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ABSTRACT. The present work aims to estimate the ratio of species of the bivalve molluscs
of the Atlantic and the Pacific origin in different geographical and bathymetrical regions of
the Arctic basin. Seven shallow-water regions of the Arctic, with depths of 0-300 m, (the
Norwegian, Barents, Kara, Laptev, East Siberian, Chukchi and Beaufort Seas) and three
deep-sea regions with depths exceeding 1000 m (the Norwegian and Greenland Basins,
Nansen and Amundsen Basins, Canada Basins) are considered. For the identification of
origin we combined fossil records with records of the distribution of living genera and, when
possible, used molecular genetic data. The distribution patterns of 265 species from 132
genera were analysed.

The share of species of Atlantic origin decreases in marginal Eurasian seas from the
Norwegian Sea to the Chukchi Sea, and then increases in the Beaufort Sea. The share of
species of Pacific origin is higher only in the Chukchi and Beaufort Seas, the species of the
Atlantic and the Pacific origin are equally represented in the East-Siberian Sea. The share
of species of the Atlantic origin is much higher in all deep-sea regions.

Many taxa of bivalves that dispersed into the Arctic from the North Pacific also penetrated
into the North Atlantic. In contrast, most taxa of the Atlantic origin remained in the Arctic
Ocean, having stopped at the Bering Strait. Differences between the Arctic boundaries, the
Arctic - Atlantic (the Greenland-Iceland- Faeroe Ridge) and the Arctic - Pacific (the Bering
Strait) as barriers for dispersal are discussed.

KEY WORDS: Arctic Ocean, biogeography, Bivalvia, origin of fauna.

CooTHOleHe BNAOB aTNIaHTU4YeCKOro U TUXOOKeaHCKOro
NPOUCXOXAEHUA B COBPEMEHHOWN apKTu4yeckomn cpayHe
ABYCTBOpYaTbIX MOJIITHOCKOB
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PE3IOME. Llenb paboThl 3aK1109anach B OLIEHKE JI0JIA BUIOB IBYCTBOPUYATHIX MOJUTFOCKOB
ATJIAHTUYECKOTO M THXOOKEaHCKOT'0 IIPOUCXOXK/ICHHS B Pa3HBIX reorpaduieckux paiioHax
ADKTHKHM U Ha pa3HbIX 0aTUMETPUYECKUX ropu3oHTax. s aHanu3a ObUIM BHIOpaHBI 7
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MEJIKOBOAHBIX pailoHOB Apktuku ¢ riyomnamu ot 0 mo 300 m: mopst Hopsexckoe,
BapenneBo, Kapckoe, JlanteBsix, Boctouno-Cudupckoe, Uykorckoe u bodopra, u 3
riTyOOKOBOAHBEIX paiioHa ¢ riyomnamu Oonee 1000 m: Hopsexckas u ['pennanackas
KOTJIOBUHBI, KOTIIOBUHBI Hancena n AMyH/ceHa, a Takke Kananckas kotiaoBuHa. Beero
IIpoaHaIM3UPOBAHO pacipocTpaHeHue 265 Buaos u3l32 ponos. BriBox o paitone Bcene-
HUSL B APKTHKY JJISl K@XJOro poaa ObLI cliesiaH Ha OCHOBE IaJICOJaHHBIX, JaHHBIX O
COBPEMEHHOM pacIlpOCTPaHEHHH, a TaK)Ke ObLIM HMCIOJIb30BaHbl ONMYOJMKOBAaHHbIE pe-
3yJIBTaThl MOJIEKYJISIPHBIX HCCIIEAOBaHUH.

JloIst BUIOB aTJIaHTHYECKOTO ITPOMCXOXK/ICHUST YMEHBIIAaeTCs B KpaeBbIX Mopsix oT Hop-
BEXKCKOT0 710 YyKOTCKOTO MOps, a 3aTeM HECKOJbKO NoBblmiaercst B Mope bodopra. B
MEJIKOBOJHBIX paifoHax J10JIs BUJOB TUXOOKEAHCKOTO MPOUCX0XKICHHS IIPEBBIIIACT JOII0
BUJIOB aTJIaHTHYECKOTO NMPOUCXOXKJICHUS TONBKO B UykoTckoM Mope u Mmope bodopTa; B
Bocrouno-CubupckoM Mope BHIBI aATJIIAHTHYECKOTO ¥ THXOOKEAHCKOT'O IIPOUCXOXKICHHS
IIpeICTaBJICHbl PABHBIMU JIOJIIMHU. B riry00KOBOIHBIX KOTJIIOBUHAX JI0JIS BHJIOB aTJaHTH-
YEeCKOr0 MPOUCXOKACHUS 3HAUUTEIbHO IPEBBIIIAET JOI0 BUAOB THXOOKEAHCKOTO IIPOUC-
XOXICHUS.

Bomnbias 4acTh poJ10B IByCTBOPUYATHIX MOJLUTFOCKOB, TPOHUKIINX B ApKTUKY 13 CeBepHOi
[Maunduky, pacnpocrpanuiace Takxke U B CeBepHoll ArTnantuke. Hanpotus, Gonpras
4acTh POJIOB aTIIAHTUYECKOTO IMPOUCXOXKACHUS ocela B ApKTHYECKOM OKeaHe U He Ipe-
onrosienia bepuHIroB MpoIuB, HE MIPUHSB y4acTHs B TpaHCApKTHIecKoM oOMene. Obcyxaa-
I0TCSI Pa3IMYHs MEXTy OapbepHBIMU CBOWCTBaMU Ir'paHuI] ApKkTuka-ATiantuka (I"pennan-
acko-Menanacko-®apepckuii nopor) u Apkruka-Ilaunguka (bepuaros nposus).

