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Abstract Spatial and temporal variations in major phy-

toplankton populations such as diatoms in the changing

Arctic Ocean have been well studied, whereas only a few

monitoring studies have been conducted on minor siliceous

flagellates. To discern the relationship between hydro-

graphic conditions and the spatio-temporal distribution of

silicoflagellates, ebridians, and the endoskeletal dinoflag-

ellate Actiniscus pentasterias, we analyzed seawater and

bottom-tethered sediment-trap samples from the western

Arctic Ocean. Silicoflagellates and ebridians were com-

monly observed in shelf waters around the southern

Chukchi Sea in September–October during 2010 and 2013.

However, one mesoscale patch with abundant silicoflag-

ellates and ebridians was observed in the southwestern

Canada Basin during September–October 2010. This off-

shore patch reflected an unusual occurrence of a mesoscale

eddy deriving from the Alaskan Coastal Water. The active

lateral transport of shelf materials by eddies was also evi-

dent in high silicoflagellate and ebridian fluxes at station

Northwind Abyssal Plain (NAP) (75�N, 162�W, 1975-m

water depth) in November–December during 2010 and

2011. The summer silicoflagellate flux at station NAP was

mainly composed of Distephanus speculum. During the

sea-ice cover period, except for July, silicoflagellates D.

medianoctisol and D. octonarius were relatively abundant

in the assemblage. The spike in D. speculum flux during

July 2011 was observed with fecal pellets containing

abundant silicoflagellates, suggesting a temporal sili-

coflagellate contribution to some kinds of zooplankton. The

common occurrence of A. pentasterias in settling particles

at station NAP during the winter may indicate their toler-

ance to cold water under sea ice.

Keywords Silicoflagellate � Ebridian � Actiniscus
pentasterias � Sinking particles � Sediment trap � Northwind
Abyssal Plain � Chukchi Sea � Arctic Ocean

Introduction

Silicoflagellates and other siliceous flagellates in sinking

particles have been studied in both low- and high-latitude

oceans (Takahashi 1987; Lange et al. 2000; Romero et al.

2002, 2009; Rigual-Hernández et al. 2010; Onodera and

Takahashi 2012); however, few studies are reported from

the Arctic Ocean (Zernova et al. 2000). In the Arctic Ocean

there are snapshot records of silicoflagellate occurrences in

seawater and sea ice (Melnikov 1997; Takahashi et al.

2009). Zernova et al. (2000) reported sporadic silicoflag-

ellate occurrences in a 1-year record (from September 1995

to August 1996) of settling particle flux at station LOMO2

on the basin side of the Laptev Sea. Onodera and Taka-

hashi (2012) considered that the relative abundance of the

silicoflagellate Distephanus medianoctisol may increase in

colder waters covered with sea ice in the Arctic Ocean

compared to the subarctic North Pacific Ocean and the

Bering Sea. Matsuno et al. (2014a) showed a marked

relationship between the horizontal distribution of major
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microplankton (diatoms, dinoflagellates, and ciliates) and

hydrographic differences in the western Arctic Ocean. The

recent environmental changes in the western Arctic Ocean

may be deciphered in the silicoflagellate assemblage.

However, only limited knowledge exists regarding the

modern silicoflagellate assemblage in the Arctic Ocean,

except for the aforementioned reported studies. In addition,

no reliable reports are present on the distribution pattern

and phenology of minor siliceous flagellates such as

ebridians and the endoskeletal dinoflagellate genus Ac-

tiniscus in the Arctic Ocean. To foster greater under-

standing of these siliceous flagellates in seasonal sea-ice

environments, here we briefly report (1) the relationship

between hydrographic variations and horizontal distribu-

tions of specific siliceous microplankton and (2) the results

of a 2-year record of siliceous skeleton fluxes in the

southern Northwind Abyssal Plain (NAP) in the western

Arctic Ocean.

Methods

The study area included the eastern Chukchi Sea shelf and

the Chukchi Borderland in the western Arctic Ocean

(Fig. 1). In total, 47 water samples were collected during the

R/VMirai cruiseMR10-05 during September–October 2010

(Fig. 1; Electric Supplementary Table 1). Additional water

samples were collected during the R/VMirai cruises MR12-

E03 (2 samples from station NAP) on 20 September 2012

and MR13-05 (36 samples) during September–October

2013. Sea surface water was sampled by bucket, and

0.1–3.0 l was filtered through a 25- or 47-mm diameter

membrane filter (0.45-lm pore size; filter area: 210 mm2 for

u = 25 mm; 960 mm2 for u = 47 mm). When the ship’s

sampling pumpwas available during transit between stations

on cruise MR10-05, water was pumped from an approxi-

mately 4.5 mwater depth, and 2.0–6.9 l was filtered through

a 47-mm-diameter membrane filter. Subsurface water from

10 to 74 m depth was collected using a conductivity-tem-

perature-depth (CTD) Niskin bottle sampler, and water

volumes of 0.3–2.0 l were filtered through a 25- or 47-mm-

diameter membrane filter (Electric Supplementary Table 1).

After desalting with Milli-Q water, the dried filter was cut

into two pieces, and the larger piece of dried filter was

mounted between a glass microscope slide and cover slip

(22 9 40 mm) with Canada balsam and xylene as the resin

solvent. To prepare a photomicrograph plate for studying

flagellate skeletons, the remaining filter piece was used for

scanning electron microscope (SEM) observation after the

vapor deposition of osmium tetroxide over the filter.

