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Biotic complexes of the Arctic Ocean
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ABSTRACT: There are three main approaches to biogeographical regionalization: the
species (or faunistic, floristic, biotic), community (biocenotic) and landscape (bionomic)
approaches. They differ over seven criteria. Areographic analysis is used in the biotic
approach. The biocenotic approach is often based on the cluster analysis. The biotic
approach adopts the assumption of continuity in a species range, whereas in the biocenotic
approach a species range is considered as interrupted. Environmental data are not used in
these two approaches. The use of environmental data at the initial stage of regionalization
is the main distinguishing character of landscape biogeography. More than 70 schemes of
biogeographical regionalization of the Arctic seas or the whole Arctic Ocean have been
compared. Most biogeographic schemes were constructed based on methods using ele-
ments of biotic, biocenotic and landscape approaches. The number of biogeographic
regions recognized on the Arctic shelf increases from schemes based purely on the biotic
approach to those based on mixed elements of the biotic and biocenotic approaches, and
increases further in schemes based on the biocenotic, landscape and mixed biocenotic-
landscape approaches. The pure biotic approach revealed only three biogeographic regions
on the Arctic shelfplus one region in the deep-sea. The biocenotic-landscape approach gave
more than 50 biogeographic regions (the sum of suggested subdivisions) in the Arctic
Ocean. A group of small biocenotic-landscape regions falls into one large biotic province.
The biotic boundaries (zones of crowding of species ranges) in the Arctic Ocean overlap by
up to several hundred km, whereas the biocenotic and landscape boundaries are linear.
Some biocenotic-landscape provinces completely fall into zones of crowding of species
ranges. A biotic complex is defined as a totality of living organisms or a totality of
communities occurring in a region outlined by a crowding zone. A biotic complex together
with a biogeographic (biotic) region is considered as a large ecosystem or biogeocomplex.
The results of the biogeographic regionalization of the Arctic Ocean support the hypothesis
that a biotic complex is a large universal structural-functional unit of the living realm. In
theory any biotic boundary can be revealed by different approaches to biogeographical
regionalization at the large scale - biotic, biocenotic or landscape. On the other hand most
biogeographic boundaries, revealed by biocenotic and landscape approaches, are not biotic
boundaries. It is suggested that initially broad biotic boundaries evolved into narrow ones.
The gradual convergence of species range limits as a result of common species adaptations
was termed “the crowding effect of adaptations”. Based on this approach, the great width
of crowding zones in the Arctic Ocean reflects a young age of the Arctic biotic complexes.
The latter in turn is explained by young geological age of the present-day Arctic environ-
ments.

KEY WORDS: Arctic, fauna, flora, biotic complex, biogeographic regionalization, crowd-
ing zone, ecosystem.
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BuoTtnyeckne komnnekcbl CeBepHoro JlegqoBuToro okeaHa
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PE3IOME: PaznooGpa3ue moxxom0B k 6noreopaduueckoMy pailoHIPOBAaHHIO CBEJICHO K
TpEeM OCHOBHBIM THIIaM: BUAOBOW (WM (ayHHCTHYECKHUH, (IIOPHUCTUUECKHH, OnoTHndec-
KHif), OMOLIEHOTHYeCKHH (pacrpenencHre cooOmecTs) U JaHAMaTHEIA (OHOHOMIYEC-
kuif). OHH pa3nu9aroTCs ¢ MOMOIIBIO CEMH KpUTEpHeB. bHOTHYeCKHiA TOIX 0] HICTIONB3YEeT
apeorpaguyecknii aHaaM3; OMOLIEHOTHYECKUH ITOJXO0Jl YaCTO OCHOBAaH Ha KJIACTEPHOM
ananuze. [Ipu OMOTHYECKOM IOAXO/AE NMPUHUMAETCS JOMYUICHHE O HENpepbhIBHOCTH
BUJIOBOTO apeaja, B TO BpeMsl Kak Npu OHMOIEHOTHYECKOM IIOAXOAE BHUIOBOM apeai
CUMTAETCS IPEPHIBUCTHIM. JlaHHBIE 00 OKpYKaIOIIEH Cpeie NCKITI0YaloTCs U3 PacCcMOTpe-
HUSI TIPH TTOCIIETHUX ABYX Moaxoax. Mcrnoap30BaHue TaHHBIX O HE)KUBOM OKPYKCHUH Ha
HaYaJIbHBIX CTaJUsIX PaOHUPOBAHUS PACCMaTPUBACTCS KaK TTaBHBIH JUMAarHOCTHUECKUH
npu3Hak gaHgmadTHoi Oworeorpaduu. IIpoBeneHo cpaBHeHue Oosee dem 70 cxem
Ouoreorpaduyeckoro pailoHUpoBaHus apKTHYecKuX Mopel nin CeBepHoro JlegoBuroro
oKkeaHa B 1eJIoM. bonbImHCTBO OMOreorpaduuecKix cXeM MNOCTPOEHO C MOMOIIBIO METO-
JIOB, MCHOJIB3YIOIIUX 3JIEMEHTHl OMOTHYECKOro, OMOLEHOTHYECKOro W JIaHJaTHOTO
moaxo0B. Yucno 6uoreorpaduaecknx perioHOB, BHIACICHHBIX HA aPKTHYECKOM IIEIIhb-
(e, BO3pacTaeT OT CXeM, OCHOBAaHHBIX Ha YHCTO OMOTHYECKOM IOAXOZE, K CXEMaM,
OCHOBAHHBIM Ha CMEIICHUH 3JIEMEHTOB ONOTHYECKOTO U OMOLIEHOTHYECKOTO MTOIX0/I0B, U
BO3pacCTaeT Jiajiee B CXeMaX, OCHOBaHHBIX Ha OMOLIEHOTHYECKOM, JJaHJIIAQTHOM U CMe-
LIaHHOM JaHAMAa(THO-OMOEHOTHYECKOM T0AX0AaX. Y1ecTo OMOTHUECKHH IT0IX0/1 TT03BO-
JISIeT BBISIBIISITH TOJIBKO TPH OMOTeorpadMuecKuX pernoHa Ha apKTHYECKOM IIelb(e TUTI0C
OJIMH PETHOH B OKEaHNUECKHX I'TyOnHax. JlanamadTHO-OnoneHOTHYIeCKIe MOAX0 b JAI0T
6onee 50 OnoreorpaUIECKUX PErHOHOB (€CIIH CI0KHUTH MaKCUMAIbHBIE YHCIIa PETHOHOB,
MIPEATIOKEHHBIC T OTJEIbHBIX apKTHUECKUX Mopeil). I'pynmna nanamadTHO-0MOIEHOTH-
YeCKUX PErHOHOB IIOMENIAETCs B ITpeieiax OAHOro OMOTHYECKOro peruoHa. buornueckue
IpaHMLB! (30HBI CTYIIEHHS TPAHUIl BUIOBBIX apeaioB) HMMEIOT IIMPHHY 10 HECKOJIBKUX
COTEH KHJIOMETPOB, B TO BpeMs1 KaK OMOLIEHOTHYECKUE U JaHAma]THIC TPaHNIbI JTMHEH-
Hble. HexoTopsle anamadTHO-OMOIIEHOTHYECKHIE IIPOBUHINH MTOTHOCTHIO TOMEIIAI0TCS
B 30HBI CTYIIEHHS TPAHUI] BUIOBBIX apeanoB. bHOTHYECKHH KOMIUIEKC ONPEAETSIETCS KakK
MHOECTBO KHMBBIX OPTaHW3MOB MJIM MHOXECTBO COOOIIECTB, OOUTAIOUIMX B PETHOHE,
OuYepUYEHHOI 30HOM crymieHus. buoTnyeckuii KOMIUIEKC COBMECTHO ¢ Ouoreorpaduyec-
KHM (OMOTHYECKMM ) PETMOHOM COCTABIISIFOT KPYITHYIO DKOCHCTEMY HITH OMOT€OKOMILIEKC.
Pesynbratsl Onoreorpaguyeckoro paiionnposanus CesepHoro JlenoBuroro okeana noj-
JIEp>KUBAIOT TUIIOTE3Y 0 OMOTHYECKOM KOMIUTEKCE KaK O KPYITHOW YHHBEPCAIbHON CTPYK-
TypHO-(QYHKIIMOHAIEHOW EAMHUIIE )KUBOTO ITOKpoBa 3emun. Teoperndecku mobdas OnoTu-
YyecKasi TpaHuIla MOXKET OBITh BBISBIICHA C IOMOIIBIO PA3HBIX MOJIXOH0B K OMoreorpadu-
YeCKOMY pallOHUPOBAHUIO: OMOTHYECKOT0, OHoleHOoTHYeCKOTo U JanamadrHoro. C npy-
roil CTOPOHBI, OOJBIIMHCTBO OMOTreorpa)MuecKuX TPaHUIl, BBIACISEMBIX C HOMOIIBIO
OMOLIEHOTHYECKOTO M JIAHAMA(THOTO ITOIX0/I0B, HE SBISIOTCS OMOTHYECKUMH I'paHHIIa-
mu. [Ipeanonaraercs, 9To H3HAYATHHO IIMPOKAsi ONOTHYECKAsI TPAHHIIA IBOJIIOIIHOHUPYET
B Ooutee y3Kyro rpaHuiyy. [loctenmeHHOe cOMMKEHNE TPAHUIT BUAOBBIX apeasioB MO IPHYUHE
pa3BUTHUS Y BUJOB KoaaanTanuii 0003Ha4aeTcs Kak Tpynnupyromnuii 3gpdekr aganramii.
Ha ocHoBe aTuX npezacTaBieHni 0oJblas MIMPHUHA 30H CIYIIEHNS paCCMaTPUBAETCSI KaK
CBHJIETEIBCTBO MOJIOZOCTH aPKTHYECKUX OMOTHYECKHUX KOMILIEKCOB. DTa MOJIOAOCTb
CBsI3aHA B CBOIO OYEPEJb C MOJIOJIBIM I'€OJIOTHUECKIM BO3PACTOM COBPEMEHHBIX YCIOBHNA
obutanus B CeBepHoM Jle1oBUTOM OKeaHe.
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KJIFOYEBBIE CJIOBA: apkTiueckuii, hayHa, Gpropa, OMOTHUSCKUIT KOMILJICKC, OHOreor-
paduyeckoe paiiOHUpOBaHUE, 30HA CTYIIEHNUS, SKOCHCTEMA.

1. Introduction

Various aspects of biogeographic regional-
ization of the Arctic Ocean were considered in
publications starting from the mid-19" century
(Dana, 1853; Schmarda, 1853; Forbes, 1856;
Liitken, 1857, Woodward, 1866). Since then,
numerous biogeographical schemes related to
the Arctic seas have been published. Several
reviews of Arctic biogeography were made in-
cluding Derjugin (1915), Briggs (1974), Se-
menov (1986), Krayushkina (2000) and Dinter
(2001).

The suggested regionalization schemes dif-
fer from each other in the geographical position
ofborders and in the number and size of biogeo-
graphic subdivisions. Depending on the au-
thor’s opinion, the number of biogeographic
subdivisions changes from one region or subre-
gion occupying nearly the entire Arctic shelf
(usually excluding the shelf of the Norwegian
Sea and the western Barents Sea) (Schmidt,
1904; Hedgpeth, 1957; Briggs, 1974, 1995;
Vasilenko, 1974; Kussakin, 1979; Andriyashev,
Shaposhnikov, 1985; Gontar, Denisenko, 1989)
to several units within a single sea of the Arctic
(Lubinsky, 1980; Naumov, Fedyakov, 1987;
Gukov, 1999; Anisimova, 2000b; Krayushkina,
2000; Naumov, 2006; Zenzerov et al., 2006;
Lyubina, Sayapin, 2008; Petrov, 2009).

Such a big difference in results can be ex-
plained primarily by the difference in methods
and approaches applied to the biogeographic
regionalization. There are three main approach-
es to biogeographical regionalization: the spe-
cies (or faunistic, floristic, biotic), community
(biocenotic) and landscape (bionomic) ap-
proaches. Most works on biogeographic region-
alization of the Arctic Ocean contain mixed
elements of these different approaches. Even
when application of certain criteria is declared,
they are often substituted by criteria of another
nature.

In recent decades, the mixed approach to
biogeographic regionalization has become more
frequent. This tendency in part results from
growing activities in ecosystem management
and its application to large marine ecosystems

and ecoregions from a scientific, legal, and
political perspective. Also there is the assump-
tion that a number of criteria used for regional-
ization positively correlates with the reliability
of results.

Mironov (1999, 2004, 2012) suggested that
a group of small biogeographical regions, re-
vealed by biocenotic (=community) or/and land-
scape approaches could fall into one large biotic
(=species) province. Ifthis is true, then auniver-
sal structural-functional unit of a living realm
should be independently revealed by different
approaches. Such a universal unit has been
called a biotic complex — the totality of organ-
isms inhabiting an area outlined by zones of
crowding of species range limits. To confirm
the existence of such a unit, it is necessary to
correctly differentiate the biotic, biocenotic and
landscape approaches, and based on these ap-
proaches, to reveal biotic, biocenotic and land-
scape provinces, and to estimate the degree of
their spatial coincidence.

In the present study we: (1) define the basic
concepts of biotic biogeography and differenti-
ate the biotic approach from the biocenotic and
landscape approaches; (2) estimate the number
of biogeographic provinces revealed by differ-
ent approaches and the overlap of boundaries
identified by the different schemes; (3) give the
ecosystem interpretation of biotic complexes in
the Arctic Ocean.

2. Study area

The International Hydrographic Organiza-
tion defined the limits of the Arctic Ocean as the
northern borders of the Arctic marginal seas
(Limits of Oceans and Seas, 1953). However,
the Arctic Ocean is often treated as having
broader geographical boundaries. According to
Jakobsson et al. (2008), it consists of the deep-
seabasins (excluding the Norwegian and Green-
land basins), the Barents, White, Kara, Laptev,
East Siberian, Chukchi, Beaufort and Lincoln
Seas, and the narrow shelf off northern Green-
land and the Canadian Arctic Archipelago (ex-
cluding the archipelago itself). Pidwirny (2006)
additionally includes in the Arctic Ocean the
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Greenland Sea, Baffin and Hudson Bays, the
Hudson Strait and the straits of the Canadian
Arctic Archipelago. The Norwegian Sea was
assigned to the Atlantic. One of the broadest
concepts of the Arctic Ocean was given in the
“Atlas of the Arctic” (Leontjev, 1985; Treshni-
kov, 1985), with the Arctic border going along
the eastern entrance to the Hudson Bay, the
northern boundary ofthe Davies Strait (at 70°N)
and along the southern boundaries of the Green-
land and Norwegian seas. In the Pacific sector,
the border goes along the latitude of the Cape
Unikyn (Chukchi Peninsula) up to its intersec-
tion with the Seward Peninsula coast (Fig. 1).
The Norwegian, Iceland and Chukchi Seas were
included in the Arctic Ocean as the southern-
most regions.

