency in October was the highest, followed by September,
and lowest in August (H = 6.018, df = 2, P < 0.05). There was no difference in the du-
ration of forage in each month (A = 1.318, df = 2, P> 0.05), but the feeding duration
was significant difference (H = 7.008, df = 2, P < 0.05) and the feeding duration in
August was significantly longer than September and October (September: Z = -2.348,
P <0.05; October: Z=-2.602, P<0.01).

The frequency and duration of three feeding behaviors were all different. The aver-
age frequency of forage, feeding and transport was 10.84 £ 9.85 times/night, 9.23 +
11.17 times/night, and 4.37 * 4.57 times/night, respectively. The frequency of forage
was significantly higher than feeding and transport (4 = 23.092, df = 2, P < 0.001).
Only in September did the frequency of three behaviors show significant differences
from August to October (H = 25.614, df = 2, P < 0.001) (Table 2). The average du-
ration of forage and feeding was 39.05 + 51.63 s and 63.58 + 98.36 s, respectively.
Feeding duration was significantly longer than forage (Z = -6.704, P < 0.001) and
it showed different differences in August, September, and October (Z = -3.930, P <
0.001; Z=-2.295, P< 0.05; Z=-5.478, P < 0.001).

Feeding activity rhythm

Our observations show that the peak of feeding behavior occurs between 18:00 and
23:00 and varies from month to month. In August, only a single feeding peak was
observed which started after 19:00, peaking between 22:00 and 23:00, and reducing
after 3:00. In September and October, the activity started after 17:00, peaking between
18:00 and 20:00, which was earlier than that in August. In addition, the frequency of
feeding was significantly higher than that in August, after 20:00, with a smooth curve
and began to decrease after 4:00 (Fig. 6).

A. peninsulae showed a highest activity frequency on the first day it encountered a food
source, with an average of 32.7 & 7.1 times/night, then followed by daily feeding frequency
between 10 and 22 times. This trend varied from month to month, with the feeding peak
in August and decreasing thereafter. The feeding frequency showed the highest peaks on
days 1, 4, 7, and 9 in September, and on days 1, 8, and 10 in October (Fig. 7).

Environmental factors and feeding behavior

From August to October, the temperature and light intensity decreased month by
month. The temperature (H = 223.041, df = 2, P < 0.001) and light intensity (H =
14.812, df = 2, P < 0.001) from August to October showed significant differences.
There was a strong positive association between temperature and feeding behavior dur-
ing the month of September (R = 0.361, P < 0.001), but not during August and Oc-
tober (August: R = 0.118, P > 0.05; October: R = -0.036, P > 0.05; Fig. 8). Overall,
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Figure 6. The night activity thythm of A. peninsulae in different months.
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Figure 8. Interactions between temperature and feeding behavior of A. peninsulae.
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Figure 9. Interactions between illumination and feeding behavior of A. peninsulae.

feeding behavior was strongly associated with light intensity across the months, mainly
September (R = 0.472, P < 0.001), and August (R = 0.294, P < 0.05), but this was not
the case for October (R = 0.167, P> 0.05) (Fig. 9).

Discussion

Feeding behavior spectra of A. peninsulae

Apodemus peninsulae spends the majority of its active time feeding and exhibits some
motor behaviors and sentinel behaviors during feeding. Our results show that foraging
was the most frequent behavior and feeding was the longest behavior. A. peninsulae
usually fed 77 situ when first encountering seeds, then transported seeds for later feed-
ing or storage. The animals compensated for energy loss by reducing the frequency of
foraging activity and spending more time to increase other activities such as sentinel
behaviors so that they were more vigilant. Due to the limitation of the monitoring
range of the camera, we were unable to follow post-transport feeding and hoarding
activities, leading to an inaccurate calculation. We had similar results to Li et al. (2018)
who showed that A. peninsulae was a scatter-hoarding animal which spent little time
in feeding on seeds iz sizu (15.1%), but rather more time on post-transport feeding
(20.4%) and hoarding (41.2%). Due to the existence of pressures, such as a complex
and changeable environment, predation by natural enemies, and inter- and intraspe-
cies competition, the combined feeding mode with in situ feeding, transport feeding,
and scattered hoarding could help them to obtain greater benefits on the basis of re-
ducing predation risk and decreasing competitive pressure (Clarke and Kramer 1994;
Leaver and Daly 2001; Vander 2003, 2010; Vander and Beck 2012; Wang et al. 2013;
Lichti et al. 2015).
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Feeding and transport in A. peninsulae play two completely opposite roles in veg-
etation regeneration. On the one hand, feeding on a large number of seeds is harmful
to forest regeneration (Lichti et al. 2015), while on the other, the transported and
stored seeds exceed the demand, and any remaining seeds can potentially sprout and
promote plant regeneration. In scatter-hoarding animals, it is common that caches are
forgotten and plants can generate from those. Thus, the scatter-hoarding strategy effec-
tively promotes plant regeneration and is a significant contributor to stabilizing plant
population structure and maintaining the species diversity (Vander 2001; Preston and
Jacobs 2009; Lichti et al. 2015). In response to the seasonal changes and the impacts
on food resources, coupled with the north temperate climate, A. peninsulae showed
different requirements to meet different life activities at different times. For example,
in summer when resources were abundant and temperature and light intensity were
suitable, A. peninsulae spent more time in feeding iz situ and less time on other motor
activities such as foraging and hoarding. However, when temperatures began to cool in
the fall and resources were getting depleted, A. peninsulae began spending more time
on foraging and transport activities, suggesting that they were storing food in order
to successfully overwinter. This is an adaptation strategy in response to the seasonal
changes of food and environment and is important for survival and reproduction of
the species now and in the future (Vander 2001; Murray et al. 2006; Chang et al. 2010;
Lichti et al. 2015).

