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Abstract

C37–C39 alkenones were measured in time-series sediment trap samples collected from August 1998 to June 2000 at two depths
in the seasonal sea ice region of the western Sea of Okhotsk, off Sakhalin, in order to investigate alkenone production and water-
column processes in the region. Measurable export fluxes of alkenones are ranged from b0.1 to 5.8 μg/m2/day and clearly showed
that the alkenone production was restricted to autumn. In 1998, maximum export flux of alkenones occurred in September when
surface water column was well stratified with low nutrients in the surface mixing layer. In the next year, the maximum flux is
observed in October. Comparison between alkenone temperature and satellite based sea surface temperature (SST) shows that the
estimated alkenone temperatures in August 1998 were found to be ∼10 °C lower than the temporal satellite SST, suggesting that
alkenones are produced in surface to subsurface thermocline layers during the period. Annual mean flux of alkenones is lower in
the lower traps than that of the upper traps, suggesting rapid degradation of alkenones in water column, but the UK

37′ value is not
significantly altered. This study indicates that UK

37′ values preserved in the surface sediments off Sakhalin reflect the seasonal
temperature signal of near surface water, rather than annual mean surface temperature.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

C37–C39 alkenones are biosynthesized by haptophy-
cean algae, in particular coccolithophorids of the
Gephyrocapsaceae family, Emiliania huxleyi (E. hux-
leyi) and Gephyrocapsa oceanica (G. oceanica) (Conte
et al., 1994; Volkman et al., 1995). Alkenones are
ubiquitous in marine sediments throughout the world´s
⁎ Corresponding author. Organic Geochemistry Unit, the Bristol
Biogeochemistry Research Centre, School of Chemistry, University of
Bristol, Cantock's Close, Bristol BS8 1TS, UK.

E-mail address: osamu.seki@bristol.ac.uk (O. Seki).

0304-4203/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.marchem.2006.12.002
oceans and extend back to the pre-pleistocene (Marlowe
et al., 1990). Since a strong linear relationship between
growth temperature and relative abundance of di-
and triunsaturated C37 alkenones (UK

37′= [C37:2] /
[C37:2+C37:3]; Brassell et al., 1986) was established by
the laboratory culture experiment of E. huxleyi (Prahl
and Wakeham, 1987), UK

37′ values have been widely
used (in paleoceanographic studies) as a paleo-proxy of
sea surface temperature (SST). Field experiments such as
surface sediments and water column particulate organic
matter (POM) have confirmed a general applicability of
alkenone paleothermometry in most open ocean envir-
onments (e.g., Müller et al., 1998). However, despite the

mailto:osamu.seki@bristol.ac.uk
http://dx.doi.org/10.1016/j.marchem.2006.12.002


254 O. Seki et al. / Marine Chemistry 104 (2007) 253–265
general acceptance of alkenone paleothemometory, there
are still serious issues specific to ecological and
sedimentlogical factors (Volkmam, 2000 and reference
therein; Benthien and Müller, 2000; Thomsen et al.,
2001; Ohkouchi et al., 2002; Bendle and Rosell-Melé,
2004; Conte et al., 2006).

Sedimentary UK
37′ values directly depend on the

alkenone production maximum in terms of season and
water depth. Field experiments such as surface sediments
andwater column particulate organic matter (POM) have
shown a better correlation between alkenone SST and
annual mean surface temperature in most open ocean
environments, suggesting that sedimentary alkenones
represented an integrated mean annual alkenone pro-
duction at 0 m depth (Müller et al., 1998). However,
some studies have shown that alkenone export from
surface waters is seasonal in many ocean locations (Prahl
et al., 2000 and references therein), whilst in some
locations alkenones are produced at deeper in the
euphotic zone where temperatures are colder than that
at the sea surface (e.g., Ternois et al., 1997; Bentaleb
et al., 1999; Prahl et al., 1993, 2001).

Sedimentlogical factors, lateral transport of particles
and sediment displacement by deep and bottom currents
may disturb a sedimentary record. Radiocarbon analyses
of alkenones in sediments from the Bermuda rise clearly
showed redeposition of old alkenones in surface
sediments, strongly indicating a disturbance of the
sedimentary alkenone record by sediment drift (Ohkou-
chi et al., 2002). Significantly lateral advection of
allochthorous alkenones has also been reported in other
regions (Benthien andMüller, 2000; Harada et al., 2006).

Because these effects depend on oceanographic
settings, assessment of alkenone paleothermometry is
necessary for individual oceanic regions to better
interpret the sedimentary alkenone records. The ecology
of haptophyte and sedimentary processes of alkenones
have been investigated by time series sediment trap
experiments in the various regions in the world ocean
(e.g., Prahl et al., 2005; Ternois et al., 1998; Thomsen et
al., 1998; Sicre et al., 1999; Rosell-Melé et al., 2000;
Harada et al., 2001; Müller and Fischer, 2001; Goñi et
al., 2004; Sikes et al., 2005; Harada et al., 2006 and
references sited therein). These studies suggest that an
export production of alkenones is seasonally pro-
nounced in the high latitudinal oceans, and thus,
seasonal assessment of alkenone paleothermometry is
of particular importance in these regions.

