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ABSTRACT: The colonization of the Arctic Ocean by two genera of marine invertebrates
widely-distributed outside the Arctic, Paradiopatra, a polychaete, and Elpidia, a holothu-
rian, is described using methods of phylogenetic biogeography, including morphology-
based phylogenetic reconstruction. The phylogeny of Elpidia was reconstructed based on
a matrix of 20 morphological characters for 22 species. Maximum parsimony analysis
yielded four equally parsimonious trees within the Arctic clade, comprising three species:
E. belyaevi, E. glacialis and E. heckeri. Elpidia gracilis inhabiting the north Atlantic was
the sister species to the Arctic clade on three of four most parsimonious tress. This suggests
possible colonization of the Arctic Ocean from the North Atlantic. Comparison of pairs of
species of Paradiopatra: P. striata/P. pauli and P. yasudai/P. quadricuspis supports the
hypothesis of trans-Arctic faunal exchange. These pairs form monophyletic clades on the
strict consensus tree and have representatives in the Pacific and the Arctic/North Atlantic.
It is argued that dispersal of fauna most probably was directed from the north Pacific to the
North Atlantic across the Arctic. Two North Atlantic species, P. fiordica and P. quadricus-
pis, with almost identical geographical and vertical ranges along the boundary between the
North Polar Region and the Eastern Atlantic Boreal Region did not form the monophylectic
clade on the phylogenetic tree and were considered as distant relatives. However the strict
consensus tree had very low resolution due to high portion of homoplastic characters and
relationships of the species could not be tested exhaustively.
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Iy TH Kostonu3anuu CeBepHoro JIegoBUTOro okeaHa JByMsi INUPOKO PACIIPOCTPAHEHHBIMU
POJaMu MOPCKHUX OECII03BOHOYHBIX: MHOTOLIIETUHKOBBIMU YepBsiMH Paradiopatra v rosno-
typusmu Elpidia. ®unorenus pona Elpidia 6vina moiaydeHa Ha OCHOBE MaTpHIlbl u3 20
MOPQOIOTHYECKUX PU3HAKOB, 3aKOJMPOBAHHbIX I 22 BUAOB. B pesynbrate ananusa,
MIPOBEIEHHOTO METO/I0M MaKCHMAaJIBHOW 5KOHOMHHM, OBUIO IOJYYEHO 4YEThIpE PaBHO
SKOHOMHBIX AiepeBa. Ha kakiom JepeBe mpuCyTCTBOBaNA Kilaaa, 00beIMHSIONIast apKTH-
yeckue Bunel: E. belyaevi, E. glacialis n E. heckeri. Ha Tpex MakCUMaJIbHO SKOHOMHBIX
JepeBbsiX BUI E. gracilis, HacelsIOMNNA CEBEPHYIO ATIAHTUKY, UMEJI CECTPUHCKOE
MIOJIOXKEHNE M0 OTHOIIEHWIO K apKTHYECKOW Kiaje, YTO IT03BOJIMIIO MPEATOJIOKHUTh
BO3MOJKHBIH ITyTh 3acelieHns1 APKTHKH U3 ceBepHON ATinanTuku. CpaBHEHHE Iap BUJIOB U3
pona Paradiopatra: P. striata/P. pauli w P. yasudai/P. quadricuspis moniaepxuBaet
TUIOTE3Y O TpaHCapKTHUYecKOoM oOMeHe (ayHamMu. DTH mapbl BHAOB 00pasyloT
MOHO(MIETHYECKHE TPYNIIMPOBKY Ha CTPOrOM KOHCEHCYCHOM JiepeBe, U Kaxiash U3 HUX
BKIIIOYAIOT B ceOsi BHJBI, obuTatomue B ceBepHoil [lanmduke u B ApKTHKe/ceBepHON
Atnantuke. Bricka3zbIBaeTCs MPENIIONOKEHHE O TOM, YTO BEPOSITHBIN ITyTh paccesleHus
BUOB OBUT HAIIpaBJIeH U3 ceBepHOi [lannduky yepe3 ApKTHKY B CEBEpHYIO ATIAHTHKY.
JlBa ceBepoatnantuieckux Buaa P. fiordica v P. quadricuspis ¢ TpakTUUECKH ITOTHOCTHIO
COBIAJIAIOIIMMH apeajaMd W JUara3oHaMH BEPTHKaJbHOTO DPACIPOCTPAHEHUs BIOJb
rpanup Mexxay CesepHoii [lonsiproii O6nactbio M Boctounoatiantuaeckoi bopeanbHoi
O06nacTbio HE TOKa3aJIy OJIM3KOPOACTBEHHBIX OTHOILEHNUH P aHAIN3e (GHIIOTCHUH PoJia.
OnHaKko CTpOroe KOHCEHCYCHOE JIEPEBO MMENI0 HU3KOE pa3pelieHHe B BHIY OOJBIIOTO
KOJINYECTBA T'OMOIUIACTHYECKUX TNPHU3HAKOB, M TOATOMY aHAIN3 (HIOTCHETHIECKUX
OTHOLICHUH B POJie HE CMOT BBISIBUTH BCE POJICTBEHHBIE CBSI3H.

