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Abstract. Knowledge of past variations in sea-ice extent is crucial for understanding the relationship between
climate change and changes in sea ice. Diatom assemblages could be applied as a proxy for paleo-sea-ice extent;
this requires accurate information on the modern species that are indicative of sea ice. Scanning electron micro-
scope observations were performed on modern diatom assemblages in sea ice, sinking particles, and surface sed-
iments in the Sea of Okhotsk. A sea-ice sample was collected in the southwestern Sea of Okhotsk near Hokkaido
island in February 2013. Fragilariopsis cylindrus was the dominant diatom species in the sea-ice sample, ac-
counting for 87 % of the total diatom assemblage. Time-series sediment traps were deployed during 1998-2000
at two stations, M4 and M6, off Sakhalin island. Total diatom fluxes ranged from 109 to 108 valves m~2d~! with
noticeable seasonality. During the sea-ice covering period, the total diatom flux decreased by 1 or 2 orders of
magnitude. The highest diatom fluxes were observed in spring and summer. The diatom species composition in
sinking particles also showed pronounced seasonal changes. During summer and fall, the Shionodiscus trifultus
group and Neodenticula seminae were the major diatom taxa. During the sea-ice covering period, Fragilari-
opsis cylindrus and Bacterosira bathyomphala resting spores were abundant. Both the sea-ice-related species
showed similar flux patterns except for the spring bloom after sea-ice retreat: F. cylindrus fluxes exhibited pro-
nounced spring bloom peaks of 10 valvesm=2 d~'; in contrast, the fluxes of Bacterosira bathyomphala resting
spores during the spring bloom were 1 order of magnitude lower than those of F. cylindrus. Surface-sediment
core XP98-MC4 was obtained near station M6 sediment-trap site off Sakhalin island. The relative abundance
of Fragilariopsis cylindrus in the surface-sediment diatom assemblage was only 6.4 %, markedly lower than
that in the sediment-trap samples (43.4 %). In the surface sediment, the relative abundances of diatom taxa with
heavily silicified valves such as B. bathyomphala resting spores, Shionodiscus variantius, and Thalassionema
nitzschioides were greater than their relative abundances in sinking particles.

of the Sea of Okhotsk is the seasonal sea-ice cover from win-
ter to early spring, constituting the southernmost sea-ice area

1 Introductions

Ice plays an important role in the Earth’s climate system ow-
ing to its albedo effect and its insulation effect on heat ex-
change between the atmosphere and the ocean. Furthermore,
as a result of brine rejection during sea-ice formation, briny
water sinks to the ocean interior, influencing thermohaline
circulation. The Sea of Okhotsk is a marginal sea in the west-
ern North Pacific (Fig. 1). One of the most notable features

in the Northern Hemisphere. The area of sea-ice cover in the
Sea of Okhotsk exhibits large variations both seasonally and
annually; there is no sea ice from June to November, and up
to ~ 75 % of the area is covered with sea ice in February to
March (e.g., Ohshima et al., 2006). The long-term trend in
the maximum sea-ice extent in the Sea of Okhotsk is of a
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gradual decrease of 4.4 % per decade since 1970 with large
interannual variations (Nakanowatari et al., 2007; Japan Me-
teorological Agency, 2017). Sea-ice production also shows
a significant decreasing trend mainly due to the warming of
fall air temperatures (Kashiwase et al., 2014). This declin-
ing trend is widely observed in Northern Hemisphere sea ice,
particularly in the Arctic Ocean (Vinnikov et al., 1999; Ser-
reze et al., 2000; Stroeve et al., 2007, 2012). Observational
data on sea-ice extent in the Sea of Okhotsk are available
for ~ 50 years. Long-term sea-ice extent data are essential
to evaluate the relationship between global warming and the
decline of sea-ice extent. Paleo-proxy data can contribute to
understanding the long-term sea-ice variations at centennial,
millennial, and orbital timescales beyond the range of obser-
vational data.

Ice algae live in and under the sea ice and play a principal
role in primary production in sea-ice areas (e.g., Syvertsen,
1991). In the Sea of Okhotsk, ice-algal diatoms are the major-
ity of ice algae. Diatom frustules are composed of biogenic
opal and can be preserved in sediments. Therefore, micro-
fossils of ice-algal diatoms in sediments provide evidence of
the presence of sea ice in the past. Indeed, the sea-ice history
in the Sea of Okhotsk has been reconstructed mainly on the
basis of two paleo-proxies preserved in sediments: (1) ice-
rafted debris (Niirnberg and Tiedemann, 2004; Sakamoto
et al., 2005, 2006; Niirnberg et al., 2011; Yamazaki et al.,
2013; Vasilenko et al., 2017; Wang et al., 2017) and (2) sea-
ice-related diatom species (Sancetta, 1981, 1982; Shiga and
Koizumi, 2000; Koizumi et al., 2003; Shimada et al., 2004;
Okazaki et al., 2005; Gorbarenko et al., 2007, 2010, 2014;
Wang and Wang, 2008; Katsuki et al., 2010; Harada et al.,
2014; Matul, 2017; Artemova et al., 2017). However, in the
Sea of Okhotsk, direct observations of diatoms in and un-
der sea ice are very limited. Asami and Imada (2001) and
McMinn et al. (2008) reported diatom assemblages in sea ice
from the Notoro-ko Lagoon, the Saroma-ko Lagoon, and the
Shiretoko coast, all of which are coastal sites in Hokkaido,
Japan. Consequently, our knowledge of ice algae in the Sea
of Okhotsk remains at a preliminary stage. This lack of in-
formation hampers attempts to reconstruct past sea-ice cover
based on the sedimentary records of diatom assemblages. Re-
cently, a biomarker named IP25 (ice proxy with 25 carbon
atoms), which is produced by ice-algal diatoms, has been
proposed as a sea-ice paleo-proxy for the Arctic Ocean (Belt
et al., 2007; Belt and Muller, 2013). Lo et al. (2018) applied
IP25 to reconstruct the sea-ice history of the past 130 kyr in
the central Sea of Okhotsk. Although IP25 is a promising
paleo-proxy for sea-ice cover, it is also essential to identify
the diatom species living in and under the sea ice in the Sea
of Okhotsk, because not all ice-algal diatoms produce IP25.