In the Sea of Okhotsk, which is located in the
northwestern Pacific rim, comparison of UK

37′ values in
surface sediments with world ocean atlas (Levitus and
Boyer, 1994) SST data showed that sedimentary
alkenone temperatures based on the Prahl et al. (1988)
calibration equation are well correlated with those of the
surface mixed layer in summer/autumn (Ternois et al.,
2001; Seki et al., 2004). However, the seasonal
variability of alkenone export flux has never been
reported in the Sea of Okhotsk. Hence, it is still unclear
how the sedimentary UK

37′ depends on changes in the
haptophyte growth season and water depth in the region.
In this study, we present a 2-year record of alkenones in
the sediment trap samples collected from the western
Sea of Okhotsk, which is a seasonal sea ice region. We
compare the seasonal variation of alkenone fluxes and
compositions with satellite-derived SST data and CTD
measurements to better understand alkenone production
in a seasonal sea ice ocean. We also compare upper and
lower sediment traps to understand water column
processes (decomposition and resuspension) that may
affect the fluxes of alkenones.

2. Oceanographic setting of the Sea of Okhotsk

The Sea of Okhotsk is one of the largest marginal
seas in the world oceans and is characterized by high
productivity. Continental shelves cover 40% of the sea.
The Sea of Okhotsk is also characterized by seasonal sea
ice, most sea ice is formed on the northwestern
continental shelf and spreads to south during winter
(Martin et al., 1998; Kimura and Wakatsuchi, 1999).
Hence, the western part of the sea is covered with sea ice
from winter to spring. The seasonal pattern of export
production in the sea follows the seasonal sea ice
pattern, because phytoplankton production is extensive-
ly depressed during sea ice period (Honda et al., 1997;
Nakatsuka et al., 2004a).

The Okhotsk Sea is believed to be the source region
of the North Pacific Intermediate Water (Talley, 1991;
Wong et al., 1998), which is formed on the northwestern
continental shelf in winter due to brine rejection, during
sea ice formation (Martin et al., 1998; Gladyshev et al.,
2000). Recent studies have shown that the intermediate
water plays an important role in biogeochemical cycles
in the Sea of Okhotsk, in terms of transport of suspended
particles (Nakatsuka et al., 2002, 2004b). A large
amount of resuspended material from the bottom
sediments of the northwestern continental shelf is
transported to the southern deep basin of the sea.
Lateral flux of the particulate organic carbon (POC) by
the intermediate water has been estimated to be about
two times larger than the POC flux from the surface to
deep water (Nakatsuka et al., 2004b). Hence, it is
important to understand source and transport of
alkenones in the Sea of Okhotsk.
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3. Materials and method

3.1. Sediment trap samples

Details of sediment trap moorings used in this study
have been described in Nakatsuka et al. (2004a). Four
sediment trap systems (McLane Mark78G) were
vertically moored at two sites (M4 and M6) off Sakhalin
in the Sea of Okhotsk during cruises XP-98 and XP-99
by the R/V Professor Khromov from the Far Eastern
Regional Hydrometeorological Research Institute of
Vladivostok, Russia, as part of the Joint Japanese–
Russian–U.S. research project of the Sea of Okhotsk
(Fig. 1). Table 1 presents station data of the sediment
traps used in this study. The sediment traps were
deployed during two periods (August 1998–August
1999 and September 1999–June 2000). Both upper
traps were deployed below the surface mixed layer
depth; 259–280 m (M4) and 268–278 m (M6) water
depth. The lower traps were deployed at about 200 m
(M4) and 100 m (M6) above the ocean floor. Trap
sample cups were pre-poisoned with a 5% formaldehyde
solution buffered by sodium tetraborate to prevent in
Fig. 1. Map of the Sea of Okhotsk with the locations of the sediment traps
surface currents in the Sea of Okhotsk.
situ bacterial degradation of trapped materials. Total 168
samples of settling particles were collected, refrigerated
and brought to the shore-based laboratory. Each sample
was sieved using a 1 mmmesh to remove swimmers and
split into 10 fractions and stored at −20 °C until
chemical analysis.

3.2. Experimental procedure

Total lipids were extracted from the wet samples with
methanol, dichloromethane/methanol (1:1) and dichlor-
omethane/methanol (95:5) (three times, 30 ml each)
under ultra sonification for 5 min. The extracts were
concentrated and then saponified with 5 ml of 1.0 M
potassium hydroxide/methanol containing 5% pure
water. Neutral components were isolated from alkaline
solution by extraction with n-hexane/dichloromethane
(10:1) andwere further separated into the subfractions by
silica gel column chromatography (BIO-SIL A, 230–
400 mesh) (Kawamura et al., 1995). Ketones and
aldehydes were isolated from other class compounds
(aliphatic hydrocarbons, polynuclear aromatic hydrocar-
bon and alcohols) by silica gel column chromatography
(solid squares) used in this study. Arrows show the directions of near



Table 1
Station data for the sediment trap mooring sites

Site Sample cups Latitude Longitude Collection period Trap depth (m) Bottom depth (m)

