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Abstract

To assess the relationship of radiolarian production, species distribution in water and surface sediment to water-mass
characteristics, biological productivity and export regimes in the Sea of Okhotsk (SOk) we accomplished a quantitative
analysis of radiolarian assemblages obtained from 35 surface-sediment samples and 115 plankton samples recording the
radiolarian depth distribution in the upper 1000 m of the water column at 23 locations. This study augments the knowledge
on the autecological demands of radiolarians dwelling in a specific hydrographic and biological environment, and extracts
new information on the significance of radiolarians for the assessment of past oceanographic and climatic development in
high latitudes.

Highest radiolarian accumulation rates and seasonal radiolarian standing stocks are encountered in the western part of
the SOk close to Sakhalin, marking the environmental conditions in this area as most favorable for radiolarian production.
Maximum standing stocks occur during summer, indicating that the radiolarian signal preserved in the sediment record is
mainly produced during this season when the mesopelagic biomass is at highest activity.

We identified seven radiolarian species and groups related to specific water-mass characteristics, depth habitats, and
productivity regimes. Of those, Dictyophimus hirundo and Cycladophora davisiana are most prominent in the Sea of
Okhotsk Intermediate Water (200-1000m), the latter representing an indicator of the occurrence of cold and well
ventilated intermediate/deep water and enhanced export of organic matter from a highly productive ocean surface. While
Antarctissa (?) sp. 1 is typically related to the cold-water Sea of Okhotsk Dicothermal Layer (SODL), ranging between 50
and 150m water depth, the surface waters above the SODL affected by strong seasonal variability are inhabited
predominantly by taxa belonging to the Spongodiscidae, having a broad environmental tolerance. Taxa only found in the
sediment record show that the plankton study did not cover all assemblages occurring in the modern SOk. This accounts
for an assemblage restricted to the western Kurile Basin and apparently related to environmental conditions influenced by
North Pacific and Japan Sea waters. Other important taxa include species of the Plagoniidae group, representing the most
prominent contributors to the SOk plankton and surface sediments. These radiolarians show a more opportunistic
occurrence and are indicative of high nutrient supply in a hydrographic environment characterized by pronounced
stratification enhancing heterotrophic activity and phytodetritus export.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The Sea of Okhotsk (SOk) (Fig. 1) a marginal sea
of the North Pacific is suggested to present a
modern analog of the glacial high-latitude ocean. Its
unique environmental and hydrographic situation
leads to the development and sedimentation of
“glacial-type” radiolarian assemblages in plankton
and surface sediments, respectively (Morley and
Hays, 1983; Nimmergut and Abelmann, 2002; Hays
and Morley, 2003; Okazaki et al., 2003). The
productivity regime in the SOk is characterized by
a pronounced yearly plankton succession that
results in (1) high diatom production during spring
that extends also into summer, and (2) high
production of heterotrophic organisms during
summer and early fall (Lapshina, 1996; Mordasova,
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1997; Sorokin and Sorokin, 1999; Broerse et al.,
2000). This leads to high biogenic opal accumula-
tion, accounting for up to 40% and more of modern
SOk sediments, composed of diatoms and radiolar-
ians (Lisitzin, 1996; Biebow and Hiitten, 1999).
Radiolarians are widely distributed in the world
ocean and comprise surface and deep-living species
that are adapted to specific water masses and water-
mass structures (Abelmann and Gowing, 1997,
Kling and Boltovskoy, 1995; Nimmergut and
Abelmann, 2002; Itaki, 2003; Itaki et al., 2003).
Considering their habitats, radiolarians represent a
promising tool to explore the mesopelagic environ-
ment in the geological past. Processes taking place
in this environment play a significant role in the
sequestration of organic carbon, and thus for global
climate development. Such exploration requires
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Fig. 1. Locations of surface-sediment and plankton samples presented in this study. Plankton stations are indicated by dots and surface-
sediment samples by triangles. Stations where both plankton and surface sediments are taken are marked with an asterisk. Surface-water
circulation in the Sea of Okhotsk (SOk) is marked by gray arrows.
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detailed ecological information about the relation of
specific radiolarian key species to water-mass
properties, feeding behavior, and rivalry strategies.
The SOk, which is one of the most productive areas
of the world ocean, is dominated by mesopelagic
radiolarians (Nimmergut and Abelmann, 2002) and
thus presents an ideal site to understand the
ecological constraints that affect the distribution
pattern of specific radiolarian species. We combined
surface-sediment and plankton data gathered from
the SOk in order to define radiolarian key species
and their ecological requirements to reconstruct
water-mass structures and productivity regimes in
the geological past. In addition, we compare our
results with recently accomplished seasonal flux
studies of radiolarians from sediment traps located
in the northeastern and western part of the SOk
(Hays and Morley, 2003; Okazaki et al., 2003).
Previous studies of radiolarians in SOk surface
sediments are based on the relative abundance
pattern of one single radiolarian species (Cyclado-
phora davisiana) or on a qualitative description of
the radiolarian taxa (Ling, 1974; Kruglikova, 1975;
Morley and Hays, 1983). The present study shows
the first quantitative analysis of radiolarians in SOk
surface sediments and comprises the estimation of
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radiolarian accumulation rates (RARs) that will be
compared to the latitudinal pattern of the spring
and summer radiolarian standing stocks extracted
from recently accomplished plankton data (Nim-
mergut and Abelmann, 2002).

2. Hydrographic setting

The specific hydrographic conditions in the SOk
are strongly related to the seasonal variation of the
relatively stable atmospheric pressure cells and the
polar jet stream (Fig. 2). During winter, the move-
ment of polar air masses over the SOk causes
extensive formation of sea ice covering most of the
SOk (Alfultis and Martin, 1987; Talley and Nagata,
1995). The only ice-free region (except during very
strong winters) is the Kamchatka Current area in
the eastern SOk, which is influenced by the inflow of
“warmer”’ North Pacific water via the Oyashio
Current. During summer, warm and moisture-laden
southwesterly winds lead to sea-ice melt and to a
strong warming in the uppermost layer of the SOk
waters reaching more than 14 °C (Fig. 2). The warm
and thin surface layer (upper 50 m) is underlain by a

near-freezing temperature minimum (remnant of
winter water), which leads to the development of the

sea ice formation
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Fig. 2. Schematic presentation of the water-mass structure in the upper 1000m and sea-ice distribution in the SOk. Indicated are

temperature (black line) and salinity (gray line). SW, surface water; SODL, Sea of Okhotsk Dicothermal Layer; SOIW, Sea of Okhotsk
Intermediate Water.
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Sea of Okhotsk Dicothermal Layer (SODL), result-
ing in a pronounced stratification of the upper
200m during summer (Kitani, 1973; Yang and
Honjo, 1996; Freeland et al., 1998). The relatively
stable Sea of Okhotsk Intermediate Water (SOIW)
occurs below the SODL (Fig. 2). The SOIW is
suggested to be formed by isopycnal mixing of dense
shelf-derived water with inflowing North Pacific
water in the interior of the sea (Kitani, 1973;
Freeland et al., 1998; Wong et al., 1998). The shelf-
derived water is formed during sea-ice formation by
cooling and brine rejection (Kitani, 1973; Wong et
al., 1998). The SOIW has colder temperature, lower
salinity, and higher oxygen content compared with
water of the same density in the North Pacific and is
strongly related to sea-ice formation (Kitani, 1973;
Wong et al., 1998). Wong et al. (1998) distinguished
between an upper SOIW above a potential density
of 27.0 (which is found approximately between 200
and 500m depth) and a lower SOIW below
(between 500 and 1000 m) (Fig. 2). Recently, tritium
and & 'O data verify this subdivision due to the
existence of a ventilated SOIW above 500 m depth
in the northwestern part of the SOk (Winkler, 2000).
In the following, we refer to the subdivision of
Wong et al. (1998).

The SOk is affected by significant freshwater
input through the Amur River, which accounts for
about 37% of the freshwater supply into the SOk
(Talley and Nagata, 1995). The Amur discharge,
which follows the cyclonic gyre, flowing southward
via the Sakhalin Current (Sapozhnikov et al., 1999),
leads to a freshening of the upper sea surface
especially in the northern and western part of the
SOk during summer (Rogachev, 2000). Saline and
relatively warm surface waters from the Japan Sea
enter the SOk via the Soya Current over the shallow
sill between Sakhalin and Hokkaido, and increase
the salinity in surface waters of the southwestern
SOk by mixing with the cold and low-salinity East
Sakhalin Current (Yasuoka, 1967; Takizawa, 1982).

3. Material and methods

Surface-sediment and plankton samples from the
SOk are collected during five cruises with different
Russian research vessels (Niirnberg et al., 1997;
Biebow and Hiitten, 1999; Biebow et al., 2000, 2003)
(Fig. 1, Table 1, Nimmergut and Abelmann, 2002).
A total of 28 surface-sediment samples were taken
with multiple corer (MUC) (Barnett et al., 1984) or
mini-corer (MIC) (Kuhn and Dunker, 1994) devices

(Fig. 1). The studied surface-sediment samples
generally comprise the topmost 0.5cm of the
sediment, carefully removed from one or two
MUC or MIC tubes (diameter: 6cm). Altogether
115 plankton samples were collected at 23 locations
with a multiple opening/closing sampling net device
from five depth intervals over the upper 1000 m of
the water column during spring (May 22-June 11,
1999) and summer (August 8—September 12, 1998)
in combination with a CTD survey (Nimmergut and
Abelmann, 2002).

