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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 holothurian, is described using methods of phylogenetic biogeography, including morphologybased 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. quadricuspis, 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.
KEY WORDS: Paradiopatra, Elpidia, phylogeny, biogeography, trans-Arctic interchange.
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ÐÅÇÞÌÅ: Íà îñíîâå ðåêîíñòðóêöèè ôèëîãåíåòè÷åñêèõ îòíîøåíèé ñ èñïîëüçîâàíèåì
ìîðôîëîãè÷åñêèõ ïðèçíàêîâ è ìåòîäîâ ôèëîãåíåòè÷åñêîé áèîãåîãðàôèè îïèñàíû
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ïóòè êîëîíèçàöèè Ñåâåðíîãî Ëåäîâèòîãî îêåàíà äâóìÿ øèðîêî ðàñïðîñòðàíåííûìè
ðîäàìè ìîðñêèõ áåñïîçâîíî÷íûõ: ìíîãîùåòèíêîâûìè ÷åðâÿìè Paradiopatra è ãîëîòóðèÿìè Elpidia. Ôèëîãåíèÿ ðîäà Elpidia áûëà ïîëó÷åíà íà îñíîâå ìàòðèöû èç 20
ìîðôîëîãè÷åñêèõ ïðèçíàêîâ, çàêîäèðîâàííûõ äëÿ 22 âèäîâ. Â ðåçóëüòàòå àíàëèçà,
ïðîâåäåííîãî ìåòîäîì ìàêñèìàëüíîé ýêîíîìèè, áûëî ïîëó÷åíî ÷åòûðå ðàâíî
ýêîíîìíûõ äåðåâà. Íà êàæäîì äåðåâå ïðèñóòñòâîâàëà êëàäà, îáúåäèíÿþùàÿ àðêòè÷åñêèå âèäû: E. belyaevi, E. glacialis è E. heckeri. Íà òðåõ ìàêñèìàëüíî ýêîíîìíûõ
äåðåâüÿõ âèä E. gracilis, íàñåëÿþùèé ñåâåðíóþ Àòëàíòèêó, èìåë ñåñòðèíñêîå
ïîëîæåíèå ïî îòíîøåíèþ ê àðêòè÷åñêîé êëàäå, ÷òî ïîçâîëèëî ïðåäïîëîæèòü
âîçìîæíûé ïóòü çàñåëåíèÿ Àðêòèêè èç ñåâåðíîé Àòëàíòèêè. Ñðàâíåíèå ïàð âèäîâ èç
ðîäà Paradiopatra: P. striata/P. pauli è P. yasudai/P. quadricuspis ïîääåðæèâàåò
ãèïîòåçó î òðàíñàðêòè÷åñêîì îáìåíå ôàóíàìè. Ýòè ïàðû âèäîâ îáðàçóþò
ìîíîôèëåòè÷åñêèå ãðóïïèðîâêè íà ñòðîãîì êîíñåíñóñíîì äåðåâå, è êàæäàÿ èç íèõ
âêëþ÷àþò â ñåáÿ âèäû, îáèòàþùèå â ñåâåðíîé Ïàöèôèêå è â Àðêòèêå/ñåâåðíîé
Àòëàíòèêå. Âûñêàçûâàåòñÿ ïðåäïîëîæåíèå î òîì, ÷òî âåðîÿòíûé ïóòü ðàññåëåíèÿ
âèäîâ áûë íàïðàâëåí èç ñåâåðíîé Ïàöèôèêè ÷åðåç Àðêòèêó â ñåâåðíóþ Àòëàíòèêó.
Äâà ñåâåðîàòëàíòè÷åñêèõ âèäà P. fiordica è P. quadricuspis ñ ïðàêòè÷åñêè ïîëíîñòüþ
ñîâïàäàþùèìè àðåàëàìè è äèàïàçîíàìè âåðòèêàëüíîãî ðàñïðîñòðàíåíèÿ âäîëü
ãðàíèöû ìåæäó Ñåâåðíîé Ïîëÿðíîé Îáëàñòüþ è Âîñòî÷íîàòëàíòè÷åñêîé Áîðåàëüíîé
Îáëàñòüþ íå ïîêàçàëè áëèçêîðîäñòâåííûõ îòíîøåíèé ïðè àíàëèçå ôèëîãåíèè ðîäà.
Îäíàêî ñòðîãîå êîíñåíñóñíîå äåðåâî èìåëî íèçêîå ðàçðåøåíèå â âèäó áîëüøîãî
êîëè÷åñòâà ãîìîïëàñòè÷åñêèõ ïðèçíàêîâ, è ïîýòîìó àíàëèç ôèëîãåíåòè÷åñêèõ
îòíîøåíèé â ðîäå íå ñìîã âûÿâèòü âñå ðîäñòâåííûå ñâÿçè.
ÊËÞ×ÅÂÛÅ ÑËÎÂÀ: 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 of the 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 Djakonov (1945), Mironov and Dilman (2010),