Activity rhythm of A. peninsulae and affecting factors

Activity rhythm is a comprehensive adaptation to obtain the greatest survival benefits
under various conditions and is affected by a variety of internal and external factors.
Among them, solar radiation, light intensity, and environmental temperature are the
main factors that affect animal activity rhythm (Roll et al. 2006). The change of the
length of day and night is an effective constraining factor of the distribution of an
animal’s activity time; thus, it is particularly important to allocate its activity time
appropriately to the available time (Dunbar 1992). Studies have confirmed that light
was an important factor for the activities of Glires, and strictly nocturnal animals were
inactive during the daylight period. Our study showed that the frequency of feeding
behavior of A. peninsulae was strongly correlated with light intensity, showing an in-
creased frequency of activity with a reduction in light intensity. This indicates that the
nocturnal activity of these rodents is influenced by the intensity of light, since they are
adapted to functioning at low light, twilight, and dusk. Most Apodemus spp. are either
nocturnal, crepuscular, or both (Wolton 1983). Thus, it is unsurprising that these
behaviors are consistent with what we observed in our study. In addition, the activity
time of A. peninsulae showed seasonal differences, with shorter activity time in summer
and longer time in autumn. The difference between the two seasons was up to 4 h, sup-
porting the idea that temperature also influences activity patterns (Park et al. 2014).
Temperature is known to have considerable effect on changes in the daily activity
thythm in animals (Watanuki and Nakayama 1993; Corp et al. 1997; Hu et al. 2002).
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Environment temperature has an important effect on the night activity of Glires (Corp
et al. 1997), with rodent species adjusting their foraging times and activities in re-
sponse to changes in temperature (Hu et al. 2002). Usually, A. peninsulae is more ac-
tive at relatively warm temperatures (the average daily temperature is 0 °C) (Park et al.
2014), but it can adapt well to changes in environmental temperatures without having
severe impact on its activities. As A. peninsulae does not hibernate in the cold months,
it likely survives by greatly reducing foraging and feeding activities (Chang et al. 2010;
Park et al. 2014).

Benefits and applications of IR cameras in the ecological studies

Studies under laboratory conditions have shown that A. peninsulae can be active both
day and night in the spring (May), and the activity duration at night is more than
that in day (Ji et al. 2005) , suggesting that seasonal difference may have an effect on
animal activity rhythm. However, our data captured by IR cameras or radio moni-
toring with little human interference, shows more realistic behavioral patterns than
laboratory studies. IR cameras reveal the strictly nocturnal and crepuscular lifestyle of
A. peninsulae, and while it is relatively difficult to observe the behavior of nocturnal
animals in the natural environment, IR cameras can provide an effective method to
capture realistic information.

IR cameras have been used to assess species diversity survey and population den-
sity estimation in large mammals (Rowcliffe et al. 2008; Mondol et al. 2009; Zhang
et al. 2013). However, IR cameras are less used in studies on small rodents (Zhang et
al. 2013). Nocturnal small mammals are difficult to identify to individuals through
photos or videos taken at night due to the lack of “natural marks”. Identifying gender
and age is just as difficult (Zhang et al. 2013). IR cameras have their own shortcom-
ings. The effectiveness of these cameras depend on the probability, for example, that
the study animal will appear at the site, the activities will be within the field of vision
of the camera, and that the photos and videos will be in focus and clear; the cameras
will also capture a high number of repeat records of the same individuals (Mondol et
al. 2009; O’Connell et al. 2010; Zhang et al. 2013). Here, we found that the behav-
iors recorded by IR camera were fewer in number than in laboratory studies, but we
captured more information on abundance compared to traditional surveys in natural
environment (O’Connell et al. 2010; Liu et al. 2015; Li et al. 2018; Claridge et al.
2019; Nichols et al. 2019).

Conclusion

Infra-red cameras were used to record in natural conditions the feeding behavior of a
small species of Glires, A. peninsulae, with both nocturnal and crepuscular behavior.
In the behavior spectra, feeding behavior followed by motor and sentinel behaviors
were the main activities of this species. It spent the majority of its active time feeding
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and foraging. The behavior was influenced by light intensity, suggesting a preference
for crepuscular periods of the day. This species” activities had significant seasonal dif-
ferences and is seen as an adaptation strategy in response to seasonal changes in food
and the environment. Our results show that IR cameras are highly useful in ecological
studies of species of Glires that are not easily observable. IR cameras are able to capture
much valuable information on ecological functions.
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Abstract