Using a SMD26S-6000 type sediment trap from

Nichiyu-Giken Kogyo, Co., Ltd. (Kawagoe City, Japan),

the settling particle samples studied were collected at sta-

tion NAP (75�N, 162�W; water-depth 1975 m) between

00:00 h on 4 October 2010 and 00:00 h on 18 September

2012. The nominal target depths were 180 m and 1300 m

for the first deployment (4 October 2010–17 September

2011) and 260 and 1360 m for the second deployment (4

October 2011–8 September 2012). The sample collection

bottles on the sediment traps contained filtered seawater

with pH-neutralized formalin (pH *8.2; approximate

concentration, 4 %). The sampling schedule for the shal-

low and deep traps was the same, and the collecting

interval for each sample bottle was 10–15 days (Table 1).
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Fig. 1 Map of the study area.

The black circle shows the

location of the sediment trap

mooring at station NAP. The

arrows represent surface

currents. Abbreviations of

geographic areas: NR

Northwind Ridge; NAP

Northwind Abyssal Plain; CS

the Chukchi Spur; CP Chukchi

Plateau; CAP Chukchi Abyssal

Plain; AMR Alpha-Mendeleev

Ridge
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Table 1 The sampling interval of settling particles and total mass flux at stations NAP10t and NAP11t

Deployment ID Bottle# Sampled date (dd mm yy) Interval

(days)

Total mass flux (mg m-2 d-1)

Initial Close Shallow Deep

NAP10t 1 04 Oct 10 18 Oct 10 14 – –

NAP10t 2 18 Oct 10 02 Nov 10 15 43.0 13.1

NAP10t 3 02 Nov 10 17 Nov 10 15 150.8 53.1

NAP10t 4 17 Nov 10 02 Dec 10 15 215.9 77.7

NAP10t 5 02 Dec 10 17 Dec 10 15 122.4 116.9

NAP10t 6 17 Dec 10 01 Jan 11 15 98.0 82.7

NAP10t 7 01 Jan 11 16 Jan 11 15 30.8 39.6

NAP10t 8 16 Jan 11 31 Jan 11 15 19.3 32.6

NAP10t 9 31 Jan 11 15 Feb 11 15 21.9 37.9

NAP10t 10 15 Feb 11 02 Mar 11 15 33.7 24.9

NAP10t 11 02 Mar 11 15 Mar 11 13 43.7 23.7

NAP10t 12 15 Mar 11 28 Mar 11 13 37.8 86.2

NAP10t 13 28 Mar 11 10 Apr 11 13 20.5 50.6

NAP10t 14 10 Apr 11 23 Apr 11 13 49.7 72.3

NAP10t 15 23 Apr 11 06 May 11 13 73.2 41.3

NAP10t 16 06 May 11 19 May 11 13 109.2 27.0

NAP10t 17 19 May 11 01 Jun 11 13 50.2 62.3

NAP10t 18 01 Jun 11 14 Jun 11 13 85.5 27.4

NAP10t 19 14 Jun 11 27 Jun 11 13 45.3 17.7

NAP10t 20 27 Jun 11 10 Jul 11 13 51.6 19.1

NAP10t 21 10 Jul 11 23 Jul 11 13 36.9 44.3

NAP10t 22 23 Jul 11 05 Aug 11 13 40.6 106.8

NAP10t 23 05 Aug 11 18 Aug 11 13 75.6 160.2

NAP10t 24 18 Aug 11 31 Aug 11 13 95.5 110.3

NAP10t 25 31 Aug 11 14 Sep 11 14 46.4 75.5

NAP10t 26 14 Sep 11 28 Sep 11 14 34.8 53.7

NAP11t 1 04 Oct 11 19 Oct 11 15 8.9 26.4

NAP11t 2 19 Oct 11 03 Nov 11 15 9.6 24.4

NAP11t 3 03 Nov 11 18 Nov 11 15 75.2 36.4

NAP11t 4 18 Nov 11 03 Dec 11 15 263.3 115.6

NAP11t 5 03 Dec 11 18 Dec 11 15 103.0 114.8

NAP11t 6 18 Dec 11 02 Jan 12 15 78.2 100.3

NAP11t 7 02 Jan 12 17 Jan 12 15 26.4 85.5

NAP11t 8 17 Jan 12 01 Feb 12 15 22.5 54.1

NAP11t 9 01 Feb 12 16 Feb 12 15 31.8 –

NAP11t 10 16 Feb 12 02 Mar 12 15 36.6 –

NAP11t 11 02 Mar 12 17 Mar 12 15 33.5 –

NAP11t 12 17 Mar 12 01 Apr 12 15 17.9 8.0

NAP11t 13 01 Apr 12 16 Apr 12 15 15.6 4.1

NAP11t 14 16 Apr 12 01 May 12 15 15.5 6.3

NAP11t 15 01 May 12 16 May 12 15 22.3 –

NAP11t 16 16 May 12 31 May 12 15 30.9 –

NAP11t 17 31 May 12 15 Jun 12 15 10.6 –

NAP11t 18 15 Jun 12 30 Jun 12 15 13.6 –

NAP11t 19 30 Jun 12 10 Jul 12 10 9.2 –

NAP11t 20 10 Jul 12 20 Jul 12 10 9.7 –

NAP11t 21 20 Jul 12 30 Jul 12 10 8.6 –
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Sediment trap sample slides for light microscope obser-

vation were prepared using the methods described by

Onodera et al. (2015) and as briefly summarized here. The

recovered sediment trap samples were sieved through a

1-mm mesh, and the fine size fractions (\1 mm) were

evenly split into the appropriate particle density for this

study using a wet-sample divider (WSD-10; McLane

Research Laboratories Inc., East Falmouth, MA, USA). One

of the split samples was gently filtered on a membrane filter

(pore size, 0.45 lm) using a vacuum pump (-0.02 MPa).

The filter was desalted by rinsing it with Milli-Q water,

dried in an oven (40 �C) for 1 night, and then mounted on a

glass microscope slide using Canada balsam and xylene.