Here we present seasonal diatom fluxes based on scanning
electron microscope (SEM) observations of diatoms from
samples obtained between August 1998 and June 2000 at
two sediment-trap stations deployed off Sakhalin in the west-
ern Sea of Okhotsk, where seasonal sea-ice cover is present
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during winter and spring. This is the first attempt to clar-
ify the diatom assemblages in sinking-particle samples col-
lected under sea-ice cover in the Sea of Okhotsk. We also
investigated the diatom assemblages in a sea-ice sample ob-
tained near the coast of Hokkaido, southern Sea of Okhotsk,
in February 2013. Although the diatom assemblage in this
sea-ice sample is a snapshot datum and the sampling lo-
cation and sampling period are different from those of the
sediment-trap samples, these data provide supporting evi-
dence to identify ice-algal diatom taxa living in sea ice in
the Sea of Okhotsk. Finally, we studied the diatom assem-
blage in surface sediment obtained near the sediment-trap
site off Sakhalin. By comparing the diatom assemblages in
sinking particles and sediments, we evaluated the alteration
of diatom species composition during sinking and sedimen-
tation. The purpose of this study was to clarify what kinds of
diatom species are living in and under the sea ice of the Sea of
Okhotsk and how they are preserved in sediment. The results
of the study provide fundamental information for the recon-
struction of past sea-ice cover based on ice-algal diatoms in
sediments of the Sea of Okhotsk and the subarctic Pacific.

2 Oceanographic setting

Sea ice in the Sea of Okhotsk is mainly formed in polynyas
located in the northern and Sakhalin coastal areas (Martin
et al., 1998; Kimura and Wakatsuchi, 2004). Sea ice formed
in coastal polynyas is advected by wind and ocean currents.
In the Sea of Okhotsk, sea-ice advance is mainly driven by
prevailing northerly and northwesterly winds in winter, gov-
erned by an interaction between the Siberian High and the
Aleutian Low (Martin et al., 1998; Ohshima et al., 2006). The
Sea of Okhotsk has a counterclockwise surface water circula-
tion (the Okhotsk Gyre) as a part of the subarctic circulation
system in the North Pacific (Dodimead et al., 1963; Favorite
et al.,, 1976). Along the Sakhalin coast, the East Sakhalin
Current flows southward (Ohshima et al., 2002), which ad-
vects sea ice to the southern Sea of Okhotsk. As a result, sea
ice in the Sea of Okhotsk starts to cover the northwestern
continental shelves near the Amur River mouth in November
and expands southeastwardly (Ohshima et al., 2006). Max-
imum sea-ice extents have been recorded from February to
March, covering 50 % to 90 % (average ~ 75 %) of the sea.

Dense shelf water is formed in association with brine re-
jection in the coastal polynya on the northwestern shelf of
the Sea of Okhotsk (Martin et al., 1998; Shcherbina et al.,
2003). Dense shelf water is transported to the south by the
East Sakhalin Current and forms the Sea of Okhotsk Interme-
diate Water (SOIW) as a result of mixing with waters origi-
nating from the Sea of Japan and the subarctic Pacific (Itoh
et al., 2003). Because the SOIW is a source of North Pacific
Intermediate Water, sea-ice formation in the Sea of Okhotsk
plays a key role in ocean ventilation in the North Pacific (Tal-
ley, 1991; Yasuda, 1997; Shcherbina et al., 2003).
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Figure 1. Locations of sediment-trap stations M4 and M6 (solid triangles), sea-ice sample Basket 6-2 (open circle), and surface-sediment
core XP98-MC4 (open square) in the Sea of Okhotsk. Gray areas in the panels on the right denote maximum sea-ice coverage in 1999 and

2000 during sediment-trap deployment at stations M4 and M6.

High primary production is another feature of the Sea
of Okhotsk, particularly off Sakhalin (Saitoh et al., 1996;
Behrenfeld and Falkowski, 1997; Sorokin and Sorokin, 1999,
2002; Matsumoto et al., 2004). Matsumoto et al. (2004) re-
ported the occurrence of ice-edge blooms in the northwestern
continental shelves of the Sea of Okhotsk in late spring sub-
sequent to sea-ice retreat. In contrast, during the sea-ice cover
period in winter, primary production in the Sea of Okhotsk
is low (Matsumoto et al., 2004). Asami and Imada (2001)
reported blooms of specific diatom taxa such as Fragilaria
spp. and Navicula spp. in sea ice of the Notoro-ko Lagoon,
north coast of Hokkaido island, Japan. Such diatom blooms
are likely to be recorded as high opal fluxes in sediment-trap
samples collected from off Sakhalin (Nakatsuka et al., 2004).
However, diatom assemblage data for sinking particles have
not previously been available (Nakatsuka et al., 2004).

3 Materials and methods

Sea-ice, sinking-particle, and surface-sediment samples were
used for SEM observations of diatom assemblages (Table 1;
Fig. 1).

3.1 Sea-ice samples

A sea-ice sample was obtained during the SOYA2013 cruise
of Soya, an icebreaker patrol ship of the Japan Coast Guard.
Jun Nishioka of Hokkaido University collected a sea-ice
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sample (brown ice) at station Basket 6-2 near the Hokkaido
coast (45°09.88'N, 143°58.33'E) on 28 February 2013
(Table 1). The sea-ice sample was stored in a freezer at
Hokkaido University, and a partial sample weighing approx-
imately 1 kg was transported to Kyushu University in Febru-
ary 2016. The sea-ice sample was melted at room tempera-
ture in a glass beaker and filtered through an Advantec mem-
brane filter (0.45 um pore size, 47 mm diameter). The filtered
sample was desalted with Millipore Elix® water and dried in
an oven at 40 °C overnight.

3.2 Sediment-trap samples

Time-series sediment traps (McLane PARFLUX Mark 78G-
21; McLane Research Laboratories Inc., East Falmouth, MA,
USA) were moored at two stations, M4 and M6, off Sakhalin
from July 1998 to June 2000 (Table 1; Nakatsuka et al.,
2004). Deployments and recoveries of the sediment traps
were performed onboard R/V Professor Khromov (Far East-
ern Regional Hydrometeorological Research Institute, Rus-
sia) during three cruises in July 1998, September 1999, and
June 2000. At both stations, two sediment traps were moored
at different water depths (Table 1; Nakatsuka et al., 2004).
Each sediment trap was equipped with 21 sampling cups,
and time-series sinking-particle samples were collected over
the course of a year. Sampling intervals were equally divided
for each of the 21 sampling cups in each deployment year
(17.4d in 1998-1999 at both M4 and M6; 13.0d in 1999—
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Table 1. Summary information for samples used in this study: sediment traps, sea ice, and surface sediment from the Sea of Okhotsk.