Monaopis jussii Kaila, Mutanen, Huemer, Karsholt & Autto, sp. nov. (Lepidoptera, Tineidae) is described
as a new species. It is closely related to the widespread and common M. laevigella ([Denis & Schiffermiil-
ler], 1775), but differs in its distinct COI DNA barcode sequences, four examined nuclear loci as well
as details in forewing coloration and pattern. Most reared specimens of M. jussii have emerged from
the nest remnants of the Boreal owl (Aegolius funereus (Linnaeus, 1758)), but also nests of the Ural owl
(Strix uralensis Pallas, 1771) and the Great tit (Parus major Linnaeus, 1758) have been observed as suit-
able habitats. Based on the present knowledge, the new species has a boreo-montane distribution as it is
recorded only from northern Europe and the Alps. Several extensive rearing experiments from Strix spp.
nest remnants from southern Finland did not produce any M. jussii, but thousands of M. laevigella, sug-
gesting that the species is lacking in the area or, more unlikely, that the nest of these owl species do not
serve as good habitat for the new species. This unexpected species discovery highlights, once again, the
usefulness of DNA barcoding in revealing the cryptic layers of biodiversity. To serve stability we select a
neotype for Tinea laevigella [Denis & Schiffermiiller], 1775, and discuss the complicated synonymy and
nomenclature of this species.

Copyright Marko Mutanen et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

The lepidopteran fauna of Central and North Europe has been investigated for a
longer time and more intensively than that of any other region in the world.
Consequently, discoveries of species new to the region are nowadays uncommon and
usually involve expansive or invasive species. Large-scale efforts to build taxonomically
comprehensive regional DNA barcode reference libraries have, however, resulted in a
boost in discoveries of overlooked species during the last 15 years, as demonstrated by
the increase of new species descriptions e.g. in the family Gelechiidae by Huemer et
al. (2020). Characteristic to the new discoveries is that they often concern unexpected
cases of cryptic diversity among well-known and often widespread species. Examples
of such recent findings, originally detected as deep intraspecific splits in DNA barcode
sequences, include Leptidea reali Reissinger, 1990 (Dinca et al. 2011), Olethreutes
subtilana (Falkovitsh, 1959) (Segerer et al. 2010), Phalonidia udana (Guenée, 1845)
(Mutanen et al. 2012a), Epinotia cinereana (Haworth, 1811) (Mutanen et al. 2012b),
Nemophora scopolii Kozlov, Mutanen, Lee & Huemer, 2016 (Kozlov et al. 2017),
several Elachista spp. (Mutanen et al. 2013) and Hoplodrina alsinides (Costantini,
1922) (Huemer et al. 2020).

There are many more additional cases of potential cryptic diversity in European
Lepidoptera, as dozens of species show high levels of genetic polymorphism in their
mitochondrial DNA (Mutanen et al. 2016, Huemer et al. 2020). While polymorph-
ism in the mitochondrial DNA may result from multiple other phenomena, including
mitochondrial introgression and retained ancestral polymorphism, many of those cases
are likely to result from cryptic diversity.

An intraspecific split of the mitochondrial DNA being reflected in the nuclear
genome in sexually reproducing species and in sympatry would strongly suggest the
presence of cryptic diversity, because, unlike mitochondrial DNA, nuclear DNA is
subject to genetic recombination. From this starting point, we sequenced four nucle-
ar markers of Monopis laevigella ([Denis & Schiffermiiller], 1775), a widespread and
common species of tineid moths, showing a deep sympatric genetic split in its DNA
barcode region in Europe (Gaedike 2019). Despite the limited number of analyzed
specimens, the results provided unequivocal genetic support for the presence of two
biologically distinct species. Subsequent morphological examination revealed con-
sistent differences in the adult wing patterns, providing additional support for the
overlooked cryptic diversity. Additionally, based on the presently available data, the
two species show overlapping, but different ranges and based on the present know-
ledge, also a different ecology. Based on these grounds, we here describe one of the
taxa as new to science.
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Material and methods

The material examined was acquired from the following collections:

IT] Research collection of Juhani Itimies

MUT  Research collection of Marko & Tomi Mutanen

MZH  Finnish Museum of Natural History, Helsinki, Finland
TLMF Tiroler Landesmuseum Ferdinandeum, Innsbruck, Austria
ZMUO Zoological Museum, University of Oulu, Finland

ZSM  Zoologische Staatssammlung Miinchen, Germany

Terminology of genitalia follows Robinson and Nielsen (1993) and Gaedike (2019).

Preparation of genitalia generally follows the method outlined by Robinson
(1976). Male genitalia were mounted in dorso-ventral position as it was considered
to best show shapes of diagnostic structures, even if the shape of the gnathos is not
optimally expressed. Male genitalia were stained using Eosin, female genitalia as well
as abdominal pelts of both sexes using Chlorazol black. Structures were embedded in
Euparal. Images were edited using Corel PHOTO-PAINT (2019).

Species of Tineidae have been systematically sequenced for the standard barcode
region of the mitochondrial COI (cytochrome c oxidase subunit 1) in the connection
of ongoing regional or national DNA barcoding projects in the Alps (Lepidoptera of
the Alps campaign) and Finland (FinBOL). DNA barcode sequencing was conducted
at the Canadian Centre for DNA Barcoding (CCDB, Biodiversity Institute of Ontario,
University of Guelph) using standard Sanger protocols as explained in deWaard et al.
(2008). We successfully sequenced 87 specimens of Monopis representing twelve species,
the newly described species included. Five European species of Monopis (M. luteocos-
talis Gaedike, 2006, M. henderickxi Gaedike & Karsholt, 2001, M. christophi Petersen,
1957, M. pallidella Zagulajev, 1955 and M. barbarosi (Kogak, 1981)) were not included
in this sampling. Each of them is morphologically clearly distinct from M. jussii sp. nov.
(Gaedike 2019). Full collection and taxonomic data as well as voucher photographs,
DNA sequences and GenBank accession numbers of all these specimens are available
in the Barcode of Life Data Systems (BOLD; Ratnasingham and Hebert 2007) in the
public dataset DS-MONOJUS at https://dx.doi.org/10.5883/DS-MONOJUS. Col-
lection data of the specimens are also given in Table 1. Some of the COI sequences used
in this study were previously published in Mutanen et al. (2016), the others are novel.