For light microscopic investigations a quantita-
tive sample preparation was made following AWI
standard procedures (Abelmann, 1988; Abelmann
et al., 1999). The plankton samples were oxidized
with a saturated solution of potassium permanga-
nate and afterward processed with HCI and H,O»;
the surface sediments were processed with H,O, and
HCIl. All samples were rinsed over 41um. The
microscopic slides with randomly distributed radi-
olarian skeletons (Abelmann et al., 1999) were
mounted in Canada balsam. Light microscopic
investigation was accomplished with a Leitz Ortho-
plan microscope with apochromatic objectives at a
magnification of 160 x, 250 x, and 400 x . Gen-
erally, more than 400 specimens were counted per
sample except for the uppermost surface-water
samples, where the radiolarian numbers are scarce.

A Q-mode factor analysis was performed on the
surface and plankton data sets, respectively, by
using a software package from Sieger et al. (1999).
We used the complete data sets (radiolarian
percentages) of both plankton and surface sedi-
ments, which comprises 50 polycystine radiolarian
species in the plankton and 54 species in the surface-
sediment data (Tables 2 and 3). The Q-mode factor
analysis provides an objective quantitative means to
simplify the complex radiolarian data set into a
specific number of varimax factors and to select the
most dominant species.

RARs are estimated according to

RAR(Ind.m™'yr~!) = RC x DBD x LSR x 10,

where RC is the radiolarian concentration
(skeletons g~"), DBD is dry bulk density (gcm™>),
and LSR is the Ilinear sedimentation rate
(cm 1000 yr— ). Linear sedimentation rates are based
on age models assuming a constant sedimentation
rate over the last 6kyr™'. The age assignment is
based on a combination of oxygen isotopic, tephro-
and biostratigraphic records (Kaiser, 2001).
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Table 1

Geographic location (latitude, longitude, water depth) of the investigated surface sediment samples, sampling device (MUC, multi-corer;

MIC, mini-corer), and linear sedimentation rates (LSR)

Stations Latitude (°N) Longitude (°E) Water depth (m) Gear LSR (cmka™")
Akademik Lavrentiev (1996) LV27

LV27-1 54°34.56 144°28.36 1148 MUC 51
LV27-2 54°30.11" 144°45.33 1273 MUC 53
LV27-3 54°24.83' 145°08.41" 1476 MUC 22
LV27-4 55°03.43 145°44.08' 860 MUC 9
LV27-5 54°49.56 149°32.22 462 MUC 10
LV27-6 54°09.81" 149°30.09 878 MUC 3
LV27-7 53°14.28' 149°34.37 1150 MUC 4
LV27-8 51°29.82' 150°30.73' 1147 MUC 20
LV27-11 49°51.06' 150°19.07 1151 MUC 16
LV27-12 48°42.50/ 148°14.38’ 1296 MUC 9
Akademik Lavrentiev (1998) LV28

LV28-2 48°21.737 146°02.071" 1286 MUC 26
LV28-4 51°08.897’ 145°18.91" 675 MUC 140
LV28-34 53°51.914 146°44.961" 1405 MUC 7
LV28-40 51°20.087 147°13.090 1313 MUC 21
LV28-41 51°41.478 149°04.427 1068 MUC 12
LV28-42 51°43.089’ 150°59.716 1036 MUC 12
LV28-43 51°54.461' 152°16.600 842 MUC 37
LV28-44 52°01.152 153°05.872 694 MUC 25
LV28-61 48°10.318’ 146°11.280 1714 MUC —
LV28-64 47°54.203' 146°07.110 2480 MUC 50
Marshal Gelovany (1999) GE99

Ge99-1 45°34.893 144°20.395' 790 MIC —
Ge99-2 46°41.692' 144°47.519 3050 MIC —
Ge99-4 48°01.499 143°35.170 75 MIC —
Ge99-5 47°24.747 145°23.048’ 515 MIC —
Ge99-6 47°21.18% 148°22.627 3350 MIC —
Ge99-10 48°18.309 146°08.148’ 1390 MUC 11
Ge99-12 52°50.787 144°47.626 930 MUC 122
Ge99-38 49°20.491 150°29.809 1100 MIC 2

The geographic locations of the plankton samples are given in Nimmergut and Abelmann (2002).

4. Results and discussion
4.1. Radiolarian accumulation in surface sediments

The quantitative analyses of the surface-sediment
record indicate that maximum radiolarian accumu-
lation (of up to 1.9 x 10°skeletonsm~2yr~") occurs
in the western part of the SOk close to the Sakhalin
shelf, which implicates that the input of nutrients
via the Amur River is a prominent factor control-
ling the productivity in SOk (Fig. 3). This finding is
supported by the pattern of biogenic opal accumu-
lation rates in the SOk surface sediments (Niirnberg
et al., 2001) and by biological studies, which report
highest productivity close to the shelf slopes off
Sakhalin and Kamchatka (Arzhanova and Naleto-
va, 1999; Sorokin and Sorokin, 1999). Radiolarians

in the SOk mainly occur in deeper water layers, and
highest standing stocks of radiolarians are found in
mesopelagic depths during summer, a time with
strongest sea-surface stratification (Nimmergut and
Abelmann, 2002). Despite the pronounced sea-
surface stratification that generally results in nu-
trient exhaustions, the productivity on the shelves
and at the shelf slopes off Sakhalin and Kamchatka
remains enhanced also during summer, pointing to
relatively high nutrient supply to the sea surface
(Arzhanova and Naletova, 1999; Sorokin and
Sorokin, 1999). Nutrients are advected by local
upwelling along the shelf slopes of Kamchatka and
Sakhalin caused by internal mixing of mesoscale
rings and by the interaction of currents with the
complex topography of the shelf slopes (Bulatov
et al., 1999; Sorokin and Sorokin, 1999). Another
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Table 2
Varimax factor score matrix (species vs. factor scores) of the plankton data set
Species Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6
Actinomma spp. —0.004 0.001 —0.019 0.002 0.114 0.002
Antarctissa (?) sp. 1 —0.193 —0.323 0.168 0.361 0.025
Antarctissa (?) sp. 2 0.009 0.005 0.037 0.036 —0.011 —0.024
Artobotrys borealis 0.004 0.001 0.002 0.001 0.002 0.000
Artostrobus jorgensenii —0.001 0.000 0.000 0.000 0.007 0.006
Botryocampe inflata 0.063 —0.005 0.062 —0.005 0.001 0.017
Botryocampe robusta 0.016 0.001 —0.007 0.007 0.006 0.002
Botryocyrtis scutum 0.012 —0.003 0.038 —0.013 —0.019 —0.013
Centrocubus cladostylus 0.000 0.002 —0.005 0.000 0.027 0.000
Centrocubus cladostylus (?) (juvenile) —0.005 0.001 —0.005 0.000 0.039 —0.001
Ceratocyrtis galea 0.021 —0.010 0.006 0.035 0.013 0.009
Ceratospyris borealis 0.235 —0.908 0.030 —0.021 0.017 0.084
Cladococcus viminalis 0.006 0.012 —0.007 0.004 0.043 0.009
Cycladophora davisiana 0.913 0.126 0.073 —0.126 0.055 —0.090
Dictyophimus hirundo —0.070 —0.004 —0.167 —0.003 0.892 —0.027
Dictyophimus platycephalus —0.001 0.000 0.001 0.000 0.003 0.002
Dictyophimus spp. (juvenile) 0.015 0.002 0.008 0.027 0.004 —-0.010
Eucyrtidium acuminatum 0.016 0.003 —0.009 —0.002 0.021 —0.005
Litharachnium tenthorium 0.019 0.001 —0.007 —0.001 0.017 —0.001
Litheliidae (juvenile) —0.008 —0.001 0.010 0.023 0.008 0.018
Lithomelissa setosa 0.007 0.001 0.008 0.002 0.006 0.007
Lithomelissa/ Trisulcus sp. 1 (juvenile) —0.010 —0.006 0.015 0.049 0.001 —0.046
Lophophaena spp. 0.004 0.000 0.002 —0.003 0.015 —0.004
Lophospyris sp. 1 0.020 0.027 —0.041 0.016 0.197 0.013
Nassellaria sp. 1 (juvenile) —0.003 —0.001 0.016 —0.003 —0.003 0.009
Nassellaria spp. 0.080 0.003 —0.034 0.030 0.142 0.063
Peridium longispinum —0.004 0.009 0.029 0.008 0.032 0.006
Peridium sp. 1 0.020 0.024 —0.048 0.019 0.247 —0.001
Phormacantha hystrix —0.008 —0.012 0.037 0.089 —0.012 —0.047
Phormostichoartus platycephala 0.003 —0.001 —0.003 0.001 0.005 0.006
Plagoniidae —0.017 0.087 0.939 0.051 0.182 0.054
Pseudodictyophimus gracilipes 0.006 0.007 —0.011 0.000 0.123 0.005
Pylosira sp. aff. Pylosira octopyle 0.008 0.000 —0.008 0.013 0.022 —0.001
Rhizoplegma boreale 0.208 0.128 —0.111 0.913 —0.026 0.163
Sethoconus tabulatus 0.009 0.001 0.005 —0.001 0.001 0.000
Siphocampe lineata 0.009 0.005 —0.005 0.003 0.024 0.003
Spongodiscidae —0.102 —0.048 0.143 0.018 0.004 0.680
Spongopyle osculosa 0.010 0.003 —0.012 0.004 0.029 0.015
Spongotrochus glacialis —-0.029 —0.143 —0.063 0.033 0.032 0.369
Spongotrochus spp. —0.001 —0.086 —0.054 0.026 0.017 0.267
Spongurus pylomaticus 0.011 0.004 —-0.014 0.001 0.046 0.001
Spumellaria spp. 0.020 —0.001 —0.010 0.008 0.044 0.031
Stylatractus (?) pyriformis 0.000 0.002 —0.003 0.001 0.018 0.002
Stylochlamidium venustum —0.001 —0.006 0.016 —0.003 0.010 0.013
Stylodictya aculeata 0.003 0.001 0.000 0.000 0.001 0.001
Stylodictya validispina —0.001 0.000 0.000 0.000 0.001 0.001
Tholospira spp. —0.007 —0.003 0.016 0.009 0.000 —0.005
Tholospyris gephyristes 0.006 0.006 —-0.010 0.002 0.049 —0.001
Trisulcus borealis 0.019 0.006 0.019 0.001 —0.008 0.007
Trisulcus spp. 0.001 0.011 0.024 0.004 —0.003 0.022