M4 Upper 21 52°58′N 145°29′E Aug. 7, 1998 – Aug. 7, 1999 280 1729
M4 Lower 21 52°58′N 145°29′E Aug. 7, 1998 – Aug. 7, 1999 1547 1729
M4 Upper 21 53°01′N 145°30′E Sep. 8, 1999 – Jun. 7, 2000 259 1722
M4 Lower 21 53°01′N 145°30′E Sep. 8, 1999 – Jun. 7, 2000 1530 1722
M6 Upper 21 49°31′N 146°30′E Aug. 7, 1998 – Aug. 7, 1999 278 794
M6 Lower 21 49°31'N 146°30'E Aug. 7, 1998 – Aug. 7, 1999 693 794
M6 Upper 21 49°31′N 146°29′E Sep. 27, 1999 – Jun. 7, 2000 268 783
M6 Lower 21 49°31′N 146°29′E Sep. 27, 1999 – Jun. 7, 2000 682 783
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(Kawamura et al., 1995). Ketones and aldehydes were
eluted with dichloromethane.

Alkenones were analyzed with a HP6890 GC
equipped with an on-column injector, CPSIL-5 CB
fused silica capillary column (60 m×0.32 mm inner
diameter, film thickness of 0.25 μm) and flame
ionization detector. Helium was used as a carrier gas.
The GC oven temperature was programmed from 50 °C
to 120 °C at 30 °C/min and then to 310 °C at 5 °C/min,
and held at 310 °C for 35 min. The identification of
C37–C39 alkenones was achieved by GC-mass spec-
trometry (Thermo Finnigan, Trace MS) under similar
GC conditions described above. Quantification of
alkenones was achieved by an external standard (C31

n-alkane). Recoveries of alkenones were N85%. Blank
experiments performed in parallel with sample analysis
showed no detectable peaks on GC trace.

3.3. Sea surface temperature images

The AVHRR/NOAA data were applied to study the
distribution and temporal change of SST from August
1998 to June 2000. We used global 8 days data sets
(spatial resolution=9 km×9 km) obtained from NASA
JPL PO-DAAC PATHFINDER database (http://podaac.
jpl.nasa.gov/sst/). The mean SST values were calculated
from 3 pixels×3 pixels (27 km×27 km) at M4 and M6
trap sites. When all pixels are covered by cloud or sea
ice, there is no data of SST in the period of 8 days.

4. Results and discussion

4.1. Seasonalty of alkenone export flux

In general, long-chain alkenones are produced exclu-
sively by E. huxleyi and G. oceanica in open ocean
environments (Marlowe et al., 1984, 1990). Coccolith
floral analyses indicated that dominant coccolithophore
was C. pelagicus in the Sea of Okhotsk (Broerse et al.,
2000). But this species is not thought to produce
alkenones (Conte et al., 1994). The second dominant
species is E. huxleyi in the Sea of Okhotsk, it is the most
likely source alkenones, because the other significant
producer, G. oceanica is rare in high latitudes (Okada
and Honjo, 1973) Moreover, previous studies of
sediment trap experiments, in the Sea of Okhotsk,
have shown that coccoliths of E. huxleyi can dominate
over that of G. oceanica (Broerse et al., 2000; Okada,
H., personal communication).

Total particulate material (TPM) flux, TOC flux and
alkenone data in XP99 and XP00 sediment traps are
shown in Table 2. Fig. 2 displays seasonal changes in
TOC, biogenic opal, C37 alkenone fluxes, alkenone
estimated temperatures and temperature difference bet-
ween satellite and alkenone estimated temperatures in
M4 and M6 upper sediment traps together with satellite
SST and sea ice concentration changes at each trap site.
Raw data of satellite based SST are shown in Table 3.
UK

37′ values were used to estimate growth temperature
using the calibration equation of Prahl et al. (1988). The
Prahl et al. (1988) equation (UK

37′=0.034×SST+0.039)
was established by laboratory calibration for a culture
strain of E. huxleyi. Global core top calibrations (60°
N–60° S) have exhibited a general applicability of this
relationship in most open ocean environments (Müller et
al., 1998).

TOC fluxes in the upper traps ranged from 0.5 to
35 mgC/m2/day during the mooring period (Fig. 2a
and b). The TOC fluxes were generally high during
summer and low during winter time. The increased fluxes
of TOC from June to July and from August to October
were mainly caused by an enhanced export production
from surface water (Nakatsuka et al., 2004a). In trap M6,
intermittent increases in TOC flux were observed during
the sea ice period (April 1999 and February 2000). This
was probably caused by a discharge of allochthonous
organic matter, transported by sea ice and released into
sea water when it melts (Nakatsuka et al., 2004a).

The C37 alkenone fluxes showed a strong seasonal
pattern, ranging from 0 to 5.8 μg/m2/day (Fig. 2e and f).
These low fluxes are comparable to those observed in
many mid to high latitude locations (e.g., Prahl et al.,
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Table 2
Sampling dates, total particulate material (TPM) flux, total organic carbon (TOC) flux and alkenone result for sediment traps M4 and M6

M4 upper M4 lower

Cup
no.