This broad concept of the Arctic Ocean is
convenient for biogeographic issues since in the
broad concept borders are drawn according to
geomorphological features. Therefore [ will use
adefinition of the Arctic Ocean based the “Atlas
of the Arctic” (Leontjev, 1985; Treshnikov,
1985). The Greenland-Scotland Ridge sepa-
rates the deep Arctic from the Atlantic. The
ridge has a mean depth of 300-400 m with the
deepest sills in the Faroe Bank Channel (~850
m) and in the Denmark Strait (~620 m). The
broad shelves of the Chukchi and Bering Seas
separate the Arctic basin from the Pacific. These
areas act as effective biogeographic barriers for
benthic deep-sea fauna.

It is important to distinguish two meanings
of the definition “arctic”: (1) species found in
the Arctic Ocean and (2) species found in the
arctic latitudinal biotic (faunistic) zone. In the
first case “Arctic” is written with a capital letter,
in the second case — with a lower-case letter.
The fauna of the Arctic Ocean consists of Arc-
tic, Arctic-Atlantic, Arctic-Pacific and Arctic-
Atlantic-Pacific species. The fauna of the arctic
latitudinal zone consists mainly of arctic, arctic-
boreal and arctic-boreal-subtropical species. On
the European shelf, the boundary between the
Arctic and Atlantic species goes along the Ice-
land-Faeroe Ridge, whereas the boundary be-
tween arctic and boreal species lies in the west-
ern Barents Sea (see section 9).

3. Delimitation of the biotic, bio-
cenotic and landscape approaches to
biogeographic regionalization

Following Starobogatov (1982), biogeogra-
phy is defined here as a science on the distribu-
tion of any life manifestations. Biogeography is
the study of the distribution of biological ob-
jects of any nature over the face of the earth. In
accordance with approaches to regionalization,
biogeography, in a wide sense, is subdivided
into the biotic (species based approach), bio-
cenotic (community approach) and landscape
(landscape approach) biogeographies.

The biotic (species) approach to regional-
ization is based on the analysis of disposition of
areas with respect to each other. Areographic
analysis starts with a spatial representation of a
species by an area (Fig. 2). When the borders of
species ranges, and the lacunae within them, are
plotted on a map, a complex pattern of closed
lines, forming the lacework of a species range
emerges (Beklemishev, 1969). Biotic bioge-
ography adopts the assumption of the continuity
of a species range (Mironov, 1990, 2004). This
assumption is aimed at a large-scale chorologi-
cal analysis at the level of the full ranges of
species. It excludes from consideration bound-
aries of species populations and allows retain-
ing the entity of species as the minimum biolog-
ical objects of investigation. From the global
chorological point of view, any species is repre-
sented by an uninterrupted area contoured by a
single line connecting the outlying points of a
species occurrence (Hesse, 1924; Beklemishev,
1969; Udvardy, 1969; Mironov, 1990, 2004).
The actual mosaic pattern of a species distribu-
tion is disregarded in the biotic biogeography.
However, when the disruption of a species range
occurs over hundreds or thousands of kilome-
tres, arecographic analysis considers only the
most significant part of a species range —a line
connecting closely situated points of a species
occurrence. The imitative part ofa species range
limit, i.e. a line connecting distant points of
species records, is excluded (Fig. 2).

Analysis of numerous species ranges shows
that their limits tend to cluster in certain areas
(Drude, 1890; Kuznetsov, 1936; Walter, Ale-
khin, 1936; Szafer, 1952; Hagmeier, Stults,
1964; Valentine, 1966; Udvardy, 1969; Rapo-



Biotic complexes of the Arctic Ocean 7

-150°
150°

-120°

120°

-90° 90°

60°

-60° :

Fig. 1. Non-coincidence of biogeographic boundaries with boarders of the Arctic Ocean.

1 — borders of the Arctic Ocean, after Leontjev (1985) and Treshnikov (1985), 2 — areas of the Arctic (Shelf) Region
outside the Arctic, 3 — areas of the Eastern Atlantic Boreal Region within the Arctic. Boundaries and names of
biogeographic regions are given after Briggs (1974, 1995).

Puc. 1. HecoBnanenue 6uoreorpaduueckux rpanuiy ¢ rpanuiiamu CeBepHoro JIeoBUToro okeana.

1 — rpannusr CeBepHoro JlegoBuroro okeana; o Jleoutsey (1985) u TpernuxoBy (1985), 2 — paiions! ApKTHYECKON
(IIenbdosoit) ObnacTu, pacnonoxxeHHsle 3a npenenamu CesepHoro JlenoBuroro okeana, 3 — paiioHsl BocTtouHoit
Artnantndeckoit bopeansHoit O6macth, pacnonoxeHHsie B CeBepHoM JlenoBuTom okeane. I'paHUIBI M Ha3BaHUS
ouoreorpaduueckux obnacreit no Briggs (1974, 1995).

port, 1982; Semenov, 1982; Mironov, 1990, ofspecies ranges come close together is defined
2004; Kafanov, 1991; Razumovsky, 1999; Spal-  as a “biotic boundary”. A “biotic region” is a
ding et al., 2007; Reaka et al., 2008; Roy et al., territory outlined by zones of crowding of spe-
2009; Jirkov, 2010). A zone where the borders cies range limits. On a map, a biotic boundary
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Fig. 2. Diagram illustrating disjunctive species range.
Puc. 2. Cxema pa3opBaHHOTO BHIOBOTO apeaa.

appears as a crowding zone of lines of species
range limits with a concentration of borders
much higher that in neighbouring regions (Ud-
vardy, 1969, fig. 5-1). These “crowding zones”
are seen only when the line distribution is anal-
ysed in a wider space.

Two neighbouring areas are recognized as
two biogeographic subdivisions if their faunas
differ significantly from each other. However
this criterion is insufficient to recognize the
biotic subdivisions. Any crowding zone is a
stepwise (not gradual or mosaic) change of
species composition (Fig. 3). A crowding zone
indicates a relatively high rate of species re-
placement (biota turnover). Kuznetsov (1936)

introduced the term ‘synperate’ to indicate the
zones of crowding of species range limits (see
also Kafanov, Kudryashov, 2000). Razumovsky
(1999) and Jirkov (2010) suggest that the limits
of species ranges of species of the same type

limit of

4

Imitative limit

of species range

coincide completely. Jirkov (present issue) un-
derstands synperate as a line drawn along the
outer edge of the crowding zone. However, full
coincidence of numerous species range limits is
unlikely. Zones of crowding, in most cases, are
bands several tens of km wide.
Areographic analysis becomes much more
complicated when species ranges and biotic
regions are considered in three dimensions (3D).
In the ocean vertical section, biotic regions are
horizontal spaces, “biotic layers”, replacing one
another with increasing depth (Fig. 4). A bound-
ary between shallow-water (upper) and deep-
water (lower) biotic regions is revealed by the
projection of upper and lower species range
limits on a vertical plane. Fig. 4 shows a vertical
section of adjacent shallow-water and deep-
water biotic complexes. The shallow-water com-
plex consists of three parts separated by deep-
water areas (Fig. 4D). However, the assumption
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Fig. 3. Schemes of gradual (A) and stepwise (B) changes of species composition in three neighbouring areas.
Vertical lines designate the species ranges. In the both cases (A and B), the biota of the area 1 differs
significantly from the biota of the area 3. In the first case (A), the areas 1 and 3 don’t have the status of
biogeographic (biotic) subdivisions. In the second case (B), the areas 1 and 3 have the status of biogeographic
subdivisions (units) separated from each other by a crowding zone (the area 2).

Puc. 3. Cxema mocrenennoro (A) u cryneHdatoro (B) m3smMeHeHu# BUIOBOTO cOocTaBa OMOTHI B Tpeenax
TpEeX COCEeHUX paiioHOB. BepTukanbHble JMHUU 0003HAUAIOT BUIOBBIE apealibl. B 06oux ciaydasx (A u B)
Ouora paifoHa 1 cymecTBeHHO OTJIMYaeTcsl OT OMOTHI paifoHa 3. B mepBom ciydae (A) pations! 1 u 3 He
HMEIOT cTaTyca Onoreorpadudeckux (OMOTHYECKHX) Mmoapa3aeneHuii. Bo Bropom ciryuae (B) paitonst 1 u
3 uMerT cTatyc OuoreorpadMuecKux Mojpa3feieHuid (eIUHUL]), OTAENEHHBIX JAPYT OT Jpyra 30HOif

crymieHus (paios 2).

of continuity of a species range means the con-
tinuity of abiotic complex. Like a species range,
each unit of biotic regionalization is an integral
space (Fig. 4B, C). Thus, a boundary of a
shallow-water biotic region is a continuous
crowding zone, it outlines space including shal-
low-water areas (substantial parts ofa crowding

zone) and surface waters of deep-water areas
(imitative parts of a crowding zone). The conti-
nuity of benthic biotic regions has a prognostic
value: it assumes that any shallow-water area
within boundaries of a continuous shallow-wa-
ter biotic region will be inhabited by represen-
tatives of one biotic complex.
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Fig. 4. Cartographic presentation of biotic provinces situated in different vertical zones.

A — bathymetric map of the area including 200 m isobathes; B — vertical section with indication of bathymetric position
of sublittoral and upper-bathyal biotic provinces; C—D — correct version of cartographic presentation when only one
sublittoral province (C) or one upper-bathyal province (D) is projected on the horizontal plane; E — incorrec t version
of cartographic presentation when both sublittoral and upper-bathyal biotic provinces are projected on the horizontal
plane.

Puc. 4. Kaprorpaduueckas mpe3eHTAlUsi OMOTHYECKUX MPOBUHIIUU, PACIIOJOKCHHBIX B pa3HbIX

BEPTUKAJIbHBIX 30HAX.

A — OaTumerpuueckas Kapra pailoHa ¢ ykazaHuem uzobatr 200 M; B — BepTHKanbHBEINH paspe3 ¢ yKa3aHHEM

6aTHMETPUYECKOTO ITOJI0KSHUS CYyOIUTOPAIbHON H BepXHeOaTHAIILHOU OHOTH nposuHIK; C—D — npaBuibHbIE

BapHAHTHl KapTOrpapuuecKoil MPEe3eHTALNH, KOrja Ha OJHY TOPH30HTAIBHYIO IUIOCKOCTh CIPOCIHPOBAHA TOIBKO

cybnmuropansHas mpoBuHnus (C) mam ogHa BepxHee-OatmampHas nposuHnus (D); E — Hesep Bapua
y

KapTOFpa(lJI/I‘{eCKOIZ Mpe3C€HTaun, KOraa Ha OJHY TOPHU30HTAJIBH IIOCKOCTh CIPOCHHUPOBAHBI OJHOBPECMEHHO
Cy6HI/ITOpaJ'II)Ha$I n BerHe6aTI/IaJ'II>HaSI OHOTHYECKHE MIPOBUHIUH.
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Table 1. Main differences between biotic, biocenotic and landscape approaches to biogeographic region-

alization.

Tabnuua 1. ['maBHEIE pa3nu4ns MEXAY OMOTHYECKUM, OMOLIEHOTHIECKUM H JaHAAPTHBIM MTOIX0AaMHU

K OuoreorpapuuecKoMy paifOHHPOBAHUIO.

. Application of basic concepts in different approaches
Basic concepts — - -
Biotic Biocenotic Landscape
ial . . . 1
Spat} a Single area (uninterrupted, Several areas (interrupted Severa areas
manifestation of . . . (interrupted species
. continuous species range) species range)
a species range)
Concepts related to
1 . -
Concepts related to totality of living

Main conceptual | Concepts related to

totality of living organisms and

categories compositions of species organisms and ..
o . compositions of
compositions of species -
species
Relative Species importance

importance of Species are equally

Species importance differs

. differs in respect to
in respect to abundance, P

species for important . abundance, biomass
. . biomass etc.
regionalization etc.

Excluded from consideration | Excluded from

at initial stage of consideration at initial
Physical- ionalization (though f regionalizati .

y51.ca reglqna ization (thoug stage o reglqna 1zation Considered at initial
chemical considered at the stage of (though considered at the stage of
parameters of casual analysis and at stage of casual analysis geot -
. regionalization

environment ecosystem level as and at ecosystem level as

characteristics of characteristics of

biogeocomplexes) biogeocenoses)

Physical-

Main analysis Areographic analysis

Cluster analysis geographical analysis

Main criterion

of Crowding of species range Difference between local Sharp gradlent§ of
. . .. . physical-chemical

biogeographic limits (small) biotas

boundary parameters

Small/large Large scales only From small to large scale From small to large

scales scale

Biotic boundaries coincide with sharp gra-
dients of physical-chemical parameters of the
environment. Nevertheless, the biotic bound-
aries are revealed, irrespective of environmen-
tal characteristics. A strict division of a study
into chorological (areographic) and cause-and-
effect analyses is an important peculiarity of the
biotic biogeography. The lack of an indepen-
dent chorological stage in many modern bio-
geographical studies results in the failure of
correct causal analysis of the revealed distribu-
tion patterns. For example, it is useless estimat-
ing coincidence of biotic boundaries along sharp
gradients of physical-chemical parameters of
the environment, if the latter were used in re-
vealing of the formers.

To distinguish the biotic approach to region-
alization from the biocenotic and landscape
ones, seven characters have been selected (Ta-
ble 1). Treatment of a species range as a conti-

nuity is the main difference of the biotic ap-
proach. This concept allows retaining entity of
a species as a minimum biological object of
investigation and analysis at a global scale.
Areographical analysis is used in the biotic
approach, the biocenotic approach is often based
on the cluster analysis. The biotic approach
adopts the assumption of a continuity of a spe-
cies range, whereas in the biocenotic approach
a species range is considered as interrupted.
Environmental data are excluded in these two
approaches. The use of environmental data at
the initial stage of regionalization is considered
as the main distinguishing character of purely
landscape biogeography opposed to biotic and
biocenotic approaches. Table 2 shows impor-
tance of data on geological environment in
landscape studies. In the biocenotic and land-
scape approaches there is gradual transition from
small units to larger ones, whereas the biotic
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Table 2. Main criteria for separating landscape regions and typological complexes in the Laptev Sea (af-

ter Gukov, 1999, with small changes based on personal communications of Gukov).
Tabauua 2. OCHOBHbBIE KPUTEPHHU BbIICICHHS JaHAIIAGTHBIX PETHOHOB U TUIIOJIOTHYECKHX KOMIUIEKCOB
B Mope JlanreBrix (1o ['ykoBy (1999) ¢ HebGonbmMMu N3MEHEHUSIMH HAa OCHOBAHUH YCTHBIX COOOIIEHHH

I'yxoBa).
Classification unit | Main criterion for separation | Examples
Regional (unique) landscape complexes

Geostructural position (morphostructure of

Country higher order (Milkov, 1970) Laptev Sea
. Geological-morphological peculiarities West Laptev Marine

Province . .

defined by tectonic structures Province
Area Geological-morphological peculiarities West Laptev Coastal Area

Typological (repetitive) landscape complexes

Hydro-meteorological in combination with Landscape of underwater
Landscape . .

geomorphological river valleys

Lithologic-facial-geomorphological in Area of muddy-silt valley
Area L2 . - .

combination with hydrobiological slopes

. . . Facies of sandy areas with

Facies Hydobiological Mpya truncata community

approach considers only large territorial units.