KJIFOYEBGLIE CJIOBA: Paradiopatra, Elpidia, phylogeny, biogeography, trans-Arctic

faunal interchange.

1. Introduction

The Arctic Ocean has played a significant
role in biotic interchange between the North
Atlantic and the North Pacific since the early
Pliocene (Palumbi, Kessing, 1991; Vermeij,
1991; Wares, Cunningham, 2001; Addison, Hart,
2005). The asymmetry of trans-Arctic invasion
was suggested in a number of studies published
during recent decades. According to Durham
and MacNeil (1967), the number of species
dispersed from the Pacific to the Atlantic is
eight times higher than that in the opposite
direction. However the analysis of the pattern of
trans-Arctic species dispersion shows a strong
bias in favour of species of the Pacific origin
(Vermeij, 1991).

While the dominance of Pacific fauna in the
trans-Arctic interchange is generally accepted,
the ratio of species of Atlantic and Pacific origin
in the Arctic Ocean still remains questionable.

Ekman (1935) and Gurjanova (1939) analysed
endemic fauna ofthe high-latitude Arctic waters
and suggested the role of the Pacific Ocean as
donor of species greatly exceeding the role of
the Atlantic Ocean. The dominance of species
of the Pacific origin was also accepted by Dja-
konov (1945), Mironov and Dilman (2010),
while Anisimova (1989) and Smirnov (1994)
suggest a dominance of species of Atlantic ori-
gin. The multivariate analysis of deep-sea oc-
currences of polychaete species off the Eurasian
and American coasts of the Arctic Ocean and
the Greenland—Iceland—Norwegian Seas re-
vealed strong Atlantic influence and absence of
modern Pacific fauna (Bluhm et al., 2011). The
occurrence of the Arctic-Atlantic Region in a
number of schemes of biogeographical subdivi-
sion (Gontar, Denisenko, 1989; Kussakin, 1979;
Petryashov, 2009) underlines the close relation-
ships between the Arctic and the North Atlantic.
However more studies of historical biogeogra-
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phy of various genera are required to clarify the
ratio of Atlantic and Pacific components in the
modern Arctic fauna.

Three major approaches are traditionally
used to reveal possible pathways of coloniza-
tion of the Arctic Ocean: paleontological, mor-
phological and molecular. Analysis of paleon-
tological data and comprehensive molecular
studies provide reliable evidence on possible
schemes of trans-Arctic faunistic exchange
(Palumbi, Kessing, 1991; Collins et al., 1996;
Harrison, Crespi, 1999; Wares, 2001; Vdinola,
2003; Dodson et al., 2007). However the num-
ber of paleontological records in the Arctic
remains limited. Molecular data for many ma-
rine taxa are rarely available because of difficul-
ties with obtaining ethanol fixed, or frozen,
material from relevant geographical areas. Mor-
phological studies based on phylogenetic ap-
proaches may provide additional information
on the colonization of the Arctic Ocean and
faunistic interchange.

The main goal of the present study is to
evaluate possible pathways of species dispersal
in the northern hemisphere, with emphasis on
colonization ofthe Arctic region based on studies
of phylogeny in two genera of benthic inverte-
brates: Paradiopatra (Onuphidae, Polychaecta,
Annelida) and Elpidia (Elpidiidae, Holothuroi-
dea, Echinodermata). Both genera are widely
distributed in the world ocean from subtidal to
hadal depths (Belyaev, 1971; Budaeva, Fauchald,
2011), and have representatives in the Arctic,
the North Pacific and the North Atlantic. A
phylogeny of the genus Paradiopatra has been
proposed by Budaeva and Fauchald (2011) and
the present study was based on this. A revision of
Elpidiawas published by Belyaev (1971, 1975),
who recognized several species groups based
on morphological similarities, and a revision of
the Arctic group of species of Elpidia was
conducted by Rogacheva (2007).

2. Materials and Methods

Possible pathways of species dispersal in the
Arctic Ocean were studied using phylogenetic
biogeography. The term “phylogenetic bioge-
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ography” was proposed by Brundin (1966,
1972), who suggested using the phylogenetic
reconstruction of a monophyletic taxon to un-
derstand its biogeographical history (Crisci et
al., 2003). This method is rather descriptive and
has a number of restrictions, such as the allopat-
ric speciation and the ad hoc assumption about
acentre of origin corresponding to geographical
range of the most basal taxon in the examined
monophyletic clade (Crisci et al., 2003). Never-
theless, the method allows utilization of a robust
hypothesis of phylogenetic relationships within
the analyzed monophyletic group of species to
support suggested potential pathways of dis-
persal.