KJIFOUEBLIE CJIOBA: Apkruka, 6uoreorpadus, AByCTBOpYATHIE MOJUIIOCKH, ITPOUC-

X0XJeHue hayHsl.

Introduction

The present Arctic fauna has been mainly
shaped by repeated migrations of species from
the Pacific and the Atlantic. The migrations
were strongly influenced by glacial events and
were most intense during periods of warming
and the opening of the Bering Strait. As Dodson
et al. (2007) pointed out, patterns of dispersal
and colonization through the Bering Strait were
complex, covering long periods of time and
repeated Bering Strait openings. At least four
openings are now documented. Fossil-calibrat-
ed dates indicate the openings during the early-
mid Miocene ~16—17 million years ago (Ma), at
the end of the middle Miocene ~11-12 Ma
(Sher, 1999), near the end of the Miocene ~5.3
Ma (Gladenkov et al., 2002; Gladenkov, Glad-
enkov, 2004), and in the Pliocene between 4.1
and 3.1 Ma (Marincovich, Gladenkov, 1999).
An intense trans-Arctic faunal exchange started

only after the fourth opening of the Bering
Strait, at approximately 3.1 Ma (Dodson et al.,
2007; Vermeij, 1991). During subsequent gla-
cial and interglacial periods the Arctic fauna
retreated to the south and then repeatedly invad-
ed northern regions.

There is an agreement among authors that
the predominant direction of the trans-Arctic
exchange of faunas was from the North Pacific
towards the North Atlantic (Soot-Ryen, 1932;
Ekman, 1953; Nesis, 1963; MacNeil, 1965;
Durham, MacNeil, 1967; Kafanov, 1974, 1979,
1987; Gladenkov, 1978; Vermeij, 1991). At the
same time, there is a serious discrepancy about
the relative role of taxa of Pacific and Atlantic
origin in the modern Arctic fauna. Among dif-
ferent groups of benthic invertebrates, echino-
derms have been studied in most detail as to
their ocean of origin. Considering the Arctic
echinoderms as a whole, Anisimova (1986) and
Smirnov (1994) incline to the opinion that the
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Table 1. Cruises used as a source of material in the present work.
Tabnuua 1. Peiicel, MaTepuaisl KOTOPBIX OBUTH MCIIONB30BaHEI B paboTe.

Number of
Research Vessel Cruise Year Area of study stations with
studied material

Sevastopol 5 1957 Norwegian Sea, 105-1690 m 12
Sevastopol 8 1958 Norwegian Sea, 185-1860 m 5
Sevastopol 10 1958 Norwegian Sea, 140—-1950 m 3
Sevastopol 15 1959 Norwegian Sea, 1000—1940 m 4
Vodnik, RT-61 26 1968 Barents Sea, 85-250 m 3
Persey-3 14 1975 North-Western Atlantic, 70-280 m 8
Tunets 105 1978 Barents Sea, 245-250 m 2
Dmitrii Mendeleev 49 1993 Kara Sea, 63-236 m 5

modern Arctic fauna is mainly of the Atlantic
origin. Based on the fauna of starfish, Djakonov
(1945) and Mironov and Dilman (2010) arrived
at the conclusion that the North Pacific was the
principal donor for shallow-water regions. For
the deep-sea Arctic starfish it was shown that the
half of the present genera are of Atlantic origin
and another half of Pacific origin (Dilman, 2009).
For other taxa, a predominantly Pacific genesis
was suggested for fish (Andriyashev, 1939) and
gastropods (Galkin, 1955), and a predominant-
ly Atlantic origin for isopods (Kussakin, 1979).

Different opinions have been expressed on
the origin of Arctic bivalves. Nesis (1965) and
Kafanov (1974) suggested that the great major-
ity of genera on the Arctic shelf are of Pacific
origin. According to Filatova (1957a), the mod-
ern fauna of the Arctic bivalves has been mainly
formed by species of Atlantic origin and autoch-
thonous species. Fedyakov and Naumov (1987)
supposed that more than a half the Arctic spe-
cies are of Atlantic origin. Sirenko (2001) also
believed that the impact of the Atlantic on the
faunistic composition of Arctic Eurasian seas
was higher than that of the Pacific. Some au-
thors agree that the deep-sea Arctic bivalve
fauna has Atlantic roots (Filatova, 1957a; Fedy-
akov, Naumov, 1987), however Bouchet and
Warén (1979, tabl.3) found evidence of close
relations of abyssal Arctic bivalves with the
Pacific.

Although the origin of the recent Arctic bi-
valve fauna has been widely discussed, the rela-
tive importance of the Pacific and Atlantic ele-
ments in different Arctic regions remains mainly
unknown. In the present paper we estimate the

contribution of species of Pacific and Atlantic
origin to the recent fauna of bivalves in different
geographical and bathymetric regions of the
Arctic. The origin of particular species was
identified based on the biogeographical history
of a genus. For the identification of origin, we
use a complex approach combining fossil data
with recent distribution of genera, and where
possible the results of molecular genetics.