Any concept related to the totality of living
organisms is useless for biogeographical re-
gionalization based on the species approach.
Moreover such concepts are prohibited in spe-
cies biogeographical regionalization (syno-
nyms — biotic, or historical regionalization),
since they create the confusion of approaches
(Beklemishev, 1982; Chernov, 1984).

The present work is mainly based on results
of the chorological analysis of species distribu-
tions in the Arctic Ocean. Results of the cause-
and-effect analysis are only briefly considered
in the last three sections (9—11). Causal analysis
in biotic biogeography is not unique, its aims
and methods overlap with those applied in mac-
roecology. To make a transition to the cause-
and-effect analysis it was critical to use a cate-
gory related to totality of living organisms.
Mironov (1987, 1990, 2004, 2012) used for this
reason the term “biotic complex”. According to
Mironov, the “biotic complex” is the totality of
living organisms, the biota, inhabiting an area
outlined by zones of crowding of species range
limits. A biotic complex, together with a biogeo-
graphic (biotic) region, is considered as a large
ecosystem or biogeocomplex. In the ecosystem
approach, the biotic complex is viewed as a
multitude of communities (=biocenoses) inte-
grated into a biological system. In earlier publi-
cations (forreview see Semenov, 1986; Mironov,
2004) the terms “floristic complex” or “faunistic
complex” were defined as a set of species.

The biotic complex is the totality of living
organisms, from Bacteria and Archaea to Ani-
malia. The distributions patterns of Bacteria,
Archaea and Protista may not correspond to
biotic boundaries revealed based on larger or-
ganisms. The notion of the biotic complex has
been modified to “bridge” chorological (biotic
regionalization, biotic regions) and ecological
data, to make a transition to studies of large
ecosystems (biogeocomplexes). These large
ecosystems include the totality of all living
organisms.

A boundary between two adjacent shallow-
water biotic regions in horizontal projection can
coincide with that between shallow-water and
deep-water biotic regions, as shown on Fig. 5. A
territory occupied by one benthic biotic com-
plex cannot harbour a second benthic biotic
complex. Species from different benthic com-
plexes coexist only in crowding zones. At the
same time, the space of a benthic biotic complex
overlaps with the space of a pelagic complex.
The former thus is inhabited by pelagic animals,
although these are not members of a benthic
biotic complex.

Tansley (1935) first applied the term “eco-
system” and suggested its two main features: the
integration of living organisms and the environ-
ment, and ability of a vegetation unit (part of the
ecosystem) to self-reproduction in the course of
succession. The concept of “biogeocenosis” of
Sukachev (1964) had a similar meaning. Odum
(1975) considered ecosystem and biogeoceno-
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Table 3. Bathymetric position of boundaries between vertical biotic or biocenotic/landscape zones in the
Arctic Ocean. Intertidal (littoral) zone is omitted.

Ta6nuua 3. Batumerpuyueckoe MojaokKeHHe TPaHHIl MKy BEPTHKATbHBIMU OMOTHYECKUMH TN
nanamadTHo-6noneHoTHUeCKUMH 30HamMK B CeBepHOM JIeTOBUTOM OKeaHe: 0030p Iy OIHKaIHii.
JIuTopasbHas 30Ha yIyIIeHa U3 PACCMOTPEHHUSI.

Geographical regions

| Bathymetric position of boundaries, m |

References

Benthic fauna

Kola Peninsula and White
Sea

80-90, 180-200

Herzenstein, 1885

Norwegian Sea

3040, 150, 600-800, 2000

Appelldf, 1912

Kola Bay 55-65, 180-230 Deryugin, 1915
Laptev Sea 900-1100 Gorbunov, 1946
I;:;ﬁ?;}i?;’; }Z fg and 1100-1800 (wide transition zone) Koltun, 1964
Western Barents Sea 100, 200-500 Filatova, 1957
Arctic Ocean 12, 360-425, 570-610, 869-1000 Menzies et al., 1973
Western Beaufort Sea 300 Bilyard, Carey, 1980
White Sea 10, 80, 240 Fedyakov, 1980

Southwest Norway

1000-1200, 1400, 2000, 2600-3000

Mackensen et al., 1985

Eastern Norwegian Sea

900-1300

Jirkov, Mironov, 1985

Norwegian and Greenland
basins

2500

Fedyakov, Naumov, 1989

Central Arctic basins

200-500

Fedyakov, Naumov, 1989

Deep Norwegian and
Greenland Seas

800—-1000 (cumulative number of first
occurrences of species)

Svavarsson et al., 1990

Deep Norwegian and
Greenland Seas

800-1000, 1500, 2000 (clusters of
stations)

Svavarsson et al., 1990

Arctic Ocean

200, 800, 1200

Golikov et al., 1990

The Norwegian fiords,
White Sea and eastern
parts of the Barents Sea

3040 (the border between the Atlantic
Boreal and the Arctic Regions)

Golikov et al., 1990

Norwegian Sea

150-200, 600-800, 1000-1200

Krayushkina, 2000

Near Atlantic sector of the
Arctic Ocean

1000

Dinter, 2001

Spitsbergen

370-500, 15002000

Wlodarska-Kowalczuk et
al., 2004

Arctic Ocean (excluding
Norwegian Sea)

500

Jirkov, 2010

Zooplankton

Central Arctic

510-619, 1142-1532, 2000-2250

Green, 1959

NE Baffin Sea

50 (2150, 250)

Buhanan, Sekerak, 1982

Arctic Basins

50, 100, 500, 2000

Kosobokova, Hirche,
2000; Kosobokova,
Hopcroft, 2010

sis as synonyms. According to UNESCO rec-
ommendations of 1965 (Copenhagen Sympo-
sium), biogeocenosis is a particular case of an
ecosystem. The definition of ecosystem pro-
posed by Evans (1956) appeared to be wider. He
considered “ecosystem” absolutely “non dimen-
sional”, designating any supraorganismal living
system interacting with the environment. This
concept focuses on processes and functions of a
system and its ability to function, which is not

related to limits of the system itself. Such an
approach agrees with the general theory of sys-
tems. However, the abandonment of the initial
and rather operational concept of “ecosystem”,
suggested by Tansley (1935), undoubtedly ham-
pered studies of spatially separated structural-
functional units of the biosphere.

In the present study the term “ecosystem” is
used in the meaning of Tansley (1935). The
existence of biogeocomplexes was suggested
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Fig. 5. Coincidence of two different biotic boundaries projected on one horizontal plane.

A — vertical section of the area with the vertical position of three biotic provinces; B — correct version of cartographic
presentation when only sublittoral provinces are projected on the horizontal plane; C — incorrect version of cartographic
presentation when both sublittoral and upper-bathyal biotic provinces are projected on the horizontal plane. The
boundary between near-continental and open-oceanic sublittoral provinces completely coincides on the projection with
the boundary between near-continental sublittoral and bathyal provinces.

1 — near-continental sublittoral province, 2 — open-oceanic sublittoral province, 3 — bathyal province, 4 — boundary
between near-continental and open-oceanic sublittoral provinces, 5 — boundary between near-continental and bathyal
provinces.

Puc. 5. CoBnaneHue AByX pa3HbIX OMOTUYCCKHUX TPAHUII, CIIPOCIUPOBAHHBIX HA OJJHY TOPHU3OHTAIBHYIO
IIJIOCKOCTD.

A — BepTHKaNBHBII pa3pe3 paiioHa ¢ yKa3aHHEM PACIOI0KEHHS 110 BEPTHKAIM TPeX OHOTHYECKUX MPOBUHIMI; B —
MIPaBUJIBHBIA BapHAHT KapTorpaduueckoil Mpe3eHTaluy, KOTraa Ha OJHY TOPH30HTAIbHYIO IIOCKOCTh CIIPOCIIHPOBAHBI
TOJIBKO CyOuuTopaibHble npoBuHIHN; C — HEBEpPHBII BapHaHT KapTorpadM4ecKoil MPEe3CHTAIMH, KOTJa Ha OXHY
TOPH3OHTAIBHYIO IIOCKOCTh CHPOCHMPOBAHBI OXHOBPEMEHHO CyOINTOpaIbHBIC W BEpXHeOaTHATIbHAS OHOTHYECKHE
[OPOBHHIMHK. ['paHHIa MEKIY NPUKOHTHHEHTAIBHOH M OTKPBITO-OKEAHHYECKOH CyOIMTOPANbHBIMU IIPOBUHLMSAMU
MOJTHOCTBIO COBIIANaeT Ha IPOCKIUH C IpaHUNEHl MeXJy IPHKOHTHHEHTAIBbHOI CyONUTOpanbHON M GaTHadbHON
[IPOBHHIMSIMH.

| — NpUKOHTHHEHTAJbHAS CYyOIUTOpAbHAS IPOBUHIMS, 2 — OTKPHITO-OKEAHUYECKast CYOIUTOpaIbHAas IPOBUHIIAS,
3 — GaTuanbHas IPOBHHINS, 4 — rpaHHIA MEX/LY TPUKOHTHHEHTAIEHON U OTKPBITO-OKEaHHUECKOi CyOIMTOPaTEHBIMU
MIPOBUHIUSMY, 5 — TPaHHIA MEXTY IPUKOHTUHEHTAILHON U OaTHAIbHONW MPOBUHIHSIMH.
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Fig. 6. Diagram of the distribution of the main groups of benthic communities in the Russian Arctic seas
(modified after Sirenko, 1998).

Dominating groups: 1 — isopod Saduria entomon, ascidian Rhizomolgula globularis, bivalves Portlandia aestuariorum
and Cyrtodaria kurriana (estuarine belt); 2 — bivalves Astarte borealis, A. montagui, Macoma calcarea, Nuculana
pernula, N. radiata, Ennucula tenuis, Portlandia arctica, P. siliqua, Astarte crenata, Yoldia hyperborean and
Ciliatocardium ciliatum; 3 — ophiuroids Ophiocten sericeum, Ophiacantha bidentata, Ophiopleura borealis and
others; 4 — polychaetes of the families Maldanidae, Chaetopteridae and others; 5 — echinoderms Elpidia glacialis,
Kolga hyalina and Pourtalesia jeffreysi.

Puc. 6. Cxema pacnpe/eneHus OCHOBHBIX TPYII AOHHBIX COOOIECTB B poccCUHCKUX MOpsix CeBepHOro
Jlemouroro okeana. (Moauduiuposano o Cupenko, 1998).

JloMuHHpYIOIUe IPYNIEI JOHHBIX XKUBOTHBIX: | — m3onoxa Saduria entomon, acuunust Rhizomolgula globularis,
IBYCTBOpUaThie MOMIOCKH Portlandia aestuariorum, Cyrtodaria kurriana (3cTyapHBI 1osic); 2 — JIBYCTBOpUYAThIe
MOJUTIOCKU Astarte borealis, A. montagui, Macoma calcarea, Nuculana pernula, N. radiata, Ennucula tenuis,
Portlandia arctica, P. siliqua, Astarte crenata, Yoldia hyperborean, Ciliatocardium ciliatum; 3 — oduypst Ophiocten
sericeum, Ophiacantha bidentata, Ophiopleura borealis u npyrue; 4 — nonuxetsl cemelicts Maldanidae, Chaetopteridae

u npyrue; 5 — urnokoxue Elpidia glacialis, Kolga hyalina, Pourtalesia jeffreysi.

based on coincidence of biotic boundaries with
boundaries of other kinds: geomorphological,
hydrological, productional etc. (Mironov, 1990,
1999) and on organization of communities of
biotic complexes into succession systems
(Mironov, 2004). Succession system is a group
of communities with similar gradual, predict-
able changes taking place in structure of the
communities of given area over time. Commu-
nities of the succession system differ from each
other since they are at different stages of ecolog-
ical succession. The coincidence of biogeo-
graphic boundaries with boundaries of succes-
sion (“cenotic”) systems was suggested by Ra-
zumovsky (1999). However, the organization
of communities of biogeographic regions into
succession systems is still not sufficiently sup-
ported by complex investigations that should
include detailed successional and biogeograph-
ic studies of the same area.

4. Vertical biogeographical zones

The various depths of biogeographic bound-
aries in the Arctic Ocean are summarized in
Table 3. Most of these boundaries were identi-
fied using community, landscape or mixed ap-
proaches. Community and landscape criteria
were used both explicitly and implicitly. Golik-
ov and Scarlato (1989: 268) for example, ex-
plicitly applied the landscape criteria, having
suggested that the Atlantic-Arctic Intermediate
waters extend between 200—-400 and 650-1000
m, with a temperature of 1.3-2.3°C and salinity
35%o forming a separate province. Kosobokova
with co-authors (Kosobokova, Hirche, 2000;
Kosobokova, Hopcroft, 2010) followed the bio-
cenotic approach. These authors recognized four
vertical zones in the Central Arctic (Table 3),
differing in the abundance of particular species in
planktonic communities. Changes in species com-
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Number of species and
species range limits
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Fig. 7. Vertical distribution of polychaetes off Norway (after Jirkov, Mironov, 1985).

A — number of species; B — number of upper limits of species ranges; C — number of lower limits of species ranges.
Puc. 7. Pactipenienenue no BepTHKalu NoiuxeT B paiione Hopseruu (u3 JKupkosa u Muponosa, 1985).
A — gucno BHJIOB, B — uucno BEPXHHUX I'PaHUL] BUAOBBIX apecaJiOB; C — YHCI0 HIKHHUX TpaHUIl BUJOBBIX apeajosB.

position with depth alone do not indicate distinct
bathymetrical zones. Sirenko (1998) reduced the
number of various benthic communities in the
Arctic Ocean to a few main types differing by the
set of prevailing and most characteristic species.
Fig. 6 shows the distribution of six types of
communities in the Kara, Laptev, East Siberian
and Chukchi Seas. The map illustrates vertical
zonality in areas occupied by these communi-
ties. Zones follow the coast and slope of Eurasia
and change with increasing depth.

Vertical zones are often revealed by cluster
analysis. For example, faunas (species lists) of
sampling localities or bathymetric intervals are
compared and faunal homogeneity or distinc-
tiveness is expressed as indices of faunal simi-
larity (Menzies et al., 1973; Svavarsson et al.,
1990; Brandt, 1997; Wlodarska-Kowalczuk et
al., 2004; Jones et al., 2007). This method does
not follow the main assumption of biotic bioge-
ography, the continuity of a species range. It
reveals boundaries that can be both biocenotic
and biotic.

Vertical faunistic species boundaries were
detected reliably only in the Norwegian Sea

(Jirkov, Mironov, 1985; Svavarssonetal., 1990;
Krayushkina,2000). Jirkovand Mironov (1985)
examined vertical faunistic transects of the poly-
chaete fauna in the eastern Norwegian Sea. The
study area was divided into equal bathymetric
intervals. For each interval the number of spe-
cies range limits was estimated and plotted
against depth (Fig. 7). This number peaked at
depths of 900—1200 m. An increase in species
richness occurred at the same depth. A similar
method was applied by Krayushkina (2000) for
the fauna of sea stars and holothurians of the
entire Norwegian Sea. Three weakly expressed
crowding zones were found: at 150-200, 600—
800 and 1000—1200 m. Svavarsson et al. (1990)
used both the faunistic (implying the species
range continuity) and biocenotic approaches in
the study of distribution of isopods. The faunis-
tic component was present in the method of
“accumulation curves”, when species bound-
aries (upper limits of species vertical distribu-
tion) were summed with increasing depth. The
cumulative number of the first occurrences of
isopod species clearly increased at depths 800—
1000 m. A high rate of species replacement at
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Fig. 8. Biogeographic division of the Arctic Ocean and adjacent areas based on the distribution of gastropods
Buccinidae (after Golikov, 1980).