In the present study, we consider the Arctic
Ocean to be bounded by the Greenland-Iceland-
Faeroe Ridge in the Atlantic and the Bering
Strait in the Pacific. The shelf areas of the
Arctic, excluding the shelf of the Norwegian
Sea, belong to the North Polar (or Arctic) Shelf
Region (Briggs, 1974, 1995). The deep-sea
areas of the Arctic, including the Norwegian
and Greenland Basins, form a separate biogeo-
graphical unit of disputed rank. Biogeographi-
cal subdivision of the Arctic is discussed in
more detail by Mironov (present volume).

The genus Paradiopatra (Onuphidae,
Polychaeta) comprises 26 species including
species previously assigned to the genus
Notonuphis Kucheruk, 1987 (for details see
Budaeva, Fauchald, 2011). The phylogenetic
tree for the genus Paradiopatra was obtained
from Budaeva and Fauchald (2011).

Characters for the phylogenetic analysis of
Elpidia were obtained from unpublished origi-
nal and published data. Species were examined
using a compound microscope. A matrix com-
prising 20 morphological characters, coded over
22 terminal taxa (including 21 ingroups and one
outgroup), was constructed using DELTA Edi-
tor (DEscription Language for TAxonomy,
Dallwitz et al., 1999) (Table 1). All characters
were treated as non-additive with equal weights.
Multistate characters were treated as unordered.
Polymorphic characters were included in the
original matrix. Inapplicable character states
were coded as ‘—’, unknown character states as
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?’. Maximum parsimony analysis, examination
of cladogram topologies and character evolu-
tion was performed in Winclada (Nixon, 2002).
The search for the most parsimonious trees was
heuristic, using TBR (tree bisection and recon-
nection) + TBR algorithm with 1000 replicates
and 100 trees held on each step. The results of
parsimony analysis were summarized into strict
and 50% majority rule consensus trees. The
outgroup method was used for tree rooting.

The geographical ranges of all known spe-
cies of Paradiopatra and Elpidia were analysed
to understand the distribution patterns of both
genera in the North Pacific, the North Atlantic
and the Arctic. Phylogenetic reconstructions of
intrageneric relationships within the genera El-
pidia and Paradiopatra (Budaeva, Fauchald,
2011) were used for biogeographical implica-
tions.

3. Results

3.1. Phylogeny of Elpidia

3.1.1. Taxon sampling

Elpidia is one of 13 genera in the family
Elpidiidae. The genus Elpidia comprises 21
species. Elpidia javanica Belyaev, 1971 is con-
sidered here as synonym of E. sundensis Hans-
en, 1956. Several species in Belyaev (1971)
were designated unnamed Elpidia sp.1 to sp.5.
Elpidia sp.1 is now assigned to E. belyaevi.
Other unnamed species are known from frag-
ments or specimens in poor condition and could
not be used in the phylogenetic analysis.

The ingroup included all the 21 described
species of Elpidia. Morphological data were
obtained from the literature for the following
species: E. adenensis Belyaev, 1971; E. antarc-
tica Belyaev, 1971; E. atakama Belyaev, 1971;
E. birsteini Belyaev, 1971; E. chilensis Be-
lyaev, 1971; E. decapoda Belyaev, 1975; E.
glacialis Théel, 1976; E. hanseniBelyaev, 1971;
E. kermadecensis Hansen, 1956; E. kurilensis
Baranova et Belyaev, 1971; E. lata Belyaev,
1975; E. longicirrata Belyaev, 1971; E. minutis-
sima Belyaev, 1971; E. ninae Belyaev, 1975; E.
solomonensis Hansen, 1956; E. sundensis Hans-
en, 1956; E. theeli Hansen, 1956 and E. uscha-
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kovi Belyaev, 1971 (Heding, 1942; Hansen,
1956,1975; Belyaev, 1971, 1975; Gebruk, 1993;
Rogacheva, 2007).

Three species were examined during this
study:

E. belyaevi Rogacheva, 2007

Material examined: BIOICE, St.2772,69.26°N 14.22°
W, 1633 m, 3.08.1995, 13 specimens; BIOICE, St. 2773,
69.25° N 14.28° W, 1629-1630 m, 3.08.1995, 151

specimens; BIOICE, St. 2776, 68.6° N 14.67° W, 1553—
1556 m, 3.08.1995, 4 specimens.