while Anisimova (1989) and Smirnov (1994)
suggest a dominance of species of Atlantic origin. The multivariate analysis of deep-sea occurrences of polychaete species off the Eurasian
and American coasts of the Arctic Ocean and
the GreenlandIcelandNorwegian Seas revealed 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 subdivision (Gontar, Denisenko, 1989; Kussakin, 1979;
Petryashov, 2009) underlines the close relationships 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 colonization of the Arctic Ocean: paleontological, morphological and molecular. Analysis of paleontological 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; Väinölä,
2003; Dodson et al., 2007). However the number of paleontological records in the Arctic
remains limited. Molecular data for many marine taxa are rarely available because of difficulties with obtaining ethanol fixed, or frozen,
material from relevant geographical areas. Morphological studies based on phylogenetic approaches 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 of the Arctic region based on studies
of phylogeny in two genera of benthic invertebrates: Paradiopatra (Onuphidae, Polychaeta,
Annelida) and Elpidia (Elpidiidae, Holothuroidea, 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
Elpidia was 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 understand its biogeographical history (Crisci et
al., 2003). This method is rather descriptive and
has a number of restrictions, such as the allopatric speciation and the ad hoc assumption about
a centre of origin corresponding to geographical
range of the most basal taxon in the examined
monophyletic clade (Crisci et al., 2003). Nevertheless, the method allows utilization of a robust
hypothesis of phylogenetic relationships within
the analyzed monophyletic group of species to
support suggested potential pathways of dispersal.
In the present study, we consider the Arctic
Ocean to be bounded by the Greenland-IcelandFaeroe 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 biogeographical unit of disputed rank. Biogeographical 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 original and published data. Species were examined
using a compound microscope. A matrix comprising 20 morphological characters, coded over
22 terminal taxa (including 21 ingroups and one
outgroup), was constructed using DELTA Editor (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