1 — boundary between the Arctic Region and the Pacific Boreal and Atlantic Boreal Regions, 2 — Aleutian High Boreal
Subregion, 3 — Norwegian High Boreal Province, 4 — Celtic Low Boreal Province, 5 — West Arctic Province, 6 —
East Arctic (Chukchi-American) Province.

Puc. 8. buoreorpagpuueckoe paifonupoanue CeBepHoro JlemoBUTOro okeaHa W CMEXHBIX PallOHOB Ha
OCHOBE pacipoCTpaHeHuUsI OPIOXOHOTHX MOJUTIOCKOB ceMeiicTBa Buccinidae (Moaudunuposano o I'onukosy,
1980).

| — rpanuna mexay Apkruueckoit Obmactpio n TuxookeaHnckoit BopeampHoit ' ATnantudeckoit bopeanbHoit
O6nactsimu, 2 — Aneyrckas Bricoko6opeansHas [Tonobnacts, 3 — Hopsexckas Beicokobopeansnas [IpoBunmus,
4 — Kenbrckas Husko6opeanbHast [IpoBunnus, 5 — 3anagHoapkruueckas [IpoBunuus, 6 — BocTouHoapkTHueckas
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(UyxoTcko-Amepukanckas) [TpoBuHIms.

depths 800—1000 m was supported by the chi-
square test modified by Gardiner and Haedrich
(1978). Cluster analysis revealed additional
boundaries at 1500 and 2000 m, however this
approach is not biotic.

5. Species (biotic) regionalization
5.1. Shelves

Biogeographical schemes with only two or
three subdivisions of the entire Arctic shelf are
usually based on the biotic approach. In schemes
with two subdivisions, the single boundary passes
through the Norwegian Sea or through both the
Norwegian and Barents Seas (Heptner, 1936;
Ekman, 1953; Hedgpeth, 1957; De Lattin, 1967,
Briggs, 1974, 1995; Vassilenko, 1974; Bolt-
ovskoy, Wright, 1976; Kussakin, 1979; Andri-
yashev, Shaposhnikov, 1985; Gontar, Denisen-
ko, 1989; Mecklenburg et al., 2010; Chernova,
2011). This boundary separates the large Arctic
subdivision (region, subregion or province) from
the northern section of the Arctic-North Atlan-

tic subdivision. Thus, Briggs (1974, 1995) drew
the boundary in the Norwegian Sea (north of
Kola Fjord) based on the most northern and
southern occurrences of species This boundary
separates the Arctic Region from the East Atlan-
tic Region. The Arctic Region extends out from
the Arctic Ocean into the North-West Atlantic
and the North Pacific, whereas the East Atlantic
Region extends out from the Atlantic Ocean into
the Norwegian and Barents Seas (Fig. 1).

In schemes with two boundaries (with three
subdivisions), the second boundary passes ei-
ther in the southern Chukchi Sea or in the high
Arctic. The boundary in the Chukchi Sea delim-
its the Arctic and the North Pacific Regions
(Hedgpeth, 1963; Grainger, 1966; Pavshtiks,
1985). The boundary in the high Arctic passes
across the Arctic Ocean from the East-Siberian
Sea to the Canadian Archipelago. It divides the
Arctic Region into two large Arctic provinces
(Golikov, 1980; Mironov, Dilman, 2010) (Fig.
8). In some schemes, with more than three
Arctic subdivisions, a similar boundary is present
(Nesis, 1982, 1987; Golikov, Scarlato, 1989;
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Golikov et al., 1990). There are several names
for the two large provinces: the Western Arctic
and Eastern Arctic (Golikov, 1980), Eurasian
and Amerasian (Golikov et al., 1990), Western
Siberian and Chukchi-Canadian (Nesis, 1982,
1987), Siberian and Chukchi-American (Gur-
janova, 1951). In the present study they are
named the American-Eurasian and Chukchi-
American Provinces.

The generalized biotic scheme of the Arctic
shelf'and upper slope is shown on Figure 9. The
Shelf-Upper Slope Subregion of the North Po-
lar Region is suggested to have a lower depth at
800 m and crowding zone at 800—1200 m. The
crowding zone was only reliably detected at
800—1200 m in the Norwegian Sea (see section
4). The position of the boundary between the
shallow-water and deep-sea biogeographical
regions is unknown in the other Arctic seas.
Therefore the lower boundary of the Shelf-
Upper Slope Subregion is conventional.

The Shelf-Upper Slope Subregion corre-
sponds approximately to the Arctic Region or
the Arctic Subregion in many earlier biogeo-
graphical schemes (e.g. Ortmann, 1896; Schmidt,
1904; Heptner, 1936; Gurjanova, 1951; Ekman,
1953; Filatova, 1957, 1962; Zenkevitch, 1963a,
b; De Lattin, 1967; Briggs, 1974,1995; Vassilen-
ko, 1974; Kussakin, 1979; Golikov, 1980; Ne-
sis, 1982; Pavshtiks, 1985; Tsvetkova, 1985;
Golikov, Scarlato, 1989; Gontar, Denisenko,
1989) (Figs. 8, 10, 11, 12). The term “Arctic”
has many meanings including the geographic,
zonal and ecological (cold-water species) (see
Jirkov, present volume). To avoid the notional
confusion in using this term, the large biogeo-
graphicregion of the Arctic Ocean is designated
here as the North Polar. The North Polar Shelf-
Upper Slope Subregion is divided into the
American-Eurasian and Chukchi-American
Provinces occupying most of the Arctic shelf.
The ranks of the subdivisions are given arbi-
trarily, without special biogeographic ranking
analysis (see section 5.2).

Some other boundaries on the shelf require
confirmation. Brattegard and Holthe (1997) rec-
ognized two boreal subdivisions on the western
Norwegian shelf, whereas Krayushkina (2000)
and Dilman (2009) showed three boreal subdi-
visions in this area. The crowding zones be-
tween these subdivisions are apparently related
to the stepwise reduction in boreal species num-

ber in northward. The White Sea biota probably
is also separated by the crowding zone related to
a drastic reduction in species number. Filatova
(1962) and Jirkov, Leontovich (2012) distin-
guished the littoral (or shallow-water), sublit-
toral (or shelf) and bathyal (or low sublittoral-
upper bathyal) Arctic provinces. Vertical biotic
transects are required to confirm crowding zones
within the depth range from 0 to 800 m.

The generalized biotic scheme of the Arctic
shelf is based on the distribution patterns of
benthic and pelagic invertebrates and fishes.
Zinova (1985) used data on the distribution of
benthic algae. Her biogeographical scheme was
based on the mixed approach (see Section 8.1).
No purely Arctic species of planktonic di-
noflagellates and diatoms were discovered. For
this reason, the unity of the arctic-boreal phyto-
geographical zone was suggested for the pelagic
realm (Okolodkov, Dodge, 1996; Semina, 1997,
Okolodkov, 1999). However the southern bound-
ary of the Arcto-Boreal Region (Semina, 1997,
Fig. 23) coincides with the southern border of
the crowding zone outlining the North Polar
Region in the North-West Atlantic and Iceland
areas (Fig. 9).

The great width of the biotic boundaries
(crowding zones) is one of the most specific
characters of the generalized biotic scheme of
the Arctic shelf (Fig. 9). However the biotic
boundaries in the Arctic Ocean are not always
wide. The narrowest crowding zone is found on
the shelf (as well as on the slope) of Iceland. The
biogeographic boundary divides the Icelandic
shelf into the southwest and the northeast sec-
tors (Figs. 8, 10, 11). The number of species
occurring on the southern shelf and the upper
slope, but unknown from the northern shelf and
slope (and vice versa,) is high. For example, six
species of caudofoveates are known in the Ex-
clusive Economic Zone of Iceland, all of them
recorded only south of Iceland (Ivanov, Shelte-
ma, 2001). The diversity of the amphipod fam-
ily Calliopiidae is much higher in the north-east
(17 species) than in the south-west (5 species) of
Iceland, with 72% of species restricted to only
one side of the Greenland—Iceland—Faeroe Ridge
(Weisshappel, 2001). Species of the amphipod
family Ampeliscidae were grouped according
to three geographical patterns: six northern spe-
cies, nine southern species and four circum-
Icelandic species (Dauvin et al., 2012). The
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Fig. 9. Shelf~Upper Slope Subregion (0-800 m) of the North Polar Region based on biotic approach to
biogeographic regionalization (generalized scheme).
1 — the boundary between North Polar Region and Easter and Western Atlantic Regions, 2 — the boundary between
North Polar Region and Easter and Western Pacific Regions, 3 — the boundary between American-Eurasian Province

and Chkchi-American Province. The open-ocean part of this boundary is imitative.

Puc. 9. lllensdpoBas Bepxuebarnanphas [Togobnacte Cesepnoii IMonspuoit O6nacté, OCHOBaHHasl Ha
OMOTHYECKOM TIOJIX0/Ie K OroreorpaduuecKkoMy pailOHUPOBaHUIO (TEHEPATN30BaHHAS CXEMa).
1 — rpanuna mexnay CesepHoii [TomspHoit O6nactsio u Boctounoii u 3anaguoit Atnantudeckumu O6nactsmu, 2 —
rpanuna Mexxay Ceseprotii Ilomxsaproit O6aacTsio u Bocrounoii u 3anagnoi [lanudpuaeckumu O6nactsamu, 3 — rpanuna
MexkIy AmepukaHo-EBpasuiickoit m Uykorcko-Amepukanckoil IIpoBuHnusaMu. OTKpPHITO-OKeaHHYECKask 4acTh 3TOH

TpaHUIBI SABIACTCA I/IMI/ITaIII/IOHHOf;I.
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Fig. 10. Biogeographic division of the Arctic Ocean (after Zenkevitch, 1963a).

I — Abyssal Arctic Subregion, II — Low Arctic Shallow Subregion, III — High Arctic Sublittoral Subregion, I1la —

Shallow Marine Province, IIla' — Siberian District, Illa> — North American-Greenland District. IIlb — Shallow
Brackish-water Province. Propagation of the boreal littoral fauna northwards and eastwards is marked by dotted line.
Puc. 10. Buoreorpagpuueckoe paiionuposanue CesepHoro Jlenosuroro okeana (o 3enkeBuuy, 1963a).

I — Aobuccanbnas Apkruueckas [logodnacts, Il — Hmwxuaeapkruueckas MenkoBognas [Tono6nacts, [I1 — Beicokoap-

krudeckass MenkoBoanasi [Togo6macts, [1la — BeicokoapkTudeckass MenkoBomuass Mopckast [Iposunmms, [1la! —

Cubupckuii Paiion, [11a2 — Ceepo-Amepukancko-I'pennanckuii Paiion. I1Ib — BsicokoapkTudeckas MelkoBoaHas
CononoBaroBoanas IIposuanus. TodeuHo# nHHHEH IOKa3aHO PacIpOCTpaHEHUE HA CEBEP U BOCTOK JIUTOPATBHOI

OGopeanbHOW (hayHBI.

isopod families Desmosomatidae and Nannonis-
cidae are species-rich in Iceland waters: in total
34 species from 20 genera were reported. Most
of these species are restricted either to the north
(10 species) or the south (14) of the Greenland—
Iceland—Faeroe Ridge (Brix, Svavarsson, 2010).

The biogeographical schemes of the Arctic
shelf with wide biogeographical boundaries are
few (Hedgpeth, 1963; Grainger, 1966; Golikov,
1980; Nesis, 1982, 1987; Andriyashev, Shaposh-
nikov, 1985; Pavshtiks, 1985; Golikov, Scarla-
to, 1989; Mironov, Dilman, 2010; Chernova,
2011). In most schemes the biogeographical
boundary is drawn as a line. A linear boundary
between the Arctic and Boreal Regions is placed,
by different authors, from the latitude of the
Lofoten Islands (Briggs, 1974, 1995) to Spits-
bergen and the eastern border of the Barents Sea
on the European shelf (Hedgpeth, 1957; Golik-
ov, 1980; Golikov et al., 1990), from the Cape
Cod (Forbes, 1856; Woodward, 1866; Gontar,
Denisenko, 1989) to the Hudson Strait (Kus-

sakin, 1979; Petryashov, 2009) on the shelf of
north-eastern America, and from Cape Olutor-
sky and the Nunivak Island (the western and the
eastern Bering Sea respectively) (Briggs, 1974,
1995) to Herald Canyon and Point Barrow on
the Chukchi Sea shelf (Makarov, 1941; Pet-
ryashov, 2002b) (for different versions see Figs.
1, 8, 10-12; other examples in Semenov, 1986,
Jirkov, 2013, and Petryashov et al., 2013). If all
versions of a linear boundary were mapped, the
result would be a crowding zone of lines (see
Semenov, 1986, Fig. 22). Wide crowding zones
of species range limits nearly coincide with
crowding zones of biogeographical linear bor-
ders.

The linear boundary in the East Siberian Sea
is drawn in the eastern part of the sea, at about
145°E by Golikov and Scarlato (1989), or in the
central part, at 160—170°E, by Bogdanov (1994)
and Petryashov et al. (2010) or in the eastern
part, at 175—180°E by other authors (Gurjano-
va, 1951; Tsvetkova, 1985; Fedyakov, Nau-
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Fig. 11. Biogeographic division of the Arctic Ocean based on the distribution of bivalve mollusks (after
Filatova, 1957).

Boreal Region: Ia and I b — North Boreal Atlantic Subregion, Norwegian-Murman-White Sea Province with two
districts. Ic — North Boreal Pacific Subregion.

Arctic Region: I — Low-Arctic Sublittoral Subregion, Ila — Barents Sea Province, IIb — Chukchi Sea Province; 111 —
High-Arctic Subregion, IIla — Siberian Upper-Sublittoral Brackish-Water Province, IIIb — Siberian-White Sea
Sublittoral Marine Province, Illc — Eurasian Province of bathyal zone; IV — Polar-Greenland Province of abyssal zone.
Puc. 11. buoreorpaguueckoe paiionnpoBanue CeBepHOTro JIeJOBUTOT0 OKEaHa Ha OCHOBE PACIIPOCTPAHEHHS
JIBYCTBOPYATHIX MOJITIOCKOB (110 ®mmatoBoid, 1957).

bopeansnas O6nacte: la u Ib — CeBepo-bopeansnas Arnantnueckas ITogo6macts, Hopexcko-MypmaHcko-
Benomopckas ITpoBunius ¢ nsyms paitonamu; Ic — Ceepo-bopeanbnas Tuxookeanckas [Tono6nacts.