Opened Closed TPM flux
(mg2/day)

TOC flux
(mg2/day)

Alkenone flux
(μg/m2/day)

Uk′
37 TPM flux

(mg2/day)
TOC flux
(mg2/day)

Alkenone flux
(μg/m2/day)

Uk′
37

1 08/07/98 08/24/98 378.2 32.70 0.113 0.434 382.1 9.13 0.018 0.342
2 08/24/98 09/10/98 69.2 6.76 0.124 0.300 542.5 13.53 0.193 0.276
3 09/10/98 09/28/98 96.8 17.02 5.776 0.272 585.8 15.46 0.195 0.320
4 09/28/98 10/15/98 89.4 12.28 5.013 0.252 571.8 17.21 0.937 0.264
5 10/15/98 11/01/98 75.6 7.59 0.860 0.265 779.6 25.92 1.539 0.277
6 11/01/98 11/19/98 94.9 14.45 0.835 0.291 482.7 16.01 0.762 0.294
7 11/19/98 12/06/98 63.6 4.63 0.265 0.304 342.6 12.56 0.483 0.313
8 12/06/98 12/24/98 27.4 3.28 0.112 0.294 126.0 4.65 0.175 0.295
9 12/24/98 01/10/99 22.1 2.21 68.8 2.79
10 01/10/99 01/27/99 14.5 0.68 72.0 3.81
11 01/27/99 02/14/99 11.6 1.69 0.000 – 88.2 3.58 0.107 0.396
12 02/14/99 03/03/99 13.5 2.36 104.7 4.43
13 03/03/99 03/20/99 21.1 3.03 74.5 3.35
14 03/20/99 04/07/99 24.7 1.66 0.000 – 91.7 3.90 0.083 0.332
15 04/07/99 04/24/99 28.0 3.89 86.7 4.50
16 04/24/99 05/12/99 35.9 4.76 0.000 – 89.2 3.69 0.074 0.318
17 05/12/99 05/29/99 70.4 4.89 0.040 0.314 58.0 1.99
18 05/29/99 06/15/99 201.1 11.42 0.034 0.276 86.3 3.25 0.055 0.335
19 06/15/99 07/03/99 151.7 7.26 0.000 – 112.8 3.48 0.054 0.287
20 07/03/99 07/20/99 37.3 3.83 0.000 – 205.1 6.07 0.121 0.312
21 07/20/99 08/07/99 49.2 5.64 0.000 – 202.2 6.87 0.075 0.297
1 09/08/99 09/21/99 98.5 8.98 0.033 0.197 459.2 11.00 0.158 0.273
2 09/21/99 10/04/99 10.0 7.72 540.6 14.17 0.107 0.246
3 10/04/99 10/17/99 92.2 8.74 0.559 0.180 579.5 15.99 0.126 0.219
4 10/17/99 10/30/99 23.5 2.13 0.155 0.195 324.6 8.87 0.082 0.217
5 10/30/99 11/12/99 25.7 2.93 0.000 – 129.2 3.93 0.034 0.250
6 11/12/99 11/25/99 7.3 1.02 0.000 – 156.8 4.89 0.039 0.261
7 11/25/99 12/08/99 34.8 1.37 0.000 – 524.3 16.33 0.034 –
8 12/08/99 12/21/99 6.3 0.81 0.000 – 174.5 5.85 0.034 –
9 12/21/99 01/03/00 10.2 1.10 68.7 2.79
10 01/03/00 01/16/00 6.0 0.63 0.000 – 35.4 2.18 0.034 –
11 01/16/00 01/29/00 5.3 0.65 57.4 2.19
12 01/29/00 02/11/00 11.6 0.96 0.000 – 233.0 7.06 0.034 –
13 02/11/00 02/24/00 4.7 0.64 206.0 6.43
14 02/24/00 03/08/00 6.0 0.72 0.000 102.1 3.14 0.034
15 03/08/00 03/21/00 6.5 0.75 – 65.5 2.92
16 03/21/00 04/03/00 6.6 0.51 49.5 2.97
17 04/03/00 04/16/00 7.4 0.63 0.000 – 60.1 2.73 0.037 0.318
18 04/16/00 04/29/00 32.6 3.93 0.000 – 77.6 2.73
19 04/29/00 05/12/00 81.5 5.62 0.000 – 153.9 4.57 0.020 0.299
20 05/12/00 05/25/00 96.8 6.36 0.000 – 309.8 9.72 0.000 –
21 05/25/00 06/07/00 101.1 6.64 0.000 – 279.4 8.53 0.000 –

M6 upper M6 lower

Cup
no.

Opened Closed TPM flux
(mg2/day)

TOC flux
(mg2/day)

Alkenone flux
(μg/m2/day)

Uk′
37 TPM flux

(mg2/day)
TOC flux
(mg2/day)

Alkenone flux
(μg/m2/day)

Uk′
37

1 08/07/98 08/24/98 85.1 8.36 0.038 0.246 137.5 6.01 0.000
2 0/24/98 09/10/98 159.0 13.80 0.179 0.26 153.3 6.26 0.000
3 09/10/98 09/28/98 130.5 15.70 1.504 0.296 162.1 7.42 0.064 0.324
4 09/28/98 10/15/98 105.7 13.43 1.011 0.277 176.4 9.61 0.256 0.312
5 10/15/98 11/01/98 50.7 10.05 1.267 0.263 123.0 8.67 0.294 0.342
6 11/01/98 11/19/98 21.0 1.90 0.774 0.287 126.8 10.80 0.026 0.331
7 11/19/98 12/06/98 26.7 2.59 0 – 45.9 3.67 0.019 0.330

(continued on next page)
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Table 2 (continued )

M4 upper M4 lower

Cup
no.