Sediment trap ID Latitude Longitude  Water depth ~ Sampling period Mooring depth
(m) (mooring period) (m)
M4 (1998-1999)  52°58.99'N  145°28.57'E 1729 7 Aug 1998 to 7 Aug 1999 280, 1547
(29 Jul 1998 to 6 Sep 1999)
M4 (1999-2000)  53°01.25'N  145°30.25'E 1722 8 Sep 1999 to 7 Jun 2000 259, 1530
(6 Sep 1999 to 17 Jun 2000
M6 (1998-1999)  49°30.63' N 146°30.33'E 794 7 Aug 1998 to 7 Aug 1999 278, 693
(2 Aug 1998 to 4 Sep 1999)
M6 (1999-2000)  49°30.53' N 146°28.74'E 783 27 Sep 1999 to 6 Jun 2000 268, 682
(24 Sep 1999 to 15 Jun 2000)
Sea-ice ID Latitude Longitude  Water depth ~ Sampling period
(m)
Basket 6-2 45°09.88' N 143°58.33'E n/a 28 Feb 2013
Sediment core ID Latitude Longitude = Water depth  Core length
(m)  (cm)
XP98-MC4 49°29.8' N 146°07.2'E 661 22

n/a — not applicable.

2000 at M4; and 12.1d in 1999-2000 at M6). There were
periods of sample hiatuses without trap deployments because
of the cruise schedule: 8 August to 7 September 1999 at M4
and 8 August to 26 September 1999 at M6. To avoid in situ
microbial decomposition of sinking particles, all cups were
filled with Okhotsk deep water containing 5 % formaldehyde
solution neutralized by sodium tetraborate before the deploy-
ment of the sediment traps. After recovery of the sediment
traps, sample cups were immediately removed from the trap
and stored in a refrigerator at a shore-based laboratory.

For diatom assemblage analyses, we used a total of 84
samples from the M4 and M6 upper traps moored between
250 and 300 m water depth (Table 1). The sediment-trap sam-
ples used in this study were stored in a refrigerator at Kyushu
University at ~ 5 °C (Okazaki et al., 2003). These samples
were sieved through a stainless steel testing sieve with 1 mm
mesh to remove swimmers, then split to an aliquot size of
1/132 to 1/8448 using a wet sample divider (McLane Re-
search Laboratories Inc., East Falmouth, MA, USA). These
samples were filtered through an Advantec membrane filter
(0.45 um pore size, 47 mm diameter), desalted with Millipore
Elix® water, and then dried in an oven at 40 °C overnight.

3.3 Surface-sediment samples

A surface-sediment sample was obtained during the R/V Pro-
fessor Khromov cruise in July 1998. A multiple core (XP98-
MC4) was obtained from off Sakhalin near sediment-trap sta-
tion M6 (Table 1). XP98-MC4 core samples were sliced at
1 cm intervals and stored in a refrigerator at Kyushu Uni-
versity. The core-top sample of XP98-MC4 was freeze-dried
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with an EYELA FDU-1200 freeze dryer. Approximately
I mg of the freeze-dried sample was treated with 25 mL of
10 % hydrogen peroxide at ~ 70 °C for about 1h to digest
organic matter. After the reaction was complete, Millipore
Elix® water was added to a total volume of 200 mL and al-
lowed to stand for 8 h. The supernatant was removed, and
Millipore Elix® water was added again. Then, these samples
were filtered through an Advantec membrane filter (0.45 ym
pore size, 47 mm diameter), rinsed with Millipore Elix® wa-
ter, and dried in an oven at 40 °C overnight. The sedimen-
tation rate of XP98-MC4 was estimated to be 28.3 cm kyr ™!
(Seki et al., 2004); therefore, the 1 cm thick core-top sample
of XP98-MC4 records ~ 35 years.

3.4 Scanning electron microscope observations

Pretreated filter samples of sea-ice, sediment-trap, and
surface-sediment samples were cut into 6 mm X 6 mm
squares, mounted onto brass stubs with carbon tape, and
coated with OsO4 using an osmium coater (Neoc-STB; Mei-
wafosis Co. Ltd., Tokyo, Japan). A field emission scanning
electron microscope (FE-SEM; JMS-7001F; JEOL Ltd., Ak-
ishima, Japan) was used for the identification and counting of
the diatoms. SEM observations were made at magnifications
of 1000x to 2000 . The acceleration voltage was set at 5 kV
and the working distance at 8.9 mm.

Counting of diatom valves was performed as follows:
(1) for centric diatoms, a valve with a central part was
counted as one valve; (2) for pennate diatoms, a valve with
an apical part was counted as 0.5 valve; and (3) Chaetoceros
resting spores were counted separately. More than 300 di-
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atom valves were counted for diatom assemblage analyses
of sea-ice and surface-sediment samples. For sediment-trap
samples, we counted diatom valves along a line of the field
of view to calculate their flux (no. valvesm—2d~!). For ex-
ample, when counting at a magnification of 1000, the width
of the field of view is 200 um. As the length of one side of
a filter sample mounted on a stub is 6 mm, the area of one
line of the field of view is 0.2 x 6 = 1.2 mm?. We counted
diatom valves along a line of the field of view until the total
number of diatom valves exceeded 100 or the total area of the
filter (6 mm x 6 mm) had been covered. Diatom fluxes were
calculated by the following equation:

diatom flux (valvesm2d~!) =
(N/S/D)x(81/82) x V, (1

where N is the number of diatom valves counted, S is the
aperture area of the sediment trap (0.5 m?), D is the sampling
interval (Table 1), S; is the area of the filter sample (mm?),
S, is the counted area (mmz), and V is the aliquot size.
Identification and counting were conducted at species level
as much as possible. Images of observed diatom taxa are
shown in Plates S1-S3 in the Supplement. Chaetoceros rest-
ing spores (Plate S3; Figs. 2—4) were excluded from the di-
atom assemblage analysis, as in previous studies (e.g., Shiga
and Koizumi, 2000; Onodera et al., 2005). The relative abun-
dances of diatom taxa in this study were calculated except
for Chaetoceros resting spores; however, we included Bac-
terosira bathyomphala resting spores (synonym: B. fragilis)
(Plate S1; Figs. 1-2) in the diatom assemblage, following the
method used in previous studies (Shiga and Koizumi, 2000;
Shimada et al., 2004; Okazaki et al., 2005; Gorbarenko et al.,
2007; Katsuki et al., 2010). Thus, it is easy to compare our
diatom assemblage data with those of previous studies.

