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Abstract—We investigated the characteristics of the alkenones produced by a bldemiladnia huxleyi in

the eastern Bering Sea in 2000. Alkenones were detected in surface waters between 57°N and 63°N, where
phosphate concentrations were low and the ammonium/nitrate ratio was high. The total alkenone content
(Ca7.» Cs7.5 and G, ranged from 22.0 to 349 g~ in suspended particles and from 0.109 to 1.4P

g~ *in surface sediments. This suggests that a large proportion of the particulate alkenones synthesized in the
surface water rapidly degraded within the water column and/or at the water-sediment interface of the Bering
Shelf. The change in the stable carbon isotopic composi@ibiC] of C,,.5 alkenone could not be explained

only by variation in [CQ(aq)] in the surface water but also depended on the growth réie lnixleyi. The
alkenone unsaturation index '{Y,) was converted into an alkenone “temperature” with three equations (Prahl
etal.,, 1988; Sikes et al., 1997; Mer et al., 1998); Sikes et al.’s (1997) equation gave the best correlation with

the observed sea surface temperature (SST) in the eastern Bering Sea. However, some temperatures estimated
by Sikes et al.’s (1997) equation from th&'y, varied from the observed SST, possibly because of the rapidly
changing rate of alkenone synthesis in the logarithmic growth stage or the low rate of alkenone synthesis when
nutrients were limiting. Temperatures estimated frofi,lin the surface sediments (6.8—8.2°C) matched the
observed SST in September (7—-8°C) but differed from the annual average SST of 4 to 5°C, suggesting that
most of the alkenone in the eastern Bering Sea was synthesized during limited periods, for instance, in
September. The relative amounts of,G alkenone as proportions of the total alkenones (referred to as
C,,..%) were high, ranging from 18.3 to 41.4%. Low-salinity water3@ psu) within the study area would

have contributed to the highsG % because a negative linear relationship betwegn and salinity was

found in this study. Copyright © 2003 Elsevier Science Ltd

1. INTRODUCTION jero and Grimalt, 1997; Sonzogni et al., 1997; Ternois et al.,
1997; Sicre et al., 2002). Besides being extended to reconstruct-
ing paleotemperatures (Bard et al., 1997; Pelejero and Grimalt,
1999; Weaver et al., 1999; Goet al., 2001; Ishiwatari et al.,
2001), alkenones have been used as proxies for estimating the
f variability of current systems by using the SST profile (Doose

methyl alkenones with 37 carbon atoms and two, three, or four et al., 1997) and a biomarker for marine organisms (Temois et
y ' ., 2001). In addition, thé**C of alkenones has been used to
double bonds, have been proposed as proxy measures of watef'" ' X
temperature (Brassell et al., 1986; Prahl et al., 1988). The U eStimate the palepCO, (Jasper and Hayes 1990; Pagani et al.,
index was initially defined as (Brassell et al., 1986) 1999) and the growth rate of alkenone producers (Bidigare et
al., 1997).

UX37 = (Cs7.7C57.0/(Cs7. + Cy7.3 + Cyr9). However, neither the relationships between alkenone unsat-
uration and temperature nor those between &€ of alk-
enones, growth rate, amCO, can be explained simply (Her-

" bert, 2001). In the northeast Atlanticky, in the sediment trap
material was anomalously low and showed poor correlation

UX'3; = Ca7.4(Caz:p + Carea). with SST during the spring of 1989 (Rosell-Medeal., 2000).

The discrepancy betweenld, and SST means that this rela-

Typically, the U5 recorded in surface sediments world- ionship might be explained by a calibration that differed from
wide exhibits a linear correlation with the average annual sea published ones (Prahl and Wakeham 1987|iédet al.

surface temperature (SST) (Mer et al., 1998), and this “alk- 1998). A discrepancy was also found between tHe,4in

enone thermometer” has been gccepted as a robust proxy forsuspended material and the SST (Conte et al., 2001; Sicre et al.,
global and regional reconstruction of the water temperature 2002)

(Prahl and Wakeham, 1987; Sikes and Volkman, 1993; Pele-

Since it was first realized that alkenones were produced
mainly by the haptophyte algae, the coccolithoph@mediania
huxleyi and Gephyrocapsa oceanica (Volkman et al., 1980;
Marlowe et al., 1984a), the alkenone unsaturation indic&s, U
and U<, which are derived from the relative abundance o

However, G,., alkenone is often undetected, and so the alk-
enone unsaturation index was simplified (Prahl and Wakeham
1987):

Although the discrepancies have been attributed to the pres-
ence of residual amounts of alkenones in particulate detritus
*Author to whom correspondence should be addressed (Conte et al., 1992), to an influx of alkenones from elsewhere
(haradan@jamstec.go.jp). (Rosell-Meleet al., 2000), to a retention of alkenones produced
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in the previous season (Sicre et al., 1999), and to environmental
influences other than temperature (such as nutrient levels)
(Epstein et al., 1998; Popp et a., 1998a; Versteegh et al., 2001),
the precise reasons are not clear. Especialy under natural
conditions on a regiona level, present information is insuffi-
cient for determining a relationship between akenone abun-
dance (and its unsaturation pattern) and environmental param-
eters such as nutrients and salinity (Volkman, 2000).