E. gracilis Belyaev, 1975

Material examined: Discovery, St. 9754#3, 51°8' N
12°2” W, 1484 m, 1978, 7 specimens; Discovery, St.
9753#7, 50°55" N 12°12" W, 1942 m, 1978, 40 specimens;
Challenger, St. 50602#2, 51°1’ N 13°7" W, 1980 m, 1979,
195 specimens; Challenger, St. 50604#1, 50°6” N 13°53"
W, 3490-3550 m, 1979, 2 specimens; Discovery, St.
9756#14, 50°4” N 13°54" W, 3697-3680 m, 1978, 1
specimen; Challenger, St. 50603#1, 49°46” N 14°2" W,
4000 m, 1979, 2 specimens.

E. heckeri Baranova, 1989

Material examined: BIOICE, St. 3203, 64.85° N 7.86°
W, 2612-2605 m, 8.07.2001, 137 specimens and frag-
ments; BIOICE, St. 3204, 64.86° N 7.91° W, 2613-2611
m, 8.07.2001, 8 specimens.

Psychroplanes convexa (Hansen, 1975) was
selected as an outgroup. Ossicles in P. convexa
are cross-shaped, a feature also characteristic of
Elpidia antarctica. Psychroplanes is considered
as one of the most primitive genera of Elpidiidae
(Gebruk, 1990, 1993).

3.1.2. Description of characters

(1) Velum

Velum represents dorsal papillae that may
be partly or completely fused along their length.
Velum appears in many elpidiid genera such as
Peniagone, Psychroplanes, Achlyonice, Kolga
and Amperima, and is absent in Elpidia, Scoto-
planes and Protelpidia.

(2) Cross-shaped ossicles

The presence of cross-shaped ossicles is one
of the main diagnostic characters of the subor-
der Psychropotina, including the families Psy-
chropotidae, Elpidiidae and Pelagothuriidae.
According to Hansen (1975) and Gebruk (1990)
cross-shaped ossicles are more primitive than
tripartite, rod-shaped and Elpidia-type ossicles
(see below) and they derive from primary cross-
es, the original type of most holothurian ossi-
cles. Only few elpidiid genera have cross-shaped
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ossicles: Rhipidothuria, Psychrelpidia, Psy-
chroplanes and Peniagone. Within Elpidia one
species, E. antarctica, displays cross-shaped
ossicles.

(3, 13-20) Ossicles of the Elpidia-type

This type of ossicles is found in all Elpidia
species and also in Penilpidia and Protelpidia.
Elpidia-type ossicles are rods with two pairs of
horizontal arms and one pair of vertical apophy-
ses. Vertical apophyses may be reduced in some
species. The Elpidia species differ from each
other in the shape and size of the ossicles.

(4) Tube feet

Tube feet in elasipodids correspond to large
ambulacral appendages forming rows along
ventrolateral radii. Elpidia has the lowest num-
ber of tube feet in the Elpidiidae, four, or rarely
five, pairs. The highest number of tube feet
(more than 20 pairs) ocurrs in Psychrelpidia
discrepans.

(5) Calcareous ring

The calcareous ring of elpidiids consists of
five radial pieces, each with two clusters of long
arms radiating from a common centre. The
number of arms can be constant, e.g. four in
Elpidia and Scotoplanes, or varying, as in most
of other genera.

(6-11) Dorsal papillae

Papillae in elasipodids correspond to ambu-
lacral appendages on right and left dorsal radii.
Papillaec in all species of Elpidia, except E.
Jjavanica, differ in shape and arrangement. E.
Jjavanica lacks papillae.

(12) Anus

The anus in elpidiids can be dorsal, ventral
or terminal. In Elpidia the anus is terminal/
subterminal or ventral.

3.1.3. Characters and their states

1. Velum: (1) absent; (2) present.

2. Cross-shaped ossicles: (1) absent; (2)
present.

3. Elpidia-type ossicles: (1) absent; (2)
present.

4. Maximum number of tube feet, pairs: (1)
5; (2) more than 5; (3) 4.

5. Number of arms in cluster on segments of
the calcareous ring: (1) 7; (2) 4.

N.E. Budaeva, A.V. Rogacheva

6. Anterior and posterior groups of papillae:
(1) absent; (2) present.

7. Arrangement of papillae in anterior half
of body: (1) papillae placed separately and
never fuse; (2) papillae placed closely and fused
at the basis.

8. Comparative length of papillae in the
anterior half of the dorsum: (1) papillae not
decreasing gradually; (2) papillae decreasing in
length towards the middle of dorsum.

9. Length of the first (anterior) and the last
(posterior) pairs of papillae: (1) papillae of the
first and the last pairs are different in length, or
all papillae are almost of the same length; (2)
papillae of the first pair are of the same length
as papillae of the last pair, other papillae are
shorter.

10. Relative length of anteriormost and
posteriormost papillae: (1) anteriormost and
posteriormost papillae differ in length, or are
the same length but not the longest; (2)
anteriormost and posteriormost papillae are the
longest and of the same length.