Apkrnuekas O6nacts: II — Hmwxuaeapkruuekas Cyonuropanshas [Togobnacts, [la — bapenuesomopckas [IpoBuHuus,
IIb — Yykorckas ITposunnns; 111 — Hmwkuaeapkrudeckas CyonuropansHas [Togo6nacts, I1la — Cubupckas Bepxue-
Cybnuropanshas (npudpexnas) ConoHoBatoBoHas [Iposunius, 11Ib — Cubupcko-benomopckas Cy6nuTtopanbHas
Mopckas [Iposunnys, I1lc — EBpa3uiickas Mopckas batnansnas Iposunnust; IV — BreicokoapkTuueckas AbGuccaib-

Has [Tonsapuo-I'pennannckas IIpoBuHnus.

mov, 1989; Petryashov, 2004) (Fig. 12).
Mironov and Dilman (2010) used the robust
biotic approach to reveal crowding zones in the
East Siberian Sea. The species ranges of 43
species of echinoderms from the East Siberian
and Laptev Seas were represented as horizontal
lines. Detailed data on the distribution of these
species were given by Smirnov and Smirnov
(1990, 1994, 2006, 2010). On Fig. 13 lines
outlining species distribution are with breaks if
a species range has a disjunction of more than
10° along the latitude. Lines end with an asterisk
if a species range has a limit in this region. The
resulting scheme demonstrates numerous dis-

junctions and species range limits in the East
Siberian Sea and a small number of range dis-
junctions and limits in the Laptev Sea (19 and 3
species range limits respectively). Compared to
the Laptev Sea, the network of species range
limits in the East Siberian Sea appears as a wide
crowding zone stretching almost over the whole
sea. The width of this zone is almost 1000 km.
In Cumacea and Mysida, the relative numbers
of species range limits in the East Siberian and
Laptev Seas are comparable to echinoderms: 11
East Siberian Sea/4 Laptev Sea species range
limits in Cumacea and 8 East Siberian Sea/3
Laptev Sea range limits in Mysida (Table 4).
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Fig. 12. Biogeographic division of the Arctic Ocean based on the distribution of amphipods (after Gurjanova,

1951).

1 — biogeographic boundaries; 2, 3 and 4 — provinces of the Sublittoral-Upper Bathyal Arctic Region, including White
Sea- Spitsbergen Province (2), Chukchi-American Province (3), Siberian Province (4); 5 — Boreal Region; 6 — Deep

Sea Arctic Region.

Puc. 12. buoreorpaduueckoe paitornposanue CeBepHoro JIe1oBHTOro okeaHa Ha OCHOBE PaCIPOCTPAHEHUS

6oxorutaBos (1o ['ypesHOBOH, 1951).

1 — o6wuoreorpadpuueckue rpanunsl; 2, 3, u 4 — npounuun CyGnuropaibHoil-BepxHeGaTHanpHOi ApKTHYECKON
Oo6nactn, Brimovas bernomopcko-IInundeprenckyro Iposunmmio (2), Yykorcko-Amepukanckyto IIposunnuro (3) u
Cubupckyto IIpoBunuuto (4); 5 — Bopeansnas O6nacts; 6 — ['myboxoBoanas Apkruueckas O6iacts.

A wide crowding zone in schemes is re-
placed by (or shown as) a single line. For exam-
ple, a crowding zone can be replaced by line
connecting points where the number of boreal
and arctic species is equal (Shorygin, 1928;
Anisimova, 1989,2000b; Zenzerov etal.,2006).
Such a line may occur in a crowding zone but it
does not correspond to the notion of a ‘biotic
boundary’. Jirkov (2013) drew a line along the
outer edge of the crowding zone. Similarly,

Sirenko et al. (2009) show a generalized bound-
ary of a species group as a single line. As aresult
erroneous impression may appear that bound-
aries of numerous species ranges coincide com-
pletely and that the boreal and arctic elements
contact each other nearly along a single line.
This results in the false impression that in the
Barents Sea the boreal fauna is substituted by
the arctic fauna along a single line (Fig. 14A).
Figure 14B shows more realistic cartographic
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Table 4. Species of Cumacea and Mysida with a range limit on the shelf of the Laptev Sea and the East
Siberian Sea (not known from the Chukchi Sea or from the Laptev — Kara Seas). The table is based on
published data of Vassilenko (1990, 2001, 2002, 2004, 2008a, b, 2010), Petryashov (1989, 1990, 2002a,

b, 2004, 2009) and Audzijonyté (2006).

Ta6muua 4. Cniucok BugoB Cumacea u Mysida, rpaHHLbl apeanoB KOTOPBIX MPOXOIAT MO IIeNb(y
Boctouno-Cubupckoro u Jlantebix Mopeit. Tabnuia coctaBieHa Ha OCHOBE JTaHHBIX, Oy OJIMKOBAHHBIX
Bacunenko (1990, 2001, 2002, 2004, 2008a, b), [Terpsmesa (1989, 1990, 2002a, b, 2004, 2009) u

Audzijonyté (2006).

Groups of the shelf species,
depths 0-300 m

Cumacea species

Mysida species

Species with a range limit
within the East Siberian Sea
(140°-180°E)

Campylaspis globosa
Diastylis bidentata

D. lepechini

D. oxyrhyncha

D. scorpioides
Eudorella arctica
Lampros quadriplicatus
Leptostylis longimana
Leucon kobjakovae

L. nathorsti

L. pallidus

Birsteiniamysis inermis
Boremysis arctica
Erythrops abyssorum

E. erythrophthalma
Meterythrops robusta
Michtyops theeli (?7)
Mysis arcticoglacialis
M. polaris (cryopelagic)

Species with a range limit
within the Laptev Sea (100°—
140°E)

Campylaspis rubicunda
Eudorella spitzbergensis
Eudorellopsis integra
Paraleptostylis arctica

Boremysis nobilis
Erythrops glaciali
Mysis salemaai

Species excluded from

Diastylis echinata

consideration (primaril D. polaris
n(pri y Hemilamprops uniplicatus Parerythrops
bathyal species with rare Leptostylis gorbunovi spectabilis
records from shelf of the PLOSLYILS & P
Laptev and East Siberian seas) L. macrura

Leucon profundus

Species excluded from
consideration (reported from
the area by Vassilenko in 1990,
but not reported in her later
publications)

Eudorella hispida

version of species groups (the types of species
ranges). In this version species range bound-
aries of one type do not coincide completely
with each other and widely overlap with species
ranges of another type.

5.2. Deep-sea basins

Most authors recognize the abyssal zone of
the Arctic Ocean as a homogenous biogeograph-
ic area with no biogeographic boundaries (Gur-
janova, 1951; Filatova, 1957; Zenkevitch, 1963a,
b; Briggs, 1974, 1995; Bouchet, Warén, 1979;
Andriyashev, Shaposhnikov, 1985; Tsvetkova,
1985; Nesis, 1987; Belyaev, 1989; Vinogradova,
1997; Watling et al., 2013) (Figs 10-12). Wood
and Whatley (1994) suggested two abyssal bio-
geographic regions: the Norwegian and the Arc-

tic. Fedyakov and Naumov (1989) drew the re-
gion boundary across the Fram Strait (between
the Norwegian-Greenland and Central Arctic
Basins). Filatova (1962) suggested the boundary
along the Lomonosov Ridge dividing the West
Polar and the East Polar Abyssal Provinces.
According to Jirkov and Leontovich (2012), the
boundary between the Deep North Polar Prov-
ince and the Norwegian Deep Province goes
along the boundary between the Greenland Sea
and the Norwegian Sea.

The composition of the Arctic abyssal spe-
cies and genera changes markedly in the Fram
Strait area (at transition from the Greenland Sea
to the Arctic Basin). Mironov et al. (2013)
examine the distribution patterns of 93 Arctic
genera, among them 11 are known only in the
Norwegian and Greenland Seas and 5 only in



24 A.N. Mironov

Laptev Sea East Siberian Sea
110°E 120° 130° 140° 150° 160° 170° 180°
X
X
e
I
X
h
4
X
) .
—
X
¢
X
 {
h
X
= ;
»
X

Fig. 13. Distribution of echinoderm species on the Laptev and East Siberian Sea shelves (after Mironov and
Dilman, 2010). The horizontal line indicates species presence in a certain longitudinal gradient. The line
breaks indicate species range disjunctions (shown only for 10° distance and more). The species range limits
are indicated by four-arm asterisks.

Puc. 13. Pacripoctpanenue BUIOB UTIOKOXHX Ha menbde JlanteBbix u Boctouno-Cubupckoro Mopei.
Topu3oHTaNbHAS TMHUS O3HAYAeT HAJIMYKE BHJIAa B COOTBETCTBYIOLIEM JINANa30He 10IroT. Pa3phIBbI TMHUI
COOTBETCTBYIOT pa3pbiBaM apeayioB. [I0Ka3aHbI JIHIIb KPYITHBIE PAa3phIBBI apeajioB MPOTKEHHOCTHIO B 10°
n 6osee. YeThIpexryueBoii 3Be3109K01 0003HaUSHbI TPAHHIIBI BUJOBBIX apeaoB (1o MupoHoBy u J{miibmaH,
2010).
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Fig. 14. Two ways (A and B) of representing, cartographically, two geographic elements of the Arctic biota:
boreal Eastern Atlantic element (A1 and B1) and Arctic-Eurasian element (A2 and B2).

A — based on assumption that the range limits of species of the same geographical element completely coincide;
geographical elements adjoin to each other in the Barents Sea (after Sirenko et al., 2009).

B — based on assumption that the range limits of species of the same geographical element do not coincide: they are
dispersed within the zones B3 (Eastern Atlantic species) and B4 (Arctic-Eurasian species). Geographical elements
widely overlap in the Barents Sea.

Puc. 14. IBa cmocoba (A u B) kaprorpaduyeckoil penpe3eHTauu ABYX reorpaduieckux >JIEMEHTOB
apKTUYECKOil OMOTHI: 6OpeaTbHOr0 BOCTOYHOrO aTiaHTudeckoro (Al u B1) u apkTHuecKo-eBpa3uiicKoro
(A2 u B2).

A — IIPUHATO AONYMIEHUE, YTO I'PaHUIBI ap€aJOB BUIAOB, OTHOCAIIUXCSA K OAHOMY H TOMY K€ reorpa(bnquKOMy
9JIEMEHTY, TOJIHOCTHIO COBIIANAIOT; TeorpadHIECKHe IEMEHTHI COIPUKACAIOTCS APYT ¢ ApyroM B bapeniieBom Mope (1o
Sirenko et al., 2009).

B — mnpuHATO AomyIlueHHe, YTO TPAHMIBI apeajoB BHIOB, OTHOCSIIMXCSA K OJHOMY H TOMY JKe reorpapuaeckomy
9JIEMEHTY, He COBIIAJIAIOT: OHH PaccesiHbI B 30HaX B3 (BocTouHO- aTianTHYecKue BUbI) 1 B4 (apkTHuecko-eBpasuiickue
Bujbl). ['eorpaduueckue 2MeMEHTHI LIMPOKO TEPEKPBIBAOTCS B bapeHueBom Mope.

the Arctic Basin. However data on speciesrange ~ ies are required to clarify the crowding zone in
limits in the deep-sea is incomplete. Approxi- the Fram Strait.

mately half of deep-sea taxa (occurring deeper The Deep-Sea Subregion of the North Polar
500 m) are known only from one or two locali- Region is considered here with a conventional
ties (Bluhm etal.,2011). Additional bioticstud-  upper boundary at 1200 m and it is not divided
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into provinces. The Deep-Sea Subregion is sep-
arated from the northern Atlantic and the north-
ern Pacific deep-sea regions by pronounced
crowding zones along the northern slope of the
Greenland-Iceland—Faeroe Ridge and the con-
tinental slope of the Chukchi Sea. Deep-sea
boundaries in these areas have been shown for
many taxa (Gurjanova, 1951; Filatova, 1957,
Zenkevitch, 1963a, b; Briggs, 1974, 1995;
Bouchet, Warén, 1979; Andriyashev, Shaposh-
nikov, 1985; Tsvetkova, 1985; Nesis, 1987;
Svavarsson et al., 1993; Emson et al., 1994;
Negoescu, Svavarsson, 1997; Vinogradova,
1997; Weisshappel, 2000; Clarke, 2003; Naray-
anaswamy et al., 2005; Figs. 10-12).

There are two opinions on the subordination
ofthe shallow-water and deep-sea biogeographic
regions of the Arctic Ocean. In one, the Arctic
deep-sea and shallow-water subdivisions are
combined into the Arctic division of a higher
rank (Filatova, 1957, 1962; Zenkevitch, 1963a,
b; Tsvetkova, 1985; Figs 10, 11). In the other,
the Arctic deep-sea subdivisions are combined
with the Atlantic deep-sea subdivisions. In the
latter approach, the biogeographic schemes of
the World Ocean abyssal and shelf are not
hierarchically associated (Ortmann, 1896; Men-
zies et al., 1973; Belyaev, 1989; Vinogradova,
1997; Jirkov, 2010; Watling et al., 2013). How-
ever, Menzies et al. (1973) combined into the
Arctic Deep-Water Region the deep-sea basins
and slope areas with the upper border at 425 m.

Numerous species are common to both shal-
low-water and deep-sea regions; also there are
numerous deep-sea species with wide bathy-
metric ranges. Bluhm et al. (2011) demonstrat-
ed that the shelf and the deep-sea (>500 m)
macro- and megabenthic faunas share ~60% of
species. There are numerous examples of evolu-
tionary emergence or submergence of the Arctic
taxa (Mironov et al., 2013). The distribution
patterns of taxa and their biogeographic history
suggest that the Deep-Sea Subregion should be
united with the Shelf-Upper Slope Subregions
ofthe North Polar Region rather than with deep-
sea regions of the Atlantic or the Pacific.

Replacement of shallow-water fauna by
deep-sea fauna occurs in different ways in seas
ofthe Arctic and the northern Atlantic (Fig. 15).
The boreal shallow-water and the boreal deep-
sea faunas are contiguous in the northeast Atlan-
tic, whereas the boreal shallow-water fauna is

replaced by the arctic deep-sea fauna in the
eastern Norwegian Sea. The transitional (arctic-
boreal) shallow-water fauna is replaced by the
boreal deep-sea fauna in the Labrador Sea,
whereas the transitional shallow-water fauna
and the deep-sea arctic fauna are contiguous in
the Barents and Chukchi Seas. In the Kara,
Laptev, East-Siberian and Beaufort Seas, the
arctic shallow-water fauna is contiguous with
the arctic deep-sea fauna.

6. Community (biocenotic) region-
alization

Schemes of biocenotic subdivisions of the
Arctic seas were given in numerous publica-
tions (Filatova, Zenkevitch, 1957; Zenkevitch,
1963a, b; Kuznetsov, 1976; Antipova, Semen-
ov, 1989; Kiyko, Pogrebov, 1998; Sirenko, 1998;
Anisimova, 2000b, 2003; Deubel et al., 2003;
Frolova, 2003; Lyubin, 2003; Kulakov et al.,
2004; Steffens et al., 2006; Zenzerov et al.,
2006; Denisenko, 2008; Lyubina, Sayapin, 2008
etc.). The Barents Sea has been subdivided
based mainly on the biocenotic approach by
Anisimova (2000b) and Zenzerov et al. (2006).
The similarity of faunas at individual stations
was estimated using the Jaccard’s index ignor-
ing the assumption of continuity of species
ranges; species were regarded as equally impor-
tant (Anisimova, 2000b). Stations were split
into 26 uniform faunistic groups and arranged
into 65 primary areas. Single stations represent-
ed about half of the primary areas. To reveal the
biogeographic regions these 65 primary areas
were clustered using the Czekanowski-Serens-
en index. Similarity was estimated based not on
the species composition but on the “biogeo-
graphic structure of fauna”: the percentage of
species from different geographic elements (arc-
tic and boreal). This resulted in nine biogeo-
graphic areas, four of them being transitional
between the boreal and arctic faunas (Fig. 16).