The most dominant species for each factor are highlighted in bold.

nutrient supply mechanism is the remineralization
of organic matter related to the activity of the
extremely abundant micro- and mesozooplankton

(Agatova et al., 1996). In contrast to the shallow
and broad Kamchatka
shelf is relatively narrow and steep, allowing the

shelf, the Sakhalin
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Table 3
Varimax factor score matrix (species vs. factor scores) of the
surface sediment data set

Species Factor A Factor B Factor C
Actinomma spp. —0.027 0.011 0.049
Antarctissa (?) sp. 1 0.048 0.107 0.021
Antarctissa (7) sp. 2 0.157 —0.013 —0.015
Artobotrys borealis 0.032 —0.002 0.007
Artostrobus jorgensenii —0.005 —0.009 0.047
Botryocampe inflata 0.139 0.146 —0.021
Botryocampe robusta —0.009 0.013 0.013
Botryocyrtis scutum 0.005 —0.005 0.006
Centrocubus cladostylus —0.001 —0.004 0.021
Ceratocyrtis galea 0.003 0.024  —0.009
Ceratospyris borealis —0.018 0.451 —0.079
Cornutella bimarginata —0.005 —0.005 0.022
Cycladophora cornuta —0.020 0.002 0.046
Cycladophora davisiana 0.045 0.825 0.137
Cyrtopera laguncula —0.007 0.002 0.021
Dictyophimus bicornis 0.003 0.011 —0.005
Dictyophimus gracilipes —0.033 0.099 0.114
Dictyophimus hirundo —0.015 0.060 0.066
Dictyophimus platycephalus —0.010 0.000 0.046
Dictyophimus spp. (juvenile) 0.018 0.012 0.020
Eucyrtidium acuminatum —0.003 0.007 0.001
Litharachnium tenthorium —0.006 0.009 0.002
Litheliidae —0.027 0.047 0.095
Lithelius spiralis —0.005 0.002 0.012
Lithomelissa setosa —0.150 —0.097 0.860
Lophophaena spp. 0.002 0.010 0.004
Lophospyris sp. 1 —0.005 0.051 0.070
Nassellaria spp. 0.072 0.082 0.033
Peridium longispinum 0.001 —0.005 0.034
Peridium sp. 1 —0.004 0.040 0.034
Phormacantha hystrix —0.013 0.021 0.046
Phormostichoartus platycephala 0.012 0.033 0.006
Plagoniidae 0.933 —0.084 0.203
Pseudocubus obeliscus 0.007 —0.004  —0.002
Pylosira sp. aff. Pylosira octopyle —0.016 0.071 0.025
Radiolaria spp. 0.056 0.029 —-0.019
Rhizoplegma boreale 0.097 0.085 —0.049
Rhizoplegma boreale (juvenile) 0.044 0.052 —0.033
Sethoconus tabulatus sp. 2 0.002 0.001 0.020
Sethoconus tabulatus sp. 1 0.040 0.082 0.001
Sethophormis rotula —0.005 0.009 0.000
Siphocampe arachnea —0.034 —0.050 0.250
Siphocampe lineata 0.131 —0.005  —0.065
Spongotrochus glacialis —0.004 0.045 —0.019
Spongotrochus glacialis (juvenile) 0.005 0.001 0.004
Spongotrochus spp. 0.005 0.004 —0.004
Stylatractus (?) pyriformis —0.105 0.050 0.241
Stylochlamidium venustum 0.040 0.046 —0.043
Stylochlamidium venustum (juvenile) —0.012 0.027 0.025
Spumellaria spp. 0.015 0.059 0.009
Tholospria sp. —0.006 —0.009 0.032
Tholospyris gephyristes —0.023 0.025 0.071
Trisulcus borealis 0.010 0.025 —0.015
Trisulcus spp. —0.017 0.005 0.075

The most dominant species for each factor are highlighted in
bold.

mesopelagic radiolarian community to benefit from
the high primary productivity of this area. The
correlation of the latitudinal distribution of RARs
in surface sediments and radiolarian standing stock
values averaged over the upper 1000m shows a
strong accordance between the summer radiolarian
standing stock and the RAR in surface sediments
and indicates that the signal preserved in the
sediment record is produced during summer or fall
(Fig. 3).

Our finding is supported by sediment trap studies,
which show that the main radiolarian export in the
SOk occurs during August and November (Hays
and Morley, 2003; Okazaki et al., 2003) whereas the
main diatom export occurs during spring (Broerse et
al., 2000). As discussed in Nimmergut and Abel-
mann (2002), the anti-correlation between diatom
and radiolarian export might be caused by the
specific radiolarian assemblage in the SOk mainly
composed of rather small deep-living nassellarians,
which seems to have different food requirements
than radiolarian assemblages in other ocean areas,
as the Southern Ocean, the Nordic Seas, and the
North Pacific where the export production of
radiolarians and diatoms is more or less coupled
(Abelmann and Gersonde, 1991; Samtleben et al.,
1995; Takahashi, 1997; Tsoi et al., 1998). Small
deep-living protozoans such as deep-living nassel-
larians in the SOk feed mainly on detritus or/and
bacteria, transported with the sinking organic
matter from the sea surface to deeper water
(Anderson, 1983; Anderson et al.,, 1989). The
interplay of high productivity during spring and
summer and the specific hydrographic structure in
the SOk favors the activity of microheterotrophs
(e.g., bacteria and protozoa) that causes the high
degradation of organic matter reported from sub-
surface to intermediate depths in the SOk (Sorokin,
1978; Azam et al.,, 1983; Sorokin and Sorokin,
1999).

4.2. Definition of radiolarian key species

We identified the most dominant polycystine
radiolarian species in the plankton and in surface
sediments by running a Q-mode factor analysis on
both the plankton and the sediment data sets. Results
of the factor analyses are presented in Tables 2 and 3
(varimax factor score matrix). The varimax factor
matrix of the plankton and surface-sediment data sets
are electronically available at: http://doi.pangaea.de/
10.1594/PANGAEA.256487 and http://doi.pangaca.
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Fig. 3. Comparison of radiolarian standing stock data (Ind.m™%) in the SOk (A) during summer and (B) during spring, with

(C) radiolarian accumulation rates (RAR, Ind. m >

be estimated due to lacking age assignment.

de/10.1594/PANGAEA.256489. The Q-mode factor
analysis of the radiolarian plankton data set results
in the definition of six varimax factors or assem-
blages, which explain 94% of the total information
of the species included. Each factor is dominated by
one or two species, which can be defined as the main
players or key species and exhibits a specific depth
range and seasonal related dominance. These are
species grouped into the Plagoniidae and Spongo-

yr~ 1) in surface sediments. Stations are marked with an asterisk where RAR could not

discidae, and species such as C. davisiana, Ceratos-
pyris borealis, Rhizoplegma borealis, Antarctissa (?)
sp. 1 and Dictyophimus hirundo. The application of
the factor analysis on the surface-sediment data set
resulted in the definition of three factors, explaining
94% of the data. Two factors are governed by the
Plagoniidae group (Factor A), and C. davisiana and
C. borealis (Factor B). Factor B combines two
species, which inhabit different depth intervals in
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the water column and are related to different
ecological conditions. The third assemblage (Factor
C) is dominated by Lithomelissa setosa, Siphocampe
arachnea, and Stylatractus (?) pyriformis, taxa that
are not recorded in the plankton data. This
mismatch between plankton and sediment data
might result from the sequence of time represented
in the two data sets. The plankton data present a
snap-shot-like signal and reflect the species or
factor relation to specific physical and biological
conditions at the time of sampling. The surface-
sediment data represent an integrated signal,
which includes seasonal and also inter-annual
changes in the hydrographic and biological system,
forced by short-scale climate variations. The ecolo-
gical significance of the eight key species and
assemblages and their relation to the SOk hydro-
graphy and productivity regime are presented and
discussed in the following, based on their abun-
dance distribution in the water column and surface
sediments.