Four nuclear genes, carbamoylphosphate synthase domain protein (CAD), elonga-
tion factor 1 alpha (EF-1a), cyrosolic malate dehydrogenase (MDH) and wingless, were
sequenced at the University of Oulu, Finland. These genes were chosen primarily based
on the high amplification success rate in other Tineidae, but also based on our previous
experience on their general good functionality to provide useful taxonomic informa-
tion between closely related species. In these analyses, three specimens of M. laevigel-
la and two specimens of M. jussii, all collected from Finland, were included. Legs
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of dry and pinned adult specimens were used for extraction of genomic DNA with
DNeasy Blood & Tissue Kit (Qiagen). We largely followed the sequencing protocol
by Wahlberg and Wheat (2008), but PCR clean-up was carried out with ExoSAP-IT
(Affymetrix, Santa Clara, CA, USA) and Sephadex columns (Sigma-Aldrich, St. Louis,
MO, USA). Additionally, sequencing was performed using an ABI 3730 DNA Ana-
lyzer (Applied Biosystems, Foster City, CA, USA). Sequences were checked and edited
using BioEdit software (Hall 1999). The sequences were uploaded to a VoSeq database
(Pefia and Malm 2012). The same dataset was used to generate fasta files for Neighbor-
Joining analyses.

Minimum genetic p-distance barcode divergence between M. laevigella and M.
Jjussii was calculated using analytical tools in BOLD Systems v. 4.0 (http://www.bold-
systems.org). Neighbor-joining trees for the barcode region for all included Monopis
species and specimens as well as four nuclear genes for five analyzed specimens of
M. laevigella and M. jussii were constructed under p-distance model using Mega 7.0
(Kumar et al. 2016). The trees were stylized using CorelDraw v. 20.0.0.633.

Results

DNA sequencing resulted in a barcode of 552 bp or longer for 81 specimens. All
except seven specimens yielded a full-length (654 bp) barcode. BOLD’s barcode gap
analysis showed that all included species have highly species-specific DNA barcodes
with the mean of minimum divergences (p-distance model) to the nearest species be-
ing 10.01% (range 4.43-17.58%) (Figure 1). The minimum divergence between M.
laevigella and M. jussii is 4.43%.

For each nuclear gene, data of only a single specimen of two analyzed M. jussii
specimens were retrieved. Informative (i.e. data from both species available) sequence
lengths by genes were as follows: CAD: 336 bp, EF-1a: 410 bp, MDH: 334 bp, wing-
less: 307 bp. Genetic p-distances between the two species were: CAD: 2.1%, EF-1a:
2.2%, MDH: 1.5%, and wingless: 4.1%. As a rule, the specimen of M. jussii formed a
sister to the two or three specimens of M. laevigella (Figure 2).

Monopis jussii Kaila, Mutanen, Huemer, Karsholt & Autto, sp. nov.
http://zoobank.org/288523EF—4785—471 1-B5DF-483D42057841
Figures 3-9

Type material. Holotype 3 (Figure 3): FINLAND, PPe Yli-Kiiminki, larva 2001, ex
nest of Aegolius funereus, M. Mutanen leg. R. Gaedike prep. 8607. (ZMUO).
Paratypes. FINLAND o 7 316 Q, PPs Kiiminki, 65.1163°N, 25.8291°E, Larva
1995, ex nest of Aegolius funereus, L. Kaila prep. 6317, 6325, 6326, M. Mutanen leg.
(ZMUO); Finland: 10 &, 16 @, PPe Yli-Kiiminki, larva 2001, ex nest of Aegolius fu-
nereus, L. Kaila prep. 6314, 6315, 6316, 6322, 6323, 6324, R. Gaedike prep. 8606,
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4{ Monopis laevigelia

1 Monopis jussii

i Monopis neglecta

| Monopis weaverella

Monopis burmanni

- Monopis spilotella

| Monopis monachella

Monopis crocicapitella

< Monopis obviella

I Monopis nigricantella

4 Monopis fenestratella

‘ Monopis imella

L
0.02

Figure I. A compressed Neighbor-Joining tree DNA barcode region of European Monapis with most
European species represented. The depth of the triangle is proportional to the intraspecific genetic vari-
ability within species and the height to sampling intensity.