Material and Methods

Definition of regions

The boundaries of the Arctic Ocean are
considered as passing along the northern limit
of Davis Straitand the Greenland-Iceland-Faeroe
Ridge, with the Atlantic and the Bering Strait,
separating the Arctic and Pacific (Leontjev,
1985). These geomorphological limits of the
Arctic do not coincide with biogeographic
boundaries (Briggs, 1995, figs. 82-86). Our
biogeographic analysis was based on seven se-
lected shallow-water regions of the Arctic, with
depths of 0-300 m, and three deep-sea regions
with depths exceeding 1000 m. The shallow
water regions include the Norwegian, Barents,
Kara, Laptev, East Siberian, Chukchi and Beau-
fort Seas. The deep-sea regions include the
western basins (Norwegian and Greenland Ba-
sins), the central basins (Nansen and Amundsen
Basins) and the Canada Basin. Latitude 40°N
was taken as the southern border of the North
Atlantic and the North Pacific for the purposes
of this study.
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Species considered

In this paper we use the term “Arctic spe-
cies” for all species occurring in the Arctic
Ocean without regard to a species range type.
The list of Recent Arctic bivalve molluscs and
data on their distribution was based mainly on
literature sources: Gorbunov, 1946; Filatova,
1957a, b; Gladenkov, 1978; Bernard, 1979;
Bouchet, Warén, 1979; Kafanov, 1979; Knud-
sen, 1985; Lubinsky, 1980; Fedyakov, Nau-
mov, 1989; Warén, 1989, 1991; Brattegard,
Holthe, 1997; Hansson, 1998; Gulliksen et al.,
1999; Coanetal., 2000; Richling, 2000; Galkin,
Voronkov, 2001; Sirenko, 2001; Kantor, Syso-
ev, 2005; Schigtte, 2005; Sneli et al., 2005;
Naumov, 2006; Sirenko et al., 2009; and others.
Despite considerable gaps in the taxonomy and
diversity of the Arctic bivalves, a significant
step forward was made recently owing to the
database efforts of the Zoological Institute of
the Russian Academy of Sciences (www.zin.ru/
projects/arccoml/eng/dbases.htm). For informa-
tion about taxonomic composition and distribu-
tion of bivalves from the northern Atlantic and
the Pacific, we used the WoRMS Database
(Appeltans et al., 2012) and the Database of
Western Atlantic Marine Mollusca, together
with literature sources (Coan et al., 2000; Scar-
lato, 1981; Scarlato, Kafanov, 1988). We also
used original data obtained by the authors, based
on material collected on the cruises listed in
Table 1. The genera used in the Bivalvia are not
consistent between different sources. Mainly
we followed WoRMS but in some cases accept-
ed other versions closest to our own opinions.

The final list of the bivalve taxa from the
studied regions contains 265 species from 132
genera.

The total number of species common with
the North Atlantic, the North Pacific, and the
number of Arctic endemics were calculated for
each of the seven shallow-water and three deep-
sea Arctic regions (Table 2; Figs 1, 2).

Data on the paleo-distributions was retrieved
from the Paleobiology Database (http://
paleodb.org/), as well as from numerous litera-
ture sources (Gladenkov, 1978; Kafanov,

Ogasawara, 2003, 2004; Merklin et al., 1962,
1979; Svitoch, 2003 and others) and also from
the database on bivalve molluscs of the Europe-
an Neogene of R. Janssen (Senckenberg Fors-
chungsinstitut und Naturmuseum, Frankfurt a.
M.). We used data on fossil records, mainly
from the northern regions of Europe, Asia and
the North America, since the middle Miocene
(Table 3). Overall 111 Recent genera (83% of
the modern Arctic fauna) are known from fossil
findings in the northern regions.

The source of bivalves penetrating
into the Arctic Ocean

By characterizing genera as of North Pacific
or North Atlantic origin, we mean not the region
of origin of the genus but the region from which
the genus first penetrated the Arctic Ocean.

The source region (Atlantic or Pacific) was
suggested by the biogeographical history of the
genus. Ifa genus migrated from the North Pacif-
ic to the North Atlantic through the Arctic and
then a species of this genus colonised the Arctic
from the North Atlantic, it was accepted that this
species (and the genus) is of the North Pacific
origin. Ifan endemic Arctic species belonged to
a genus of Atlantic or Pacific origin, then this
species was accepted as being from the Atlantic
or Pacific correspondingly. “Dual” origin of a
genus, i.e. migration of the genus to the Arctic
independently from the Pacific and the Atlantic,
was adopted only if supported by paleo-data at
the species level.

The conclusions about origin were made for
each individual genus based on paleontological
and neontological evidences. Both paleonto-
logical and neontological data provide only
indirectevidence the colonisation pathway, only
suggesting that one of the two pathways is more
probable. Therefore there is a high probability
of incorrect conclusions about the colonisation
pathway of some genera. Nevertheless, analysis
of numerous taxa increases the chance of reveal-
ing real trends in the biogeographical history of
the Arctic.

In paleo-analysis, data on the Recent Arctic
species, or species closely related to them, were