4.3. Modern SOk productivity assemblage

The most prominent taxon in the SOk plankton
and surface sediments is the Plagoniidae group
(Figs. 4, 5 and 6.3-6.4; Tables 2-5). The Plagoniidae
are mainly composed of the taxon Plectacantha
oikiskos Jorgensen. Because of the high morpholo-
gical variability of this group and the lack of
significant criteria for separating all specimens from
the genera Plagiacantha, Phormacantha, Plecta-
cantha, and Arachnocorys, we grouped them under
the family name Plagoniidae. The high abundances
of Plagoniidae, documented in this study, have not
been reported from sediment trap investigations
recently accomplished in the SOk (Hays and
Morley, 2003; Okazaki et al., 2003). This discre-
pancy results from the use of different mesh sieve
sizes utilized for the concentration of radiolarians
for microscopic investigations. For the sediment
trap investigations a mesh size of 6 um has been
applied, whereas in this study sediment and
plankton samples were sieved over 41 pum. The
modern SOk radiolarian fauna mainly consists of
small nassellarians including a high portion of
juveniles (Nimmergut and Abelmann, 2002). For
this reason, sole consideration of radiolarians
obtained from the fraction > 63 um strongly biases
total radiolarian numbers and the relative contribu-
tion of radiolarian species and species groups,
especially in the SOk.

The highest relative abundances of the Plagonii-
dae group occur in the vicinity of the shelf areas off
Kamchatka and Sakhalin, where the biological
productivity is high, as indicated in the increased
chlorophyll concentrations (Fig. 5). The Plagonii-
dae, accumulated in a band across the central part
of the SOk, might be transported with the cyclonic
circulation from the Sakhalin shelf into the central
part of the basin. Maximum accumulation and
relative numbers of this species group occur along
Sakhalin in the upper 1000 m, and might be strongly
affected by a combination of several environmental
factors: steep shelf, high nutrient supply via the
Amur River, and mixing processes at the shelf slope
(Bulatov et al., 1999; Sapozhnikov et al., 1999;
Sorokin and Sorokin, 1999). This is in accordance
with other studies, which described the Plagoniidae
to be dominant in high-latitude neritic environ-
ments, such as the Antarctic shelf areas and the
coastal waters off Norway and Vancouver, char-
acterized by high biological productivity, and also
by a specific morphology such as fjords and steep
shelf slopes (Jorgensen, 1905; Wailes, 1937; Abel-
mann, 1992a, b; Nishimura et al., 1997). In the SOk
plankton, Plagoniidae are most dominant during
summer, ranging over a water depth of 0 and
1000 m, while they exhibit only very low abundances
during spring (Fig. 4, Nimmergut and Abelmann,
2002). This is in agreement with radiolarian flux
data recorded from sediment traps of the SOk where
species belonging to the Plagoniidae group such as
Arachnocorys dubius and Phormacanta spp. show
maximum fluxes between August and October
(Hays and Morley, 2003; Okazaki et al., 2003).
These data indicate that the Plagoniidae are not
strongly related to specific water-mass properties
and that food supply is the main factor controlling
the distribution pattern of the species group in the
SOk. We assume that they primarily feed on
phytodetritus released from the highly productive
surface of the shelf slopes or/and on bacteria
attached to the organic matter, due to the enhanced
heterotrophic activity during summer (Sorokin and
Sorokin, 1999). For this reason, we conclude that
the Plagoniidae are indicative for the modern high
productivity system in the SOk, characterized
mainly by the interaction of two factors: (1) high
nutrient supply, which promotes phytoplankton
production during summer and (2) a strongly
stratified water column that favors high hetero-
trophic activity and enhances the phytodetritus
export during this time interval.
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Fig. 4. Relative abundance patterns (%) of the most dominant radiolarian taxa in the water column during spring and summer, in relation
to water depth and SOk water masses. Indicated are sample numbers (No.). The depth interval of each sample in relation to sample
number is given in Tables 4 and 5. CSW, cold surface water; WSC, warm surface water; SODL, Sea of Okhotsk Dicothermal Layer;
SOIW, Sea of Okhotsk Intermediate Water.
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Fig. 6. Radiolarians from surface sediments of the Sea of Okhotsk. Scale bars are indicated on Plate II. Scale bar A is for photographs
1-14, 18, 20-22, and 25-26; scale bar B is for photographs 15-17, 19, and 24; and scale bar C is for photograph 23 and 6.1.-6.2. Antarctissa
(?) sp. 1 (LV28-34-1), 6.3.-6.4. Plagoniidae group (LV28-34-1), 6.5.-6.8. Lithomelissa setosa (LV28-34-1), 6.9.-6.10. Pseudodictyophimus
gracilipes (LV28-34-1), 6.11.-6.12. Siphocampe arachnea (LV28-2-2), 6.13. Cycladophora davisiana (LV28-2-2), 6.14. Cycladophora

davisiana (LV28-2-2), 6.15.-6.16. Dictyophimus hirundo (LV28-2-2).

4.4. Surface-water assemblage

The SOk surface waters are affected by strong
seasonal hydrographic variations ranging from sea-
ice coverage in winter to warming of the sea surface
to more than 14 °C during summer. Salinity values
are rather low in the northwestern part due to the
Amur discharge, and higher in the southeastern and
southwestern areas due to the influence of the
Kamchatka and Soya Currents, respectively. These
strong seasonal and latitudinal changes result in low
radiolarian abundances in the surface layer and
affect the faunal composition (Nimmergut and
Abelmann, 2002). The only radiolarians that
dominate the surface waters belong to the Spongo-

discidae group. This species group occurs in the
upper 50 m during summer, whereas during spring,
when the sea-surface stratification is not yet
developed, it dwells at depth up to 150-200 m below
surface (Fig. 4). The Spongodiscidae group mainly
comprises juvenile and adult forms of Spongotro-
chus glacialis and  Stylochlamydium venustum
(Figs. 7.23-7.26). However, we assume that most
of these juveniles belong to S. venustum, because
mainly adults and also juvenile specimens of this
species are recorded in surface sediments, whereas
S. glacialis occurs in rare numbers. Both species are
reported to live in surface-water environments with
broad temperature and salinity ranges and to be
prominent members of the radiolarian assemblages
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Percentages of the dominant species in the spring plankton data set (UT stations)

No. Station, depth (m) Plagoniidae  Spongodiscidae  C. borealis  Antarctissa sp. 1~ R. boreale  C. davisiana  D. hirundo
1 UT99-21, 0-50 10.9 7.8 12.5 0 6.3 18.8 0
2 UT99-15, 0-50 1.9 57.4 11.1 0 5.6 13 0
3 UT99-5, 0-50 22.7 7.6 1.5 0 28.8 15.2 0
4 UT99-15, 50-150 1.7 41.7 29.8 1.3 5.6 7 0
5 UT99-20, 50-150 0 27.7 59.6 0 0 8.5 0
6 UT99-21, 50-150 5.7 25.6 25.9 1.9 16.1 5.4 0
7 UT99-5, 50-150 8.5 26.8 36.6 1.4 5.6 7 0
8 UT99-4, 50-150 16.2 34.9 26.8 1.5 2.2 4 0.4
9 UT99-24, 50-150 1.6 19.7 47.5 4.9 4.9 1.6 1.6