3.5 Stages of sea-ice coverage

Nakatsuka et al. (2004) provided time-series sea-ice concen-
tration changes for stations M4 and M6 during 1998-2000. In
this study, we divided the sea-ice conditions into four stages
(Fig. 2): (1) the sea-ice-free stage, with a sea-ice concentra-
tion of zero from the end of the sea-ice coverage in spring
till the first sea-ice coverage in winter; (2) the early sea-ice
cover stage, from the first sea-ice coverage till the final sea-
ice concentration minimum in January or February; (3) the
maximum sea-ice cover stage, with the maximum sea-ice
concentration (late winter to early spring); and (4) the late
sea-ice cover stage, with a low sea-ice concentration in late
spring after the sea-ice maximum.

4 Results

4.1 Diatom assemblage in sea ice

Nine diatom taxa were found in sea-ice sample station Bas-
ket 6-2 (Table 2). Fragilariopsis cylindrus accounted for

https://doi.org/10.5194/jm-39-77-2020

87 % of the total diatom assemblage. The relative abundance
of each of the other eight taxa was less than 5 %.

4.2 Diatom fluxes and assemblages in sinking particles

The temporal fluxes of total diatoms at stations M4 and M6
during 1998-2000 are shown in Fig. 2. Total diatom fluxes
(excluding Chaetoceros resting spores) ranged from 10* to
103 valvesm~2d~! and relatively low fluxes were observed
when sea-ice cover was present. In general, the fluxes during
sea-ice coverage were 1 to 2 orders of magnitude lower than
those during open water. The highest flux peaks were ob-
served during the late sea-ice cover stage and the subsequent
sea-ice-free stage in spring to early summer. Similar patterns
were observed for the fluxes of Chaetoceros resting spores
at stations M4 and M6 during 1998-2000 (Fig. 2). The ex-
ception was in June—July 1999, when no Chaetoceros resting
spores were found.

Fifty-six diatom taxa were observed in sinking-particle
samples at stations M4 and M6 (Table 2; Plates S1-S3).
The taxonomic compositions showed pronounced seasonal
changes (Fig. 3). During the sea-ice-free stage, the major di-
atom taxa were Neodenticula seminae and the Shionodiscus
trifultus group. In 1999, Proboscia eumorpha/subarctica ex-
hibited relatively high abundances. During the early sea-ice
cover stage, Bacterosira bathyomphala (as resting spores)
was the representative species. Fragilariopsis cylindrus, N.
seminae, and Thalassionema nitzschioides made consider-
able contributions to the diatom assemblages. During the
maximum sea-ice cover stage, F. cylindrus and B. bathy-
omphala resting spores were the major diatom taxa; in par-
ticular, very high percentages of F. cylindrus (> 60 %) were
observed during spring 2000 at both station M4 and sta-
tion M6. Markedly high fluxes and relative abundances of F.
cylindrus were observed during the late sea-ice cover stage
and the subsequent sea-ice-free stage. Most of the diatom
taxa also showed high fluxes during late spring to early
summer, but only F. cylindrus made up enormously high
percentages of the assemblages. Temporal flux changes in
Fragilariopsis oceanica/pseudonana/reginae-jahniae were
similar to those of F. cylindrus. Throughout the obser-
vations, the relative abundances of Thalassiosira antarc-
tica/bulbosa/hyalina/nordenskioeldii were lower than 10 %.

4.3 Diatom fluxes and assemblages in surface sediment

Twenty-eight diatom taxa were found in surface-sediment
sample XP98-MC4 (Table 2; Plates S1-S3). Major diatom
taxa (relative abundance > 5 %) were B. bathyomphala rest-
ing spores, F. cylindrus, F. oceanica/pseudonana/reginae-
Jjahniae, N. seminae, the S. trifultus group, S. variantius, T.
nitzschioides, Thalassiosira hyalina, and Thalassiosira nor-
denskioeldii.
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Table 2. Relative abundances of diatom taxa in sediment-trap, sea-ice, and surface-sediment samples. Note that the relative abundances of
diatom taxa were calculated excluding Chaetoceros resting spores.

Diatom taxa M4 ‘ M6 Seaice Sediment
1998-1999  1999-2000 ‘ 1998-1999  1999-2000

Actinocyclus curvatulus Janisch 1.6 0.8 1.9 0.1 - 1.5
Actinocyclus ochotensis Jousé 0.0 0.4 - 0.0 - -
Actinocyclus spp. 0.3 0.3 1.7 0.1 - 4.1
Amphola sp. - 0.0 0.0 0.0 - -
Asteromphalus hyalinus Karsten 0.1 0.2 0.0 0.0 - 0.3
Aulacoseira sp. - 0.2 0.0 0.0 - -
Bacterosira bathyomphala (Gran) Syvertsen and Hasle 0.1 0.3 0.4 0.6 - 0.6
Bacterosira bathyomphala (Gran) Syvertsen and Hasle resting spores 0.8 5.7 0.7 4.7 - 10.8
Biddulphia spp. - 1.5 - 0.6 - -
Chaetoceros atlanticus Cleve 24 1.1 2.1 0.0 - -
Chaetoceros spp. 1.7 - 4.0 - 4.7 -
Corethron sp. 0.0 0.1 - - - -
Coscinodiscus spp. 0.0 - 0.0 - - 0.6
Cyclotella spp. 0.3 0.4 0.0 0.1 - -
Delphineis minutissima (Hustedt) Simonsen 0.0 0.4 0.0 0.1 - 0.1
Detonula confervacea (Cleve) Gran 0.1 0.6 1.0 0.6 - 2.0
Ditylum spp. 0.0 - 0.0 - - -
Fragilariopsis curta (Van Heurck) Hustedt 0.0 0.4 - 0.1 - -
Fragilariopsis cylindrus (Grunow) Krieger 52.1 31.3 439 55.1 86.5 6.4
Fragilariopsis oceanica (Cleve) Hasle, pseudonana (Hasle) Hasle, 6.9 7.7 4.2 4.5 - 6.4
and reginae-jahniae Witkowski, Lange—Bertalot and Metzeltin