Skeletons on the sample slides were identified according

to genus and species using a light microscope and 200–6009

magnification. The morphological species taxonomy for this

study is listed in Table 2. Skeleton abundance in water

samples was estimated using following equation.

Abundance skeletons L�1
� �

¼ N � ðS1=S2Þ=V ;

where N is the number of counted skeletons, S1 is the

filtered area of the sample filter (mm2), S2 is the counted

area (mm2), and V is the volume of water filtered (l).

Settling skeletal fluxes were calculated using the fol-

lowing equation (Onodera and Takahashi 2005).

Flux skeletons m�2d�1
� �

¼ ðN=S=DÞ � ðS1=S2Þ � A;

where S is the aperture area of the sediment trap (0.5 m2),

D is the sampled interval (10–15 days), S1 is the filtered area

of the sample filter (535 mm2), S2 is the counted area (mm2),

andA is the aliquot size (1/100-1/1000). Skeleton abundance

in water samples and calculated skeleton fluxes are listed in

Electric Supplementary Tables 1 and 2. Because of the

limited sample volume, deep sediment trap samples could

not be analyzed from1February to 16March and from1May

to the end of deployment in 2012 (Table 1). Therefore, the

results and discussion of this study are mainly based on

samples from the shallower sediment traps.

Hydrographic data collected during the R/VMirai cruise

MR10-05 were downloaded from the JAMSTEC data

search portal (http://www.godac.jamstec.go.jp/dataportal/

index_eng.html). Shortwave radiation and sea-ice concen-

tration data were obtained from the National Centers for

Environmental Prediction (NCEP)/Climate Forecast Sys-

tem Reanalysis (CFSR) data (Saha et al. 2010). Horizontal

distributions on hydrographic data and skeletal abundances

Table 1 continued

Deployment ID Bottle# Sampled date (dd mm yy) Interval

(days)

Total mass flux (mg m-2 d-1)

Initial Close Shallow Deep

NAP11t 22 30 Jul 12 09 Aug 12 10 6.0 –

NAP11t 23 09 Aug 12 19 Aug 12 10 5.0 –

NAP11t 24 19 Aug 12 29 Aug 12 10 7.4 –

NAP11t 25 29 Aug 12 08 Sep 12 10 12.0 –

NAP11t 26 08 Sep 12 18 Sep 12 10 8.9 –

The symbol ‘‘–’’ indicates that assemblage analysis for this study was not conducted because of the limited sample volume

Table 2 List of study species

Taxon References

Silicoflagellates

Distephanus speculum (Ehrenberg)

Haeckel 1887

Takahashi et al. (2009) p. 318, Pl. 2, Figs. 6–8, Pl. 3, Figs. 12–16

Distephanus medianoctisol

Takahashi et al. 2009

Takahashi et al. (2009) pp. 316–318, Pl. 1, Figs. 1–11, Pl. 2,

Figs. 1–5, 9–14, Pl. 3, Figs. 1–11

Distephanus octonarius

(Ehrenberg) Deflandre 1932

Ling (1973) p. 752, Pl. 2, Figs. 5, 6, Distephanus sp. in Takahashi

et al. (2009) Pl. 2, Fig. 15

Distephanus quinquangellus Bukry

and Foster 1973

Bukry and Foster (1973) p. 828, pl. 5, Fig. 4; Takahashi (1987) Pl. 1, Fig. 3

Ebridian

Ebria tripartita (Schumann)

Lemmermann 1899

Vørs (1992) p. 76, Figs. 34 k–n; Osawa et al. (2005) Fig. 7a–d

Endoskeletal dinoflagellate

Actiniscus pentasterias (Ehrenberg)

Ehrenberg 1854

Orr and Conley (1976) p. 92, pl. 1, Figs. 1–11, pl. 2, Figs. 1–6
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were plotted using the Ocean Data View 4 with the DIVA

interpolating method (Schlitzer 2015).

Hydrographic conditions in the study area

Surface water masses in the Chukchi Sea are categorized into

Alaska Coastal Water, Bering Shelf Water, and Anadyr

Water (Danielson et al. 2011). The oligotrophic water of the

Beaufort Gyre covers the Canada Basin and the eastern side

of the Chukchi Borderland (Nishino et al. 2011a). East

Siberian Sea water appears in the western side of the Chukchi

Borderland (Nishino et al. 2011a). There has been a clear

decreasing trend in sea-ice extent in the Arctic Ocean since

the 2000s (Stroeve et al. 2012). The sea-ice decline has

influenced the intensification of the Beaufort Gyre and the

nutricline deepening via the enhanced atmosphere–ocean

momentum transfer (McLaughlin and Carmack 2010; Nish-

ino et al. 2011a). The corresponding changes in water mass

transport and nutrient replenishment affect marine ecosys-

tems in the study area, such as their distribution, productivity,

and extent of the sea-ice ecosystem (Grebmeier et al. 2010;

Wassmann et al. 2011; Wang et al. 2013). The CTD obser-

vations during the R/V Mirai cruise MR10-05 showed that

water temperature and salinity at around 5-m water depth

ranged from -1.4 to 11.4 �C and from 24.8 to 32.5,

respectively (Fig. 2a, b). During September–October 2010,

an unusually large, subsurface (approximately 20–200 m

depth), warm-core eddy (diameter, approximately 100 km)

was found in the southwestern Canada Basin (Nishino et al.