10 UT99-16, 0-200 44 22.8 17.6 2.9 20.6 44 0

11 UT99-22, 0-150 22 40 24.4 4.4 17.8 4.4 0

12 UT99-23, 50-220 4.1 26.4 244 9.3 20.7 2.1 0

13 UT99-13, 50-125 3.6 7.2 21.6 0.9 55.9 0 0

14 UT99-20, 150-200 1.9 2.4 24.3 1.7 50.1 6.3 0.2

15 UT99-15, 150-200 5.8 10.8 21.5 0.3 26.5 10.5 0.3

16 UT99-13, 125-200 6.7 6.7 10.4 0.6 55.1 7.3 0

17 UT99-5, 150-200 10.7 4 18.1 1.9 40 5.9 0.4

18 UT99-4, 150-200 17.6 21.8 19.4 3.9 19.7 4.8 0

19 UT99-19, 150-200 5.6 2.4 424 0 4 24.8 0

20 UT99-24, 150-200 10.1 6.5 22.3 2.2 11.5 252 2.2

21 UT99-21, 150-300 8.3 1.7 22.7 0 9 40.7 0

22 UT99-22, 150-300 1.4 4.1 22.1 1.1 22.1 27 0

23 UT99-16, 200-300 7 6.7 21.4 0.3 16.6 30.5 0

24 UT99-5, 200-300 6.6 3.8 19.5 0 21.9 34.3 0

25 UT99-13, 200400 13.7 5.4 12.6 0.9 27.7 30.2 0.9

26 UT99-19, 200-500 2.9 2.9 16.9 0.7 5.1 39 4.4

27 UT99-20, 200-500 4.6 1.9 20.2 0.5 4.6 422 35

28 UT99-15, 200-500 4.8 8.4 15.1 0 19.2 333 1.1

29 UT99-4, 200-500 3.1 6.3 23.3 1 20.1 34 3.1

30 UT99-24, 200-500 12.7 1.9 134 0 4.5 47.1 3.2

31 UT99-23, 220-500 14.5 3.8 10.6 2.1 20.4 30.6 0.9

32 UT99-16, 300-400 4.2 6.9 144 0.5 12 46.3 0

33 UT99-22, 300-500 1.9 5.4 14.6 0.3 8.3 49 3.8

34 UT99-21, 300-600 3.1 2.6 18.9 0 7.5 43 7

35 UT99-5, 300-600 159 1.9 14.8 0 16.4 35.8 1.3

36 UT99-13, 400-470 21.2 6.9 8.8 0 134 16.6 1.8

37 UT99-16, 400-700 7.2 2.8 9.7 0 7.8 28.9 6.4

38 UT99-22, 500-700 8.1 3.1 6.5 1.1 5.2 21.8 11.2

39 UT99-20, 500-800 7.3 2.4 6.2 0.8 11.8 19.1 14.8

40 UT99-19, 500-1000 11.3 49 49 1.9 7.1 14.6 12.9

41 UT99-15, 500-1000 5.1 4 5.4 1.1 9.3 20.7 7.1

42 UT99-4, 500-1000 8.8 2.3 3.7 0.5 7.6 17.4 10.6

43 UT99-24, 500-1000  21.5 1.2 2.6 0 2.4 10.6 20.6

44 UT99-23, 500-1000 8.4 4.5 4.7 0.3 4.2 17.6 22.1

45 UT99-21, 600-1000 4.7 22 6.7 0.3 7.8 22.5 33

46 UT99-16, 700-1000 8.1 39 9.7 1.3 4.5 15.9 3.6

47 UT99-22, 700-900 10.9 3 3.6 1.2 3.6 18.2 9.1

48 UT99-23, 1000-1300 8.6 3.7 3.7 0.7 5.1 10.8 3.4

in the Southern Ocean, North Pacific, and Bering
Sea (Petrushevskaya, 1968; Morley and Stepien,
1985; Abelmann and Gowing, 1997, Abelmann
et al., 1999; Itaki et al., 2003). Besides the
Spongodiscidae, we also found other species such

as C. borealis, and the Plagoniidae group to occur
occasionally in the surface-water layer (Fig. 4).
However, as the radiolarian abundances in the
surface waters are very low, not enough specimens
in each sample were available to reach a statistically
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Table 5
Percentages of the dominant species in the summer plankton data set (LV stations)

No. Station, depth (m) Plagoniidae  Spongodiscidae  C. borealis  Antarctissa sp. 1~ R. boreale  C. davisiana  D. hirundo

1 LV28-14, 0-50 19.6 46.8 15.3 1.7 0.9 3.4 0
2 LV28-29, 0-50 17.8 11.4 233 17.4 4.1 5 0
3 LV28-7, 0-50 33 17.7 12.4 0 3.5 8.5 0.4
4 LV28-4, 0-50 28 10.3 5.7 11.4 1.1 7.4 0
5 LV28-40, 0-50 26.2 6.6 21.6 7.1 1.9 16.9 0.5
6 LV28-41, 0-50 19.1 40.4 10.6 43 12.8 0 0
7 LV28-42, 0-50 30.1 14.1 17.5 5.3 5.3 6.8 0
8 LV28-43, 0-50 48.2 16.4 8.2 5.5 0.9 0 0
9 LV28-44, 0-50 393 22.6 4.2 7.7 7.1 0.6 0
10 LV28-55, 0-50 12.8 389 2.8 15.6 5 0 0
11 LV28-3, 0-50 40.3 5 10.4 2.7 1.8 15.8 4.1
12 LV28-64, 0-50 14.2 55.5 12.3 4.5 1.9 6.5 0
13 LV28-66, 0-50 27.9 18.5 6 9.4 5.7 5.4 1.3
14 LV28-14, 50-100 8.2 349 329 8.2 2.1 1.4 0
15 LV28-29, 50-130 5.7 6.5 49.3 30.4 0.5 1.9 0.2
16 LV28-7, 50-130 11.3 9.4 43.4 20.8 1.9 5.7 0
17 LV28-4, 50-130 13.2 8.6 433 16.5 1.1 2.2 0
18 LV28-40, 50-130 22.3 32 26.9 38 0.5 1.6 0.4
19 LV28-41, 50-130 17.6 7.2 21.6 33.8 4.7 0.7 0
20 LV28-42, 50-130 22.7 4 13 24.7 10.6 0.4 0
21 LV28-43, 50-130 17.3 7.2 15.9 20.9 7.4 0.8 0
22 LV28-44, 50-130 20.6 4.2 4.5 23.2 12.9 0.3 0
23 LV28-55, 50-130 5.6 2.5 2 27.4 34.4 0.3 0
24 LV28-3, 50-130 19.6 10.9 38.4 9.8 1.8 6.9 0
25 LV28-64, 50-130 4.3 5 15.8 53.8 10.2 0.7 0
26 LV28-66, 50-130 15 6.1 5.3 36.9 18.3 0.5 0.3
27 LV28-14, 100-150 18.4 14.1 38 13.8 6.9 2.9 0
28 LV28-14, 150-200 25.3 12.1 26.3 9.6 7.1 6.1 0
29 LV28-29, 130-200 7.6 2.6 52.3 18.1 7 6.1 0
30 LV28-7, 130-200 24.4 5.8 29.4 8.3 8.3 3.5 0
31 LV28-4, 130-200 20.2 5.6 37.7 7.4 7.8 4.8 0
32 LV28-40, 130-200 36.7 4.6 28.1 10.2 2.3 4.2 0
33 LV28-41, 130-200 30.4 3.5 16.4 18 11.3 1.8 0.2
34 LV28-42, 130-200 14.1 8.5 14.6 13 32.4 2.7 0
35 LV28-43, 130-200 9.4 4.4 10.5 15.4 41.6 0.8 0
36 LV28-44, 130-200 21.7 3.5 10.9 11.7 27.4 2.4 0
37 LV28-55, 130-200 12.5 3.6 4.1 16.3 47.2 0.6 0
38 LV28-3, 130-200 22.3 7.4 40.5 7.8 4.5 5.5 0
39 LV28-64, 130-200 12.8 9.2 29.7 16.6 16.9 2 0
40 LV28-66, 130-200 32.6 6 12 20.5 12.9 39 0
41 LV28-14, 200-400 355 5.6 19.8 2.7 3.8 17.8 0.6
42 LV28-29, 200-500 5.8 3.2 30.4 1.4 5.2 36.2 0.3
43 LV28-7, 200-300 29.7 2 23.6 5.4 6.1 18.2 0
44 LV28-4, 200-300 37.8 3.5 22.6 5.4 1.9 9.8 0
45 LV28-43, 200-300 38.6 33 15.8 5.2 5.4 9.5 0
46 LV28-44, 200-300 54.3 4.8 7.5 4.3 3.4 10.3 0
48 LV28-4, 300-500 355 2.5 14.7 1.8 2.2 23 0.6
47 LV28-7, 300-500 18.6 1.2 18.6 2.5 2.5 37.5 0
49 LV28-40, 200-500 24.2 1.9 19.2 2.5 2.1 273 0.4
50 LV28-41, 200-500 24.9 2.5 18.7 2.7 1.7 23.7 0.2
51 LV28-42, 200-500 31.3 3.8 25.1 1.1 1.7 17.5 0
52 LV28-43, 300-500 26.2 2.8 18.9 1.7 1 16.4 0.3
53 LV28-44, 300-500 41.2 2.7 21.3 1.3 1.6 19.1 0.3
54 LV28-55, 200-500 28.3 4.7 21.2 9.7 5.9 11.1 0
55 LV28-3, 200-500 32.8 2.4 13.8 2.8 32 25.1 0
56 LV28-64, 200-500 19.3 22 31.6 2.5 2.7 29.4 0
57 LV28-66, 200-500 40.4 0.8 13.7 43 2.4 24.7 0
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Table 5 (continued)

No. Station, depth (m)  Plagoniidae  Spongodiscidaec  C. borealis  Antarctissa sp. 1 ~ R. boreale  C. davisiana  D. hirundo

58 LV28-29, 500-1000 9.4 1.4 12.2 0 2.4 14.4 30.1
59 LV28-40, 500-1000  26.9 1.4 5.7 0.3 2.8 8.9 252
60 LV28-41, 500-1000  12.5 1.5 9 0.8 1.9 7.7 29.3
61 LV28-42, 500-900 16.4 0.7 8.4 0.7 1.8 13.8 19.6
62 LV28-55, 500-1000 14.9 2 14.9 1.6 1.6 12.4 17.7
63 LV28-3, 500-1000 34.8 0.9 5.6 0.5 1.3 7.1 18.3
64 LV28-64, 500-1000  30.8 2.6 6.5 0.5 2.1 10.4 24.9
65 LV28-66, 500-1000  28.3 1.5 6.5 0.7 1.2 9 22.1

Fig. 7. Radiolarians from surface sediments of the Sea of Okhotsk. Scale bar A is for photographs 1-14, 18, 20-22, and 25-26; scale bar B
is for photographs 15-17, 19, and 24; and scale bar C is for photograph 23. (7.17) Rhizoplegma boreale (LV28-2-2), (7.18) Rhizoplegma
boreale (LV28-34-1), (7.19) Stylatractus (?) pyriformis (LV28-2-2), (7.20) Stylatractus (?) pyriformis, juvenile specimen (LV28-2-2), (7.21)
Ceratospyris borealis (LV28-34-1), (7.22) Ceratospyris borealis (LV28-2-2), (7.23) Spongotrochus glacialis (LV28-34-1), (7.24)
Stylochlamydium venustum (LV28-34-1), (7.25) Stylochlamydium venustum (LV28-2-2), (7.26) Stylochlamydium venustum, juvenile
specimen (LV28-2-2).
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significant amount. This especially concerns the
spring samples. For this reason, we eliminated
some spring surface-water stations for the percen-
tage calculations (Fig. 4; Table 4). For the
latitudinal distribution, we grouped all species of
S. glacialis and S. venustum as Spongodiscidae
and only illustrate the standing stock data during
summer and spring. Considering that in the
surface-sediment record S. venustum clearly dom-
inates the Spongodiscidae, we compared the dis-
tribution pattern of the species in surface sediments
with that of the Spongodiscidae in the plankton
(Fig. 8).