93

The ratio of species of Atlantic and Pacific origin of bivalve molluscs

w
(%L1 T (%£8) 01 (%8) 1 (%th) S (%09) 9 (%001) T1 :awmwwwwmw
Suise:
(%5'8)1 (%5'8)1 (%€8) 01 (%50) € (%zh) s e v | (%001) Tl :u%mﬂ,mmomcw %M_:mm
(W 00T <)
(%$'8) T (%S € (%6L) 61 (%I+) 01 (%9%) 11 (%ED) € (%001) T suiseq pue[uadID)
pue ueISomIoN
(%£) T (%D1 (%z$) € (%) 9T (%19) 9¢ (%L7) L1 (%01) L (%2) 1 (%001) 19 (w 00g>) eog Moneag
(%9) ¥ (%19) vt (%£¢€) ¥T (%¥S) 6€ (%9¢) 9T (%9) ¥ (%) € (%001) TL (W 00¢>) 89S IYNYD
w
(o%b) € (%81) 8T |  (%8h) 8T (%#9) 8¢ LD 0T | (%L1) 01 D1 | (%000 68 vog :Eme%mmwmw
(%9) ¢ (%0%) 9T (%5¢) 9¢ (%z$) ¥€ (%S1) 01 (%82) 81 (%9) ¢ (%001) S9 (w 0¢>) BoS AdydeT]
(%£) T (%L€) ST (%09) 1t (% 09) 1 (%01) L (%L2) 81 (%8 T (%001) 89 (wr 0pg>) eog ey
(%) € (%82) 6T (%89) L9 (%8%) Ly (%L) L (%tY) v (%1 1 (%001) 66 (w 00¢>) B3S syudIeyg
(%8) ¢ (%TD vT | (%58) ¥91 (%€0) v¥ (%S0 T | (%$9L) 8¥1 (%001) €61 eog :Mmuwm_wm
— O —— oy1oed oBUBRY o1J108d YHON + oy108d oRuUEpRY
ULON ULON onueNy YLUoN YLON YLON SOIWdPUD sloquinu
J1J10BJ YMON 10/pUB dNUB[Y oIy soroads uoI3oy
SOAJBAIQ O1)OIY JO UISLIO JO SUOISAI JUAIP I {LION AU} 0} TOWWI0d $3103ds JO dqUINT
s1oquInu sar0adg

‘suHOIKOXonodu 1 kuHOHed1o0doRd WoLnL WidHRHUIreed 9 OMOOINTTON XI191Bhd0dLOAdY XMMOdhHLYde d0IHd OUOUR, "7 BIMIQR],

"SUISLIO pue SUOINQLISIP JUIAIIIP JO $310ads JA[BAIQ 91301V JO JdqUINN] T 9]qeL




94 E.M. Krylova, D.L. Ivanov, A.N. Mironov

148

[] Arctic endemics [ Atlantic B North Pacific Il Atlantic + North Pacific

Fig. 1. Number of species of Bivalvia common with the North Atlantic and/or the North Pacific in different

Arctic regions.

Abbreviations: NorS — Norwegian Sea; BarS — Barents Sea; KarS — Kara Sea; LapS — Laptev Sea; ESibS — East
Siberian Sea; ChukS — Chukchi Sea; BeaS — Beaufort Sea; NGLB — Norwegian and Greenland Basins; NAB —

Nansen and Amundsen Basins; CanB — Canada Basin.

Puc. 1. Yucno BUIOB JBYCTBOPYATHIX MOJUTFOCKOB 00mmx ¢ CeBepHON ATIAHTHKON M (M) CEBEPHOI
4yacThlo THXOro okeaHa B pa3IMYHbBIX pETHOHAX APKTUKU.

O6o3nauenus: NorS — Hopaesxckoe mope; BarS — Bbapenuoso mope; KarS — Kapckoe mope; LapS — mope JlanteBsix;
ESibS — Bocrouno-Cubupckoe mope; ChukS — Uykorckoe mope; BeaS — mope Bodopra; NGLB — Hopsexckas u
I'pennannckas kotnoBuHsl; NAB — kotnoBunsl Hancena u Amynacena; CanB — Kanazickast KOTJI0BUHA.

taken into account first. If data on a Recent
Arctic species was absent, information on all
species in the genus was examined. Paleo-anal-
ysis was performed by two approaches, differ-
ing by the length of the period covering the

paleo-data. In the first, the period from the
Middle Miocene to the present time was consid-
ered. In the second, the period considered was
from the Pliocene to the present. The first ver-
sion could overestimate the number of genera of
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Fig.2. Percentage of species of Bivalvia common with the North Atlantic and/or the North Pacific in different

Arctic regions.
Abbreviations: see Fig. 1.

Puc. 2. TIponieHTHOE COOTHOLICHHE BUJIOB JBYCTBOPYATHIX MOJLTIOCKOB 001X ¢ CeBepHOil ATIaHTHKON U
(unmu) ceBepHON yacThio THXOro OKeaHa B Pa3lWYHBIX PETMOHAX APKTHKH.

O0603HaueHUs TE XK€, YTO Ha puc. 1.

Atlantic origin, because the Mediterranean Cen-
tre of Species Diversity (Mironov, 2006) still
existed in the Miocene and fauna exchange
occurred mainly through the low-latitude areas,
from the Atlantic to the Pacific (Mironov, 2006).
The second approach probably reflects the situ-
ation more adequately, because active trans-
Arctic exchange between faunas of the North
Atlantic and the North Pacific began in the
Middle Pliocene, i.e. about 3.1 Ma (Vermeij,
1991; Dodson et al., 2007). We assumed that a
genus entered the Arctic from the area of its

earliest record during the corresponding chosen
period. If the record ages of a genus in the North
Atlantic and the North Pacific were the same,
and modern Arctic species of this genus are
unknown in fossils, the region from where the
genus penetrated the Arctic was considered as
uncertain. There is principle possibility of a
“dual colonization” scenario, i.e. when differ-
ent species of the same genus have independent-
ly invaded the Arctic from the North Pacific and
the North Atlantic without the trans-Arctic ex-
change. We accepted this scenario only for the
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genera in which part of modern Arctic species
occur in fossils in the North Atlantic and part in
the North Pacific in Late Miocene-Early
Pliocene.

The identification of a region, from which
penetration into the Arctic took place, by data
onthe modern distribution of species, was based
on a complex of characters of approximately
equal importance.