Opened Closed TPM flux
(mg2/day)

TOC flux
(mg2/day)

Alkenone flux
(μg/m2/day)

Uk′
37 TPM flux

(mg2/day)
TOC flux
(mg2/day)

Alkenone flux
(μg/m2/day)

Uk′
37

8 12/06/98 12/24/98 22.7 1.84 0 – 25.1 1.86 0.000
9 12/24/98 01/10/99 26.8 2.90 54.8 2.91
10 01/10/99 01/27/99 16.7 2.21 124.6 5.04
11 01/27/99 02/14/99 14.0 2.03 0 – 122.1 4.54 0.115 0.300
12 02/14/99 03/03/99 1.84 123.6 4.23
13 03/03/99 03/20/99 18.5 1.51 70.2 3.12
14 03/20/99 04/07/99 22.7 2.98 0 – 100.7 4.05 0.128 0.279
15 04/07/99 04/24/99 28.2 8.16 – 76.5 2.31
16 04/24/99 05/12/99 28.3 3.12 0 – 112.3 3.13 0.077 0.296
17 05/12/99 05/29/99 2.21 0 – 151.4 5.25 0.096 0.285
18 05/29/99 06/15/99 9.3 2.33 79.4 2.86 0.051 0.286
19 06/15/99 07/03/99 10.8 1.47 0 – 81.9 4.39 0.026 0.292
20 07/03/99 07/20/99 94.7 7.58 0 – 359.9 16.70 0.083 0.301
21 07/20/99 08/07/99 35.9 4.30 0 – 111.7 5.71 0.026 0.299
1 09/27/99 10/03/99 60.2 6.08 0.078 0.199 345.3 13.11 0.032 0.190
2 10/09/99 10/15/99 80.7 7.32 1.617 0.163 564.1 21.87 0.608 0.190
3 10/21/99 10/27/99 86.1 7.44 3.242 0.154 153.2 6.83 0.557 0.180
4 11/02/99 11/08/99 41.5 3.52 0.221 0.209 125.7 5.91 0.646 0.155
5 11/14/99 11/24/99 49.2 5.13 0.269 0.16 77.9 3.85 0.256 0.171
6 11/26/99 12/02/99 28.4 2.01 0 – 46.1 2.72 0.083 0.193
7 12/08/99 12/20/99 21.2 0.86 25.6 1.74
8 12/20/99 01/01/00 22.4 0.86 203.8 5.83 0.000 –
9 01/01/00 01/13/00 11.1 0.58 0 – 28.2 1.11
10 01/13/00 01/25/00 17.6 0.95 26.3 1.42 0.000 –
11 01/25/00 02/07/00 130.7 7.32 0 – 127.6 3.54
12 02/07/00 02/19/00 192.8 6.88 0 – 555.5 17.61 0.000 –
13 02/19/00 03/02/00 49.5 2.51 327.9 11.48 0.000 –
14 03/02/00 03/14/00 24.6 1.48 0 – 125.6 4.06
15 03/14/00 03/26/00 14.2 1.10 110.8 3.73 0.000 –
16 03/26/00 04/07/00 15.4 0.96 70.0 2.24
17 04/07/00 04/19/00 15.8 1.90 0 – 94.8 2.64
18 04/19/00 05/01/00 41.3 3.29 130.5 4.08 0.000 –
19 05/01/00 05/13/00 23.1 2.24 0 – 42.0 1.81
20 05/13/00 05/25/00 67.7 5.26 0 – 223.4 11.61 0.000 –
21 05/25/00 06/06/00 213.4 10.81 0 – 963.7 44.85 0.000 –

M6M6
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1993; Thomsen et al., 1998; Ternois et al., 1998; Rosell-
Melé et al., 2000). The increases in alkenone fluxes at
both sites coincided with high export fluxes of TOC. In
the upper traps, measurable alkenone fluxes were only
observed in autumn at both sites. In 1998, the maximum
alkenone flux occurred at trap M4 in September, when
the surface layer was well stratified with a warm
temperature of 14 °C. In the following year, peak
alkenone flux is observed in October; during this period
SST decreased to 8 °C, suggesting that the alkenone
export event was associated with mixing between
surface and subsurface waters. Unfortunately, we did
not obtain sediment trap samples for August 1999.
However, the seasonal record of chlorophyll a concen-
trations from satellite measurements showed that
concentrations in August 1999 decreased to winter
levels (Fukuda, personal communication); suggesting
no or quite low production of phytoplankton and
associated organic matter, including alkenones.