2011b; Kawaguchi et al. 2012). This eddy was associated

with the mass input of Pacific-origin Alaskan Coastal Water

to the basin. The nitrate concentration in the upper water

column was relatively high in the southern Chukchi Sea,
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d nitrate concentration (lM) in
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surface of the study area during

cruise MR10-05 in September–
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whereas it was quite low in the northern Chukchi Sea and

Canada Basin during the cruise MR10-05 (September–Oc-

tober 2010) (Fig. 2d). The silicate concentrations in the

northern Chukchi Sea were lower than those in the sur-

rounding waters (Fig. 2c). The period of polar night at station

NAP is from late October to January (Fig. 3a). Sea-ice cover

was observed at station NAP from late October through late

July (Fig. 3b). When the sediment traps were deployed in

October 2010, the pycnocline and nutricline were observed at

water depths of approximately 25 and 75 m, respectively

(Fig. 4a, b).

Results

Distribution of silicoflagellate skeletons in water

samples

The samples of suspended particulate matter revealed dif-

ferent spatial patterns for the three studied plankton groups.

In surface waters (0 - *4.5 m), common occurrence of

silicoflagellate skeletons was observed in not only the

southern Chukchi Sea but also over the shelf break south of

station NAP during the R/V Mirai cruise MR10-05 during

September–October 2010 (Fig. 5a). The highest skeleton

density during cruise MR10-05 was 661 skeletons l-1 at

station 6 (67�N, 168.8�W) in the southern Chukchi Sea.

The mean silicoflagellate skeleton density in sea surface

samples was 70 skeletons l-1. The silicoflagellate skeleton

abundances in the southern Chukchi Sea during cruise

MR13-06 in September–October 2013 were usually higher

than those during cruise MR10-05 (Fig. 6a). The maximum

abundance during MR13-06 reached 39,721 skeletons l-1

at St. 79 (67.5�N, 168.75�W) on 4 October 2013. The high

abundance of silicoflagellate skeletons observed at the

shelf break and the deep sea area during cruise MR10-05

was not observed during MR13-06 (Fig. 6a).

In comparing the three sets of cruise data that include

station NAP, the high subsurface abundance of silicoflag-

ellate skeletons observed in October 2010 was not observed

in September 2012 or 2013 (Fig. 4c). The subsurface

maximum at station NAP was 667 skeletons l-1 at 75 m

water depth. During cruise MR12-E03, the skeleton

abundance in the subsurface chlorophyll maximum at sta-

tion NAP was 112 skeletons l-1 (Fig. 4c). In September

2013 at station 30, which is 56 km south of station NAP,

°
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Month

(a)

(b)

(c)

(d)

(e)

210211020102

Fig. 3 Oceanographic data

from station NAP obtained

during the study period (4

October 2010 through 17

September 2012). a Short-wave

radiation, b sea-ice

concentration, c logged data for

the depth of the moored shallow

sediment trap, d water

temperature at moored depth of

the shallow sediment trap, and

e total mass flux (\1 mm grain

size) of shallow (solid line) and

deep (broken line) sediment

traps, and lithogenic matter flux

at the shallow trap (shaded in

gray) (Watanabe et al. 2014)
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the maximum skeleton abundance through the water col-

umn was 119 skeletons l-1 at 50-m depth (Fig. 4c).

The dominant taxon in the study area was usually D.

speculum (Fig. 7a, b), which is a typical cold-water spe-

cies. The relative contribution of D. medianoctisol

(Fig. 7c) and D. octonarius (Fig. 7d) increased to total

silicoflagellates in water samples from the Canada Basin

and the Chukchi Borderland (Fig. 5b).

Distribution of ebridian and Actiniscus skeletons

in water samples

Ebridians are commonly observed in eutrophic waters

around river mouths and inland seas such as the Baltic Sea

and the Black Sea (Korhola and Grönlund 1999; Hargraves

2002; Osawa et al. 2005). In this study, as in previous

studies of the main ebridian distribution, abundant ebridian

skeletons were observed in the high-productivity area over

the southern Chukchi Sea shelf rather than in the deep

Canada Basin area (Figs. 5c, 6b). The ebridian distribution

in the cruise MR10-05 (Fig. 5c) essentially corresponded

to the sampling stations with high diatom abundance dur-

ing the same cruise (Matsuno et al. 2014a). The highest

skeleton density found during cruise MR10-05 was 2652

skeletons l-1 at station 6 (67�N, 168.8�W) in the southern

Chukchi Sea. During cruise MR13-06, the highest ebridian

abundance was 30,752 skeletons l-1 at station 79 (67.5�N,

168.75�W) in the southern Chukchi Sea on 4 October 2013.

The density of ebridian skeletons over the deep Canada

Basin was usually less than 50 skeletons l-1 at the sea

surface. However, at the sea surface (0 - *4.5 m) in

September–October 2010, the area of abundant ebridians

reached from Point Barrow to southwest of station NAP

(Fig. 5c). At station 39 on cruise MR10-05 (74.4�N,
165.3�W), ebridian skeleton density reached 684 skeletons

l-1. The only ebridian species observed was Ebria tripar-

tita (Table 2). At station NAP in the three cruises, common

occurrence of ebridian skeletons including both living and

dead specimens was only found in October 2010, and their

vertical distribution was limited to the upper water column

shallower than about 25-m water depth (Fig. 4d). There

were almost no ebridians found around station NAP during

2012 or 2013.