The following distribution patterns were
considered as evidence for a higher probability
of Pacific origin:

1. A genus is known from the North Pacific
and not recorded from the North Atlantic.

2. The number of species is higher in the
North Pacific than in the North Atlantic.

3. Arctic species occur also in the North
Pacific but are not recorded from the North
Atlantic.

4. Arctic species have a near-Pacific distri-
bution.

Analogous criteria were used to assign the
origin of species to the Atlantic. Genera were
identified as of uncertain origin when evidences
for the Pacific and the Atlantic origin were
similar. For example, a genus could be repre-
sented by more species in the North Pacific, but
Arctic species are known from the North Atlan-
tic. Genera were considered to be autochtho-
nous if they are not known outside the Arctic
Ocean. These criteria do not allow the determi-
nation of the dual colonization of a genus. How-
ever, in some cases, for example when there are
Arctic species of a genus occurring in the Atlan-
tic and not known in the Pacific, and there are
Arctic species occurring in the Pacific but not
known in the Atlantic, we suggest independent
colonization.

A second analysis was based on the modern
distribution of species, in which the presence of
species common with the North Pacific was
regarded as more important evidence than that
with the North Atlantic. So the Pacific origin
was adopted for some genera in which the num-
ber of North Atlantic species is the same or even
higher than North Pacific species (Table 4).

This analysis considers the fact that the
probability of penetration of Atlantic species

E.M. Krylova, D.L. Ivanov, A.N. Mironov

into the North Pacific through the Arctic is less
than probability of penetration of species from
the North Pacific into the North Atlantic, as
evidenced by both paleodata and molecular
analysis (Durham, MacNeil, 1967; Vermeij,
1991; Dodson et al., 2007). As s result of both
analyses based on the modern distribution of
species, we obtained two numbers for genera of
supposedly Pacific origin: the first most likely
underestimating, the second overestimating the
“real” number.

The final conclusion, about the probable
region of penetration into the Arctic, was made
based on combined data: paleo-records and the
pattern of current distribution. Paleo-data was
givenahigher ranking than the modern distribu-
tion. A few available molecular data (for the
genera Arctica, Chlamys, Macoma, Modiolus
and Mytilus) were used in the analysis (Dahl-
gren et al., 2000; Galand, Fevolden, 2000;
Viin6la, 2003; Nikulaetal.,2007; Lockwood et
al., 2010).

Results

Ratio of species in different Arctic
regions common with the North Pacific
and the North Atlantic

Shallow-water regions

The number of bivalve species in marginal
Eurasian seas (depth up to 300 m) diminishes
from the Norwegian Sea (193 spp.) towards the
East Siberian Sea (59 spp.) and then increases in
the Chukchi Sea (72 spp.) (Figs 1, 2) before
decreasing in the Beaufort Sea (61 spp.) (Table
2). The most drastic changes in species numbers
occur at the transition from the Norwegian Sea
to the Barents Sea (a nearly a twofold decrease)
and from the Barents Sea to the Kara Sea (a 1.5
times decrease). The share of species in com-
mon with the Atlantic decreases from the Nor-
wegian to the Chukchi Sea, then it slightly
increases in the Beaufort Sea. The trends of
changes in the share of species common with the
Atlantic and the total species number coincide:
the most significant changes occur at the transi-
tion from the Norwegian Sea to the Barents Sea
and from the latter to the Kara Sea. The share of
species common with the Pacific gradually in-



The ratio of species of Atlantic and Pacific origin of bivalve molluscs

creases from the Norwegian Sea to the Chukchi
Sea, and then decreases in the Beaufort Sea. The
most drastic change occurs in transition from
the East Siberian Sea to the Chukchi Sea, where
the share of species common with the Pacific
increases more than twofold. The prevailing
share of species common with the Atlantic char-
acterizes the majority of shallow-water regions
of the Arctic. The exceptions are the Chukchi
and Beaufort seas. The share of species com-
mon with both the Atlantic and the Pacific
increases from the Norwegian Sea, reaching a
maximum in the East Siberian and Beaufort
seas. All shallow-water regions, except for the
Norwegian Sea, are mainly inhabited by species
common to both the Atlantic and the Pacific.

Deep-sea regions

Deep-sea basins are inhabited by far fewer
bivalve species than the shallow-water regions
(Fig. 1, 2; Table 2). Deep-sea basins are charac-
terized by the absence, or very small share of,
species known only from the Pacific. The Arctic
deep-sea basins mainly contain species known
either only from the Atlantic (Nansen and
Amundsen Basins), or from the Atlantic and
also common to both the Atlantic and the Pacific
(Norwegian and Greenland Basins), or are Arc-
tic endemics (Canada Basin).

Origin of genera

Paleontological approach

Paleo-data was available for 111 genera of
Arctic bivalves, but three genera were recorded
only from Pleistocene and that is not enough to
make conclusions regarding the area of origin.
Therefore the paleo-data allowed speculation
about origin of 108 genera. Based on paleo-
records from Middle Miocene deposits, the area
of origin was suggested for 97 genera (72% of
all Arctic genera) (Figs 6A, 7A). Colonization
from the North Atlantic is suggested for 71
genera and from the North Pacific for 23 genera
with independent colonization from both re-
gions for three genera (Table 3). Paleo-records
dating to the Pliocene were used to reconstruct
the area of origin for 99 genera (74%). Coloniza-
tion from the North Atlantic is suggested for 70
genera and from the North Pacific for 17 genera.
Independent colonization from both regions is
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suggested for two genera. The area of origin
remains uncertain for 10 genera (Table 3).