Fragilariopsis spp. 0.0 - - - - 0.1
Minidiscus variabilis Kaczmarska 0.0 1.4 - 0.0 0.3 -
Navicula kariana var. detersa Grunow 0.0 3.9 0.8 39 0.9 -
Navicula spp. 0.0 2.1 0.0 0.0 - 0.3
Neodenticula seminae (Siomonsen and Kanaya) Akiba and Yanagisawa 10.2 12.2 8.2 13.2 - 9.1
Nitzschia spp. 0.1 - 0.0 0.0 - -
Odontella sp. - - 0.0 - - -
Paralia marina (Smith) Heiberg 0.1 0.3 0.0 0.1 - 2.3
Paralia sulcata (Ehrenberg) Cleve 0.0 - - - - -
Pleurosigma sp. 0.1 0.6 0.0 0.1 - -
Porosira glacialis (Grunow) Jgrgensen 0.0 0.1 0.3 0.1 0.9 -
Proboscia eumorpha Takahashi, Jordan and Priddle 1.2 5.1 6.1 0.3 - -
Proboscia subarctica Takahashi, Jordan and Priddle 0.2 33 1.4 0.9 - -
Proboscia spp. 0.0 0.3 - - - -
Psammothidium spp. - 0.9 - - - -
Rhizosolenia spp. 0.0 0.2 0.2 - - 0.3
Shionodiscus oestrupii (Ostenfeld) Alverson, Kang and Theriot 0.0 - - - - -
Shionodiscus trifultus (Fryxell) Alverson, Kang and Theriot group 7.6 5.0 10.5 2.3 0.6 12.0
Shionodiscus variantius (Shiono) Alverson, Kang and Theriot 5.3 4.6 2.8 3.8 - 8.2
Shionodiscus sp. 0.0 - 0.3 0.0 - -
Skeletonema costatum (Greville) Cleve - 0.3 - 0.2 - 0.3
Staurosira sp. - 0.1 - - - -
Thalassionema nitzschioides (Grunow) Mereschkowsky 0.6 1.7 0.7 14 - 11.6
Thalassiosira antarctica Comber 6.6 0.1 0.1 3.8 - 0.3
Thalassiosira bulbosa Syvertsen 0.0 - 0.0 - - -
Thalassiosira bulbosa Syvertsen resting spores 04 1.2 0.8 0.6 - 0.3
Thalassiosira eccentrica (Ehrenberg) Cleve - - 0.0 0.0 - -
Thalassiosira gravida Cleve 0.0 - 0.0 - - 0.9
Thalassiosira hyalina (Grunow) Gran 0.0 0.9 0.7 0.5 2.8 6.1
Thalassiosira hyperborea (Grunow) Hasle - - - 0.1 - -
Thalassiosira kushirensis Takano resting spores 0.2 04 0.0 0.4 - 2.6
Thalassiosira nordenskioeldii Cleve 0.1 0.7 44 0.2 1.6 5.0
Thalassiosira pacifica Gran and Angst 0.0 0.0 0.2 - - -
Thalassiosira punctigera (Castracane) Hasle 0.0 - 0.4 0.0 - 0.6
Thalassiosira spp. 0.2 3.1 1.9 0.6 1.6 0.9
Thalassiothrix longissima Cleve and Grunow 0.0 0.4 0.0 0.1 - 1.8
Genus indet. 0.5 - 0.1 0.5 - 4.4
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Figure 2. Temporal changes in (a) sea-ice concentrations at station M4 during 1998-2000 (Nakatsuka et al., 2004). Time-series fluxes of
(b) total diatoms except for Chaetoceros resting spores, (¢) Chaetoceros resting spores, and (d) biogenic opal (Nakatsuka et al., 2004) at
station M4 during 1998-2000. Temporal changes in (e) sea-ice concentrations and time-series fluxes of (f) total diatoms, (g) Chaetoceros
resting spores, and (h) biogenic opal (Nakatsuka et al., 2004) at station M6 during 1998-2000. Gray and dark gray areas denote stages of
sea-ice coverage (see text). Areas with cross marks indicate periods without sediment-trap deployment.

5 Discussion

5.1 Seasonal changes in diatom assemblages

At sediment-trap stations M4 and M6 deployed off Sakhalin,
the diatom fluxes showed pronounced seasonal changes that
were closely related to seasonal sea-ice coverage (Fig. 2).
The highest diatom fluxes were recorded during spring
blooms after sea-ice retreat. In seasonally sea-ice-covered
regions, the spring diatom bloom usually occurs at the ice
edge because sea-ice melting produces a stratified water mass
where diatoms readily remain in the euphotic zone (Niebauer
etal., 1995; Katsuki and Takahashi, 2005). The spring diatom
blooms during May to July at stations M4 and M6 were a few
months later than those at station SA in the subarctic Pacific
and at station AB in the Bering Sea (Onodera et al., 2005;
Onodera and Takahashi, 2009). Both stations SA and AB are
located in areas that are free of sea ice throughout the year.
Sea-ice coverage must have influenced the spring bloom tim-
ings. In 1999, the spring diatom bloom at station M4 (53° N)
began soon after sea-ice retreat, whereas the spring diatom
bloom at M6 (49.5° N) began 1 month after sea-ice retreat.

https://doi.org/10.5194/jm-39-77-2020

Nakatsuka et al. (2004) explained the southward propaga-
tion of the spring diatom bloom regardless of the northward
sea-ice retreat as having to do with water mass stability. At
station M4, a stable pycnocline could more easily be formed
than at station M6 because of the freshwater supply from sea-
ice melting. In addition, the surface salinity at M4 is gener-
ally lower than that at M6 because M4 is closer to the Amur
River mouth.