8607, 8698, DNA samples MM15526, MM17525, M. Mutanen leg. (ZMUO); * 2
@, Oba Utajirvi, Pilli, 64.8363°N, 26.21°E, larva 1980 ex nest of Aegolius funereus, J.
Itimies leg. (IT]); ¢ 3 343 @, Kn Puolanka, Pilcunkijarvi, 64.7618°N, 27.3151°E, larva
18.6.1976 ex nest of Aegolius funereus (1974), M. Rikkonen leg. (ZMUO); * 2 &, Kn
Vaala, Otermajirvi, 64.6724°N, 27.1047°E, larva 12 Jun 1976 ex nest of Aegolius fine-
reus (1974), M. Rikkonen leg. (ZMUO); ¢ 1 @, Kn Kajaani, 64.2263°N, 27.7932°E,
VYO 1210 ad luc 15. =21 Jun 2006, DNA sample MM 17523, R. Leinonen leg.
(ZMUO). ITALY * 1 Q, Siidtirol, Tiers E, Plafetscher Wald, 1600-1650 m, 46.472°N,
11.596°E, 23 Jun 20006, leg. Huemer, DNA sample TLMF Lep 09795 (TLMEF).
Other material. FINLAND ¢ 7 &' 4 Q, Ta Valkeakoski, Saiksmiki, 61.2326°N,
24.1137°E, ex larva (host unknown); 1992, S. Karhula leg. (MZH); * 2 @, Kn Kajaani,
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CAD MM17303 Monopis laevigella
MM21028 Monopis laevigella
MM15526 Monopis jussii
]
0.2%
MDH MM10119 Monopis faevigetia
MM21028 Monopis faevigeita
MM17303 Monopis laevigelia
MM18626 Monopis jussii
| ——)
0.2%
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EF-1a MM10119 Monopis laevigelia
lMM21 028 Monopis laevigelia
MM18626 Monopis jussii
[ —

0.2%

wingless MM10119 Monopis laevigelia

MM21028 Monopis faevigelta

MM17303 Monopis laevigelia

MM18626 Monopis jussii

—
0.5%

Figure 2. Comparison of genetic variability in four nuclear genes, CAD, EF-1a, MDH and wingless,
between Monopis laevigella and M. jussii sp. nov.

Karankalahti, 64.2222°N, 27.721°E, ex larva 2016 from nest of Strix uralensis, Itimies
& Kyrki leg. (ZMUO); 1 @, PPe: Oulu, Oinaansuo, 65.0249°N, 25.6209°E, larva 28
Apr 1992 in nest of Parus major, J. Itimies leg. (ZMUQ); ¢ 1 @, EP Jurva, 62.7002°N,
22.0153°E, ex larva 2006, H. Vuorinen leg. (ZMUO); 2 @, Ks Kuusamo, 66.2565°N,
29.2807°E, ex larva 1975, J. Viramo leg. (ZMUO); * 1 31 2, Ks Salla, Virris, R1
& R3, 30 Jun 1989 & 21 Jul 1987, Erkki Pulliainen leg. (ZMUO); * 1 2, Li Inari,
Kivijoki, 68.6125°N, 28.3509°E, 15 Jul 1993, E. & L. Laasonen leg. (ZMUO); ¢ 1 3,
Ks Kuusamo, Autiotalo, 66.3591°N, 29.6029°E, 28 Jun 1995, E. & L. Laasonen leg.
(ZMUO); » 1 &, PPn Rovaniemi, 66.5509°N, 25.7619°E, 17 Jun 1992, T. Mutanen
leg. (ZMUO); * 1 ?, EnL Enontekid, Saana, 69.0456°N, 20.8554°E, 11 Jul 2016,
Marko, Nestori & Anttoni Mutanen leg. (ZMUO); » 1 @, Pedersére, 8 Jul 1939,
Sjoholm leg. (ZMUQ); » 1 @, Om Jakobstad, 63.7098°N, 22.6489°E, 21 Jun 1936,
E. Sjoholm leg. (ZMUO); 2 &, KP Haapajirvi, Harjunniemi, 63.7434°N, 25.3292°E,
ad luc. 3 Jul 1975 & 6 Jul 1975, A. Kosonen leg. (ZMUO); NORWAY ¢ Finnmark
Alta, Mattisfossen-Sakkopadne, 5 Jul 1973, J. Kyrki leg. (ZMUO); SWEDEN e Hir-
jedalen, Vemdalen, 3 Jul 1947, Henrik Bruun leg. (ZMUO).

Diagnosis. Monopis jussii sp. nov. is externally close to M. laevigella, but the fore-
wing appears darker, as it is less mottled with pale scales, especially along the margins
(Figures 4, 5). Fringes are yellow and with a clear fringe line in M. laevigella but grey
and without the fringe line in M. jussii. Besides the genetic markers, the forewing col-
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|
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Figure 3. The holotype male of Monapis jussii sp. nov. PPe Yli-Kiiminki, larva 2001, ex nest of Aegolius
funereus, M. Mutanen leg., R. Gaedike prep. 8607. (Coll. ZMUO).

our is indeed the best clue to separate these species. There is nevertheless some varia-
tion, especially in M. laevigella. Both male and female genitalia vary considerably, as do
those of M. laevigella. The variation in all characters of genitalia overlaps between these
species, and, apparently, they cannot be identified by genital characters. For variation
of M. laevigella see also Gaedike (2019). Moreover, M. weaverella (Scott, 1858) and
M. neglecta Sumpich & Lidka, 2011 may occasionally fall within the morphological
variation of these two species, especially in females. The males of M. weaverella and
M. neglecta can however be distinguished from M. laevigella and M. jussii by the shape
of gnathos, best decipherable in lateral view (see Gaedike 2019): gnathos arms are
straight, triangular in M. weaverella and M. neglecta, angled particularly in anterior
margin in M. laevigella and M. jussii.