Limited alkenone production in the Sea of Okhotsk is
probably attributed to the supply of large amounts of
silicate and nitrate (important nutrients for diatom
growth) from deep water to the euphotic layer during
spring to summer. Increases in opal fluxes are observed
just after the retreat of sea ice, indicating an increase in
diatom productivity (Fig. 2c and d). The spring diatom
bloom can be explained by a preferential utilization of
nutrients, by diatoms, under silicate and nitrate rich
conditions. It has been reported that diatoms preferen-
tially utilize nitrate under the dissolved silicate-rich
conditions (Egge and Aksenes, 1992). Fig. 3 displays
vertical profiles of temperature, silicate, nitrate,
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ammonium and chlorophyll a at the M4 and M6 sites. In
fact, nutrients in the surface waters were abundant in
June, but decrease during September (Fig. 3e–f) when a
steeper thermocline developed between 20 to 50 m
depth (Fig. 3a and b). Because the northern North
Pacific is a terminus for global deep water circulation,
Fig. 2. Seasonal changes in (a, b) TOC flux, (c, d) export opal flux, (e, f) C37
(g, h) difference between satellite and alkenone temperatures in the upper sed
in sea ice concentrations (light gray lines in figures a–f). During winter, bot
covered with sea ice from January 15 to April 30 and from January 20 to Apri
during the period from January 20 to April 25. TOC and opal data are from Na
satellite sensor measurement (open circle in e and f). UK

37′ values in sediment
et al. (1988) (solid circle in e and f).
nutrients are abundant in the North Pacific Deep Water.
Strong convective mixing in winter supplies high
concentrations of silicate from deep water to the surface;
and together with favourable light conditions and water
stability promotes diatom growth after the retreat of sea
ice. E. huxleyi prefers nutrient deplete, but warm and
alkenone fluxes with satellite and alkenone estimated temperatures and
iment traps at mooring sites M4 and M6, together with seasonal change
h mooring sites were covered with sea ice. In 1999, M4 and M6 were
l 25, respectively. In the next year, both sites were covered with sea ice
katsuka et al., 2004a. Sea surface temperature data were obtained from
traps were converted into temperatures based on the equations of Prahl



Table 3
Sea surface temperatures obtained from satellite images at M4 and M6
sites during the sediment trap mooring period

Date M4 SST (°C) M6 SST (°C)

07/28/98–08/04/98 16.7 16.8
08/05/98–08/12/98 15.8 15.8
08/13/98–08/20/98 16.8 16.9
09/06/98–09/13/98 14.4 14.5
09/14/98–09/21/98 13.6 13.6
09/22/98–09/29/98 11.8 11.6
10/08/98–10/15/98 8.6 8.6
10/16/98–10/23/98 7.0 6.9
10/24/98–10/31/98 6.7 6.7
12/19/98–12/26/98 −1.8 −1.7
12/27/98–12/31/98 −2.7 −2.7
01/09/99–01/16/99 −1.7 −1.6
05/09/99–05/16/99 −0.9 −0.9
05/17/99–05/24/99 −0.2 −0.2
05/25/99–06/01/99 −0.4 0.1
06/02/99–06/09/99 1.8 1.8
08/13/99–08/20/99 13.4 13.4
08/29/99–09/05/99 14.7 14.5
09/06/99–09/13/99 13.6 13.6
09/14/99–09/21/99 10.2 10.2
09/22/99–09/29/99 10.2 10.5
09/30/99–10/07/99 9.1 9.1
10/08/99–10/15/99 8.4 8.5
10/16/99–10/23/99 6.3 6.2
10/24/99–10/31/99 5.3 5.3
11/01/99–11/08/99 3.4 3.3
11/17/99–11/24/99 0.8 2.7
11/17/99–11/24/99 0.8
12/11/99–12/18/99 −1.7 −1.5
12/19/99–12/26/99 −1.6 −1.6
12/27/99–12/31/99 −2.0
01/01/00–01/08/00 −2.0 −2.1
03/30/00–04/06/00 −2.9 −2.9
04/07/00–04/14/00 −2.7 −2.7
04/15/00–04/22/00 −2.9 −2.9
04/23/00–04/30/00 −2.9 −2.6
05/01/00–05/08/00 −0.6 −0.6
05/09/00–05/16/00 −0.5 −0.5
05/17/00–05/24/00 −1.1 −1.0
05/25/00–06/01/00 −0.2 0.0
06/02/00–06/09/00 1.0 1.1
06/10/00–06/17/00 2.5 2.5
06/18/00–06/25/00 5.2 5.5
06/26/00–07/03/00 7.9 8.1
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calm water column conditions (Harada et al., 2003) and
therefore probably develops after diatoms have con-
sumed a lot of the silicate and nitrate in the surface–
subsurface layer. Since 1997, some intermittent
E. huxleyi blooms have occurred in the Bering Sea,
which is a region typically dominated by diatoms.
Observations of the E. huxleyi blooms in the Bering Sea
suggest that E. huxleyi blooms can occur in a stratified
warm water column with low nutrients but a high
ammonium/nitrate ratio (Harada et al., 2003). The
alkenone production in the Sea of Okhotsk occurred
after stratification developed in the surface water
column (Fig. 3a and b). Hence, our results reinforce
the concept that nutrient depletion and a stratified,
surface–subsurface water column is important for the
growth of E. huxleyi in offshore regions.