Flourishes of coccolithophores can be detected by ocean
color imagery with data from the satellite-borne Sea-viewing
Wide Field-of-view sensor SeaWiEs. Flourishes in the Bering
Seain 2000 were intermittently observablefor at |east 9 months
from the beginning of February to the beginning of November
(http://orbit-net.nesdis.noaa.gov/orad2/doc/ehux.html).  Tem-
porally and spatialy large-scale blooms of E. huxleyi have
occurred annually in the Bering Sea since 1997. In 1997, a
combination of atmospheric mechanisms produced summer
weather anomalies such as calm winds, clear skies, and warm
air temperatures over the eastern Bering Sea, and the weather
anomalies caused depletion of the subpycnocline nutrient res-
ervoir (Napp and Hunt, 2001). After depletion of nitrate and
silicate, a sustained (more than 4-month-long) bloom of E.
huxleyi was observed (Stockwell et al., 2001). Because of the
speed and magnitude with which parts of the Bering Sea
ecosystem responded to changes in atmospheric factors (Napp
and Hunt, 2001) and because a bloom of the coccolithophorid
Coccolithus pelagicus has also been detected in the northeast-
ern Atlantic Ocean off Iceland every year since 1997 (Oster-
mann, 2001), the appearance of an E. huxleyi bloom in the
Bering Sea could be related to atmospherically forced decadal
oscillations or global factors.

In this study, we were interested in the characteristics of the
alkenones produced by the E. huxleyi bloom in the Bering Sea
in 2000. We discuss the relationship between alkenone content
and nutrient levels, aswell as the relationship between the 8°C
of alkenone, [CO,(ag)], and bloom stage to clarify the charac-
teristics of alkenones synthesized by a bloom in the eastern
Bering Sea. Furthermore, the relationship between the relative
content of Cs5., (Cs,.,%) akenone and temperature and salin-
ity is discussed from the viewpoint of using C;,.,% as a
possible indicator of salinity or temperature. As a result, the
C5,.,% is proposed as a proxy of salinity.

2. MATERIALS AND METHODS

Surface water samples were collected in the eastern Bering Sea with
a carousel water sampler (Sea-Bird Electronics, Inc., USA), equipped
with 24 Niskin bottles and conductivity, temperature, and depth sen-
sors. Sampling was conducted during the MROO-K 06 cruise of the R/V
MIRAI from the beginning of September to the beginning of October
2000 (Table 1 and Fig. 1). Water samples were gravity filtered through
glass fiber filters (diameter = 47 mm, effective pore size = 0.7 um )
without vacuum on board the MIRAI.

The sediment core used in this study was collected at the BR-12
hydrocast station (63°30'N, 165°30'W; 35-m water depth) with a mul-
tiple core sampler (Rigosha Co., Ltd., Japan). The sediment core was
30 cm long and was cut into 0.5-cm subsamples.

Filter and sediment samples were stored at —20°C until chemical
analysis. Filter and sediment samples were freeze dried before extrac-
tion. The dried sediment was ground into a powder with an agate
mortar and pestle. The bulk organic fractions were extracted from the
filter and sediment samples with an accelerated solvent extractor (ASE-
200, Dionex Japan, Ltd.) at 100°C and 1000 psi using a mixture of
dichloromethane and methanol (99:1 v/v) as the solvent. The yield of

the extraction procedure was > 95% for a ketone standard (2-nonade-
canone).

The extracts were saponified in 0.5-mol/L KOH in methanol at 80°C
for 2 h. The neutral fraction was recovered with a pipette, dissolved in
hexane, and then separated into subfractions by silica gel column
chromatography using an automatic solid preparation system (Rapid
Trace SPE Workstation, Zymark, UK). Standards for the subfraction-
ation were hydrocarbons (C,;—Csg hydrocarbons and 5a-cholestane,
GLSciences Inc., Japan), a ketone (2-nonadecanone, Fluka Chemie,
Switzerland), and a sterol (cholesterol, GLSciences Inc., Japan). The
solvents used were 4 mL of hexane for fraction 1; a mixture of 2 mL
of a hexane-toluene mixture (3:1 v/v), 2 mL of hexane-toluene (1:1
v/v), 2 mL of hexane—ethyl acetate (95:5 v/v), and 2 mL of hexane—
ethyl acetate (9:1 v/v) for fraction 2; 2 mL of hexane—ethyl acetate
(85:15 v/v) followed by 2 mL of hexane-ethyl acetate (4:1 v/v) for
fraction 3; and 2 mL of hexane—ethyl acetate (4:1 v/v) followed by 2
mL of ethyl acetate for fraction 4. The alkenones eluted in fraction 3.
The recovery of a 2-nonadecanone standard with this procedure was >
90%.