Description. Forewing length 5.8-8.5 mm (n = 8 & and 8 9) (note that the speci-
mens are reared which may have affected their size). Maxillary palpus, labial palpus and
head ochreous yellow; outer side of labial palpus with dark grey scales, second segment
distally bristled. Scape of antenna ochre with pecten formed of bristle-shaped scales,
pedicel and flagellum dark brown. Thorax dark grey, dorsomedially variably intermixed
or entirely with pale ochre scales; tegula dark grey, apically often paler grey or ochre. Fore
and mid leg inwardly ochre, outwardly leaden grey, apex of tibia and tarsal segments
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J K L

Figure 4. Comparison of habitus between Monopis laevigella and M. jussii sp. nov. A=C M. laevigella
female D=F M. laevigella male G-l M. jussii paratype, females J—L M. jussii paratype, males.

ochre. Hind leg inwardly pale, outwardly ochre, intermixed with grey scales; spurs and
apex of tibia and tarsal articles ochre. Forewing dark grey, variably mottled with pale
grey scales; costa narrowly and variably sometimes ochre; basal scales of termen with
alternating pale ochre and grey scales, distal scales of termen unicolorous grey, contrast
between distally paler basal scales and darker distal scales giving an impression of faint
fringe line; silvery grey spot somewhat basal of middle of wing length at fold. Hind wing
bluish grey with somewhat darker grey veins; fringe basally narrowly ochre, otherwise
grey. Underside of wings grey with ochre margin; underside of hindwing dark grey along
costal margin. Abdomen leaden grey, basal segments ventrally more or less ochre.

Male genitalia (Figure 6). Uncus elongate, triangular, laterally with long, hair-
like scales, distally pointed, bifid. Gnathos arms angled in the middle, tapered toward
hook-shaped apex. Basal and distal margins of tegumen reinforced, U-shaped, anter-
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Figure 5. Comparison of forewing patterns of Monopis lacvigella (A) and M. jussii sp. nov. (B). The
arrows indicate differences in fringe colour (yellow/grey), fringe line (present/absent; chequered/non-
chequered) and forewing costa (many white scales between the costa and the dorsal spot/few white scales
between the costa and the dorsal spot).

ior margin more deeply. Shape of valva highly variable, gradually varying from ovoid
and basally broadest to somewhat elongate and medially widest; distally round. Every
aspect of saccus variable; straight or somewhat undulate, apically little or very much
widened; length also very variable. Phallus straight and nearly parallel-sided, slightly
widened at basal 1/3; length compared to that of saccus impossible to establish due to
variation in length of saccus. Phallus distally inserted in cylindrical, internally spinose
anellus. Vesica distally densely spinose, devoid of cornuti.
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Figure 6. Overview of male genitalia of Monapis jussii sp. nov. A paratype, Finland, Kiiminki, M. Mutanen
leg., L. Kaila prep. 6317 B Finland, Yli-Kiiminki, M. Mutanen leg., L. Kaila prep. 6315.

Female genitalia (Figures 7-9). Papilla analis membranous, elongate, distally
round, with a few setae. Apophysis posterioris as long as segments 7+8, posteriorly
starting as continuation of papilla analis, slender, anteriorly slightly widened, apex
cut. Apophysis anterioris 1/3 length of and slightly stouter than apophysis posterioris,
twice as long as 8" segment, distally not widened. Ovipositor telescopic, with two
retractile nodes; with a few stout setae. Ventral pseudapodemes (sezzsu Davis and Rob-
inson 1999) not decipherable. Tergum 8 posteriorly somewhat sclerotized. Ostium a
widely U-shaped opening, laterally bordered as posteriorly curved rim, laterad shal-
lowly emarginated in posterior direction, emargination with a few long setae; devoid
of microtrichia but minutely granulose. Length of antrum variable, narrowed toward
colliculum; colliculum tubular, length variable, 2—4 times as long as wide, usually nar-
rowed in the middle. Ductus bursae between colliculum and corpus bursae membran-
ous, as long as apophysis anterioris. Corpus bursae oval, 3 times as long as wide; in
approximately the middle to posterior 1/3 ca. 12 elongate, sharply spicular or dentate
signa forming transverse band.

Genetic characterisation. Clearly distinguishable by its DNA barcode from all
other species of Monopis barcoded globally so far (Figure 1). Genetically the closest
species with a minimum divergence of 4.43% is M. laevigella. Intraspecific divergence
among four barcoded specimens from Finland and Italy is 0.15%. Additionally, the
species show 1.5-4.1% interspecific divergence in the nuclear genes of CAD, EF-1a,
MDH and wingless (Figure 2).

Etymology. The species is dedicated to Dr Juhani (Jussi) Itimies, a Finnish expert
of Lepidoptera who, as far as we know, is the first to have reared this species. He has
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Figure 7. Overview of female genitalia of Monopis jussii sp. nov., paratype, Finland, Yli-Kiiminki,
M. Mutanen leg., L. Kaila prep. 6324.

also spent most of his life on faunistic research of Finnish Lepidoptera and has done
incredible work in elucidating the life history of numerous microlepidopteran species.

Distribution. From our available observations M. jussii seems to have a boreo-
montane distribution pattern. It is widely distributed in Finland and also recorded
from Norway (Finnmark) and Sweden (Hirjedalen). Records from the Alps seem rare
with a proved, barcode-based locality in the Italian Dolomites and two further unpub-
lished records (ZSM, A. Segerer) in the Bavarian Alps.