The horizontal distribution of Actiniscus pentasterias

showed the highest skeleton density of 122 skeletons l-1 in

the Northwind Abyssal Plain (72.5�N, 162.0�W) during

cruise MR10-05 (Fig. 5d). Although both ebridians and

Actiniscus are heterotrophic flagellates, the area of high A.

pentasterias abundance was different from that of ebridi-

ans. The latitudinal difference in density of Actiniscus

skeletons was not large between the high-productivity area

in the southern Chukchi Sea and the relatively oligotrophic

Canada Basin stations during cruises MR10-05 and MR13-

06 (Fig. 6c).
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Fig. 4 Vertical hydrographic profiles for the upper 150 m of the

water column at station NAP and vertical distributions of silicoflag-

ellate and ebridian skeletons around station NAP. a Water temper-

ature (�C), salinity, and downwelling irradiance of photosynthetically

active radiation (EdPAR, lmol photons m-2 s-1) on 3 October 2010;

b silicate, nitrate, and chlorophyll concentrations (lM) on 3

September 2010 during cruise MR10-05; c vertical distribution of

silicoflagellate skeletons (9102 number of skeletons l-1) during the

cruises MR10-05, MR12-E03, and MR13-06; d vertical distribution

of ebridian skeletons (number of skeletons l-1) on 3 September 2010

at station NAP. The data for cruise MR13-06 in c are from 56 km

south of station NAP. There are no data in d for ebridians from cruises

MR12-E03 or MR13-06 because their abundances were absent or

were 1 skeleton l-1 (Electric Supplementary Table 1)
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Mooring depth and hydrographic conditions

of shallow sediment trap

The pressure sensors mounted on the sediment traps showed

that for the first deployment period (from 4 October 2010

through 27 September 2011), the deployed depths of the

shallow and deep sediment traps were 181–218 (median,

185 m) and 1318–1339 m (median, 1323 m), respectively

(Fig. 3c). The deployed depths for the second deployment

period (from 4 October 2011 through 17 September 2012)

were 247–319 (median, 256 m) and 1357–1378 m (median,

1360 m), respectively. The shallow sediment trap in the first

deployment was moored in the low-temperature Pacific water

layer (Matsuno et al. 2014b). A relatively rapid sinking of the

upper sediment trap into theAtlantic water layer was observed

during July 2012 (Fig. 3c, d). According to Matsuno et al.

(2014b), the trappingefficiency for the shallow trapwaswithin

acceptable levels, except in July 2012, based on the slow

current speed at station NAP in 2010 (\2.7 cm s-1 at 188-m

water depth).Because of a substantial supply of shelfmaterials

carried byeddies (Watanabe et al. 2014), the annualmaximum

of total mass flux was observed in November–December in

2010 and 2011 (Fig. 3e). According toWatanabe et al. (2014),

themain bulk components of trapped particles were lithogenic

materials (Fig. 3e), and the concentration of biogenic opal in

the trapped samples was usually less than 20 wt%.

Flux of silicoflagellate skeletons

The settling flux of silicoflagellate skeletons at the shallow

trap depth ranged from 6.9 9 103 to 288.0 9 103 skeletons

m-2 d-1 throughout the sampling period (Fig. 8a). Higher

fluxes were observed in November–December 2010, June–

July 2011, November–December 2011, and August 2012.
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Fig. 5 Horizontal distributions

of total silicoflagellates, the

ebridian Ebria tripartita, and

the endoskeletal dinoflagellate

Actiniscus pentasterias in the

sea surface waters (0 and *4.5-

m depth) during cruise MR10-

05 in September–October 2010.

a Total abundance of

silicoflagellate skeletons

(number of skeletons l-1);

b relative abundance (%) of D.

medianoctisol and D. octonarius

among total silicoflagellates

(stations with fewer than 10

silicoflagellates were omitted

from this plot); c abundance of

ebridian skeletons (number of

skeletons l-1); d abundance of

Actiniscus pentasterias

skeletons (number of skeletons

l-1)
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The time series fluctuation of silicoflagellate skeleton flux

at the deep trap was smaller than that at the shallow trap.

The settling flux of silicoflagellate skeletons at the deep

trap depth ranged from 0.3 9 103 to 38.4 9 103 skeletons

m-2 d-1 during the studied period except for no sample

periods in 2012. In the comparison of silicoflagellate

skeleton flux between shallow and deep traps in early

winter, the increase of skeleton flux at the deep trap started

15–30 days later from the start of the increase in the sili-

coflagellate skeleton flux at the shallow trap (Fig. 8a). The

summer flux maximum of silicoflagellate skeletons at the

deep trap was observed in late August 2011.

Silicoflagellate fluxes were mainly composed of D.

speculum andD.medianoctisol (Fig. 8b). It was characteristic

of D. medianoctisol that the skeleton flux increases in fall to

earlywinter compared to spring and summer. The skeletons of

D. octonarius were rarely observed throughout the sample

period. After the low flux period in winter–spring, the highest

maximum of total silicoflagellate skeleton flux (288.0 9 103

skeletons m-2 d-1) was observed at the shallow trap depth in

late June–early July 2011 (Fig. 8a). Many silicoflagellate

skeletons observed during this period were within pale-col-

ored fecal pellets egested by zooplankton (Matsuno et al.

2014b, submitted ) (Fig. 7f). The particle-concentrating effect

of zooplankton grazing seems to be important for the occur-

rence of this flux maximum. In the sample with abundant

pellets, silicoflagellate skeletons were commonly observed,

whereas diatoms and skeletons of ebridian and Actiniscus

were rare. The timing of the increasing silicoflagellate flux in

summer 2011 was earlier than the diatom flux maximum

observed duringAugust 2011. In the periods from 1 July to 15

September of 2011 and 2012, the cumulativeD. speculumflux

in 2012 was 49 % that of the flux in 2011. In contrast, the

fluxes of D. medianoctisol and D. octonarius in 2012 were 2

and 5.5 times higher than those in 2011, respectively. At

seasonal time scales, the relative abundance of double skele-

tons (Figs. 7b, d), indicative of cells undergoing asexual

reproduction, tended to be higher in summer than in winter

(Fig. 8c).

For the first deployment period (345 days), the mean

(±SD) silicoflagellate skeleton flux in the shallow trap was

58.6 9 103 ± 75.7 9 103 skeletonsm-2 d-1, and themedian

was 20.8 9 103 skeletons m-2 d-1. For the second deploy-

ment period (350 days), the mean was 47.2 9 103 ±

38.9 9 103 skeletons m-2 d-1 and the median was 28.8 9

103 skeletons m-2 d-1.