Inmost publications based on the biocenotic
approach, the importance of species differs in
respect to abundance, biomass etc. Lyubina and
Sayapin (2008) compared stations by species
composition of the gammarid fauna, population
density and the biomass dominance. Similarity
was estimated by cluster analysis using the Cze-
kanowski-Serensen index. This resulted in sev-
en subdivisions in the Kara Sea. According to



Biotic complexes of the Arctic Ocean 27

f:::itm ral W w

A\

Fig. 15. Combinations of latitudinal zonal characteristics of shallow-water and deep-water faunas in the seas
of the North Atlantic and Arctic Ocean.

1 — boreal shallow-water fauna (North-Eastern or North-Western Atlantic Regions); 2 — arctic shallow-water fauna
(Shelf-Upper Slope Subregion of the North Polar Region). 3 — boreal deep-sea fauna (North Atlantic Deep Sea Region);
4 — arctic deep-sea fauna (Deep Sea Subregion of the North Polar Region).

Puc. 15. KoMOnHanuu mumpoTHBIX 30HAIBHBIX XapaKTEPUCTHK MEJIKOBOJHOH M riIyOOKOBOAHOU (ayH B
mopsix CeBepHoit Atinantuku 1 CeBepHoro JIeZoBUTOTO OKeaHa.

1 — OopeanbHas mMenkoBonHas (ayna (CeBepo-Bocrounas mnu CeBepo-3amannas Atiaantuueckue OGnactn); 2 —
apkTHyeckas MenkoBoaHas ayHa (LLlensdosas-Bepxuedbarnanshas [logobnacts CeBepHoii [Tonsproit O6aactn); 3 —
6opeanpHas rirydookoBoaHas Gpayna (Cesepoatnantuuekas [ mybokoBoanas O0nacTp); 4 — apKTUUECcKasi ITyOOKOBOIHAS

¢ayna (I'myboxoBoxnas ITono6nacts Ceseproii [TonsipHoit Obnactn).

results of cluster analysis, Kulakov et al. (2004)
mapped 15 benthic communities in the Barents
Sea and 20 benthic communities in the Kara
Sea. These communities were characterized by
dominance of species and they were combined
into five trophic zones.

7. Landscape (bionomic) regiona-
lization

Gukov (1999) used the classic landscape
approach, where large-scale subdivisions are
based on non-biological criteria (Table 2). He
revealed regularly repeating types of landscape
complexes on the Laptev Sea shelf: 31 facies, 25
areas and four landscapes. Only the facies were
characterised by specific communities. The
Laptev Sea was subdivided by Gukov into seven
regions distinguished by sets of typical (repeat-
ing) landscape complexes. Later Gukov (per-
sonal communication) suggested a new version
of the scheme for the Laptev Sea (Fig. 17) with
six regions and the scheme of regionalization of
the East Siberian Sea with five regions.

Petrov (2009) discussed the hierarchy of
landscape- and biome-based regionalization,
ranging from the global to local scale, using the

Barents Sea as an example. The Sea was subdi-
vided into seven landscape (“bionomic”) re-
gions, resembling more the tectonic and geo-
morphological subdivisions than the biocenotic
and biotic.

The landscape approach to regionalization
was used in studies of the Eastern Canadian
Arctic and northwest Atlantic, with biogeo-
graphic regions being related mainly to patterns
of water masses. According to Dunbar (1972),
the Northwest Atlantic Marine Region extends
from the Cape Hatteras northward along the
eastern coast of the United States to Lancaster
Sound at the northern end of the Baffin Island
then westward to the Bering Strait in Alaska.
Later Dunbar (1988) proposed three second-
order subdivisions: the Polar, Subpolar and
Eastern Temperate Provinces. These provinces
were based on water mass features, including
temperature, salinity, origin of water masses,
current and tidal patterns, sea-ice cover, vertical
stability of the water column and biological
indicators (Cook, Auster, 2007). Mondor et al.
(1995) further subdivided these provinces into
ten third-order marine biogeographic regions
based on the identification of marginal seas.
These included four Polar subdivisions (Vis-
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Fig. 16. Biogeographic division of the Barents Sea based mainly on the biocenotic approach (after
Anisimova, 2000b; modified).

1 — boundary between Atlantic Boreal Region and Arctic Region (or between Norwegian and West Arctic Provinces),
this line connects points where the number of boreal and arctic species is equal; 2 — boundary between districts; 3 —
boundary between areas; 4 — Lofoten District; 5 — Finmark Subarctic Transitional District (disrupted, with two areas);
6 — Spitsbergen — Novaya Zemlya Subarctic Transitional District (disrupted, with two areas); 7 — South-Eastern
Barents District (disrupted, with three areas); 8 — Central Barents Deep-Sea District.

Puc. 16. buoreorpaguueckoe paiionnpoBanne bapeHieBa Mopst 0CHOBaHHOE IIPEUMYIIIECTBEHHO Ha OHo1e-
HOTHYECKOM moaxoze (mo AuucuMoBoi, 2000b; MoauduiupoBaHo).

1 — rpanuna mMexay Atnantudeckod bopeanbHoit O6nacteio 1 ApkTudeckoit O6nacteio (Mnu Mexay HopBexckoit
BeicokobopeansHoi U 3amagHO-ApKTHYECKOH [IpOBUHIMSAMM); 3Ta JIMHHS COCAMHSCT TOYKH, B KOTOPBIX HYHCIIO
GopeaabHBIX BUIOB PABHO YHCIY aPKTHYCCKUX BUIOB; 2 — IpaHUIa MEXAY OKPyraMH; 3 — rpaHHIa MEeX Iy paiioHaMu;
4 — Jlodotenckuii Okpyr; 5 — dunmapkenckuid CybOapkruueckuii [lepexoansiii Okpyr (pa3opBaHHBIHA, ¢ JBYMS
paiionamu); 6 — HInunoeprencko-HoBosemenbubiit CyOapkTudeckuit [lepexonusiit Okpyr (pa3opBaHHbIH, ¢ IBYMS
pationamu); 7 — IOro-Boctounsiii bapenneBomopckuii Oxpyr (pa3opBaHHEIH, ¢ TpeMs paiioHamu); 8 — LlenTpanbsHo-
BapenueBomopckuii Okpyr.

count Melville Sound, Lancaster Sound, Hud- Temperate subdivisions (Grand Banks/Scotian
son Strait and Hudson James Bay), three Subpo- ~ Shelf, Acadianand Virginian). Cook and Auster
lar (North Slope/Beaufort Sea, Labrador Shelf (2007) recognized five third-order subdivisions
and Gulf of St. Lawrence) and three Eastern ~of the Eastern Temperate Province.
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Fig. 17. Biogeographic division of the Laptev Sea by the landscape approach (after Gukov, pers.
communication).

A — West-Laptev Province: 1 — Offshore West-Laptev Area; 2 — West-Laptev Accumulation Area. B— East-Laptev
Brackish-water Province: 3 — Offshore East Laptev Area; 4 — East-Laptev Accumulation Area; 5 — Shallow-water
area; 6 — Area of Underwater Valleys. Dashed line shows the border between provinces. The figure is published by
permission of A.Yu. Gukov.

Puc. 17. buoreorpaduueckoe paiioHupoBanue Mops JlanTeBbIx ¢ moMoIsio JanamadgTHoro noaxona. Io
A 1O. I'ykoBy, HEOMyOIMKOBAHO.

A — 3anazHo-Jlantesckas [IpoBunnus: | — [Ipubpexusiii 3anagno-Jlantesckuii Paiion; 2 — 3ananno-JlanTeBckuit
AxkymynsatuBHbli Paiton. B— Bocrouno-JlanteBckas CononoBatoBoaHas [Iposunnms: 3 — [IpubpesxuHslit BoctouHo-
JlanreBckuit Paiton; 4 — Bocrouno-JlanteBckuit AKKyMyJIATUBHBIN paifoH; 5 — MenkoBoanslit Paiion; 6 — Paiion
Toasoxanbix Jonun. YepHo-0enoi muHuel MoKa3aHa rpaHuLa MEK /Ty TPOBHHIHMAME. PUCYHOK yOIMKyeTCs C pa3peIeHus

A.IO. T'ykosa.

8. Regionalization based on the
mixed approach

&.1. Shelves

Mostbiogeographic schemes were construct-
ed based on a mixture of elements of the biotic,
biocenotic and landscape approaches. Dunbar
(1979) stated, “the biogeographic method does
not exist, or there are as many methods as
biogeographers”. It’s more accurate to say that
there are as many combinations of the biotic,
biocenotic and landscape approaches to region-
alization as biogeographers. Data on species,
community and biotope (habitat) distribution
patterns are mixed to draw a single line of a
species range, to reveal a biogeographic unit and
to constructabiogeographic scheme ofthe Arctic
Ocean. Boundaries based on species distribution

are combined in a scheme with boundaries based
on community and landscape criteria.

One simple example of the mixed approach
(biotic + biocenotic) is a map of biotic units for
different vertical zones (Fig. 11). Such a map
usually shows disjunctive units when one and
the same province is represented by several
parts separated from each other by another prov-
ince (Filatova, 1957, Jirkov, Leontovich, 2012)
(Fig. 11). This contradicts the assumption of
continuity of a species range i.e. the continuity
of a biotic unit (Fig. 4 and 5). Another simple
case of mixed biotic/biocenotic approach is
recognition of a crowding zone as independent
biogeographic unit of transitional nature. For
example, the Barents Sea shelf or its section are
often recognized as a separate biogeographical
province (Schmidt, 1904; Gurjanova, 1951;
Filatova, 1957; Zenkevitch, 1963a, b; Nesis,
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1982, 1987; Zinova, 1985; Fedyakov, Naumov,
1989; Golikov et al., 1990; Petryashov, 2009;
Jirkov, Leontovich, 2012), whereas a pure biot-
ic approach reveals in this area only a crowding
zone (wide biogeographical boundary) without
a status of separate unit.

Naumov (2006) divided the White Sea into
10 hydrological areas. The bivalve faunas of
these areas were compared using paired Bra-
vais-Pearson’s correlation coefficients. Areas
were grouped in case the correlation between
them exceeded 0.5. The significance of this
value at the given number of species was 95%.
As a result, six biogeographic regions were
revealed by the mixed landscape/biocenotic
approach (Fig. 18).

Lubinsky (1980) divided the Eastern and
Central Canadian Arctic into 12 biogeographic
regions (Fig. 19). This scheme was based on
maps of the distribution of 64 species of bi-
valves and addressed the problem of the divi-
sion of arctic and subarctic waters. These maps
can be used to evaluate whether the biogeo-
graphic boundaries suggested by Lubinsky are
the crowding zones of species range borders.
Based on the assumption of species range con-
tinuity, I calculated numbers of species range
borders near the high biogeographic rank bound-
ary, between the Arctic and Subarctic Faunistic
Zones. The boundary between regions I1d and
Vla (the western part of the boundary between
the Arctic and Subarctic Zones) coincides with
species range borders of only two species, Cy-
clocardia borealis and Yoldiella lenticula. The
nearest borders of other species (4Astarte ellipti-
ca,Macoma loveni, Thracia myopsis and Yoldia
myalis) are rather distant from each other. The
border of one species, Turtonia minuta, goes
very close to the boundary between the IIc and
Vla regions (the eastern part of the boundary
between zones). The number of species range
borders in the vicinity of the low-rank biogeo-
graphic boundaries of Lubinsky also is low. For
example, the boundary between subprovinces
ITa and IIb is the limit of distribution only for
Crenella faba. Therefore, the high number of
biogeographic units in the Canadian Arctic is
not supported by pure biotic approach. These
units are probably a result of the mixing of the
biotic, biocenotic and bionomic approaches.

The definitions of “arctic species” and “bo-
real species” often include ecological or histor-
ical meaning, such as occurrence of a species at

certain temperatures, or species origin at polar
or temperate latitudes. The species and commu-
nity criteria are mixed when the “boreal” and
“arctic” species in such sense are used for the
biogeographic regionalization. Species are also
attributed to “arctic” if they occur only in the
“ArcticRegion”, and “boreal” if they occur only
in the “Boreal Region”. In this case, the distin-
guishing of “arctic” and “boreal” species large-
ly depends on the location of the biogeographic
boundary between the Arctic and Boreal Re-
gions. Semenov (1986) described this vicious
circle in the method revealing biogeographic
boundaries: first, the arctic and boreal types of
distribution are defined based on the suggested
border between the Arctic and Boreal biogeo-
graphic regions, then these distribution types
are used for clarifying the biogeographic bound-
ary between the Arctic and Boreal regions.
Cluster analysis ignores the assumption of con-
tinuity of species ranges. Therefore cluster anal-
ysis leads to the mixing of biotic and biocenotic
approaches. Data on species distribution are
often not sufficient to reveal boundaries of spe-
cies ranges and biotic regions. In such cases
Petrov (2009) suggests substituting the biotic
criteria of regionalization by the biocenotic and
landscape criteria. The landscape approach was
initially treated as a combinatorial one. It was
claimed that the landscape approach gives a
“polycentric vision” of an ecosystem and thus
has advantages over biotic and biocenotic ap-
proaches that provide only limited “biocentric”
view (Arzamascev, Preobrazhensky, 1990;
Petrov, 2008). Similarly the mixed approach
was usually treated as the most effective to
reveal the boundaries of ecoregions and large
ecosystems. Thus Spalding et al. (2007) defined
the marine ecoregions as “distinct areas of rel-
atively homogeneous species composition,
which is likely to be determined by the predom-
inance of a small number of ecosystems and/or
a distinct suite of oceanographic or topographic
features”. These authors distinguished 19 shelf
ecoregions in the Arctic Realm.

8.2. Estuaries

The Arctic Ocean is characterized by strong
freshwater outflow. The annual freshwater dis-
charge from all major Arctic rivers is approxi-
mately 3300 km?®, equivalent to 10% of global
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Fig. 18. Biogeographic divisions of the White Sea based on species prevailing in the bivalve mollusc fauna
(see explanations in text). Double line designates the coincidence of oceanographic and faunistic boundaries

of the White Sea. After Naumov, 2006.

Figure 18. buoreorpaguueckoe paiionupoBanue benoro Mopsi, 0CHOBaHHOE Ha JOMUHHPOBAHUH BHUIOB B
(hayHe IBYCTBOPYATHIX MOJUIIOCKOB (CM. ITOSICHEHUS B TeKcTe). J{BoiHON MrHIeH 0003HaUYeHO COBIaICHUE
«oxeaHorpaduueckoi u payHuctudeckoil rpanun bemoro mops». ITo Haymosy, 2006.

river run-off. The freshwater flow is especially
high in the Kara Sea. The Ob and Yenisei, two
of'the largestrivers in the basin, discharge about
30% of the total annual river run-off into the
Arctic Ocean (Fiitterer, Galimov, 2003; Stein,
2000).