During the spring blooms, Fragilariopsis cylindrus was
the prevailing species in the diatom assemblages at both
station M4 and station M6, although the fluxes of most
of the diatom species also increased (Fig. 3). Fragilariop-
sis cylindrus is a representative diatom species in Antarctic
marginal ice-edge zones (Kang and Fryxell, 1992; Gersonde
and Zielinski, 2000) and the Arctic Ocean (Hasle, 1976; Cre-
mer, 1999). However, von Quillfeldt (2004) discussed Frag-
ilariopsis cylindrus as an indicator of cold water rather than
sea ice. The flux of Chaetoceros resting spores also increased
during the ice-melting stage. High abundances of Chaeto-
ceros resting spores in surface sediments have been reported
in the coastal and marginal areas of the subarctic Pacific,

J. Micropalaeontology, 39, 77-92, 2020
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Figure 3. Temporal changes in sea-ice concentrations at stations M4 and M6 during 1998-2000 (Nakatsuka et al., 2004). Time-series fluxes
(shaded graphs) and relative abundances (line graphs) of major diatom taxa at stations M4 and M6 during 1998-2000. Note that the relative
abundances of diatom taxa were calculated excluding Chaetoceros resting spores. Vertical bars in light gray are periods with sea ice, identified
on the basis of sea-ice concentrations greater than zero. Areas with cross marks indicate periods without sediment-trap deployment.
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including the Sea of Okhotsk (Sancetta, 1982; Ren et al.,
2014); thus, this taxon has been suggested as an indicator
of high primary productivity (Sancetta, 1982).

Fall diatom blooms were observed at stations M4 and
M6 but with flux peaks approximately 1 order of magni-
tude lower than the spring peaks (Fig. 2). A similar trend
was observed for chlorophyll-a concentrations in the west-
ern Sea of Okhotsk (Nakatsuka et al., 2004). However, the
opal flux peaks in spring and fall were approximately com-
parable despite the large interannual variability (Fig. 2). This
discrepancy is mainly caused by the difference in diatom as-
semblages between the spring and fall blooms. Neodentic-
ula seminae and the Shionodiscus trifultus group were ma-
jor diatom taxa in the fall blooms. Both taxa are open-water
taxa abundant in the western subarctic Pacific and the Bering
Sea (Takahashi, 1986; Onodera et al., 2005; Shimada et al.,
2006; Onodera and Takahashi, 2009). Their heavily silici-
fied valves contributed to high opal fluxes in fall, whereas
F. cylindrus, the prevailing diatom species in spring blooms,
has small, thin valves that formed a lesser contribution to the
opal flux. Considerably high fluxes of Chaetoceros resting
spores were also observed at stations M4 and M6 in fall, in-
dicating high productivity in the western Sea of Okhotsk off
Sakhalin (Fig. 3). Nakatsuka et al. (2004) suggested that the
Amur River discharge peak in September (Ogi et al., 2001)
regulates the physical oceanographic conditions and silicate
supply off Sakhalin. In September, low-salinity water flows
southward from the Amur River mouth along the east coast
of Sakhalin (Nakatsuka et al., 2004; Fujisaki et al., 2014).
Indeed, significantly high primary productivity was observed
in the estuary of the Amur River and the coastal area of
Sakhalin during late summer (Isada et al., 2013). The in-
creased Amur River discharge would have supplied silicate-
rich surface water to the area off Sakhalin and would have led
to enhanced productivity of heavily silicified diatoms such as
N. seminae and the S. trifultus group.

Diatom fluxes were low at stations M4 and M6 under sea-
ice coverage (Fig. 2). During the early sea-ice cover stage
with low sea-ice concentrations, the relative abundance of
Bacterosira bathyomphala resting spores increased. The rel-
ative abundances of open-water taxa such as N. seminae and
the S. trifultus group were still high, suggesting an exchange
of surface water with the open ocean. During the maxi-
mum sea-ice cover stage with peak sea-ice concentrations,
F. cylindrus and Bacterosira bathyomphala resting spores
were the major diatom taxa. Even during the maximum sea-
ice cover stage, N. seminae, an open-water diatom species,
made a considerable contribution to the diatom assemblages
in sinking-particle samples.

5.2 Ice-related diatom species

Diatom species in the Sea of Okhotsk that are proposed to be
ice-related taxa in previous paleoceanographic studies (Shiga
and Koizumi, 2000; Koizumi et al., 2003; Shimada et al.,

https://doi.org/10.5194/jm-39-77-2020

2004; Okazaki et al., 2005; Gorbarenko et al., 2007; Katsuki
et al., 2010) are listed in Table 3. All these previous studies
noted that three diatom species are ice-related: F. cylindrus,
F. oceanica, and B. bathyomphala resting spores. Thalas-
siosira antarctica has also been categorized as an ice-related
species, except by Shimada et al. (2004). Thalassiosira nor-
denskioeldii was suggested as being an ice-related species by
Shiga and Koizumi (2000), Koizumi et al. (2003), and Kat-
suki et al. (2010). Only Gorbarenko et al. (2007) proposed
that Thalassiosira gravida was an ice-related species, though
they provided no taxonomic information.

In the Basket 6-2 sea-ice sample obtained near the
Hokkaido coast on 28 February 2013, F. cylindrus was the
dominant diatom species, accounting for 87 % of the total di-
atom assemblage (Table 2). Note that this value is from snap-
shot data, and the sampling period and location are different
from those of sediment-trap stations M4 and M6; hence, we
are unable to compare this result directly with diatom assem-
blage data from sediment-trap samples. Instead, the domi-
nance of F. cylindrus in the Basket 6-2 sea-ice sample merely
indicates that F. cylindrus can survive in sea ice in the Sea of
Okhotsk. In fact, reported major diatom taxa in sea-ice sam-
ples from lagoons and coastal areas of the Sea of Okhotsk
are highly variable, e.g., Fragilaria spp. and Navicula spp. in
the Notoro-ko Lagoon (Asami and Imada, 2001), Odontella
aurita in the Saroma-ko Lagoon, and Thalassiosira norden-
skioeldii along the Hokkaido coast (McMinn et al., 2008).
Ice-algal diatoms flourish in brine pockets of high-salinity
water trapped in sea ice. The physical properties of brine
pockets are completely different from those of the surface
water: low-light conditions, high salinity (40 %o to 63 %o),
and low temperature (—3.4 to —2.1 °C; Papadimitriou et al.,
2007). Limited numbers of diatom species are adapted to this
extreme environment; of these taxa, Fragilariopsis cylindrus,
a colonial diatom species, is representative. In the darkness,
F. cylindrus can metabolize using chrysolaminarin and fatty
acid (Mock et al., 2017). Furthermore, F. cylindrus can se-
crete an antifreeze protein to impede brine pocket discharge
(Bayer-Giraldi et al., 2011). These features are favorable for
inhabiting sea ice, and F. cylindrus makes up the dominant
proportion of diatom assemblages in sea ice. The presence
of long chain colonies of F. cylindrus suggests rapid and re-
peated asexual reproduction in sea ice (Plate S3; Fig. 16).
During sea-ice melting, F. cylindrus cells are released from
sea ice and form the spring bloom.