The large number of genera of uncertain
origin in the second version of the analysis can
be related to insufficient resolution of the meth-
od (too long time periods). For example, if over
the entire Pliocene there were records of a genus
in both the North Pacific and the Atlantic, the
area of the genus origin was considered uncer-
tain. Perhaps the use of the Pliocene subdivi-
sions could help in clarification of the time at
which the genus appeared in different regions.
The number of genera of the Atlantic origin
differs insignificantly between both versions of
the analysis.

Neontological approach

Conclusions about the origin of all 132 gen-
era were based on the four biogeographic crite-
ria presented earlier (Table 4) (Figs 6B, 7B).
Based on the first criterion (when a genus is
absent in the northern part of one ocean but
present in the Arctic and in the north of the other
ocean), the region of penetration into the Arctic
was identified for 61 genera. The origin of the
remaining 72 genera was established in two ver-
sions based on the combination of criteria 2—4.

According to the first analysis, with all cri-
teria of equal weight, 98 genera were of Atlantic
origin, 21 genera of Pacific origin, one genus
was autochthonous and 12 genera were of un-
certain origin. In the second analysis, when the
Atlantic-Arctic species ranges were considered
less important than the Pacific-Arctic species
ranges, the ratio between genera of different
origin has changed. The group of the Atlantic
origin decreased by 12 genera while the group
of Pacific origin increased by 15 genera and the
group of uncertain origin decreased by 6 genera
(Table 4).

Despite the increased number of genera of
the Pacific origin in the second analysis, this
number was still much lower than the number of
genera of the Atlantic origin. The results for 114
genera (86% of the Arctic genera) were the
same in both versions.

Comparison of results of paleontological
and neontological approaches

Theregion of penetration into the Arctic was
proposed based on both paleontological and
neontological data for 104 genera. The results
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of the two approaches disagreed for 15 genera.
The following are several examples where re-
sults of neontological and paleontological ap-
proaches diverge.

The genus Ennucula according to the formal
criterion of the first version of neontological
analysis, is of Atlantic origin (Table 4). Since
the number of species of this genus occurring in
the North Atlantic (four) and the North Pacific
(three) differ insignificantly, we consider the
ranges of the Arctic species. There are three
species of Ennucula in the Arctic. One Arctic
species, E. corticata (Mpller, 1842), occurs in
the near-Atlantic part of the Arctic but not
further than the Barents Sea. The second spe-
cies, E. tenuis (Montagu, 1808), is distributed in
both the Atlantic and the Pacific, and the third
species, E. romboides (Scarlato, 1981) is an
endemic of the Asian Arctic seas. However, in
the paleontological records this genus is known
from the northern Pacific, Alaska (Merklin et
al., 1962) and Oregon (Moore, 1963) since the
Middle Miocene. European Miocene deposits
lack this genus and, since the Late Pliocene, it
appears in Greenland (Funder et al., 2001) and
in the Plio-Pleistocene in Iceland (Gladenkov,
1978) (Table 3). Therefore, we suggest that the
genus Ennucula colonized the Arctic seas from
the Pacific, and the species E. corticata and E.
romboides apparently are so-called derived spe-
cies (Vermeij, 1991), i.e. they have formed after
the penetration of the genus into the Arctic.

There is only one Arctic species of Rudi-
tapes, R. decussatus (L., 1758). Its range in the
Arctic is limited to the Norwegian Sea. In the
Atlantic the genus extends to the tropics. Based
on the modern distribution of the genus, we
suggest that R. decussatus colonized the Arctic
from the Atlantic. However, the paleo-data do
not confirm this: the genus has not been record-
ed in European deposits. The earliest finding of
the genus, is in the Early Pliocene of Sakhalin
(Kafanov, Ogasawara, 2003). In the Pleistocene,
the genus was recorded in Japan (Okamoto,
Ibaraki, 1988). Since the genus is mostly sub-
tropical, we suggest that it penetrated the Atlan-
tic from the North Pacific, having spread along
the low latitudes. Eventually, this genus colo-
nized the Arctic from the Atlantic.

Another genus, Modiolus, has two Arctic
species, both distributed also in the Atlantic.
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One species, M. adriaticus, does not occur in
the Arctic beyond the Norwegian Sea and is not
known from the Pacific. The other species, M.
modiolus, occurs in the Norwegian, White and
Barents Seas and is known from the Bering Sea.
Based on neontological criteria, the genus has
penetrated the Arctic from the Atlantic, because
there are eight species of this genus in the North
Atlantic and only three in the North Pacific. In
fossils, the genus is known from the Middle and
Late Miocene of Europe (M. adriaticus, Stu-
dencka, 1994) as well as Sakhalin (Kafanov,
Ogasawara, 2003). Thus, we can only suggest
the dual colonization of the Arctic: M. adriati-
cus has Atlantic roots whereas M. modiolus is of
the Pacific origin. This “dual-origin” coloniza-
tion pattern is suggested also for Musculus and
Lyonsia.

Based on the modern distribution, it is im-
possible to establish the region of the Arctic
penetration for the genus Mytilus, with two
Arctic species, M. edulis and M. trossulus. Pa-
leontological data indicate most likely the Pa-
cific roots for Mytilus. Species similar to M.
edulis have been recorded in the North-West
Pacific since the Early Pliocene (Kafanov, 1987).
Inthe North Atlantic, M. edulis has been record-
ed since the Early Pliocene in deposits from the
United Kingdom, Iceland and Belgium (Durham,
MacNeil, 1967; Gladenkov, 1978). There are
numerous reconstructions of the biogeographic
history of the genus Mytilus based on molecular
data, allozyme studies and radiocarbon dates of
shells (Varvio et al., 1988; Hansen et al., 2011;
Viindla, Strelkov, 2011). These data suggest that
Mpytilus migrated from the Pacific to the Atlantic
at least twice (Varvio et al., 1988). In the first
stage, the Pacific species penetrated the Arctic in
the Pliocene. Then, after cooling, colonization
pathways closed and the Atlantic and Pacific
populations diverged and gave origin to the two
species, M. edulis and M. trossulus, respectively.
Isolation of the Mediterranean population of M.
edulis has subsequently led to the origin of M.
galloprovincialis (Varvio et al., 1988). At the
second stage, in the Late Pleistocene or in the
Holocene the Pacific species M. trossulus mi-
grated again to the Atlantic through the Arctic.