Flux of ebridian skeletons

The ebridian skeleton flux at the shallow trap showed

annual maxima in November–December (Fig. 8d). The

maximum flux was 12.0 9 103 skeletons m-2 d-1 in the

shallow trap during 2–16 November 2010 (Fig. 8d). After

the maximum in December, ebridian skeletons were usu-

ally absent in sediment trap samples until the following

November. The flux maximum in November 2011 was

approximately half of that in November 2010. All speci-

mens collected were identified as E. tripartita (Fig. 7g).

Because the occurrence period of E. tripartita was limited,

annual mean flux was close to zero. The mean daily flux of

ebridian skeletons in the upper trap was 1.6 9 103 ± 3.3 9

103 skeletonsm-2 d-1 for the first deployment (345 days). For

the second deployment (350 days), themean ebridian skeleton

flux was 0.6 9 103 ± 1.4 9 103 skeletons m-2 d-1.

Flux of Actiniscus pentasterias siliceous

endoskeletons

The endoskeletal dinoflagellate A. pentasterias was observed

in all sediment trap samples (Fig. 8d). The maximum flux was

22.0 9 103 skeletons m-2 d-1 in the shallow trap over the

interval from 17November to 1 December 2010. The fluxwas

relatively high in early winter to late spring and was low in

summer (Fig. 8d). Some skeletons were relatively large in size

(maximumdiameter, 40.5 lm;mean, 21.5 ± 4.6 lm; n = 66

from the first deployment). Skeletons reaching 40 lm in

diameter have not been observed at station SA in the northern

subarctic North Pacific (maximum diameter, 30.4 lm; mean,

22.0 ± 3.9 lm; n = 105; Onodera unpublished data).

°

(a)

(b)

(c)

Fig. 6 Latitudinal distribution of silicoflagellate, ebridian, and

Actiniscus skeleton abundances at the sea surface in September–

October 2013 during cruise MR13-06 (rhombic symbol in gray). The

data from September to October 2010 during cruise MR10-05 were

plotted for comparison (circular symbol in black). Note that the y-axis

showing skeletal abundance has a logarithmic scale
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Themeandaily fluxofActiniscus skeletons in the upper trap

for the first deployment (345 days) was 9.8 9 103 ± 6.3 9

103 skeletonsm-2 d-1. For the second deployment (350 days)

the mean was 5.9 9 103 ± 3.8 9 103 skeletons m-2 d-1.

Discussion

The comparison of skeletal fluxes in the Arctic

Ocean and Bering Sea

The silicoflagellate flux at station LOMO2 in the area of

seasonal sea ice (81�04.30N, 138�55.20E, 1730-m water

depth, 150-m trap depth) ranged from 1.3 9 103 to

10.2 9 103 skeletons m-2 d-1 from 15 September 1995

through 16 August 1996 (Zernova et al. 2000). The max-

imum skeletal flux at station NAP was higher than that at

station LOMO2. The mean silicoflagellate flux in our study

was one order of magnitude lower than those in previous

studies of silicoflagellate skeletal fluxes in the Bering Sea

(Onodera and Takahashi 2012) and the eastern subarctic

North Pacific (Takahashi 1987). At station AB in the

southern Bering Sea in 1990–1994, D. medianoctisol had a

mean relative abundance of 4 %, and D. octonarius was

absent (Onodera and Takahashi 2012). The mean relative

abundances of D. medianoctisol and D. octonarius were

c

a b

e

d

f

Fig. 7 Photomicrographs of

silicoflagellate, ebridian, and

Actiniscus pentasterias

skeletons from the western

Arctic Ocean. Scale bars

10 lm, except for

f. a Distephanus speculum;

b double skeleton of D.

speculum; c D. medianoctisol;

d double skeleton of D.

octonarius; e Distephanus

speculum, s.l. (this specimen is

similar to D. boliviensis var.

major, but differs from typical

D. boliviensis major in the

smaller skeleton and the

absence of an apical spine);

f aggregated particle containing

abundant silicoflagellate

skeletons; g, h ebridian Ebria

tripartita; i–l endoskeletal
dinoflagellate Actiniscus

pentasterias. The specimens in

images a–e were obtained

during the R/V Mirai cruise

MR10-05 at station 126

(sampled water depths: a 75 m,

b, d, e 50 m, and c 35 m). The

specimen in f was taken from

the shallow sediment trap

sample from 27 June to 10 July

2011. Images g–j show
specimens from the ship’s

seawater pump system obtained

at 74�N, 162�W during cruise

MR10-05 on 27 September

2010
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26.3 and 2.3 % at the shallow trap at station NAP for the

studied period.

The mean ebridian flux at station NAP was two orders of

magnitude lower than that at station AB (53.5�N, 177�W,

3200-m trap depth, 3788-m water depth) in the Aleutian

Basin of the Bering Sea for August 1990–July 1994

(14.7 9 103 skeletons m-2 d-1; Onodera and Takahashi

unpublished data). Hargraves (2002) reported that E. tri-

partita favors preying on diatoms compared to dinoflag-

ellates. The lower daily mean of diatom flux at station NAP

(1.9 9 106 valves m-2 d-1; Onodera et al. 2015) than at

station AB (52.6 9 106 valves m-2 d-1 for 1990–1998;

Onodera and Takahashi 2012) might be related to the lower

ebridian flux at station NAP. The sinking flux of A. pen-

tasterias skeletons in this study was one order of magni-

tude lower than that at station AB in the southern Bering

Sea for 1990–1994 (mean, 29.6 9 103 skeletons m-2 d-1;

median, 25.2 9 103 skeletons m-2 d-1; Onodera and

Takahashi unpublished data) and in the eastern subarctic

North Pacific (Takahashi 1987).