The relative abundance pattern of S. venustum in
SOk surface sediments clearly shows its dominance
in the eastern part of the SOk, which is strongly
influenced by the Kamchatka Current, leading to

2317

open-ocean conditions during winter, except for
very cold years (Fig. 8). An abundance increase in
this area is also documented in the accumulation
rates of S. venustum in surface sediments and
summer standing stocks of the Spongodiscidae,
although these values are very low. Hays and
Morley (2003) reported maximum flux rates of S.
venustum during spring (April-June) in the north-
eastern part of the SOk. The spring plankton
samples for this study were taken between the end
of May and mid of June. As the spring values of S.
venustum are very low, we expect that we have
missed its productivity maximum that year. The
spring maximum of S. venustum recorded from
the northeastern SOk (Hays and Morley, 2003)
occurs synchronously to the diatom production
peak (Broerse et al., 2000). In contrast to other
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deep-living nassellarians, S. venustum, a larger
spumellarian, has a herbivor or omnivor feeding
behavior (Anderson, 1983; Anderson et al., 1989).
The co-occurrence of S. venustum and diatom peaks
during spring leads us to conclude that S. venustum
is directly related to the phytoplankton production
at the sea surface, where it mainly feeds on diatoms.
This might also explain why S. venustum is not a
prominent species of the Arctic Ocean (Bjerklund
and Kruglikova, 2003) where the summer seasons
are very short and productivity is low. The juvenile
status of most specimens in the plankton, and the
observed very low concentrations in both plankton
and surface sediments, indicate that even this
species does not find optimal conditions in SOk
surface waters today. Increasing numbers of S.
venustum therefore might indicate more stable
conditions at the sea surface in the geological past,
characterized by less pronounced seasonal changes
combined with an increased seasonal phytoplank-
ton production.

4.5. SODL assemblage

The water layer between 50 and 200m, the
SODL, is characterized by a near-freezing tempera-
ture minimum, with temperatures ranging between
—1.7 and +1°C (Kitani, 1973; Yang and Honjo,
1996). Most dominant species in this water mass are
Ceratospyris borealis, Antarctissa (7) sp. 1, and
Rhizoplegma boreale (Fig. 4, Tables 2-5). Each of
these species inhabits different depth intervals that
may be either ascribed to different temperature
relations and feeding behaviors or rivalry between
species, which share the same ecological niche.

C. borealis is dominant in the SODL but it
extends in higher numbers down to 500 m (Figs. 4
and 7.21-7.22; Tables 4 and 5). The depth range of
50-500 m is in accordance with sediment trap data
from the SOk, where C. borealis was encountered in
shallow and deep traps, deployed at 258 and
1061 m, respectively (Hays and Morley, 2003;
Okazaki et al., 2003) and with plankton studies
from the Japan Sea where the species was found in a
water depth between 80 and 300 m (Itaki, 2003). C.
borealis is a common member of the radiolarian
assemblage in the subarctic North Pacific (Takaha-
shi, 1997), and it also occurs in the Bering Sea (Ling
et al., 1971; Takahashi et al., 2002), but it has not
yet been described from the Arctic Ocean (Bjork-
lund and Kruglikova, 2003; Itaki et al., 2003). In the
SOk, the highest standing stock of C. borealis occurs

during late summer close to Sakhalin, whereas the
standing stock is one magnitude lower during spring
(Fig. 9). A late summer dominance is consistent
with sediment trap observations showing that the
maximum flux of C. borealis occurs between August
and October (Hays and Morley, 2003; Okazaki et
al.,, 2003). Other than in the SOk, where the C.
borealis flux is decoupled from the diatom flux, the
C. borealis flux in eastern subarctic North Pacific
occurs synchronously with the diatom flux of
Neodenticulata seminae, the latter accounting for
more than 70% of the diatom assemblages (Taka-
hashi, 1997). Based on the close relation between the
fluxes of C. borealis and N. seminae and the close
correlation of the latter to organic carbon and total
mass fluxes, C. borealis is considered to be indicative
for high productivity in the eastern subarctic Pacific
(Takahashi, 1997). The coupling and decoupling of
C. borealis to the diatom flux reported from the
eastern subarctic Pacific and SOk as well as its
relatively large depth range in the water column of
the SOk (Fig. 4) might point to an opportunistic
behavior. Depending on the kind of food supply
and rivalry with other small zooplankton grazers, it
might move in the water column from the subsur-
face to intermediate depths feeding on detritus and
bacteria.

The high summer standing stock pattern close to
Sakhalin is well mirrored in the accumulation rates
of C. borealis in SOk surface sediments (Fig. 9).
However, relative abundances of the species in
surface sediments show a different pattern than its
accumulation rates and absolute and relative
abundances in the plankton. The enrichment of C.
borealis in surface sediments of the northern part of
the SOk might be attributed to minor dilution
processes of the radiolarian assemblage, evoked by
the highly productive Plagoniidae group that
strongly affects the radiolarian composition close
to the Sakhalin shelf area (Fig. 5).

More restricted to the SODL is Antarctissa (?)
sp. 1, which exhibits highest abundances in the
temperature minimum of the SODL between 50 and
150m (Figs. 4 and 6.1-6.2; Tables 4 and 5).
Antarctissa (?) sp. 1 has been described by Nim-
mergut and Abelmann (2002) as a new species of the
genus Antarctissa, although the genus affiliation is
somewhat difficult because many specimens are
juveniles without fully developed skeletons and the
available criteria for the attribution of radiolarians
into the genus Antarctissa are not precisely defined.
The high amount of small-sized juveniles of
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Antarctissa (?) sp. 1 might be one reason why it is as these studies only consider the size fraction
not documented in the sediment trap data of the > 63 um. Abundant Antarctissa (?) sp. 1 exclusively
SOk (Hays and Morley, 2003; Okazaki et al., 2003), occurs in the summer plankton, and highest
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standing stock and relative abundances have been
observed in the western part of the SOk (Fig. 10).
The distribution of Antarctissa (?) sp. 1 in the
plankton is well correlated with its abundance
pattern in surface sediments (Fig. 10). The western
part of the SOk is stronger affected by sea ice than
the southeastern part where the influence of the
“warm” Kamchatka Current generally leads to
open-ocean conditions during winter. Thus, the
extended sea-ice cover during winter in the western
part of the SOk favors the pronounced generation
of the SODL during summer in this area. We
assume that the temperature minimum zone of the
SODL represents an ecological niche for a species
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such as Antarctissa () sp. 1, which prefers a
subsurface cold-water environment and feeds on
bacteria or relatively fresh phytodetritus originated
from the highly productive sea surface.

R. boreale inhabits mainly the depth interval
directly below the temperature minimum of the
SODL between 150 and 200m (Figs. 4 and
7.17-7.18; Tables 4 and 5). R boreale is a wide-
spread species in cold-water environments of north-
ern and southern high-latitude ocean areas
(Petrushevskaya, 1968; Abelmann, 1992a,b; Itaki
and Takahashi, 1995; Abelmann and Gowing, 1997,
Schréder-Ritzrau, 1995; Nishimura et al., 1997;
Bjorklund et al., 1998; Dolven and Bjerklund,
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Fig. 10. Comparison of the distribution pattern of Antarctissa (?) sp. 1 in surface sediments with its latitudinal distribution in the
temperature minimum layer of the Sea of Okhotsk Dicothermal Layer (SODL) that occurs in 50-150 m water depth. Indicated are (A)
relative abundances and (B) accumulation rates in surface sediments, (C) relative abundances, and (D) standing stocks during summer.
Stations are marked with an asterisk where RAR could not be estimated due to lacking age assignment.
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2001). In the SOk, its seasonal distribution pattern
is rather diverse. Maximum standing stock of the
species occurs during summer in the southeastern

part of the SOk, extending in lower amounts in a
band to the northwestern area (Fig. 11). The
dominance of the species in the southeastern part
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Fig. 11. Comparison of the distribution pattern of Rhizoplegma boreale in surface sediments with its latitudinal distribution in a water
layer that occurs in 150-200 m water depth below the temperature minimum in the SODL. Indicated are (A) relative abundances and (B)
accumulation rates in surface sediments, (C) relative abundances, and (D) standing stocks during summer, (E) relative abundances, and
(F) standing stocks during spring. Stations are marked with an asterisk where RAR could not be estimated due to lacking age assignment.
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of the SOk during summer also is shown in its
relative abundances (Fig. 11). However, other than
in summer, R. boreale prevails in the eastern part of
the SOk during spring. These seasonal differences
are reflected in the accumulation of R. boreale in
SOk surface sediments where the species exhibits
highest numbers in the eastern and western part,
respectively (Fig. 11). The relative abundance
pattern in surface sediments further indicates a
slight increase of the species close to the shelf areas.
Similar seasonal differences also are recorded from
shallow sediment trap data of the northeastern
(Hays and Morley, 2003) and western part of the
SOk (Okazaki et al., 2003). These data show that in
the northwestern part of the SOk maximum fluxes
of R. boreale occur during fall, whereas in the
eastern part highest fluxes were reported from the
spring season.