The comparison of neontological and pale-
ontological results shows that the most efficient
criterion in the neontological analysis is the
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Fig. 3. Number of species of Bivalvia of different origin in various Arctic regions.

Abbreviations: see Fig. 1.
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absence of a genus in the near-Arctic region of
one ocean and its presence in the Arctic and
near-Arctic area of another ocean. Conclusions
based on this criterion corresponded to paleo-
data in all cases. Based on the criterion of the
presence of a genus in the northern regions of
both oceans, but with more species in one region

than in the other, our conclusions agreed with
paleo-data in 94% of cases. Good correspon-
dence of results supports the choice of criteria
for the identification of the area of origin based
on the modern distribution. This allowed inclu-
sion, into final analysis, of genera without pale-
ontological records.
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In total, among 132 genera, 97 are suppos-
edly of Atlantic origin, 26 of Pacific origin.
Three genera are of “dual-origin” and one genus
is of autochthonous origin. The origin remains
uncertain for five genera (Table 3).

Endemics of the Arctic

Twenty species of bivalves (8% of the total
number) are endemic to the Arctic among the
species considered. In shallow-water areas, the
share of endemics varies from 0 in the Norwe-
gian Sea to 5% in the Laptev Sea. In deep-water
basins the percentage of endemics is higher:
13% in the Norwegian and Greenland basins,
33% —inthe Nansen and Amundsen basins and
50% in the Canada Basin (Figs 1, 2). Among
endemic species, 14 belong to genera of Atlan-
tic origin (Nucula zophos, Tindaria derjugini,
Yoldiella frami, Y. tamara, Astarte nuuki, A.
moerchi, A. elonga, A. neocrassa, A. vaigati, A.
warhami, Axinulus careyi, Policordia ushak-
ovi, Myonera centobi, Cuspidaria turgida), three
belong to genera of Pacific origin (Ennucula
romboides, Mya neouddevallensis, M. neoova-
ta), two species belong to genera of uncertain
origin (Katadesmia kolthoffi, Cetomya sp.) and
one species belongs to the autochthonous genus
(Boreacola vadosus). All endemics of Pacific
origin are sublittoral, whereas all endemics of
the Atlantic origin, except for the species of
Astarte, are the deep-sea species and nearly all
occur in the central basins. In the genus Astarte
the number of endemic species is exceptionally
high: 6. These species, until recently, have been
considered as morphological variations of three
widely-spread species (borealis, elliptica and
montagui). They received a species rank in the
work of Petersen (2001). The autochthonous
genus Boreacola is monotypical.

Distribution of species of different
origin in Arctic regions

According to our data, species of genera of
Atlantic origin prevail in both the shelf and the
deep-sea regions of the Arctic. The share of
species of Atlantic origin decreases in marginal
Eurasian seas from the Norwegian Sea to the
Chukchi Sea and then it somewhat increases in
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the Beaufort Sea (Figs 3, 4). The share of
species of the Atlantic origin decreases most
sharply at the transition from the Norwegian Sea
to the Barents Sea and from the East Siberian Sea
to the Chukchi Sea. The share of species of
Pacific origin increases from the Norwegian Sea
to the Chukchi Sea and then somewhat declines in
the Beaufort Sea. Species of Pacific origin out-
number those of Atlantic origin only in the Chuk-
chi and Beaufort Seas. In the East-Siberian Sea
the number of species of different origin is equal.

In all deep-sea regions the share of species
ofthe Atlantic origin is much higher than that of
the Pacific origin.

Discussion

Two different approaches were used in the
present study to identify the region of penetra-
tion of bivalve species into the Arctic Basin.
Both of them, the first based on the modern
distribution and the second based on paleo-data,
gave similar results. Among 104 genera, the
results of the two approaches agreed for 86
genera (83%). This high degree of coincidence
indicates the reliability of the criteria used.

The results suggest that most of the Recent
Arctic bivalves are of Atlantic origin. To test
this conclusion, we conducted additional analy-
sis with an enhanced weighting of criteria sup-
porting the Pacific origin. Even in this case, the
genera and species of Atlantic origin clearly
prevailed.

Our results (Table 2), in principle, agree
with data of Fedyakov and Naumov (1987) for
the whole Arctic. According to these authors, a
minimum of 55% of species are of Atlantic
origin and a minimum of 12% are of Pacific
origin. However, other authors came to differ-
ent conclusions. Filatova (1957a) agreed that
species of Atlantic origin have the larger share,
but she also believed that the impact of autoch-
thonous species was very high. According to
Kafanov (1979), species of Pacific origin dom-
inate: 70% compared with 17.5% of North At-
lantic origin and with about 12.5% of species of
unclear origin. Kafanov (1979) explained the
similarity of modern faunas of the Arctic and the
North Atlantic by the fact that many Arctic
species are secondarily Atlantic by origin. An-
cestors of such species migrated from the North
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Fig. 4. Percentage of Bivalvia species of different origin in various Arctic regions.