Gorbunov (1941) pointed out that the Arctic
brackish-water fauna differs from marine one
and suggested the division of the biogeographic
Arctic Subregion into two parts: “the high Arc-
tic area of continental water discharge and the
high Arctic of the open sea”. Following Gor-
bunov, Zenkevitch (1947, 1963a, b) recognized
the Brackish-Water Province forming a contin-
uous belt along the Eurasian coast from Yamal
to the Bering Strait and also along the American

coast (Fig. 10). In the scheme of Filatova (1957,
1962), the Brackish-Water Province has a wide
gap at the Taimyr Peninsula area (Fig. 11). The
Estuarine Arctic Interzonal Province of Golik-
ov etal. (1990) included 11 areas: the southern
Kara Sea, the White Sea, Gulf of Finland, Gulf
of Bothnia and southern parts of the Laptev and
East Siberian Seas, the Gulf of Anadyr in the
Bering Sea, the Amur and Mackenzie estuaries,
the Gulf of Saint Lawrence on the eastern coast
of Canada and the James Bay with an outpost
into the south-east Hudson Bay. Gukov (pers.
com.) separated the East Laptev and New Sibe-
rian Brackish-Water Provinces (Fig. 17). Lu-
binsky (1980) identified the Brackish Subprov-
ince of the James Bay. Polar water of James Bay
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Fig. 19. Biogeographic division of the Canadian Arctic based on the distribution of bivalves (after Lubinsky,
1980).

Faunistic zones and subzones: I-V — Arctic Zone: I-IV — High-Arctic Subzone, V — Low-Arctic Subzone; VI-VII —
Subarctic Zone.

Provinces and subprovinces: I — Endemic Province of the Northern Canadian Archipelago, Ila, b — Central Shallow-
Water Province, IIb — Subprovince of Foxe Basin, Ilc — Province of Baffin Island Shelf, IId — Southern Deep-Water
Province, III — Province of South-Western Canadian Archipelago, IV — Province of South-eastern Canadian
Archipelago, Va, b— Province of Hudson Bay, Vb — Subprovince of James Bay, VIa, b— Northern Subarctic Province,
VIb — Subprovince of Northern Labrador, VII — Province of Southern Labrador.

Puc. 19. buoreorpaduyeckoe paitonnpoBanne Kanajgckoro cekropa ApKTHKH, OCHOBAaHHOE Ha PaclpocT-
paHeHHH JIByCTBOpYATHIX MoJuTIocKoB (o Lubinsky, 1980).

®dayHuCTHIECKHE 30HbI B TOA30HBL: [-V — ApkTrueckas 30Ha: [-1V — Bricoko-Apkrudeckas [Togsona, V — Husko-
Apxkruueckas [Togzona; VI-VII — Cy6apkruyeckas 30Ha.

Iposunnuu u cyonposunnun: | — Ounemuunas [Iposunmus CeBepHoro Kananckoro Apxunenara; Ila, b— LlenTtpans-
Hast MenkoBonnas Ilposunnus; I1Ib — CyOposunnus Bacceitna ®oxcu; Ilc — IIpoBunnus Illensda Octposa
baddun; 11d — FOxnas ['myboxosonuas [Iposuanus; 111 — IIposunnus FOro-3anagxoro Kanaackoro Apxumenara;
IV — TIpounnus HOro-Bocrounoro Kanaackoro Apxunenara; Va, b — Ilposunnus 'ynzonosa 3anuBa; Vb —
Cyomnposuniust 3anusa [Ixeiimc; VIa, b— Ceepnas Cybapkruueckas [Iposunnus; VIb — Cy6nposunuus CeBepHOro
Jlabpanopa; VII — Cybnposunmus HOsxuoro Jlabpanopa.
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Fig. 20. Boundaries of brackish-water fauna according to various authors in the Kara Sea.

1 — boundary of distribution of brackish-water zooplankton, based mostly on the distribution of Limnocalanus
macrurus (= L. grimaldii) and Drepanopus bungei (after Pavshtiks, 1985); 2 — northern boundary of the Shallow
Brackish-Water Province (after Zenkevitch, 1963a); 3 — northern boundary of the Estuary Arctic Province (after
Golikov, Scarlato, 1989); 4—6 — scheme of faunistic regionalization of inlets and bays of the Kara Sea and the eastern
Barents Sea: 4 — marine euryhaline fauna, 5 — brackish-water-marine euryhaline fauna, 6 — brackish-water fauna
(after Anisimova, 2000a).

Puc. 20. I'paHUIBI COTOHOBAaTOBOAHOH (hayHEI, IPOBOJMMEIE Pa3HBIMH aBTOpaMu B Kapckom mope.

| — rpaHuIa pacnpocTpaHEeHUs COJTOHOBATOBOIHOMN (hayHbI 300IITaHKTOHA, TPOBECHHAs B OCHOBHOM I10 PacIpocTpa-
HeHuto Limnocalanus macrurus (= L. grimaldii) n Drepanopus bungei. Ilo Pavshtiks, 1985. 2 — ceBepHas rpanuna
MenkoBoanoii CononoBaroBoaHoi [Ipounimu. [To 3enkeBuuy, 1963a. 3 — ceBepHas rpaHua IcTyapHOil ApKTHYEC-
xoii [IpoBunuuu. ITo I'onukos, Ckapnarto, 1989. 4-6 — cxema (ayHHCTHIECKOr0 palOHHPOBAHUS I'yd W 3aIHBOB
Kapckoro mopst u BoctouHoit yactu bapenueBa mopsi: 4 — Mopckas SBpuraiuHHas ¢ayHa, 5 — COJIOHOBATOBOJIHO-
MOpCKasi O9BpUranunHHas ¢dayHa, 6 — cononoBaToBojaHas ¢dayna. [lo Auucumosoii, 2000a.

15 16

is mixed with water from land drainage, “sea-
sonally less saline and warmer than in any other
part of the Arctic” (Lubinsky, 1980: 61). In the
scheme of Petryashov et al. (2010) the Siberian
Brackish-Water Province is divided within the
East Siberian Sea into four subdivisions: Poly-
euhaline, Polyhaline, Refugium in the Chaun
Bay and Refugium in the Estuary of the Kolyma

River. Following Khlebovich (1986), Anisimo-
va (2000a) assigned the Gulf of Ob, the Pechora
Bay and the Yenisei Bay not to the Arctic
Region, but to the Holarctic Brackish-Water
Region of the mainland (Fig. 20).

The estuarine biogeographical units are based
on the mixed approach. Golikov and Scarlato
(1989) emphasized the landscape criteria and
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suggested that the Estuarine Arctic Province
does not descend to depths greater than 10 m,
with summer temperatures 4—6°C and salinities
from 3 to 16%o. Estuarine provinces clearly
differ from adjacent freshwater and marine ar-
eas also in the structure of benthic communities.
The freshwater communities are succeeded
down-estuary by “oligo-mixed” communities
with a strong dominance of brackish water spe-
cies. These brackish water communities in turn
are succeeded by “poly-mixed” communities
with mostly marine species prevailing towards
the estuary mouth (Filatova, Zenkevitch, 1957,
Gukov, 1999, 2001; Anisimova, 2000a; Fetzer
et al., 2002; Deubel et al, 2003; Galkin et al.,
2010) (Figs 6, 20).

It is likely that there are no species endemic
to the estuarine zone. Some species are espe-
cially characteristic of estuaries: the planktonic
crustaceans Limnocalanus macrurus (= L. grim-
aldii) and Drepanopus bungei, the polychaetes
Ampharete vegae, Marenzelleria arctia, the
amphipods Monoporea affinis and Onisimus
botkini, the isopod Saduria entomon and others
(Denisenko et al., 2003; Deubel et al, 2003;
Gagaev et al., 2006; Frolova, 2009; Lyubina,
Sayapin, 2008; Galkin et al., 2010). However
these species also were recorded at a substantial
distance from estuaries.

The transition from the sea to fresh water in
estuaries is marked by a drastic reduction in the
number of species. Filatova and Zenkevitch
(1957) compared two adjacent communities in
the Yenisei Bay. At the transition from the
marine poly-mixed community, dominated by
the bivalve Portlandia arcticum and the amphi-
pods Acanthostepheia malmgreni, and Ag-
laophamus malmgreni to the brackish-water
oligo-mixed community, dominated by the bi-
valves Portlandia aestuaroum and Cyrtodaria
kurriana and the isopod Saduria entomon, the
number of species decreased from 200 to 40.
Considering only the amphipod fauna, in the
estuary communities of the Kara Sea (the Ye-
nisei Bay and the Gulf of Ob, depths from 4.4 to
29 m, salinity from 0.4 to 20.9%o) four species
occur: Monoporeia gurjanovae (the dominant
species), Monoculoides minutus, Oediceros mi-
nor and Onisimus birulai), whereas the neigh-
bouring more northern community is dominated
by Byblis gaimardi and Protomedea fasciata
(depths 18—45 m, salinity 27%o) and there are 55

species (Lyubina, Sayapin, 2008). The number
of polychaete species in Yenisei Bay decreases
from 50 to 4 from north to south (Frolova, 2009).

Remane (1934, 1940) found that in the Bal-
tic Sea most freshwater species do not occur at
salinities >5—8%o, whereas marine species usu-
ally do not live at salinities below this value.
Khlebovich (1965, 1974, 1986, 1989) was the
first to suggest the term “critical salinity” and
showed that this narrow salinity range marks the
faunal change when seawater is mixed with
fresh water. It is a divide for many physiological
processes, including cellular and biochemical
reactions. The critical salinity barrier of Khle-
bovich supports recognition of the “holohaline”
zone inhabited by brackish-water communities
(Kinne, 1971). According to Anisimova (2000a),
the zone of brackish-water communities in the
Gulf of Ob approximately coincides with the
salinity of 5-8% (Fig. 10). However, Kozlovskiy
(2012) reported that the summer boundary be-
tween the freshwater and brackish-water com-
munities was observed in the Gulf of Ob 250 km
south from the 1%o isohaline. Kozlovskiy (2012)
suggested that this boundary was determined by
water with a higher salinity periodically pene-
trating the southern Gulf of Ob.

Estuaries of Arcticrivers dramatically differ
from other areas of the Arctic Ocean in the
environment conditions and the structure of
benthic communities. Therefore Arctic estuar-
ies can be recognized as separate biogeographic
units, based on the biocenotic and landscape
criteria. In the context of the biotic approach, an
estuary is an area with a wide crowding zone at
the marine water/fresh water barrier for species
dispersal. These areas extend from the zone
with critical or zero salinity to areas with marine
salinity inhabited by marine communities. They
do not have the status of separate biogeographic
(biotic) units. A narrow crowding zone always
occurs along the continental coast because the
land/sea border is a very efficient barrier for
species dispersal. But this crowding zone widens
in areas of large river mouths where fresh water
is mixed with seawater at a distance from land. In
such areas the limits of species ranges of some
marine species are displaced into the open ocean,
to a degree depending on the individual species
tolerance to low salinity (Fig. 21). The more
stenohaline is a marine species, the more distant
from the mainland is the species range limit.
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Fig. 21. Hypothetical scheme showing a narrow crowding zone at the barrier water/land and its widening in
the estuarine area. The lines designate the northern borders of species ranges.

Puc. 21. l'umoternyeckas cxema, MOKa3bIBaONIas Y3KyI0 30HY CryIIeHUs BOIM3K Oapbepa Boa/cyIa u ee
pacuIMpeHne B 3CTyapHOM paiioHe. JIMHUH 0603HAYAIOT CEeBEPHbBIC TPAHUIIBI PACTIPOCTPAHCHHUS BUJIOB.

8.3. Deep-sea basins

Menziesetal. (1973:322) proposed ascheme
for the division of the Arctic abyssal. The Arctic
Deep-Water Region (with the upper limit in the
High Arctic at about 425 m depth) was divided
into five provinces: the Norwegian, Greenland-
Fram, Eurasian, Siberian and Canadian, based on
biotic and landscape criteria. The authors used
“where possible, temperature as well as topogra-
phy as determinants for province definitions”.

Watling et al. (2013) recognize the Arctic
Province in the lower bathyal zone (>800 m)
and Basin Arctic Province in the abyssal zone.
The authors used the landscape approach to
regionalization: the proposed provinces are char-
acterized by them as based strongly on water-
mass characteristics defined by temperature and
salinity signals and POC flux characteristics,
defined by food availability in these detritus-
based deep-sea ecosystems. However the land-
scape approach allows the subdivision of the
deep-sea Arctic into several provinces. A single
abyssal province in the Arctic Ocean is usually
a result of the biotic regionalization.

8.4. Hydrothermal vent fields

Tyler and Young (2003) considered the lit-
tle-explored Arctic as a “potential” hydrother-
mal province. Recently hydrothermal vent fau-
na has been discovered in the Arctic deep-sea.
Hydrothermal fields were found along the Arc-
tic Mid-Ocean Ridge, off the Jan Mayen Island,
at 500—750 m depth (Schander et al., 2010) and
at Loki’s Castle, 2400 m depth (Pedersen et al.,
2010; Rapp et al., 2011). According to Rapp et
al. (2011:121), the “Loki Castle vent field hosts
an endemic fauna composed of specialized poly-
chaetes, gastropods, amphipods and fish. The
high degree of local adaptation and specializa-
tion of fauna from the studied sites allows us to
propose the Arctic Mid-Ocean Ridge to be a
new zoogeographical province for vent fauna”.
The methods of biogeography used for hydro-
thermal areas contradict the basic concepts of
the biotic approach and follow the biocenotic
approach: (1) species ranges are regarded as
interrupted, (2) species with different ecologies
(vent and non-vent) have unequal weight, (3)
differences between faunas of small areas are
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taken into account and cluster analysis is used to
reveal the biogeographic units, (4) the zone of
crowding is not a criterion for drawing a biogeo-
graphic boundary (compare with Table 1). In
addition the environmental data are taken into
account at the stage of initial regionalization,
this feature is typical of the landscape approach.

The term “endemic” is used in the biotic
biogeography to define the purely chorological
notion. A species is endemic of a region if it is
not found outside this region. The region size
and ecological peculiarities of species and envi-
ronment are of no importance. In the biogeogra-
phy of hydrothermal fauna this term is used in
another sence: a species is “vent endemic” if it
is not found in the non-hydrothermal environ-
ment. To avoid the semantic confusion, the term
“vent obligate” should be used for species only
found surrounding a hydrothermal vent
(Mironov et al., 1998, 2002; Tarasov et al.,
2005).