11. Papillae on mid dorsum: (1) absent; (2)
present.

12. Location ofanus: (1) ventral; (2) terminal
or subterminal.

13. Dorsal or ventral ossicles without vertical
apophyses: (1) absent or occur occasionally; (2)
present in > 10% of preparations.

14. Vertical apophyses: (1) ossicles with
two apophyses dominate; (2) ossicles without
apophyses dominate.

15. Relative length of vertical apophyses:
(1)>15% of the rod length; (2) <15% of the rod
length.

16. Relative diameter of rods: (1) rods
enlarged between horizontal arms; (2) rods not
enlarged between horizontal arms.

17. Bases of horizontal arms: (1) spaced
distantly; (2) located close to each other with
acute angle in some or in many ossicles.

18. Ends of rods and arms; (1) pointed, only
few small spines can be present; (2) enlarged, no
spines or sometimes few very small spines; (3)
enlarged or bear numerous large spines.

19. Relative length of horizontal arms: (1)
arms may differ in length up to 2 times; (2) arms
almost of the same length.
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A Psychroplanes convexa B

Elpidia antarctica
22 — Elpidia minutissima

— Elpidia chilensis

\— Elpidia theeli

— Elpidia adenensis

| = Elpidia gracilis

Elpidia belyaevi

« —Elpidia glacialis 2

=_I:_:;LElpIdfa heckeri

>_ Elpidia atacama

~— Elpidia hanseni 1

+— Elpidia uschakovi

\— Elpidia solomonensis

\— Elpidia kermadecensis

wuw (— Elpidia sundensis

et —:o—EIpa'd:'a decapoda

n "— Elpidia ninae
-?_R Elpidia lata :l 4
Elpidia kurilensis
-'__’.;-Efrprafa birsteini ] 5
:° Elpidia longicirrata 2

Fig. 1. Phylogenetic reconstruction of Elpidia.
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Psychroplanes convexa

Elpidia antarctica
— Elpidia minutissima
\— Elpidia chilensis
L Elpidia theeli
— Elpidia adenensis
Elpidia gracilis
Elpidia belyaevi
Elpidia glacialis
Elpidia heckeri
Eipidia atacama
Elpidia hanseni
Elpidia solomonensis
Elpidia kurilensis
Elpidia birsteini :|5
Elpidia longicirrata
Elpidia kermadecensis
Elpidia decapoda
Elpidia sundensis
Elpidia uschakovi

Elpidia ninae

Elpidia lata j|
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A — strict consensus tree of four equally parsimonious trees. B — majority rule (50%) consensus tree of four equally
parsimonious trees. White circles represent homoplastic synapomorphies, black circles are exclusive synapomorphies.
Upper rows of numbers represent character numbers corresponding to the matrix; lower rows of numbers represent states
of respective characters. Node numbers represent frequency values for each node. Numbers beside square brackets
represent clades discussed in the text.

Puc. 1. dunorenernyeckas peKOHCTPYKIHS OTHOIIEHUH B poae Elpidia.

A — cTpOroe KOHCEHCYCHOE I€PEBO, TOCTPOCHHOE Ha OCHOBE YETHIPEX PABHOIKOHOMHBIX IepeBbeB. B— KOHCEHCyCHOe
IIepeBo, MOCTPOCHHOE HA OCHOBE YETHIPEX PABHOIKOHOMHBIX [EPEBBEB II0 METOMYy IpaBmia OoibmuHCTBa (50%).
BenbiMu Kpy:KKaMi 0603HAYEHBI TOMOILIACTHIECKHE CHHATTOMOP(GHHU, YEPHBIMH KPY>KKaMHi 0003HAYEHBI YHUKAIBHBIE
cunarnomopduu. Bepxuue psasl udp Ha BETBAX JepeBa A COOTBETCTBYIOT HOMEPAM MPU3HAKOB B MATPUIIE, HUKHHE
psiabl nudp 0603HAYAIOT COCTOSHUS COOTBETCTBYIOLINX ITPH3HAKOB. SHAYCHMS B y3/1ax JiepeBa B yka3bIBaroT Ha IPOLICHT
MaKCHMaJIbHO SKOHOMHBIX JICPEBBEB, y KOTOPHIX MPHCYTCTBYET AaHHBINA y3eia. Homepa 3a KBagpaTHBIMH CKOOKaMH
COOTBETCTBYIOT 0003HAYCHUSIM KJIa]] B TEKCTE.