Fragilariopsis oceanica/pseudonana/reginae-jahniae
showed flux patterns similar to those of F. cylindrus at
both M4 and M6 (Fig. 3); however, F. cylindrus was
present in the Basket 6-2 sea-ice sample but Fragilariopsis
oceanica/pseudonana/reginae-jahniae were not (Table 2).
Common occurrences of F. oceanica and F. pseudonana have
been reported in cold-water regions of the Arctic Ocean,
subarctic Atlantic, and subarctic Pacific (Hasle et al., 1996;
Sukhanova et al., 2009; Poulin et al., 2011; Ren et al., 2014).
Fragilariopsis oceanica has been found in sea ice in the

J. Micropalaeontology, 39, 77-92, 2020
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marginal Arctic Ocean (Ambrose et al., 2005; Poulin et al.,
2011). Fragilariopsis pseudonana colonies have also been
detected in sea ice in the Southern Ocean near Antarctica
(Cefarelli et al., 2010). We suspect that the absence of
Fragilariopsis oceanica/pseudonana/reginae-jahniae in the
Basket 6-2 sea-ice sample was the result of interspecific
competition in the extreme environment of brine pockets. In
addition, Asami and Imada (2001) and McMinn et al. (2008)
did not report F. oceanica, F. pseudonana, and F. reginae-
Jjahniae in their sea-ice samples. Considering their absence
in sea-ice samples and the similarity of their flux patterns
to those of F cylindrus, we suggest that Fragilariopsis
oceanica/pseudonana/reginae-jahniae are sea-ice-related
diatom taxa in the Sea of Okhotsk.

Unlike F. cylindrus, resting spores of B. bathyomphala, the
other representative sea-ice-related diatom species in the Sea
of Okhotsk, were not found in the Basket 6-2 sea-ice sample.
Similar results were observed in first-year ice samples (von
Quillfeldt et al., 2003). Bacterosira bathyomphala (resting
spores) is a minor diatom species in sea ice but the major di-
atom species in water around sea ice (von Quillfeldt et al.,
2003). As B. bathyomphala resting spores are restricted to
coastal waters (Hasle, 1973), these resting spores are associ-
ated with neritic cold water around sea ice.

We selected the following centric diatom species as poten-
tial ice-related species: Thalassiosira antarctica, T. bulbosa,
T. hyalina, T. nordenskioeldii, and Detonula confervacea (Ta-
ble 3). Of these, T. hyalina and T. nordenskioeldii were found
in the Basket 6-2 sea-ice sample. Thalassiosira antarctica
is a bipolar species that dwells mainly in neritic cold water
(Hasle and Heimdal, 1968; Hasle, 1976) and has been re-
garded as an ice-related species associated with meltwater
on sea-ice margins (Villareal and Fryxell, 1983; Pike et al.,
2009). Thalassiosira antarctica forms resting spores, which
are well preserved in sediment because they are heavily sili-
cified (Cremer, 1999); however, in this study, 7. antarctica
resting spores were not encountered. Thalassiosira hyalina
has not been reported in previous studies of diatom assem-
blages in the Sea of Okhotsk. The morphology of T. hyalina
is similar to that of T. antarctica: T. antarctica has two rings
of marginal spines and 7. hyalina has one ring. These rings of
spines are often barely distinguishable under the light micro-
scope (Hasle and Heimdal, 1968). Because all previous stud-
ies in the Sea of Okhotsk were conducted by means of light
microscopy, T. hyalina might have been confused with T.
antarctica. Thalassiosira gravida is a bipolar species (Hasle,
1976). In the Southern Ocean, T. gravida often appears in
open water and is very rare in sea ice (Fryxell and Kendrick,
1988). In the Arctic Ocean, T. gravida occurs in temperate to
cold waters (Katsuki et al., 2009; Poulin et al., 2011). In addi-
tion, T. gravida is predominant in Kongsfjorden, Svalbard, in
July, at a time without sea-ice coverage (Hasle and Heimdal,
1998). These findings suggest that 7. gravida is not a typical
ice-algal diatom species, and we exclude this species from
sea-ice-related species. In the Arctic Ocean, Thalassiosira
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nordenskioeldii is a major diatom species of the spring bloom
(Eilertsen et al., 1989; Sommer and Lewandowska, 2011)
and is abundant in summer shallow water (Tuschling et al.,
2000); however, T. nordenskioeldii has not been reported in
Arctic sea-ice samples (Cremer, 1999). Unlike in the Arctic
Ocean, in this study the relative abundances of T. norden-
skioeldii were less than 5 % in both sea-ice and sediment-
trap samples. Detonula confervacea and Thalassiosira bul-
bosa have not been reported in previous studies in the Sea of
Okhotsk, but these two species have been observed in neritic
cold water around sea ice in the Arctic Ocean (Karentz and
Smayda, 1984; Syvertsen and Hasle, 1984).

We have identified ice-algal diatoms in the Sea of Okhotsk
and divided them into two groups: (1) F. cylindrus, an ice
alga living in sea ice; and (2) sea-ice-related diatoms living in
neritic cold water associated with sea ice (B. bathyomphala
resting spores, F. oceanica/pseudonana/reginae-jahniae, T.
antarctica, T. nordenskioeldii, T. hyalina, D. confervacea,
and T. bulbosa).