?  character state unknown.

Elpidia gracilis
Elpidia decapoda
Elpidia ninae
Elpidia lata

Elpidia belyaevi

Elpidia heckeri

Elpidia glacialis

Species/character
Psychroplanes convexa
Elpidia kurilensis
Elpidia birsteini
Elpidia longicirrata
Elpidia hanseni
Elpidia minutissima
Elpidia chilensis
Elpidia atacama
Elpidia uschakovi
Elpidia solomonensis
Elpidia kermadecensis
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Elpidia sundensis
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Table 1. Character matrix used in the phylogenetic analysis of Elpidia.
Òàáëèöà 1. Ìàòðèöà ìîðôîëîãè÷åñêèõ ïðèçíàêîâ, èñïîëüçîâàííûõ äëÿ ïîñòðîåíèÿ ôèëîãåíåòè÷åñêîé ðåêîíñòðóêöèè ðîäà Elpidia.
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?. Maximum parsimony analysis, examination
of cladogram topologies and character evolution was performed in Winclada (Nixon, 2002).
The search for the most parsimonious trees was
heuristic, using TBR (tree bisection and reconnection) + 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 species 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 Elpidia and Paradiopatra (Budaeva, Fauchald,
2011) were used for biogeographical implications.

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 considered here as synonym of E. sundensis Hansen, 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 fragments 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. antarctica Belyaev, 1971; E. atakama Belyaev, 1971;
E. birsteini Belyaev, 1971; E. chilensis Belyaev, 1971; E. decapoda Belyaev, 1975; E.
glacialis Théel, 1976; E. hanseni Belyaev, 1971;
E. kermadecensis Hansen, 1956; E. kurilensis
Baranova et Belyaev, 1971; E. lata Belyaev,
1975; E. longicirrata Belyaev, 1971; E. minutissima Belyaev, 1971; E. ninae Belyaev, 1975; E.
solomonensis Hansen, 1956; E. sundensis Hansen, 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, 69.26º N 14.22º
W, 1633 m, 3.08.1995, 13 specimens; BIOICE, St. 2773,
69.25º N 14.28º W, 16291630 m, 3.08.1995, 151
specimens; BIOICE, St. 2776, 68.6º N 14.67º W, 1553
1556 m, 3.08.1995, 4 specimens.

E. gracilis Belyaev, 1975

Material examined: Discovery, St. 9754#3, 51º8¢ N
12º2¢ W, 1484 m, 1978, 7 specimens; Discovery, St.
9753#7, 50º55¢ N 12º12¢ W, 1942 m, 1978, 40 specimens;
Challenger, St. 50602#2, 51º1¢ N 13º7¢ W, 1980 m, 1979,
195 specimens; Challenger, St. 50604#1, 50º6¢ N 13º53¢
W, 34903550 m, 1979, 2 specimens; Discovery, St.
9756#14, 50º4¢ N 13º54¢ W, 36973680 m, 1978, 1
specimen; Challenger, St. 50603#1, 49º46¢ N 14º2¢ W,
4000 m, 1979, 2 specimens.

E. heckeri Baranova, 1989

Material examined: BIOICE, St. 3203, 64.85º N 7.86º
W, 26122605 m, 8.07.2001, 137 specimens and fragments; BIOICE, St. 3204, 64.86º N 7.91º W, 26132611
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, Scotoplanes and Protelpidia.
(2) Cross-shaped ossicles
The presence of cross-shaped ossicles is one
of the main diagnostic characters of the suborder Psychropotina, including the families Psychropotidae, 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 crosses, the original type of most holothurian ossicles. Only few elpidiid genera have cross-shaped
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ossicles: Rhipidothuria, Psychrelpidia, Psychroplanes and Peniagone. Within Elpidia one
species, E. antarctica, displays cross-shaped
ossicles.
(3, 1320) 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 apophyses. 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 number 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.
(611) Dorsal papillae
Papillae in elasipodids correspond to ambulacral appendages on right and left dorsal radii.
Papillae in all species of Elpidia, except E.
javanica, differ in shape and arrangement. E.
javanica 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.

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 of anus: (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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Fig. 1. Phylogenetic reconstruction of Elpidia.

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.

Ðèñ. 1. Ôèëîãåíåòè÷åñêàÿ ðåêîíñòðóêöèÿ îòíîøåíèé â ðîäå Elpidia.

A  ñòðîãîå êîíñåíñóñíîå äåðåâî, ïîñòðîåííîå íà îñíîâå ÷åòûðåõ ðàâíîýêîíîìíûõ äåðåâüåâ. B  êîíñåíñóñíîå
äåðåâî, ïîñòðîåííîå íà îñíîâå ÷åòûðåõ ðàâíîýêîíîìíûõ äåðåâüåâ ïî ìåòîäó ïðàâèëà áîëüøèíñòâà (50%).
Áåëûìè êðóæêàìè îáîçíà÷åíû ãîìîïëàñòè÷åñêèå ñèíàïîìîðôèè, ÷åðíûìè êðóæêàìè îáîçíà÷åíû óíèêàëüíûå
ñèíàïîìîðôèè. Âåðõíèå ðÿäû öèôð íà âåòâÿõ äåðåâà A ñîîòâåòñòâóþò íîìåðàì ïðèçíàêîâ â ìàòðèöå, íèæíèå
ðÿäû öèôð îáîçíà÷àþò ñîñòîÿíèÿ ñîîòâåòñòâóþùèõ ïðèçíàêîâ. Çíà÷åíèÿ â óçëàõ äåðåâà B óêàçûâàþò íà ïðîöåíò
ìàêñèìàëüíî ýêîíîìíûõ äåðåâüåâ, ó êîòîðûõ ïðèñóòñòâóåò äàííûé óçåë. Íîìåðà çà êâàäðàòíûìè ñêîáêàìè
ñîîòâåòñòâóþò îáîçíà÷åíèÿì êëàä â òåêñòå.