Biology. So far reared on five different occasions from the nest bottoms of the
Boreal owl (Aegolius funereus). Two specimens in the collection of ZMUO have been
reared from the nest of the Ural owl (Strix uralensis) and one specimen from the nest



Description of a new species of Monapis 173

il
Figure 8. Details of ostium bursae and colliculum of female genitalia of Monapis jussii sp. nov. A para-
type, Finland, Yli-Kiiminki, M. Mutanen leg., L. Kaila prep. 6324 B paratype, Finland, Kiiminki, M.
Mutanen leg., L. Kaila prep. 6325 C paratype, Finland, Yli-Kiiminki, M. Mutanen leg., L. Kaila prep.
6322 D paratype, Finland, Kiiminki, M. Mutanen leg., L. Kaila prep. 6326.
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Figure 9. Signa of corpus bursae of female genitalia of Monopis jussii sp. nov. A paratype, Finland, Yli-
Kiiminki, M. Mutanen leg., L. Kaila prep. 6324 B paratype, Finland, Kiiminki, M. Mutanen leg., L. Kaila
prep. 6325 C paratype, Finland, Yli-Kiiminki, M. Mutanen leg., L. Kaila prep. 6322 D paratype, Finland,
Kiiminki, M. Mutanen leg., L. Kaila prep. 6326.
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of the Great tit (Parus major). Additionally, three reared specimens of two different
rearing events do not state anything about the origin. One specimen has been found in
a vacated house. Thirteen specimens in coll. ZMUO and a specimen from the Italian
Alps in coll. TLMF have been collected in the wild between 17 June to 21 July, which
matches well with the flight time of other Monopis species of these regions.

Taxonomic remarks on Monopis laevigella

Monaopis jussii sp. nov. is most closely related to M. laevigella and can easily be confused
with that species (see above). We therefore re-evaluate available names in the M. laevi-
gella species group.

Monaopis laevigella ([Denis & Schiffermiiller], 1775).
Tinea laevigella [Denis & Schiffermiiller], 1775: 139.

Misidentifications

Tinea rusticella Hiibner, 1796: 61, pl. 3, fig. 17; a junior synonym of Haplotinea insectella
(Fabricius, 1794) (Zeller, 1852: 153—154).

Recurvaria rustica Haworth, 1828: 548; unjustified emendation of Zinea rusticella
Hiibner, 1796.

Tinea saturella Haworth, 1828: 562, unavailable.

Tinea vestianella sensu Stephens, 1835: 344; a misidentification of Phalaena (Tinea)
vestianella Linnaeus, 1758.

Blabophanes rusticella ab. semispilotella Strand, 1900: 225; unavailable name, deemed
infrasubspecific according to ICZN Art. 45.6.2 from use of the term “ab.”; a misi-
dentification of M. weaverella (Scott, 1858) (Gaedike 2019).

Neotype selection

Tinea laevigella was described from an unspecified number of specimens collected in
the area of Vienna, Austria ([Denis & Schiffermiiller], 1775). The collection was later
deposited in the “Hof-Naturalien-Kabinett” and destroyed by fire during the Vienna
Rebellion on 31 of October 1848 (Speta 2003). Since this species can be confused
with M. jussii sp. nov. and several other congeneric taxa we designate as neotype a
male specimen from Austria to preserve stability (Figure 10). It is labelled “AUSTRIA
occ. Nordtirol / Brandenberg / Tiefenbachklamm / 11°51'52"E, 47°29'4"N / 645 m,
16.6.2013 / leg. Huemer” “DNA Barcode / TLMF Lep 10354 (TLMF).

Tinea rusticella was figured twice by Hiibner in the eighth volume of his Sammlung
europdischer Schmetterlinge, first it was validly described on page 61, pl. 3, fig. 17
(1796) and later a different species was figured on pl. 49, fig. 339 (1813). Hiibner
(1825) considered them conspecific, and he referred to both figures when he erected
the monotypic genus Monopis.
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Figure 10. Neotype male of Monopis laevigella from Austria, here designated. AUSTRIA occ. Nordtirol
/ Brandenberg / Tiefenbachklamm / 11°51'52"E, 47°29'4"N / 645 m, 16.6.2013 / leg. Huemer” “DNA
Barcode / TLMF Lep 10354”. (Coll. TLMEF).

Zeller (1852) was probably the first to question whether Hiibner’s two figures of
Tinea rusticella represented the same species. He referred to Hiibner’s fig. 339 (1813)
when dealing with the species, which became known as Monopis rusticella [= Monopis
laevigella ([Denis & Schiffermiiller], 1775)], and rejected that Hiibner’s fig. 17 (1796)
could be of a specimen of that species, suggesting that it could be 7inea misella Zel-
ler, 1839 [= Haplotinea insectella (Fabricius, 1794)]. Tinea rusticella Hiibner, 1813 is
both a misidentification and a homonym of 7inea rusticella Hiibner, 1796 and thus
permanently invalid.