Abbreviations: see Fig. 1.
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Pacific through the Arctic to the North Atlantic
and then, during periods of climate warming,
these species or their derivatives colonized the
Arctic from the North Atlantic.

These discrepancies between the results of
different authors may in part be explained by
differences in the methods used. For example,
Filatova (1957a) did not include the Norwegian
Sea in the analysis, thus she excluded a number
of species of Atlantic origin. In addition we
assigned many of Filatova’s autochthonous Arc-
tic species to genera of Atlantic or Pacific ori-
gin, depending on the biogeographical history

of a genus (see Materials and Methods). Ac-
cording to our approach, only species of endem-
ic Arctic genera were considered as truly au-
tochthonous. Unfortunately, we cannot com-
pare our methods with the approach of Kafanov
(1979) since he did not describe it in sufficient
detail.

The present results differ from those for
shelf starfish. In the Arctic Asteroidea, the prev-
alence of taxa of Pacific origin was shown by
Djakonov (1945) and Mironov, Dilman (2010).
Mironov and Dilman (2010) used the same
criteria as used in the present study to identify
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the origin of genera (Fig. 5). Thus, different
proportions of genera of the Atlantic and the
Pacific origin are most likely taxon-specific and
reflect the different biogeographic history of
bivalve molluscs and sea stars in the Arctic.
Differences in the patterns of modern regional
distribution of bivalves and starfish in the North-
ern Hemisphere support such assumption. For
example, the share of genera recorded in the
North Atlantic and in the Arctic, but unknown
from the North Pacific, is higher in bivalves than
in sea stars: 45 and 31% respectively. Genera of

sea stars unknown from the North Pacific are
characterized by a low number of species in the
North Atlantic: usually 1-3 (5 species only in the
case of Poraniomorpha). Genera of bivalves
unknown from the North Pacific often contain
more than three species in the North Atlantic, the
maximum being 10 species in Parvicardium.
The different biogeographic history is ap-
parently associated with a different evolution-
ary plasticity in the two taxa. The evolutionary
plasticity of Bivalvia is higher than of Asteroi-
dea. The higher number of species, in bivalve
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A — paleo-records (after Kafanov, 1980; Kafanov et al., 2001); B — recent distribution in the Arctic.
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Fig. 7. Paleo-records and recent distribution of the genus Similipecten Winckworth, 1932.

A — paleo-records (after Gladenkov, 1978; Merklin et al., 1979; Marquet, 2002); B — recent distribution in the Arctic.
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Winckworth, 1932.

A — mnaneo-Haxoxzaenus (mo I'magenkos, 1978; Mepkiaun u ap., 1979; Marquet, 2002); B — coBpemeHHOE
pacmpocTpaHeHue B ApKTHKE.
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molluscs as a whole, shows this. During periods
of glaciation, the most pronounced changes in
the marine environment occurred in the North
Atlantic and in the near-Atlantic Arctic. Evolu-
tionary flexible groups, such as bivalves, would
be expected to be more successful in periods of
rapidly changing environment and quicker in
restoring their diversity.

According to numerous published data, the
trans-Arctic exchange between faunas of the
North Atlantic and the North Pacific was asym-
metrical: the number of colonists from the Pa-
cific was higher than the number of colonists
from the Atlantic (Andriyashev, 1939; Durham,
MacNeil, 1967; Kafanov, 1979; Vermeij, 1991).
Possible reasons for this asymmetry were dis-
cussed by Vermeij (1991). Our data on Recent
Arcticbivalves confirm this asymmetry of trans-
Arctic migration. The number of genera having
crossed the Arctic from the Pacific is 1.4 times
higher than that from the Atlantic. The fact of
prevalence of species of Atlantic origin in the
Arctic, along with higher share of genera of
Pacific origin in the trans-Arctic migration re-
quires explanation. Most of the genera of the
Pacific origin that crossed the Bering Strait
(69%) penetrated also the North Atlantic. On
the contrary, only 14% of the Arctic genera of
the Atlantic origin occur also in the North Pacif-
ic. Thus, most taxa that penetrated the Arctic
from the North Pacific participated in the trans-
Arctic exchange, whereas most taxa of the At-
lantic origin remained within the Arctic Ocean.

These differences in dispersal patterns of
taxa of the Atlantic and the Pacific origin might
be related to features (nature) of barriers for
dispersal. It can be suggested that the boundary
between the Arctic and the Atlantic can be
easier penetrated in both directions than the
Bering Strait. The area of contact of the Arctic
and the Atlantic faunas is much wider than the
Arctic-Pacific zone of contact and also there are
various deep-water straits between the North
Atlantic and the Arctic. The connection be-
tween the Arctic and the Pacific is narrow and
shallow-water, thus more effective as a barrier.
The Bering Strait as a barrier is asymmetric,
colonization from the North Pacific to the Arc-
tic is more intensive than from the Arctic to the
North Pacific. The prevailing northward trend
of colonization from the North Pacific could
have two reasons. According to Briggs (1974),
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in interaction of two faunas colonization occurs
mainly from an area with higher diversity (in our
case the North Pacific) towards an area with
lower diversity. Second, the Bering Strait was
opening in periods of transgression and climate
warming which also determined the prevailing
northward dispersal.

According to our results the majority of
deep-sea species belong to genera of Atlantic
origin. This is true for all the three studied deep-
searegions. Among shallow-water regions, only
in the Norwegian Sea is the share of species of
Atlantic origin higher. A characteristic feature
of the Arctic deep-sea basins is the relatively
high number of endemic species in genera of
Atlantic origin.
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