4.2. Alkenone temperature

The satellite SSTs showed a large seasonal variabil-
ity, ranging from about −2 to 16 °C. SST was very low
(about −2 °C) during winter, but rapidly increased after
the retreat of sea ice and the subsequent stratification of
the surface layer (Fig. 2e and f). SST reaches its maxima
(16 °C) in August and then decreased significantly due
to a mixing of surface and subsurface water. However,
the variation of UK

37′ - temperatures based on two
calibration equations was quite different from the
satellite SST. The UK

37′-temperatures seem to stay
relatively constant (6–8 °C in 1998 and 3–5 °C in
1999) over the period except for the first sample in trap
M4. Moreover, UK

37′-temperatures were much lower
(∼11 °C) than contemporaneous satellite SST in August
and September 1998, whereas they were significantly
higher in December 1998. Lower alkenone SST com-
pared to satellite SST was also observed in September
1999, although the temperature difference was smaller
(∼6 °C) in 1999 than in 1998 (Fig. 2g and h).

The apparent temperature difference between satel-
lite SSTs and alkenone temperatures might be in part
explained by alternation of UK

37′ by physiological
factors beside temperature. It has been reported that
non-thermal factors such as nutrients and light avail-
ability can also significantly alter UK

37′ (Epstein et al.,
1998, 2001; Prahl et al., 2003). According to the
laboratory culture experience of E. huxleyi by Prahl
et al. (2003), nutrient depletion reduced UK

37′ values by
0.11 units (corresponds to a 3.2 °C decrease in
temperature) under isothermal condition (15 °C). In
contrast, a light limitation experiment showed that
continuous darkness results in an increase in UK

37′
values by 0.11 units. In the Sea of Okhotsk, concentra-
tions of nutrients in the surface mixed layer were
significantly depleted in the late summer to early
autumn (Fig. 3c–f). However, the temperature differ-
ence (6–11 °C) observed in August–September was too
great to be explained by the results of recent laboratory
experiments (Epstein et al., 1998, 2001; Prahl et al.,
2003), and thus, the difference is unlikely to be
explained by such non-thermal factors.

Another possible cause for the temperature difference
is haptophyte growth within the thermocline, due to



Fig. 3. Vertical profiles of temperature, silicate, nitrate and chlorophyll a at M4 and M6 sites. Data were obtained during September 1999 (solid
circles) and June 2000 (open squares). Dashed lines in a and b represent weighted mean UK

37′ -temperatures in settling particles of 1998.
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Fig. 4. Comparison of alkenone fluxes and alkenone temperature values between the upper and lower sediment traps. Solid circles and open triangles
represent alkenone temperature in upper and lower sediment traps, respectively. Satellite SST data are marked by open squares.
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nutrient-depleted surface waters in autumn. In September,
the upper water column was strongly stratified thermally,
being characterized by high temperatures in a surface
mixed layer. The temperature rapidly decreased from
about 13 °C at 0–20 m to −0.5 °C at 50 m. Calculated
alkenone growth temperatures (around 7 °C) in Septem-
ber 1998 coincided with the temperatures at 20–30 m
depth, suggesting that the depth for the maximum
production of alkenones was deeper than the surface
mixed layer. This result coincides with the subsurface
maximum of chlorophyll a; in September, the maximum
depth of chlorophyll aconcentration was evident within
the thermocline, at 20m inM4 (0.76 μg/l) and 50m inM6
(0.93 μg/l) (Fig. 3g and h). In particular, the chlorophyll a
concentration at 50mwas about tree times larger than that
of the surface (0.28 μg/l) at site M6. A subsurface
maximum of alkenone production has been commonly
observed in other oceanic regions where well stratified
concentration (Prahl et al., 1993, 2001; Ternois et al.,
1997; Bentaleb et al., 1999; Lee and Schneider, 2005;
Sikes et al., 2005). Although it is still circumstantial, our
results indicate that alkenone production depth is in the
subsurface thermocline rather than the surface mixed
layer at least in the early stage of alkenone production.

Satellite SST data was not obtained during December
1998, but it is expected that surface temperatures were
below 0 °C at that time; due to the mixing of surface and
subsurface waters. Alkenone temperatures around
December 1998 are more than 8 °C warmer than that
of the likely ambient SSTs. Such a large difference is
unlikely explained by physiological factors such as light
limitation. Also, due to deepened water mass mixing,
average habitat depth of phytoplankton must be
deepened, indicating that light conditions become less
favourable for phytoplankton growth. It is unlikely that
there is significant growth of E. huxleyi under such very
cold and bad light conditions. The alkenone tempera-
tures seem to stay relatively constant during the period
from August to December 1998 except for the first
sample in M4. This suggests that most alkenones had
been produced in a shorter period (probably during the
early period of the alkenone flux events) than recorded
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in the sediment traps. The observed temperature
difference may be attributed to export out (presumably
by grazing) in the euphotic zone and the sinking and
lateral advection time of alkenone bearing particles. We
suggest that alkenones produced in the surface layer,
during maximum alkenone production (in September),
subsequently reside in the surface layer and are
transported vertically and laterally throughout the
following months. Due to their relatively high abun-
dances these “early autumn bloom” alkenones may then
overprint any subsequent, seasonal, alkenone produc-
tion and temperature signal in the sediment traps. Such a
time lag of alkenone signals in sinking particle has been
reported in previous sediment trap experiments (Prahl
et al., 2000; Goñi et al., 2004).