Silicoflagellates in sea-ice flora

The silicoflagellate assemblages in the sea-ice-covered

environments of the study area were characterized by the

common occurrence of D. medianoctisol and the rare

g

h

l

j

k

i

Fig. 7 continued
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occurrence of D. octonarius. In general, these species are

absent or very rare in the subarctic and lower latitude

oceans (Malinverno 2010; Onodera and Takahashi 2012).

In previous records of silicoflagellate skeletons in the

Arctic Ocean, D. speculum and D. medianoctisol were

reported from plankton assemblages, whereas D. medi-

anoctisol and D. octonarius have been categorized as sea-

ice flora (Melnikov 1997). Distephanus skeletons with

seven and eight sides were observed in high abundance in a

pancake-ice environment of the Southern Ocean (78�100S,
162�W; Haeckel 1887). In the modern Southern Ocean, the

relative abundance of heptagonal skeletons increases at

higher latitudes with sea surface temperatures less than

-1 �C (Malinverno 2010). Distephanus medianoctisol was

dominant in the silicoflagellate flora of seawater, in the

diatom mat under sea ice, and within sea ice over the

northern Lomonosov Ridge near the North Pole in August–

September 2004 (Takahashi et al. 2009). During cruise

MR10-05, D. medianoctisol and D. octonarius had higher

relative abundances in waters with lower salinity and lower

temperature (Figs. 2, 5b). These observations suggest that

the flux increase of D. medianoctisol in the early winter

corresponds to the colder water conditions during sea-ice

formation. However, it is not clear why D. speculum

instead of D. medianoctisol dominated the silicoflagellate

assemblage under sea ice in July 2011. According to the

biogeography of silicoflagellate skeletons at surface sedi-

ments in the North Pacific (Poelchau 1976), the relative

D. speculum

D. medianoctisol

Distephanus speculum Distephanus medianoctisol
Distephanus octonarius Others

A
ct
in
is
cu

s

Actiniscus

Ju
ve

ni
le

Ac
tin

om
iid

ae

Juvenile of
Actinomiidae

(a)

(b)

(c)

(d)

(e)

Fig. 8 Time series of settling

fluxes of siliceous flagellate

skeletons at station NAP from 4

October 2010 to 18 September

2012. a Silicoflagellate skeleton

flux at shallow and deep trap

depths. There are no deep trap

data for 4–18 October 2010 or

for 1 February–16 March and 1

May–18 September 2012.

b Relative abundances in

silicoflagellate skeleton

assemblage, c relative

abundance of double skeletons

among total silicoflagellate

skeletons, d skeleton fluxes of

ebridian, and e skeleton fluxes

of the endoskeletal

dinoflagellate Actiniscus and the

juvenile form of radiolarian

Actinomiidae (Ikenoue et al.

2015) in the shallow sediment

trap samples. The category

named ‘‘others’’ in Fig. 8b, c is

composed of D. quinquangellus

and unidentified aberrant

skeletons
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abundance of D. speculum tends to be higher along the

coast of subarctic North Pacific and the Bering Sea. This

distribution pattern of D. speculum may suggest their

character as a mesotrophic-eutrophic species in cold

waters. Arrigo et al. (2012) reported the under-ice bloom

was mainly composed of planktic diatoms instead of ice

algae over the northern Chukchi Sea in July 2011. If

dominance of D. speculum reflects a high nutrient avail-

ability, favorable nutrient and light conditions in the sub-

surface under sea ice might support the active production

and dominance of D. speculum at station NAP in July

2011.

Different seasonality in Actiniscus and ebridian

fluxes

Because A. pentasterias and ebridian are heterotrophic

flagellates, their high abundance is supported by abundant

biological production. The fluxes of A. pentasterias

skeletons in the eastern North Pacific show a significant

correlation with total mass fluxes (Takahashi 1987). A

significant correlation existed between Actiniscus skeletal

flux and total mass flux in this study (r = 0.72, p\ 0.01)

for the entire study period. However, the major bulk

component of sinking particles was silt-clay minerals

(Fig. 3e); the correlation between A. pentasterias flux and

POC flux was insignificant (r = 0.21, p = 0.24). In the

comparison of sinking microplankton fluxes, the time ser-

ies variation of A. pentasterias flux at station NAP was

similar to the time series fluxes of radiolarian species (ju-

venile of Actinommidae spp., Ikenoue et al. 2015) in the

same samples except for the early winter in 2010 (Fig. 8e).

In the study area, the juvenile of Actinommidae spp. dwells

in the euphotic layer, and this taxon shows tolerance to

cold water under sea ice (Ikenoue et al. 2015). The time

series fluctuation in sinking fluxes of Actiniscus suggests a

similar tolerance to cold water under sea ice. In Septem-

ber–October 2010, E. tripartita and diatom cells were

frequently observed in sea surface waters along the shelf

break of the northern Chukchi Sea north of Point Barrow

(Figs. 5c, and 2a in Matsuno et al. 2014a). The water with

abundant diatoms in the cruise MR10-05 corresponded the

Pacific-origin coastal water with higher temperature,

salinity and nutrients (Matsuno et al. 2014a). However, the

ebridian sinking flux did not increase during spring–sum-

mer even in the period of high diatom production as

ebridian’s food source at station NAP. It seems that the

temporal advection of shelf waters into the southwestern

Canada Basin and Chukchi Borderland was the main rea-

son for the limited occurrence period of ebridian in the

sinking particles at station NAP in the early winter.

Lateral input of Pacific-origin shelf waters

The mesoscale patchy distribution of abundant silicoflagel-

lates at the sea surface in the northern Chukchi Sea in

September–October 2010 (Fig. 5a) corresponded to the

location of a large anti-cyclonic warm-core eddy (about

100-km diameter) (Nishino et al. 2011b; Kawaguchi et al.