Haworth (1828: 548) named the species twice. First with reference to Hiibner’s pl.
3, fig. 17 as Recurvaria rustica, which is an unjustified emendation and thus an objec-
tive synonym of Tinea rusticella (Hiibner, 1796) [= Haplotinea insectella (Fabricius)],
and later in the same work Haworth (op. cit.: 339), again with reference to Hiibner’s
pl. 3, fig. 17, proposed the name 7inea saturella in synonymy with Zinea rusticella.
Because Tinea saturella was described in synonymy with 7inea rusticella it was always
considered a synonym of that species (viz. Monopis rusticella), but because Haworth
referred only to Hiibner’s fig. 17 (and not to fig. 339) it is an objective junior synonym
of Tinea rusticella Hiibner, 1796, and thereby a subjective junior synonym of Haplo-
tinea insectella (Fabricius). However, as the name 7inea saturella has never been made
available under the provision of Art. 11.6. of the Code (ICZN 1999) and adopted as

the name of a taxon before 1961, we consider it as unavailable.



Description of a new species of Monapis 177

Although Monopis Hiibner 1825 was described as a monotypic genus, it is based
on a partly misidentified species. We consider Zeller (1852) as First Reviser of 7inea
rusticella Hiibner, restricting the name to the species now (and also by Zeller 1852)
known as Monopis laevigella ([Denis & Schiffermiiller], 1775).

Discussion

Compared with many other groups of Lepidoptera, the species diversity of Tinei-
dae is generally poorly investigated. Hundreds of species deposited in museum col-
lections remain undescribed (Robinson 2009). It is likely that many more species
remain entirely undiscovered globally. The European fauna is comparatively well
understood, and the fauna of the entire continent has recently been taxonomically
reviewed in two monographs (Gaedike 2015, 2019). New species discoveries are
uncommon, particularly for central and northern parts of Europe. An example of a
recent species discovery is that of Monopis neglecta Sumpich & Lika, 2011, a species
that morphologically is nearly indistinguishable from M. weaverella (Scott, 1858)
(see Gaedike 2019). While no genetic data were provided for M. neglecta in the origi-
nal description, the DNA barcode sequences provided in the present study confirm
its status as a separate species from M. weaverella. It is encouraging that although the
species of Tineidae are often difficult to tell apart from each other morphologically,
no cases of barcode sharing in the European fauna are known. Evidently, therefore,
DNA barcoding provides an efficient way to investigate their diversity in less thor-
oughly explored areas as well.

Based on the available distributional data, Monopis jussii has a much more limited
range than M. laevigella. It is possible, if not likely, that it is a member of boreo-mon-
tane faunal elements, being distributed in the boreal region on the one hand and in
the Alps below the timberline on the other hand. It is likely absent from the lowlands
of Central Europe. It would not be surprising if the species turns out to be present
in other European mountain systems and the eastern Palearctic. Based on the large
number of examined museum specimens from the ZMUO and MZH collections, the
species is widely present in northern Finland south to ca. 64° N but becomes much
scarcer towards the more southern localities. The southernmost verified records from
Finland are from the province of Tavastia australis (ca. 61° N).

Based on our own and other experiences (Robinson 2009, Gaedike 2019), Monopis
laevigella is not strict regarding the source of its food, but it seems to prefer cavity-
breeding birds, possibly because their nests are usually dry. Several extensive rearing
experiments of nest bottoms of various birds, mostly the Tawny Owl (Strix aluco Lin-
naeus, 1758) and the Ural Owl (S. uralensis Pallas, 1771), from southern Finland have
yielded large numbers of M. laevigella, which is usually present in every nest in large
numbers. In an experiment by MM in 2017 with 13 nest bottoms of Strix spp., prob-
ably thousands of M. laevigella emerged. Among several dozen pinned specimens sam-
pled from each nest, none represents M. jussii. Other species that are regularly or often
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present in the nests of Strix spp. in Finland are Niditinea striolella (Matsumura, 1931)
(usually emerges in great numbers too), 7inea svenssoni Opheim, 1965 (present in al-
most all nests), Tinea steueri Petersen, 1966 (not present in every nest) and Monopis
fenestratella (Heyden, 1863) (present in most nests but is cryptic in behaviour). While it
is possible that M. jussii has stricter habitat requirements and that it has a strong prefer-
ence for the Boreal Owl, we find this possibility unlikely. The Boreal owl, the Ural owl,
as well as the Great tit are all cavity breeders, rendering the nest conditions between
these species very similar. In rearing conditions, tineids are not selective for the origin
of food and readily feed on mammal hairs too. It is more likely that Monopis jussii has
been reared mostly from the nests of the Boreal owl just because it is a more common
owl species within the moth’s main distribution in Finland than either of the two Szrix
species present in Finland. Further rearing experiments, optimally systematically from
different species of birds, would bring additional valuable information on the habitat
requirements of M. jussii and several other species of Tineidae.

Monaopis laevigella has a Holarctic distribution (Landry and Pohl 2018, Gaedike
2019). Many specimens of this species have been barcoded from the Nearctic region,
both from Canada and the U.S.A. They fall in two clusters, both of which are highly
distinct from the clade consisting of M. jussii and the Palearctic M. laevigella (data
only partially public in BOLD). In the Neighbor-Joining trees neither of these clusters
is placed as sister to the Palearctic M. laevigella + M. jussii clade, suggesting that they
represent distinct taxa and even that their closest relative is not M. laevigella. However,
due to the limited phylogenetic information content of the DNA barcode region,
verification of both scenarios requires more rigorous and thorough taxonomic and
phylogenetic scrutiny.
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