4.3. Vertical distribution of alkenones

Fig. 4 displays alkenone fluxes and alkenone
temperatures in the upper and lower traps. Strong
seasonality in the alkenone flux was observed in both
the higher and lower traps, with a highest value in
autumn. The alkenone temperature values in the lower
traps during autumn are close to that of the upper traps.
This suggests the origin of alkenones captured in the
lower traps is the same as that of upper traps, due to a
rapid vertical sinking rate of export alkenones during the
autumn. During winter (from November 1998 to July
1999), The SSTs in the lower traps diverges signifi-
cantly from actual surface temperatures. Absence of
alkenones in the upper traps during the period suggests
that the alkenones captured in the lower trap were not
newly produced in winter. These alkenones are probably
derived from either sinking or lateral advection of
material produced during the previous growth season
and/or material resuspended from bottom sediments.
Some alkenone temperature values in winter are almost
the same as that of the early bloom (autumn 1998). On
the other hand, the winter alkenones having slightly
high values may potentially be explained by input from
resuspended alkenones with higher UK

37′ values. One
possible source of such alkenones is the western and
northwestern continental shelf. However, the alkenone
temperature difference between the upper and lower
traps is very small (0.5° in M4 and 0.2° in M6),
suggesting the input of allochthonous alkenones, from
distant regions, was not significant at the M4 and M6
sites during the mooring period.

The fluxes of alkenones were lower in the lower traps
than that of the upper traps. There are two possible
causes for the observed vertical difference in the flux.
One is the difference in trapping efficiency between
upper and lower traps. Yu et al. (2001) measured the
fluxes of 230Th and 231Pa intercepted by sediment traps
and demonstrated that the trapping efficiency in the
mesopelagic zone is often reduced to less than 0.4, while
that in the bathypelagic zone is close to 1. This
undertrapping is partly due to higher current velocity
at shallower depth. At sites M4 and M6, the trap
efficiency may be lower in the upper trap than in the
lower trap due to the presence of strong western
boundary current, namely the East Sakhalin Current,
where current velocity often exceeds 20 cm/s (Mizuta
et al., 2003). Hence, lower alkenone flux in the lower
trap is not likely explained by trapping efficiency. The
other explanation for the downward decrease in the flux
is degradation of alkenones during the sinking process.
It has been reported that the flux of biomarkers
including alkenones is greatly attenuated with depth in
the water column; suggesting an intense degradation of
lipids occurs in the sinking process (Wakeham et al.,
1997, 2002). Hence, the lower alkenone flux in the lower
trap relative to the upper trap in the Sea of Okhotsk is
likely explained by degradation in water column.

4.4. Applicability of alkenone paleothermometry to the
Sea of Okhotsk

The present study indicates the complexity of paleo-
SST interpretations in the western Sea of Okhotsk.
Whereas large seasonal variation (�2°C in winter ~ 16 ˚C
in summer) is observed, the period of alkenone pro-
duction is limited in autumn. This suggests that UK

37′
value of sedimentary alkenones can be easily changed
even by a small shift in the timing of coccolithophorid
development. Also, a change in dwelling depth of E.
huxleyi induces a large shift of exported UK

37′. As shown
in Fig. 3, the development of a steep thermocline (from
14°C at 20 m to �1C°at 40 m) during autumn induces a
large change the expected UK

37′ if a small shift in the E.
huxleyi dwelling depth occurs. The Sea of Okhotsk has a
large potential that a change in haptophyte ecology in the
past strongly biases alkenone SST signal of sediments. If
the season and depth of alkenone production in the Sea
of Okhotsk are controlled by nutrient availability and
sea ice distribution, a shift of oceanographic conditions
may induce shifts of bloom timing and habitat depth
for haptophyte with a large change in sedimentary UK

37′
values.

Interestingly, a recent study of sediment cores from
the Sea of Okhotsk showed the anomalous variation
pattern of alkenone SST with warm values around the
last glacial maximum (LGM) (Seki et al., 2004a),
whereas sedimentary alkenone record in open ocean
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(northwestern Pacific) showed decrease in SST in the
LGM compared to the present (Harada et al., 2004).
According to sedimentary records of diatom (Shiga and
Koizumi, 2000) and ice rafted debris (Sakamoto et al.,
2005) from the Sea of Okhotsk, seasonal sea ice has
been more produced and seasonally existed for a longer
period in the glacial period. Because warm glacial SST
apparently disagrees with large volume of seasonal sea
ice in the LGM, Seki et al. (2004) suggested that warm
glacial alkenone temperatures were caused either by a
shift of haptophyte ecology or by contribution from
different organisms that produce alkenones. Under more
sea ice condition, productive season of phytoplankton
might have been restricted to warm season. Hence,
knowledge of E. huxleyi ecology in the past is needed
to be taken in contribution for the interpretation of
alkenone SST records in the Sea of Okhotsk.
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