20. Rod diameter in the middle of largest
ossicles: (1) >35 um; (2) <35 um.

South Sandwich Trench (clade 4) and the North-
East Pacific Trenches (clade 5) (Fig. 1A).
Our analysis was focused on clade 2
containing three Arctic species. The monophyly
of this clade is supported by four exclusive
synapomorphies: the presence of anterior and
posterior groups of papillae (character 6), equal
length of the longest anteriormost papillae
(characters 8 and 9), and absence of papillae on
mid-dorsum (character 11). E. belyaevi was the

3.1.4. Phylogenetic interrelationships

Phyloginetic analysis yielded four equally
parsimonious trees with a length of 33 steps,
Ci=66, Ri=81. The strict consensus tree was 37
stepsinlength (Ci=59,Ri=75) with E. antarctica
as the most basal species of the genus (Fig. 1A).

This species differed from the others by the
presence of cross-shaped ossicles (character 2).
Clade 1 contained polytomy of five species with
clades 2 and 3 (Fig. 1A). Clade 2 (Fig. 1A)
consisted of three species E. belyaevi, E. glacia-
lis and E. heckeri. Clade 3 included several
clades with species mostly occurring in deep-
sea trenches. Among them species from the

most basal species within the Arctic clade 2
(Fig. 1A). The placement of clade 2 cannot be
established with confidence in the strict
consensus tree because of the lack of basal
resolution. The 50% majority rule consensus
tree showed Arctic species combined with E.
gracilis in a single clade as well as MPT1-3
(Figs. 1B; 2A-C).
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3.2. Phylogeny of Paradiopatra

Although the genus Paradioptra was present
as a monophyleic clade on the strict consensus
tree, the basal polytomy indicated very low
resolution within the genus (Budaeva, Fauchald,
2011). Nevertheless two clades comprising, four
species distributed in the northern hemisphere,
can be recognized. P. quadricuspis and P. yasu-
daiformed monophyletic clade 1 (Fig. 3) sharing
the following characters: presence of branchiae
starting from chaetigers 6—8; lateral projection

of anterior parapodia from the body; two pairs
of cirriform ventral cirri modifying into indistinct
transverse glandular fields on the subsequent
several chaetigers; and extremely long sharply
pointed hoods on anterior pseudocompound
chaetae. P pauli and P. striata were combined
into the clade 2 (Fig. 3) based on three
synapomorphies: very short lateral and median
antennae; start of branchiae from chaetigers 6—
8; and lateral projection ofthe anterior parapodia
(Budaeva, Fauchald, 2011).
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Fig. 3. Phylogenetic reconstruction of Paradiopatra. Strict consensus tree of 1525 equally parsimonious
trees. Numbers beside square brackets represent clades used in the text (modified from Budaeva, Fauchald,

2011).
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Table 2. Distribution patterns of Elpidia and Paradiopatra in the Northern Hemisphere.
Tabnuua 2. Pactipoctpanenue Elpidia u Paradiopatra B ceBepHOM MOTyIIapUH.
Characters North Pacific, Arctic Ocean, including North Atlantic,
north of 30° N the Norwegian north of 30° N
and the Chukchi Seas
Elpidia
Number of 5 3 1
species
Depths, m 4100-9530 70-5550 1484-4000
Arctic-North Pacific | Endemic (Arctic) — 3 Arctic-North
Species —0 Atlantic — 0
ranges Endemic — 3 Endemic — 0
Others — 2 Others — 1
Paradiopatra
Number of 14 3 9
species
Depths, m 15-6350 68-1125 67-6350
Arctic-North Pacific | Arctic-North Atlantic (boreal) Arctic-North
—0 —2 Atlantic (boreal)
Endemic — 10 Endemic, near-Pacific (low- —2
Species Disjunctive Pacific- | arctic) — 1 Endemics — 3
ranges Atlantic (boreal) — Disjunctive
1 Pacific-Atlantic
Others — 3 (boreal) — 1
Others — 3

3.3. Distribution patterns of Paradi-
opatra and Elpidia in the North Pacific,
North Atlantic and Arctic

In the present study we focused on species
inhabiting temperate and cold-water areas of the
Northern Hemisphere. Species occurring in the
Arctic, the North Atlantic and the North Pacific
were also considered as markers of possible
dispersal pathways. Distribution patterns and
relationships among other species in both gen-
era were beyond the scope of the present study
and thus will not be discussed herein. The gen-
eral biogeographical patterns of the genera El-
pidia and Paradiopatra in the high latitudes of
the Northern Hemisphere are shown in Table 2.

Species of Elpidia are widely distributed in
the Arctic. Three species are endemic to the
Arctic Ocean. The bathyal species, E. belyaevi,
and the bathy-abyssal, E. heckeri, occur in the
Norwegian-Greenland basin and in the Central
Arctic (Fig. 4). E. belyaevi is also known from
the Baffin Bay. The shallow-water species, E.
glacialis, is distributed in the Kara Sea, the
Barents Seas and the fjords of Greenland and
Svalbard.