20. Rod diameter in the middle of largest
ossicles: (1) >35 µm; (2) <35 µm.
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
steps in length (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. glacialis and E. heckeri. Clade 3 included several
clades with species mostly occurring in deepsea trenches. Among them species from the

South Sandwich Trench (clade 4) and the NorthEast 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
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 MPT13
(Figs. 1B; 2AC).

134

N.E. Budaeva, A.V. Rogacheva

Fig. 2. Phylogenetic reconstruction of Elpidia. Four equally parsimonious trees (IIV).
Ðèñ. 2. Ôèëîãåíåòè÷åñêàÿ ðåêîíñòðóêöèÿ îòíîøåíèé â ðîäå Elpidia. ×åòûðå ìàêñèìàëüíî ýêîíîìíûõ
äåðåâà (AD).

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. yasudai formed monophyletic clade 1 (Fig. 3) sharing
the following characters: presence of branchiae
starting from chaetigers 68; 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 of the 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).
Ðèñ. 3. Ôèëîãåíåòè÷åñêàÿ ðåêîíñòðóêöèÿ îòíîøåíèé â ðîäå Paradiopatra. Ñòðîãîå êîíñåíñóñíîå
äåðåâî, ïîñòðîåííîå íà îñíîâå 1525 ðàâíîýêîíîìíûõ äåðåâüåâ. Íîìåðà çà êâàäðàòíûìè ñêîáêàìè
ñîîòâåòñòâóþò îáîçíà÷åíèÿì êëàä â òåêñòå (ñ èçìåíåíèÿìè èç Budaeva, Fauchald, 2011).
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Table 2. Distribution patterns of Elpidia and Paradiopatra in the Northern Hemisphere.
Òàáëèöà 2. Ðàñïðîñòðàíåíèå Elpidia è Paradiopatra â ñåâåðíîì ïîëóøàðèè.
North Atlantic,
Characters
North Pacific,
Arctic Ocean, including
north of 30° N
north of 30° N
the Norwegian
and the Chukchi Seas
Elpidia
Number of
5
3
1
species
Depths, m
41009530
705550
14844000
Arctic-North Pacific Endemic (Arctic)  3
Arctic-North
0
Atlantic  0
Species
Endemic  3
Endemic  0
ranges
Others  2
Others  1
Paradiopatra
Number of
14
3
9
species
Depths, m
156350
681125
676350
Arctic-North
Arctic-North Pacific Arctic-North Atlantic (boreal)
2
Atlantic (boreal)
0
Endemic, near-Pacific (low2
Endemic  10
arctic)  1
Endemics  3
Species
Disjunctive PacificDisjunctive
Atlantic (boreal) 
ranges
Pacific-Atlantic
1
(boreal)  1
Others  3
Others  3

In contrast to Elpidia, species of Paradio3.3. Distribution patterns of Paradipatra
are narrowly distributed in the Arctic
opatra and Elpidia in the North Pacific,
Ocean, inhabiting only near-Atlantic and nearNorth Atlantic and Arctic
Pacific sectors. Four Paradiopatra species were
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 genera were beyond the scope of the present study
and thus will not be discussed herein. The general biogeographical patterns of the genera Elpidia 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.