5.3 Comparison of diatom assemblages between
sinking-particle and surface-sediment samples

The species compositions of diatom assemblages showed ob-
vious differences between sinking-particle (M6) and surface-
sediment (XP98-MC4) samples obtained at adjacent loca-
tions off Sakhalin (Fig. 4). Because the XP98-MC4 core was
obtained in July 1998 prior to the deployment of sediment
trap M6 (deployed August 1998 to June 2000), sinking parti-
cles trapped at M6 were not included in the XP98-MC4 core
sample. In addition, the core-top sample of XP98-MC4 rep-
resents an ~ 35-year record, as noted in Sect. 3.3. Therefore,
differences in the diatom species compositions of sediment-
trap and surface-sediment samples should be due to selective
preservation of diatom species during sinking and sedimen-
tation. Diatom frustules are made of biogenic opal, which
can be broken/dissolved by both physical and chemical pro-
cesses. Physical processes include feeding by zooplankton
and benthos, tidal mixing, and turbidites. Chemical processes
consist of dissolution in seawater and pore water. To prevent
chemical dissolution, living diatom cells form an organic cas-
ing called a capsule outside of their frustules (Armbrust et al.,
2004). When diatoms are dead, their frustules are exposed to
seawater and pore water, accelerating chemical dissolution
(Kamatani and Riley, 1979; Shemesh et al., 1989; Nelson et
al., 1995). The dissolution/preservation of diatom frustules
differ markedly between species depending on the structure,
thickness, and surface area of the valves (Leventer, 1998;
Ryves et al., 2001; Shimada et al., 2003).

In this study, some diatom taxa showed markedly higher
relative abundances in the surface-sediment sample than
in the sinking-particle samples: B. bathyomphala resting
spores, neritic cold diatoms (7. antarctica, T. nordenskioeldii,
T. hyalina, D. confervacea, and T. bulbosa), Shionodis-
cus variantius, and Thalassionema nitzschioides. In con-
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trast, some diatom taxa showed obviously lower relative
abundances in the surface-sediment sample than in sinking-
particle samples: Fragilariopsis cylindrus and Proboscia eu-
morpha/subarctica. The diatoms of the group with higher
relative abundances in the sediment sample have relatively
thick silicified valves compared to the other group. In gen-
eral, thin valves are fragile and easily damaged. Once a
valve is damaged, the increased surface area leads to more
chemical dissolution (Kamatani and Riley, 1979). Fragilar-
iopsis cylindrus is a typical thin-valved species of the di-
atom taxa encountered in this study. In the case of P. eumor-
pha/subarctica, the valves are not as thin, but the girdles are
very thin; hence, their frustules readily become separated.
In fact, all P. eumorpha/subarctica specimens encountered
during microscopic observations of the XP98-MC4 surface-
sediment sample were valves and fragments. The fine struc-
ture of diatom frustules may also affect their preservation.
For instance, punctae (fine pores on the valve surface) and
areolae (coarse pores on the valve surface) act as a path for
seawater. Shimada et al. (2003) demonstrated that faster dis-
solution occurs on the valve of N. seminae than on the copula.
As dissolution progresses, the punctae on N. seminae valves
increase in diameter and become connected to each other
(Shimada et al., 2003). In this study, there is a considerable
difference in the preservation of the S. trifultus group and that
of S. variantius. Both species belong to the genus Shionodis-
cus and have a basically similar morphology except for the
presence of a velum, a thin siliceous structure covering the
areolae on the external side (Plate S2). The S. trifultus group
has no velum, whereas S. variantius possesses a velum (Sh-
iono, 2001). Better preservation of S. variantius in sediment
might be because of the presence of a velum, which prevents
seawater infiltration. A similar structure covering the areo-
lae is also found in Thalassionema nitzschioides (Plate S3).
Good preservation of T. nitzschioides in sediment is con-
sistent with the hypothesis that the presence of a siliceous
structure covering the areolae plays an important role in the
preservation of diatom frustules.

6 Conclusions

We investigated diatom assemblages in sea-ice, sinking-
particle, and surface-sediment samples in the Sea of Okhotsk
by means of SEM. Ten diatom taxa were identified in a sea-
ice sample collected from the southwestern Sea of Okhotsk
near the Hokkaido coast in February 2013. Fragilariopsis
cylindrus was the dominant diatom species in the sea-ice
sample, making up 87 % of the total diatom assemblage.
Time-series sediment traps were deployed at two stations,
M4 and M6, off Sakhalin during 1998-2000. Total diatom
fluxes ranged from 10° to 108 valvesm™2d~! with pro-
nounced summer peaks. During summer and fall, the Sh-
ionodiscus trifultus group and Neodenticula seminae were
the major diatom taxa. In contrast, during the sea-ice cov-
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Figure 4. Comparison of the relative abundances of major diatom taxa in sediment-trap samples at station M6 (average between 1998 and

2000) and the surface-sediment sample of core XP98-MC4.

ering period, the total diatom flux decreased by 1 or 2
orders of magnitude. During the sea-ice covering period,
Fragilariopsis cylindrus, F. oceanica/pseudonana/reginae-
Jjahniae, and Bacterosira bathyomphala resting spores were
the major taxa. Fragilariopsis cylindrus fluxes exhibited pro-
nounced spring bloom peaks of 108 valvesm=2d~!; these
diatoms were released from sea ice during sea-ice retreat.
In addition, neritic cold diatoms (7. antarctica, T. norden-
skioeldii, T. hyalina, D. confervacea, and T. bulbosa) showed
a relatively high contribution during the sea-ice covering
period. These neritic cold diatoms were not living in sea
ice but in neritic cold water associated with sea ice. The
diatom species compositions of sediment-trap (M6) and
surface-sediment (XP98-MC4) samples showed obvious dif-
ferences depending on the diatom valve and girdle robust-
ness. Heavily silicified diatom taxa such as B. bathyomphala
resting spores, neritic cold diatoms, Shionodiscus vari-
antius, and Thalassionema nitzschioides showed markedly
higher relative abundances in surface-sediment samples than
in sinking-particle samples. In contrast, the relative abun-
dances of Fragilariopsis cylindrus and Proboscia eumor-
pha/subarctica were notably lower in surface-sediment sam-
ples than in sinking-particle samples.
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