In contrast to Elpidia, species of Paradio-
patra are narrowly distributed in the Arctic
Ocean, inhabiting only near-Atlantic and near-
Pacific sectors. Four Paradiopatra species were
chosen based on their possible role in trans-
Arctic fauna interchange that took place during
the climate warming in the early Pliocene (Fig.
5). P. pauli is the single species in the genus
reported exclusively from the Arctic Ocean,
occurring in the northern part of the Chukchi
Sea at depths 68—445 m (Annenkova, 1952;
Budaeva, Fauchald, 2011). The geographical
range P. quadricuspis is restricted to the Nor-
wegian coast and off south-west Iceland, depth
range from 154 to 780 m (Budaeva, Fauchald,
2011).

P. striata is commonly found in the Bering
Sea and off Kamchatka (Budaeva, Fauchald,
2011), and reported by Imajima (1999) from
Japan. This species has also been found in the
north-west Atlantic off Nova Scotia (depthrange
from 17 to 1660 m), thus showing an amphibo-
real geographical distribution. P. yasudai oc-
curs in the north Pacific (in Japanese waters) at
sublittoral and upper bathyal depths (from 60 to
960 m) (Imajima, 1999).
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4. Discussion

4.1. Phylogenetic biogeography of
Elpidia

Three scenarios of colonization of the Arctic
Ocean by Elpidia can be suggested.

1) Elpidia originated in the Arctic and from
there dispersed around the World Ocean. This
hypothesis is not supported by the phylogeny:
the clade of Arctic species (clade 2) is not at the
base of the tree (Figs. 1, 2).

2) Elpidia originated outside the Arctic and
penetrated the Arctic Ocean through the North
Pacific. This hypothesis also is not supported,
since species in the Arctic clade 2 and the North
Pacific species are not closely related. E. hans-
eni (the Kuril-Kamchatka and Izu Trenches,
8175-9735 m) is in clade 3 (Figs. 1, 2). E.
kurilensis (the Aleutian, Kuril-Kamchatka and
Japan Trenches, 6410-8100 m), E. longicirrata
(the Kuril-Kamchatka Trench, 8035-8345 m)
and E. birsteini (the Kuril-Kamchatka and Izu
Trenches, 8060-9345 m) form a monophyletic
clade 5 (Figs. 1, 2) on the strict consensus tree
supported by two homologies (dorsal ossicles
without vertical apophyses predominate). E.
minutissima (the Aleutian trench and Bering
Sea, 4100-5740 m) forms a polytomy with
clades 2 and 3, and four other Elpidia species
show no close relationships with the Arctic
clade 2.

3) Elpidia originated outside the Arctic and
colonised the Arctic Ocean through the North
Atlantic. Monophyletic clade 2 (Figs. 1, 2)
includes exclusively Arctic species and shows
no close relation with other Elpidia species on
the strict consensus tree forming a basal polyto-
my. On the majority rule tree (Fig. 1B) and
MPT1-3 the monophyletic clade 6 (Fig. 2A—C)
combines three Arctic species with the north
Atlantic E. gracilis, supported by one homoplas-
tic synapomorphy (presence of rods with max-
imum diameter >35 um). Elpidia gracilis is
distributed in the Antarctic and the North-East
Atlantic at bathyal and abyssal depths (1484—
6145 m). The depth range of E. gracilis in the
North-East Atlantic is limited to 1484—4000 m.

N.E. Budaeva, A.V. Rogacheva

We therefore suggest that Elpidia invaded the
Arctic from the bathyal or upper abyssal of the
North Atlantic.

Although none of the scenarios of Arctic
colonization by Elpidia can be confirmed with
confidence, we suggest that penetration through
the North Atlantic (third scenario) is more likely.
This is supported by close relationship between
E. gracilis and the Arctic species. The North
Pacific species of Elpidia are specialized forms,
inhabiting abyssal and hadal depths. Presumably
the Bering Strait serves as a barrier preventing
dispersal of these species into the Arctic basin.

Belyaev (1971, 1975) discussed the bio-
georaphical history of the genus Elpidia, based
onmorphology ofthe species. He suggested that
the genus originated in the Antarctic and eury-
bathic ancestral forms dispersed around all the
oceans. These forms evolved into the recent
stenobathic species mainly distributed locally at
hadal depths. Four groups of species in the
genus were distinguished by Belyaev. One of
them, closely related to ancestral dispersal forms,
is characterised by slender ossicles resembling
the juvenile type. The other three groups includ-
ed specialised hadal species from deep-sea
trenches ofthe Pacific and the Antarctic, all with
modified ossicles. Belyaev suggested three main
pathways of dispersal from the Antarctic: along
the west and the east Pacific and through the
Atlantic. Colonization of the Arctic was sug-
gested through the Atlantic (Belyaev, 1975).