2012). The eddy-like signal was slightly vague in the sea

surface temperature shown in Fig. 2a. However, the vertical

profile clearly captured the main body of the warm-core

eddy located below 20 m depth. The readers can see the

detailed eddy property obtained from the same cruise

(Nishino et al. 2011b; Kawaguchi et al. 2012). Nitrate

concentrations in the northern Chukchi Sea and Canada

Basin are usually very low in summer (Fig. 2d). However,

the observed warm-core eddy transported large amounts of

ammonium from the Chukchi Sea shelf to the subsurface

layers near the euphotic zone in the western Canada Basin,

and this lateral nutrient advection supported the primary

producers, mainly composed of pico-phytoplankton, around

the eddy (Nishino et al. 2011b). This effect might be

observed in the microplankton assemblages along with the

warm core eddy. In general, an eddy-like chlorophyll feature

is evident in ocean color satellite images of the study area,

and a hot spot of high primary production caused by eddy-

induced vertical mixing was demonstrated by the western

Arctic marine ecosystem model (Watanabe et al. 2012).

However, the direct observation of an unusual large warm-

core eddy during the cruise MR10-05 in October 2010

suggests that the unusual offshore patch of abundant sili-

coflagellates in September–October 2010 can be explained

by the eddy-induced advection of Pacific-origin shelf waters

to the southwestern Canada Basin rather than an upwelled

nutrient supply from the subsurface of Canada Basin.

These observations of water samples and hydrography in

the study area suggest that the high settling fluxes of studied

siliceous flagellates and clay minerals at station NAP in

October–December of 2010 and 2011 (Figs. 3e, 8) reflect

the several origins of settling particles from autochthonous

microplanktons around station NAP and the lateral inputs of

shelf materials into the deep Canada Basin. In late summer–

early winter, juvenile bivalves that are observed in shelf

waters were also observed in the sediment trap samples

(Watanabe et al. 2014). The occurrence of juvenile bivalves

at station NAP is one piece of biological evidence for the

lateral input of shelf materials to the Canada Basin. As with

the juvenile bivalves, some of the E. tripartita observed in

this study might have come from the Chukchi Sea shelf.

According to a physical oceanographic simulation (Watan-

abe et al. 2014) using the sea ice-ocean general circulation

model COCO 4.9 (Hasumi 2006), a substantial amount of

shelf water can be transported to areas offshore, including to
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the station NAP in November, by a cold eddy generated off

Point Barrow during May–June. Watanabe et al. (2014)

suggested that the generation mechanism and location of this

cold eddy and the aforementioned warm eddy were basically

the same, and the arising period was, however, different off

Point Barrow (cold eddy in May–June; warm eddy after

July). The lateral advection of the cold eddy is observed in

the subsurface around 100–200 m depth in the study area

(Watanabe et al. 2014). Therefore, the eddy formation and

westward advection along the shelf break or oceanic Beau-

fort Gyre take an important role for the temporal increase of

shelf materials including coastal microplanktons such as

ebridian in sinking particles at station NAP. Active circu-

lation is evident at the sea surface when sea ice retreats to

the north, and winds directly influence the physical

oceanographic conditions at the sea surface. In summer

2013, sea ice remained around station NAP. In this situation,

the ebridians were concentrated in the southern Chukchi

Sea, whereas their abundance was low in the northern

Chukchi Sea and Chukchi Borderland (Fig. 6b). It is

expected that the time series variation of ebridian flux at

station NAP in 2013 may be different from those in

2010–2012, although the analysis of the sediment trap

samples from October 2012 to September 2014 has not been

started at this time (Fig. 8d). To understand the interannual

variation in the relationship between microplankton assem-

blages and hydrography, time series monitoring around the

Chukchi Sea and southwestern Canada Basin is in progress.

Contribution of silicoflagellates to lower trophic

ecosystems

The spike in the flux of silicoflagellate skeletons and

presence of fecal pellets containing many silicoflagellate

skeletons (Fig. 7f) in June–July 2011 suggest a substantial

silicoflagellate contribution to microzooplankton produc-

tion under the sea ice around station NAP. Diatom valves

were rare in the fecal pellets with many silicoflagellate

skeletons. According to Matsuno et al. (submitted), vertical

fluxes of mesozooplankton fecal pellets increased in the

same samples showing the silicoflagellate flux maximum in

June–July 2011. The relative increase of silicoflagellate

double skeletons in summer (Fig. 8c) may support the

active silicoflagellate production (Takahashi et al. 1990).

On the basis of the mean skeleton size of 52 specimens of

D. speculum and the equation for converting cell size to

carbon content (Menden-Deuer and Lessard 2000), we

estimated that silicoflagellate carbon accounted for 2.6 %

of the total POC flux in June–July 2011. The silicoflagel-

late contribution to POC flux is usually low (e.g., Taka-

hashi et al. 1990). In this study, the D. speculum

contribution to POC flux ranged from 0.05 to 0.98 %,

except for late June–July 2011. Therefore, as found in

previous studies, the silicoflagellate contribution to POC

flux is usually minor. However, silicoflagellates in the sea-

ice environment in the continental shelf of Southern Ocean

may make a substantial contribution to food webs (Fragoso

and Smith 2012). In the Arctic Ocean, high silicoflagellate

abundance has been reported in the summer sea-ice flora

around the North Pole in 2004 (Takahashi et al. 2009).

Because the increase in fluxes of diatom valves at station

NAP began in August 2011 (Onodera et al. 2015), the

silicoflagellate flux maximum in late June–July 2011 sug-

gests that silicoflagellates could be a food source for some

kinds of micro- and meso-zooplankton at certain times.
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