chosen based on their possible role in transArctic 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 68445 m (Annenkova, 1952;
Budaeva, Fauchald, 2011). The geographical
range P. quadricuspis is restricted to the Norwegian 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 (depth range
from 17 to 1660 m), thus showing an amphiboreal geographical distribution. P. yasudai occurs in the north Pacific (in Japanese waters) at
sublittoral and upper bathyal depths (from 60 to
960 m) (Imajima, 1999).
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Fig. 4. Distribution of Elpidia in the Northern Hemisphere with suggested pathways of species dispersal.
Ðèñ. 4. Ðàñïðîñòðàíåíèå ðîäà Elpidia â ñåâåðíîì ïîëóøàðèè ñ îáîçíà÷åíèåì âîçìîæíûõ ïóòåé
ðàññåëåíèÿ âèäîâ.
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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. hanseni (the KurilKamchatka and Izu Trenches,
81759735 m) is in clade 3 (Figs. 1, 2). E.
kurilensis (the Aleutian, KurilKamchatka and
Japan Trenches, 64108100 m), E. longicirrata
(the KurilKamchatka Trench, 80358345 m)
and E. birsteini (the KurilKamchatka and Izu
Trenches, 80609345 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, 41005740 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 polytomy. On the majority rule tree (Fig. 1B) and
MPT13 the monophyletic clade 6 (Fig. 2AC)
combines three Arctic species with the north
Atlantic E. gracilis, supported by one homoplastic synapomorphy (presence of rods with maximum diameter >35 µm). 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 14844000 m.

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 biogeoraphical history of the genus Elpidia, based
on morphology of the species. He suggested that
the genus originated in the Antarctic and eurybathic 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 included specialised hadal species from deep-sea
trenches of the 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 suggested through the Atlantic (Belyaev, 1975).
Our results confirm that slender and smooth
ossicles with high vertical apophyses (juvenile
type, characters 1420) are plesiomorphic, therefore 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 Belyaev. However, of the three pathways suggested 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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Fig. 5. Distribution of Paradiopatra in the Northern Hemisphere with suggested pathways of species
dispersal.
Ðèñ. 5. Ðàñïðîñòðàíåíèå ðîäà Paradiopatra â ñåâåðíîì ïîëóøàðèè ñ îáîçíà÷åíèåì âîçìîæíûõ ïóòåé
ðàññåëåíèÿ âèäîâ.
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permit identification of the most basal species in
the genus, thus the centre of origin of the genus
remains unknown. However, a number of wellsupported 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 interchange (Briggs, 2003; Mironov, 2006). The distribution 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 invasion is more likely if a source population is
larger, compared to invasion from smaller populations. 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 Pacific 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 Canadian pathway was explained by the anticlockwise
currents in the American Arctic (Canada Ba-

sin), favouring migration of species from the
North Pacific to the North Atlantic and preventing dispersion of the north Atlantic species in
the opposite direction (Hopkins, 1967; Gladenkov, 1978; Vermeij, 1991). In addition, the
extensive freshwater outflow of Siberian rivers
form a low salinity barrier, preventing transArctic migration of species susceptible to reduced salinity along the Eurasian coast. This
hypothesis has been confirmed recently in a
study of the genetic differentiation in populations of the northern capelin, revealing dispersal
from the North Pacific to the North Atlantic
along the Canadian Arctic (Dodson et al., 2007).
Following the scheme of the Canadian pathway
for shallow-water marine fauna, we suggest
dispersal of Paradiopatra from the North Pacific 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),
with an alternative pathway along the east Greenland to northern Europe along the FaroeIceland Ridge (Fig. 5).
The geographical range of Paradiopatra
fiordica is almost identical with that of P.
quadricuspis, inhabiting the subtidal and upper bathyal west off Norway and south of
Iceland. Both species frequently occur together 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. quadricuspis, P. fiordica lacks branchiae; has exclusively tridentate rather than bidentate falcigers
and subacicular hooks appearing from chaetiger
1117 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 species could have colonised the Arctic Ocean
from the North Atlantic. However, this assumption is not confirmed by the phylogeny of Paradiopatra possibly due to a high ratio of homoplastic characters.
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