Our results confirm that slender and smooth
ossicles with high vertical apophyses (juvenile
type, characters 14—20) are plesiomorphic, there-
fore this type of ossicles indeed could have been
characteristic for ancestral dispersal forms. Also
we can confirm close relationships between
some “specialized” species according to Be-
lyaev. However, of the three pathways suggest-
ed by Belyaev (1975), only dispersal through
the Atlantic is supported by our results.

4.2. Phylogenetic biogeography of
Paradiopatra

The low resolution of the phylogenetic
reconstructions of Paradiopatra (Fig. 4) did not
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permitidentification of the most basal species in
the genus, thus the centre of origin of the genus
remains unknown. However, a number of well-
supported clades suggest several potential
dispersal pathways in the Northern Hemisphere.
The species pairs P. striata/P. pauli and P.
yasudai/P. quadricuspis support a hypothesis
of colonization of the Arctic and the North
Atlantic by Pacific fauna. Both clades comprise
representatives from the North Pacific and the
North Atlantic/Arctic with a large gap between
their geographical ranges.

Briggs (1974, 1995, 2003, 2004) suggested
that the vector of species dispersal was directed
from species-rich areas to areas with a lower
number of species. Following Briggs, we suggest
that the more speciose fauna of the North Pacific
could serve as a donor to the species poor fauna
of the North Atlantic via a trans-Arctic inter-
change (Briggs, 2003; Mironov, 2006). The dis-
tribution of Paradiopatra species confirms this
hypothesis. Fourteen species of Paradiopatra
inhabit the North Pacific while only nine occur
in the North Atlantic (Table 2), suggesting the
Pacific origin of P. pauli and P. quadricuspis
and the Atlantic representatives of P. striata.

Simberholff (1986) assumed that the vector
of species dispersion might be related to the
actual number of individuals inhabiting donor
and recipient areas. It was suggested that inva-
sion is more likely if a source population is
larger, compared to invasion from smaller pop-
ulations. The population of P. striata in the Sea
of Japan and the Bering Sea is very large and
diverse (Budaeva, Fauchald, 2011; Imajima,
1999), whereas only few specimens are known
from the better-studied north-west Atlantic. P.
pauli, most closely related to the Arctic P.
striata, occurs in the near-Pacific area, thus
indicating potential faunal exchange from the
North Pacific to the Arctic.

It has been proposed that migration of Pacif-
ic fauna took place along the Canadian coast
rather than along that of Eurasia (Nesis, 1961;
Durham, MacNeil, 1967; Gladenkov, 1978;
Vermeij, 1991). The prevalence of the Canadi-
an pathway was explained by the anticlockwise
currents in the American Arctic (Canada Ba-
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sin), favouring migration of species from the
North Pacific to the North Atlantic and prevent-
ing dispersion of the north Atlantic species in
the opposite direction (Hopkins, 1967; Gladen-
kov, 1978; Vermeij, 1991). In addition, the
extensive freshwater outflow of Siberian rivers
form a low salinity barrier, preventing trans-
Arctic migration of species susceptible to re-
duced salinity along the Eurasian coast. This
hypothesis has been confirmed recently in a
study of the genetic differentiation in popula-
tions ofthe northern capelin, revealing dispersal
from the North Pacific to the North Atlantic
along the Canadian Arctic (Dodsonetal.,2007).
Following the scheme of the Canadian pathway
for shallow-water marine fauna, we suggest
dispersal of Paradiopatra from the North Pacif-
ic to the North Atlantic along the Canadian
Arctic Archipelago (Fig. 5). Penetration into the
North-west Atlantic could occur along the west
Greenland coast, this pathway also leading to
the central north Atlantic (south of Iceland),
withan alternative pathway along the east Green-
land to northern Europe along the Faroe—Ice-
land Ridge (Fig. 5).

The geographical range of Paradiopatra
fiordica is almost identical with that of P.
quadricuspis, inhabiting the subtidal and up-
per bathyal west off Norway and south of
Iceland. Both species frequently occur togeth-
er in same samples (Winsnes, 1985) and usually
are confused with each other in identification.
However, morphologically P. fiordica is very
distant from P. quadricuspis. Unlike P. quadri-
cuspis, P. fiordica lacks branchiae; has exclu-
sively tridentate rather than bidentate falcigers
and subacicular hooks appearing from chaetiger
11-17 rather than from chaetiger 9. Although P.
fiordica did not form a monophyletic clade
with other species of Paradiopatra on the
strict consensus tree, we speculate that being
morphologically similar to P. hispanica and P.
papillata (Budaeva, Fauchald, 2011), this spe-
cies could have colonised the Arctic Ocean
from the North Atlantic. However, this assump-
tion is not confirmed by the phylogeny of Para-
diopatra possibly due to a high ratio of ho-
moplastic characters.
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