The data indicate that R. boreale is restricted to
subsurface depth in the SOk and that it seasonally
changes its latitudinal distribution. We conclude
from these data that R. boreale, comparable to C.
borealis, has an opportunistic behavior, only differ-
ing in the way that the latter form migrates in the
water column, extending its depth habitat, whereas
R. boreale migrates latitudinally, staying in the same
depth layer. The environmental conditions forcing
these distribution patterns are not well known.
However, it can be speculated that the species
follow specific survival and feeding strategies,
inhabiting specific ecological niches. It can thus be
concluded that Antarctissa (?) sp. 1 is the sole taxon
closely related to the presence of the SODL, and
might be indicative for the existence of a pro-
nounced summer sea-surface stratification.

4.6. SOIW assemblage

The most prominent species in the SOIW
(200-1000m) are Cycladophora davisiana and Dic-
tyophimus hirundo, although other species such as C.
borealis and the Plagoniidae group extend into this
water mass (Figs. 4 and 6.13-6.14; Tables 4 and 5).

C. davisiana has its main distribution in the upper
SOIW (200-500 m) (Fig. 12). This indicates that the
specific hydrographic conditions in the upper SOIW
are controlling the occurrence of C. davisiana in this
water depth. The cold and well-oxygenated SOIW is
strongly influenced by dense shelf-derived water
that is formed during sea-ice formation on the shelf
(Wong et al.,, 1998). The main areas of SOIW
formation with the coldest temperatures are in the

northern part of the SOk where the development of
large polynias during winter leads to extensive shelf
water formation (Kitani, 1973; Wong et al., 1998).
The close affinity of the species to the SOIW
properties also is reflected in the relative abundance
distribution of the species in SOk surface sediments
(Fig. 13). High percentages of C. davisiana occur in
the northern central part of the SOk, the main
source area for the formation of SOIW, and also the
C. davisiana maximum in the southern part off the
Sakhalin shelf is confined to a region characterized
by intensive sea-ice formation and production of
cold shelf water (Kitani, 1973). A similar relation of
C. davisiana to this specific kind of water-mass
properties is reported from the Japan Sea. C.
davisiana dominates the radiolarian assemblage of
the Japan Sea Proper Water (JSPW) between 1000
and 2000 m, a water mass with properties similar to
those of the SOIW (Itaki, 2003). The main
difference between the occurrence of C. davisiana
in the Japan Sea and SOk is in the C. davisiana
standing stock values, which are very low in the
JSPW (<1m™?) but high in the SOIW (up to
370m~%) (Figs. 12 and 13; Nimmergut and Abel-
mann, 2002; Itaki, 2003). In the SOk, maximum
standing stocks of the species occur in the vicinity of
Sakhalin, an area where enhanced phytoplankton
production also occurs during summer (Fig. 13).
This pattern is reflected in the accumulations rates
of C. davisiana in SOk surface sediments, which
exhibit highest values in this area (Fig. 13). C.
davisiana is a small deep-living radiolarian, which
feeds on phytodetritus from the highly productive
sea surface or/and on bacteria attached to sinking
organic matter (Anderson, 1983; Anderson et al.,
1989). The high C. davisiana numbers in the SOk
plankton and surface sediments as well as the high
bacteria biomass in deeper water layers (Sorokin
and Sorokin, 1999) point to enhanced export of
organic matter to mesopelagic depth.

The high radiolarian standing stock values at a
depth below 200 m during summer (Figs. 12 and 13;
Nimmergut and Abelmann, 2002) are in agreement
with the findings of Hays and Morley (2003). These
authors recently concluded from a Bering Sea/SOk
comparison that the SOk must have deeper levels of
carbon consumption and regeneration than the
Bering Sea, because the summer biomass in the
Bering Sea is mainly epipelagic and that of the SOk
mainly mesopelagic. Our data are in accordance
with the conclusion of Hays and Morley (2003) that
C. davisiana is an indicator for a mesopelagic
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Fig. 12. Standing stock and percent abundance of Cycladophora davisiana and its relation to the hydrographic structure of the upper
1000 m of the SOk during spring and summer. The plankton sampling was undertaken according to the water-mass structure received from
hydrographic data, which have been measured at each station (Winkler et al., 1999; Sosnin and Salyuk, unpubl. data). 7, temperature;

S, salinity; SW, surface water; SODL, SOk Dicothermal Layer; SOIW, SOk Intermediate Water.

productivity regime leading to carbon consumption
and regeneration at deeper levels. However, our
data are not in agreement with their statements that
the relative abundances of C. davisiana alone can be
used as a proxy to reconstruct such a productivity
regime and further that the species is an indicator
for a stable sea-surface stratification, as already
proposed by the authors earlier (Morley and Hays,
1983).

Our data and those from the Japan Sea show that
the relative abundances of C. davisiana provide
primarily information on the water-mass properties
of intermediate and deep-water masses, while
absolute abundances provide insight into the past
productivity regime. The high percentages of C.
davisiana in the Japan Sea Bottom Water (>70%)
as well as its increased numbers in a deep sediment

trap located in the California upwelling regime and
in a core located in the Benguela Upwelling system
are not in relation to any pronounced sea-surface
stratification (Welling et al., 1992; Jacot des Combes
and Abelmann, submitted). The increased numbers
of C. davisiana reported from both upwelling
regimes can be related to the inflow of cold
intermediate waters originated from the subarctic
Pacific and the Southern Ocean, respectively.
Upwelling areas are highly productive areas with
high export of organic matter to the deep ocean but,
as long as the deeper water masses are relatively
warm, C. davisiana is a minor component of the
radiolarian assemblage in these areas. With the
inflow of cold intermediate/deep waters the two
factors described from the SOk, (1) high export of
organic matter to mesopelagic depth, and (2) the
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Fig. 13. Comparison of the distribution pattern of Cycladophora davisiana in surface sediments with its latitudinal distribution in the
upper SOk Intermediate Water that occurs in 200-500 m water depth. Indicated are (A) relative abundances and (B) accumulation rates in
surface sediments, (C) relative abundances, and (D) standing stocks during summer, (E) relative abundances, and (F) standing stocks
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during spring. Stations are marked with an asterisk where RAR could not be estimated due to lacking age assignment.

occurrence of a cold deep-water mass are combined
and lead to an increased production of C. davisiana
in these areas.

The glacial high C. davisiana abundances in
northern and southern high-latitude oceans reflect
the occurrence of a cold deep-water mass, strongly



A. Abelmann, A. Nimmergut | Deep-Sea Research II 52 (2005) 2302-2331 2325

related to sea-ice formation. In the Southern Ocean,
where relative and absolute abundance records of C.
davisiana generally show a uniform pattern (Abel-
mann, unpubl. data), the species can be further
applied to reconstruct a productivity regime related
to high export of organic matter to mesopelagic
depth that, according to Hays and Morley (2003), is
indicative for high mesopelagic carbon consumption
and regeneration. The establishment of such a
system does not exclude a temporal sea-surface
stratification. Persistence of such a stratification in
an open glacial ocean such as the Southern Ocean is
still under debate (Stephens and Keeling, 2000;
Keeling et al., 2001; Morales Marqueda and
Rahmsdorf, 2002), and high abundances of C.
davisiana do not necessarily indicate the existence
of a stable sea-surface stratification.

D. hirundo is the most dominant species in the
lower SOIW, between 500 and 1000 m (Figs. 4 and
6.15-6.16; Tables 4 and 5). The other species that
are somewhat important, but exhibit distinctly
lower loadings in the factor analysis than D.
hirundo, are Lophospyris sp. 1, Peridium sp. 1,
Pseudodictyophimus gracilipes, Actinomma spp., and
the Plagoniidae group (Table 2). We focus here on
D. hirundo, as it represents a potential indicator to
reconstruct past deep-water conditions. The species
is considered to be cosmopolitan (Boltovskoy and
Riedel, 1980). However, there is only little informa-
tion available about its habitat. The pronounced
distribution of the species in the lower SOIW of the
SOk might be related to the specific productivity
regime established during summer and fall that
leads to a high export of phytodetritus to the deep
ocean. Further, the specific hydrographic conditions
in the SOk might influence the distribution of the
species. Highest standing stocks of D. hirundo occur
during summer close to the productive shelf area off
Sakhalin, whereas during spring the standing stock
values are relatively low (Fig. 14). The only
increased numbers during this period are in the
southwestern part of the SOk and might be related
to the productivity maximum of phaeodarians in
this area and enhanced phytodetritus export (Nim-
mergut and Abelmann, 2002). The summer produc-
tivity pattern of D. hirundo also is reflected in the
surface-sediment record (Fig. 14). Highest accumu-
lation rates of D. hirundo prevail in the central part
of the SOk and in the southwestern part where
water depth exceeds 1000 m. The close relation of
the species to the summer productivity regime of the
SOk is in agreement with the results from a

sediment trap located in the northeastern SOk,
where the maximum flux starts in late summer and
extends into the beginning of December (Hays and
Morley, 2003). D. hirundo is only recorded in the
deep trap at 1061 m, which supports the depth
habitat described from the plankton data. The
relative abundances of the species in the lower
SOIW during summer and spring show a rather
uniform distribution over the central part of the
SOk (Fig. 14). In surface sediments, maximum
percentages of D. hirundo are concentrated in the
northern and southern part of the sea and reflect its
close relation to water depth (Fig. 14). The northern
and southwestern parts of the SOk are characterized
by enhanced vertical mixing that leads to the
formation of SOIW (Kitani, 1973; Wong et al.,
1998). Whereas in the northwestern part the
influence of cold shelf water dominates the water-
mass properties, the southwestern part is strongly
affected by a combination of several factors: the
inflow of North Pacific water, warmer and saltier
Japan Sea water, shelf water from the southwestern
shelf of Sakhalin, and the Sakhalin Current that
favors the formation of anti-cyclonic eddies and
vertical mixing (Bulatov et al., 1999; Kitani, 1973).
We conclude from these data that D. hirundo is
related to an environment characterized by mixing
processes that transport oxygen to the deep ocean
and enhanced nutrient supply via export of organic
matter released from highly productive surface
waters to the deep ocean.