Biogeographic regionalization related to
hydrothermal vent fauna usually disregards re-
gionalization of the background fauna (Tunnic-
liffe, 1998; Van Dover et al., 2002; Bachraty et
al., 2009). Mironov et al. (1998, 2002) com-
pared the geographic distribution of deep-sea
species occurring on hydrothermal fields with
species in the regular deep-sea environment. It
appeared that the distribution of hydrothermal
vent species basically corresponds to biotic
divisions of the regular (non-hydrothermal) en-
vironment. Therefore Mironov et al. (1998,
2002) suggested that the biogeographic organi-
zation of the two faunas is controlled by the
same factors, and the biotic regionalization
should be universal for hydrothermal and back-
ground faunas.

Species inhabiting vent fields and adjacent
non-ventareas belong to one and the same biotic
complex. Schemes of biotic regionalization can
predict faunistic differences between hydro-
thermal vent areas. Thus, the deep-sea Arctic
Ocean in biotic schemes is separated from the
deep-sea North Atlantic; therefore the fauna of
Arctic hydrothermal fields is expected to differ
from the Atlantic vent fields.

9. Latitudinal biotic zones

Plotting biotic zones is part of causal analy-
sis. Itis performed after the boundaries of biotic

regions have been revealed using the chorolog-
ical (areographic) approach. A biotic zone con-
sists of biotic regions combined into a zonal belt
(latitudinal, vertical or circum-continental) based
on the similarity ofzonal environmental charac-
teristics of these regions (Mironov, 1990, 1999).
The similarity of biota (fauna and flora) of
biotic regions is not important for combining
regions into one zone. For example, the sublit-
toral zone includes the low-latitude and the
high-latitude regions with drastically different
biota, although both zones are located in the
photic zone. Environmental data is excluded
whenrevealing boundaries of biotic zones, since
these boundaries are the same as in biotic re-
gions. Biotic zones demonstrate the latitudinal
extension of some biogeographic boundaries.

The two latitudinal biotic zones, the boreal
and the arctic, are recognized on the shelf of the
Arctic Ocean. The biotic boundaries in the Arc-
tic Ocean approximately correspond to summer
isotherms of surface waters. The boundary of
the North Polar Shelf Subregion correlates with
the summer surface temperature from 6 to 8°C,
according to the Atlas of the Arctic, map VIII.14
(Treshnikov, 1985) (also see AMAP, 1998).
The arctic biotic zone is defined as the group of
biotic regions (the American-Eurasian and the
Chukchi-American Provinces) with the summer
surface T<4°C. The boreal zone is defined as the
group of biotic regions (the Eastern Atlantic,
the Western Atlantic, the Eastern Pacific and
the Western Pacific Regions) with a summer
surface temperature about 8°C in its northern
areas. Most of the boreal zone is outside the
Arctic Ocean and includes only a small part of
the Arctic shallow waters — the Norwegian
shelf (Fig. 9).

The wide biotic boundaries between the
North Polar and the North Atlantic regions and
between the North Polar and the North Pacific
regions can be designated as the subarctic lati-
tudinal subzone. Biotic biogeography does not
provide any other possibility for the isolation of
the subarctic subzone. Dunbar (1953) defined
the subarctic zone as marine areas with the
upper water layers of mixed polar and non-polar
origin. The subarctic zone of Dunbar (1953, Fig.
1) coincides approximately with the wide crowd-
ing zone outlining the North Polar Region. Zim-
mer (1900, 1904), apparently, was the first to
separate the transitional Subarctic Region (zone)
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extending from the Lofoten Islands to the Eastern
Murman in the south Barents Sea. The width of
the subarctic zone, or subzone, varies depending
on the concept. The approach of Hunt and Drink-
water (2005) is an example of a broad under-
standing of the zone of “the Sub-Arctic Seas”. It
spans northward to Hudson Bay (inclusive) and
in the Pacific it completely covers the Bering
and Okhotsk Seas. According to Schmidt(1904),
the Subarctic Transition Region is a narrow
zone with southern position: in the Atlantic
Ocean south to Nova Scotia and in the Pacific
Ocean south to the Korean Peninsula.

In history of the Arctic Ocean biogeogra-
phy, numerous, varied schemes of zonal region-
alization have been produced, most with confu-
sion of the hierarchical and zonal characteristics
of delineated areas. The present paper does not
aim to critical review these schemes. We com-
pare only biotic zones with biomes based on the
biocenotic approach. The term “biome” was
introduced by Clements (1916). Biome desig-
nates a group of related communities (Clemens,
1916; Udvardy, 1969; Mirkin etal., 2002) or the
largest community unit (Odum, 1971; Long-
hurst, 1998). Biome was described and charac-
terized by climax, rather than by succession,
communities. Kendeigh (1961) defined “biome”
as a community distinguished by life forms of
important climax species. According to Odum
(1971), the life forms of the climatic climax
vegetation are uniform in a given biome. Major
terrestrial biomes (tundra, boreal forest, temper-
ate deciduous forest, temperate rain forest, sub-
tropical evergreen forest, temperate grasslands,
deserts and others) are extended latitudinally.

In publications on marine biota, “biome”
has been given different meanings, resulting in
confusion (Pieclou, 1979; Brown, Lomolimo,
1998; Longhurst, 1998; Petrov, 2009 etc.). Up
to now, there has been no agreement among
biogeographers about the definition and num-
ber of biomes in the World Ocean. Regions
recognized as biomes usually do not extend
latitudinally. For example, Pielou (1979) distin-
guished “proper marine” biomes (Coral reef,
Deep sea benthos, Pelagic plankton, Pelagic
nekton and Neuston) and littoral biomes (Rocky
shore, Sandy shore, Muddy shore and saltmarsh
and Shallow sea benthos). Pielow (1979) em-
phasized that “a world map showing ecological
biomes needs to be printed on a large scale and

in colour if it is to be legible, since biomes are
defined only by their ecological properties and
may occupy aspace made up of numerous small,
scattered fragments”.

With rare exceptions, there are no such
groups of communities on the ocean floor that
would form global latitudinal zones and could
be easily recognized by characteristic group of
related species. One exception is coral reefs.
Therefore, applying the concept of biome to
benthic marine biota requires a fundamental
change of the concept.

The marine pelagic biomes of Longhurst
(1998) are latitudinally extended, similar to
terrestrial biomes. The pelagic World Ocean in
this scheme is divided into 51 biogeographic
provinces combined into 12 biomes. Bound-
aries of many provinces and biomes are similar
toborders of biotic divisions suggested by Briggs
(1974, 1995). Boundaries of the Atlantic Polar
Biome approximately correspond to those of
the North Polar Shelf Subregion and the arctic
biotic zone on Fig. 9. Longhurst (1998) pointed
out that identification of ecological biomes and
provinces basically rests on observed, or in-
ferred, regional discontinuities in physical pro-
cesses, particularly those affecting the stability
ofthe upperkilometre of the ocean or the mixing
of deeper water into the photic zone. Regional
differences in other ecologically significant vari-
ables, such as light and illumination of the
nutricline, were also considered. Thus Long-
hurst basically used the landscape approach to
regionalization. However, the results of the bio-
geographic analysis by Longhurst rather sug-
gestthe biotic approach, and his biomes approx-
imately correspond to biotic latitudinal zones.

10. Arctic biotic complexes and
large ecosystems

The biogeocomplex concept suggests the
coincidence of biotic boundaries with drastic
changes of environmental physical-chemical
parameters and with boundaries of the land-
scape-biocenotic regions (see Section 3). The
boundaries of the Arctic biotic regions demon-
strate good correlation with environmental het-
erogeneity. For example, the Greenland—Ice-
land—Faeroe Ridge plays an obvious role in
separating water masses of different origin: the
warmer more saline Atlantic waters and the
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cooler Polar waters with lower salinity (Meincke,
1983; Hansen, @sterhus, 2000). The cold East
Greenland Current with two major branches, the
Jan Mayen Current and the East Icelandic Cur-
rent, dominates the western part of the Nordic
Seas. The East Icelandic Current flows along
the North Icelandic slope into the southwest
Norwegian Basin. There is the Arctic Front over
the northern slope of the Iceland-Faeroe Ridge,
also known as the Iceland-Faeroe Front, as it
mixes with the Atlantic Waters of the Faeroe
Current (Hansen, @sterhus, 2000; Blindheim,
Rey, 2004). The boundary of the North Polar
Region follows the Greenland-Iceland-Faeroe
Ridge. Brix and Svavarsson (2010) suggested
that the Greenland-Iceland-Faeroe Ridge per se
might act as secondary barrier, however the
authors mentioned that the ridge shapes the
temperatures of the area. Most species are re-
stricted to either cold or warm water masses.

Warm Atlantic currents disrupt the coinci-
dence of biotic and geomorphological bound-
aries in the eastern part of the Greenland-Ice-
land-Faeroe Ridge. The Atlantic waters pene-
trate the Arctic mainly through the Iceland-
Faeroe Trough, flowing northward along the
Norwegian slope as the warm Norwegian Cur-
rent (Klepikov et al., 1985; Mauritzen, 1996;
Mork, Blindheim, 2000; Ersdal, 2001; Jones,
2001). North of 70°N, the Norwegian Current
divides into the West-Spitsbergen and the Nor-
dcap Currents. The former tightly adheres to the
Spitsbergen slope and enters the Arctic Basin
through the Fram Strait. The Nordcap Current
skirts the Scandinavian Peninsula and enters the
Barents Sea. The boundary between the boreal
and arctic biotas closely follows the warm cur-
rents: it curves northward along the Norwegian
slope, stretching up to the western Barents Sea
and Spitsbergen.

Cold Arctic currents offset the biotic bound-
ary from the geomorphological barrier in the
western part of the Greenland-Iceland-Faeroe
Ridge. Cold Arctic waters flow southward along
the western and eastern slopes of Greenland and
along coasts of the North America. These waters
penetrate the Atlantic through the Denmark, Davis
and Hudson straits. A wide crowding zone of
species range boundaries also spreads southward
following the cold waters to Newfoundland.

The number of biogeographic regions on the
Arctic shelf increases from schemes based on

the biotic approach to those based on mixed
elements of biotic and biocenotic approaches,
and increases further in schemes based on bio-
cenotic, landscape and mixed biocenotic-land-
scape approaches. The strictly biotic approach
recognizes only three subdivisions on the Arctic
shelf (Fig. 9) and the single subdivision in the
Arctic deep sea. Summing up the maximum
numbers of subdivisions revealed in Arctic seas
using the landscape-biocenotic approach, the
Arctic Ocean appears to be divided into more
than 50 biogeographic regions. A group of small
landscape-biocenotic regions falls into one large
biotic province.

The biotic boundaries in the Arctic Ocean
are very wide — up to several hundred km,
whereas the landscape-biocenotic boundaries
are linear. Some landscape-biocenotic provinc-
es fall entirely into the crowding zones. It seems
likely that communities of wide crowding zones
have unique structure and succession. In other
words, a wide crowding zone can be marked by
unique structure and succession of communities
transitional between communities of adjacent
biotic provinces. For example, Anisimova
(2000b) divided the Barents Sea into nine bio-
cenotic regions, four of them transitional be-
tween the boreal and arctic faunas. The transi-
tional regions lie in the crowding zone or near it
(compare Figs 9 and 16). Denisenko (2008)
showed the substantial width of the biogeo-
graphic boundary in the Barents Sea using the
biocenotic approach. He studied the ratio of the
boreal and arctic species and the ratio of their
biomasses. In either case it followed that the
transition zone in the Barents Sea is wide and its
borders correspond to the position of fields with
temperature gradients of more than 2°C. The
crowding zones in the estuarine areas are well
marked by biocenotic brackish-water provinces.

However, successional processes in marine
benthic communities are not well studied and
methods of biocenotic regionalization are not
advanced enough to reveal in space a succession
system and estimate its’ correspondence to a
crowding zone or to a biotic complex. Methods
of distinguishing and outlining communities from
one succession system need to be improved.

The results of the biogeographic regional-
ization of the Arctic Ocean support the hypoth-
esis that a biotic complex is a large universal
structural-functional unit of a living realm. In
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theory any biotic boundary can be revealed by
different approaches to biogeographical region-
alization at the large scale: biotic, biocenotic
and landscape. On the other hand, most biogeo-
graphic boundaries revealed by biocenotic and
landscape approaches are not biotic boundaries.

11. Crowding effect of adaptations

Factors controlling the crowding zones are
different in different areas. Physical factors play
the leading role in the development of crowding
zones at the border between the sea and the land,
or between seawater and fresh water. Effective
physical barriers to dispersal seldom exist in
marine systems and the prevalence of planktonic
larvae in marine benthic taxa provides a potential
for gene flow across large geographic distances.
This raises the fundamental question in biotic
biogeography — can partial oceanographic bar-
riers alone account for the zones of crowding?

In the evolution of the crowding zones three
main stages have been suggested (Mironov,
2002, 2004). At the first stage (autecological),
the species range limits are set by partial or
“porous” (Rapoport, 1982) environmental bar-
riers to dispersal. It is mainly physiological
tolerance that allows some species to disperse
further than others. At this stage, the succession
system of communities at both sides of a weakly
expressed crowding zone is one and the same
(uniform). At the second stage (synecological)
interspecies interactions and adaptations lead to
evolutionary stable species range limits even
with no barriers to gene flow. Dispersal barriers
atthis stage synchronise range limits of interact-
ing species. Without interactions, species range
limits would be driven by non-biological (abiot-
ic) environmental factors. The correlation be-
tween species range limits and species interac-
tions is discussed in numerous publications
(Gaston, 2003; Parmesan et al., 2005; Holt,
Barfield, 2009; Price, Kirkpatrick, 2009, etc.).
With maturation of a crowding zone, the num-
ber of species range limits in the zone increases
and distances between them decrease.

At the third stage (ecosystem), a previously
uniform succession system (common at both
sides of a crowding zone) becomes differentiat-
ed into two systems. “Cenophilic” species co-
adapt to biotic conditions in one succession
(cenotic) system, and this prevents their immi-

gration to adjacent succession system in which
different adaptations are required. Thus, a ma-
ture succession system or biotic complex en-
forces advantages of adaptations to local envi-
ronment and decreases probability of dispersal
of cenophilic species beyond a crowding zone.
At this stage, barriers to dispersal synchronise
range limits of species from one succession
system (Fig. 22). Mironov (2002, 2004) sug-
gested calling the gradual convergence of range
limits as a result of co-adaptations of cenophilic
species the “crowding effect of adaptations”.
This implies that a crowding zone can be a much
more effective barrier to dispersal than a phys-
ical barrier in a given zone. The barrier effect of
a crowding zone gradually increases owing to
exclusively biotic changes and through the evo-
lution of a biotic complex.

Mironov and Dilman (2010) suggested that
the great width of crowding zones in the Arctic
indicates their young age. Co-adaptations and
succession systems in the Arctic biotic com-
plexes are insufficiently developed to form nar-
row and effective crowding zones. The young
age of crowding zones in the Arctic may result
from the young geological age of the Arctic
environment. The warm Tertiary period was fol-
lowed by the cooler Quaternary, with a set of
glacial episodes during the Pleistocene. The rel-
atively stable environment has established in the
Arctic only after the last glaciation, about 10 000
years ago. This period of time was apparently too
short for the formation of mature biotic complex-
es and efficient biotic dispersal barriers.
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1 — zone of rapid changes of environmental physical parameters, 2 — eastern and western borders of the species ranges
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