4.7. Western Kurile Basin assemblage

The radiolarian assemblage in surface sediments
of the western part of the Kurile Basin is dominated
by radiolarian species such as Lithomelissa setosa
(Figs. 6.5-6.8 and 13; Table 3), Siphocampe
arachnea (Figs. 6.11-6.12 and 15; Table 3), and
Stylatractus (?) pyriformis (Figs. 7.19-7.20 and 15;
Table 3), that are neither recorded from plankton
nor sediment trap studies of the SOk (Nimmergut
and Abelmann, 2002; Hays and Morley, 2003;
Okazaki et al., 2003). For this reason no informa-
tion about depth habitat and seasonal distribution
pattern of these species in the SOk is available. L.
setosa is a dominant species reported from the
eastern subarctic Pacific, Bering Sea and the
Norwegian Sea. Sediment trap studies from the
eastern subarctic Pacific show that L. setosa displays
a pronounced spring maximum (Takahashi, 1997).
Increasing fluxes during spring also have been
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reported from the Bering Sea (Itaki and Takahashi,
1995; Takahashi, 1997). L. setosa presents a
common member of the radiolarian assemblage in
the Atlantic domain and central gyre of the
Norwegian Sea, where warm and cold waters are
mixing (Bjerklund et al., 1998). However, it is
absent or occurs only sporadically and in low
numbers in the Iceland/Greenland Seas and in the
Arctic Ocean (Bjorklund et al., 1998; Bjerklund
and Kruglikova, 2003). Petrushevskaya (1968)
described a closely related species, which she
called Lithomelissa sp. A, from the Southern
Ocean. This form is a common member of the
surface-sediment assemblage south of the Polar
Front (Abelmann, unpubl. data) and is also
documented in deep sediment traps (below 500 m)
of a mooring from the Bransfield Strait (Abelmann,
1992a, b). The maximum of the species in this area
was observed during austral spring (Abelmann,
1992a). The depth habitat of Lithomelissa sp. A is
supported by plankton studies from the Southern
Ocean, where the species was found at water
depths between 400 and 1000m, located in the
Antarctic Circum Polar Deep Water (Abelmann
and Gowing, 1997). Matul (1998) reported high
percentages of a taxon that he called L. setosa (but
which is similar to Lithomelissa sp. A, Matul,
personal com.), from surface sediments, located on
the shallow shelf of the Benguela Upwelling area,
where it might have been upwelled with deep source
waters. As it is still not yet resolved if the specimens
reported from the Southern and Northern Hemi-
sphere are belonging to the same species, we only
suggest that L. setosa in the SOk inhabits deeper
water layers.

S. arachnea is widely distributed in the world
ocean and has been found in water depths of about
1000 m (Kling and Boltovskoy, 1995). Similar to L.
setosa, this species is one of the dominant species in
deep sediment traps located in the subarctic Pacific
and Bering Sea, where maximum fluxes occur
during spring (Itaki and Takahashi, 1995). Max-
imum spring fluxes of S. arachnea also are reported
from a deep sediment trap from the area of Meiji
Guyot in the western subarctic Pacific (Tsoi et al.,
1998), which supports the spring dominance of the
species.

S. (?) pyriformis is reported from the Meiji Guyot
sediment trap in low numbers throughout the year
(Tsoi et al., 1998). In SOk surface sediments, it
exhibits a distribution pattern similar to L. setosa
and S. arachnea (Fig. 15).

We assume that the occurrence of L. setosa, S.
arachnea, and S. (?) pyriformis in the southeastern
Kurile Basin (Fig. 15) is strongly related to specific
water-mass properties and food supply that might
be steered by the inflow of warm Japan Sea water
via the Soya Strait and North Pacific influence. The
inflow of warm Japan Sea water into the SOk
increases in spring (Takizawa, 1982) and favors the
early warming and mixing of the water column as
well as the development of early phytoplankton
blooms. L. setosa and S. arachnea are small
nassellarians feeding on phytodetritus and/or bac-
teria, whereas S. (?) pyriformis is a small spumel-
larian that may be herbivor, feeding directly on
phytoplankton.

5. Conclusion

The comparison of the distribution pattern of
radiolarians in surface sediments and water column
(spring and summer) shows that maximum accu-
mulation of radiolarians and standing stocks occur
in the western SOk close to Sakhalin. The radi-
olarian standing stock data indicate that the signal
preserved in the sediment record is mainly generated
during summer and early fall season, which is in
agreement with sediment trap studies of the SOk
(Hays and Morley, 2003; Okazaki et al., 2003). The
area off Sakhalin provides ideal environmental
conditions for the mesopleagic radiolarian fauna,
because of its steep shelf slope, high nutrient supply
via the Amur River, and mixing processes at the
shelf slope. The combination of high phytoplankton
production and sea-surface stratification favors the
enhanced mesopelagic biomass activity during
summer.

The mesopelagic radiolarian fauna in the SOk is
mainly composed of nassellarians that feed on
phytodetritus and/or bacteria whereas the few
spumellarians feed on phytoplankton or on small
zooplankton. The mapping of specific radiolarian
species in distinct water layers in comparison to
their distribution in surface sediments provides
detailed ecological information indicating that food
supply, type of food, and water-mass properties
primarily control the habitat of radiolarians. It
seems that radiolarians follow specific strategies to
select their habitat in order to secure their food
resources in competition to other species.

The study shows that some taxa such as the
Plagoniidae group and C. borealis that live in
relatively broad depth ranges in the upper 500 and
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1000 m of the water column, have a more opportu-
nistic behavior and are predominantly controlled by
food supply. Opportunistic behavior also might

govern the distribution of R. boreale. In contrast to
the former species, R. boreale is restricted to
subsurface depth (150-200m) below the SODL
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temperature minimum, but it changes its latitudinal
distribution and migrates in this specific water layer
to different areas in the SOk.

A species strongly related to water-mass char-
acteristics is Antarctissa (?) sp. 1, which inhabits the
temperature minimum zone between 50 and 150 m
and has its highest abundances in plankton and
surface sediments of the western SOk during
summer where the SODL is strongly established.
The species is directly related to the development of
the SODL.

Water-mass characteristics also control the habi-
tat of C. davisiana and D. hirundo, both living in the
SOIW. C. davisiana inhabits mainly the upper
SOIW, which is strongly affected by the formation
of cold shelf water produced during sea-ice forma-
tion. D. hirundo occurs in the lower SOIW, which
exhibits slightly warmer temperatures than the
upper SOIW. The relation to water masses is also
reflected in the relative abundance pattern of both
species, whose maximum distribution is in the area
of intensive mixing and formation of SOIW. The
second parameter that strongly affects the abundant
occurrences of C. davisiana is the amount of organic
matter exported from the surface to the deep ocean.
This relation is exposed in the highly summer
standing stock and high accumulation rates in
surface sediments of C. davisiana in the high
productivity area off Sakhalin. We thus conclude
that high numbers of C. davisiana are controlled by
two parameters: (1) the occurrence of a cold and
well ventilated intermediate/deep water, and (2)
enhanced export of organic matter from a highly
productive surface to the deep ocean. Therefore, C.
davisiana is an indicator for high export of organic
matter into a cold mesopelagic layer.

One of the few radiolarians that can survive in the
upper sea-surface layer, affected by strong seasonal
changes, is the spumellarian S. venustum. However,
the generally low numbers of S. venustum in
plankton and surface sediments indicate that the
surface layer of the SOk is not the ideal habitat for
the species. This is also indicated in the distribution
pattern of S. venustum in surface sediments where
increased numbers occur in the more temperate area
of the eastern part of the SOk that is strongly
influence by the Kamchatka Current.

The western Kurile assemblage that is only
documented in surface sediments of the western
Kurile Basin is dominated by the nassellarians L.
setosa and S. arachnea and the spumellarian S. (?)
pyriformis. The occurrences of the species in this

area seem to be controlled by an environment
established under the influence of North Pacific
waters and warm Japan Sea water advected via the
Soya Strait.
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