A sample of the alkenone fraction was analyzed by capillary gas
chromatography with a Fisons 8000 series gas chromatograph (CE
Instruments, USA) equipped with a 50-m-long, 0.32-mm interna di-
ameter Chrompack CP-Sil 5CB fused silica column, a cold on-column
injector, and a flame ionization detector. The temperature regime for
gas chromatography was as follows: held at 60°C for 1 min, increased
to 200°C at 20°C min~?, increased to 305°C at 15°C min~?, held at
305°C for 32 min, increased to 320°C at 15°C min~?, and held at
320°C for 5min. A hydrocarbon, dotoriacontane with deuterium (Cam-
bridge |sotope Laboratories, USA), was used as an internal standard,
and we assumed that the flame ionization detector was equally sensitive
to C5; akenone and the internal standard.

A major source of error in alkenone analysis is irreversible adsorp-
tion onto the chromatographic column. The production rate of Cs;.,
alkenone in an algal cell is very low at the low temperatures of the
Bering Sea; therefore, to reduce error, it was necessary to analyze a
relatively large amount of Cs;., alkenone by gas chromatography. We
injected the greatest amount possible (>100 ng/injection) during each
analysis to ensure reliable alkenone quantification. However, for three
sediment samples from depths of 7, 11, and 12 cm, the amount of Cs,.,
alkenone was < 100 ng/injection, and we were unable to detect
alkenone in some samples, in which the amounts of individua Cs;.,4,
Cs7.3, and Cs,., alkenones were < ~10 ng/injection.

813C analysis was done for C,;,.; alkenone in three filter samples (A,
B, and C in Table 2) because its concentration was the highest among
the three C;; akenones in this study. We used an isotope ratio—
monitoring gas chromatograph mass spectrometer system consisting of
an HP6890 gas chromatography unit and a Finnigan MAT252 mass
spectrometer unit. The *C/*2C isotopic ratios in an n-C4 hydrocarbon
(GLSciences Inc., Japan) and in National Bureau of Standards standard
19 (International Atomic Energy Agency) were also measured as
interna standards and as reference materials for the Peedee belemnite
carbonate, respectively. The replicate errors were 0.4 and +0.5%o for
n-Cs hydrocarbon and C,,.; akenone, respectively.

Portions of three filter samples (A, B, and C in Table 1) were also
analyzed for total carbon content with a CHN analyzer (2400 Series||,
PerkinEImer, USA). The six filter samples (BR-5, BR-6, BR-7, A, B,
and C) were exposed to HCI vapor in a desiccator for 0.5 d to remove
carbonate. Carbonate-free samples were dried in a desiccator under
vacuum and then analyzed for organic carbon content with the CHN
analyzer (Table 1). The analytical errors for determination of calcium
carbonate and organic carbon by this method were within 7 and 3%,

respectively.
3. RESULTS AND DISCUSSION

3.1. Occurrence of E. Huxleyi Bloom and Relation
Between Levels of Alkenones and Nutrients

The continental shelf of the eastern Bering Seais one of the
most productive areas in the world’'s oceans (Odate and Saito,
2001). High productivity is maintained by nutrients transported
into the euphotic zone by tidal mixing, lateral currents, and



Table 1. Sample locations and content of surface seawater samples from the Bering Sea.

Alkenone
C;; content Tota C5; Organic  Organic SST-
Water  in water (ug/l) Total C5; contentin C. content C. content Cg;.4 Alkenone Alkenone Alkenone akenone

Sample La. Long. Sampling volum — contentin paticle inwater in particle in total NO;, SO, PO, HN; temp' temp.™ temp."™ SST temp*
Filter N E dde (1) Ciu Cars Carp water (ug/) (nglg)  (ngl) (Mgl Csr (%) VS, pmolk pmol/k wmollk wmolk — (°C) (°0) (9 (9 (9 Uz
BR-1 55-00 166-00 1-Sep 6 nd* nd nd x - - - - - 134 303 122 05 - - - 83 -
BR-2 5530 166-00 2-Sep 4 nd nd nd - - - - - - 381 112 0.68 0.7 — - - 9.2 -
BR-3 56-00 166-00 2-Sep 4 nd nd nd - - - - - - 37 113 0.67 11 - - - 88 -
BR-5 57-00 166-00 2-Sep 4 0.110 0.383 0.109 0.603 - 39.0 - 183 022 342 132 0.52 04 80 54 54 76 —04 0.00
BR-6 57-30 166-00 2-Sep 3 02750703 0234 121 - 54.6 - 27 025 243 132 044 09 8.7 6.2 6.2 77 -10 -003
BR-7 5800 166-00 3-Sep 3 0578 122 0.183 1.98 - 44.6 - 292 013 076 850 031 14 56 27 26 70 14 -020
BR-8 58-30 166-00 3-Sep 4 0192 0480 009%  0.769 - - - 250 017 059 852 047 0.8 6.5 38 37 7.7 12 -013
BR-10 62-00 169-00 4-Sep 4 129 170 0125 312 - - - 414 007 012 28 025 0.1 40 0.9 0.7 75 35 -037
BR-12 63-30 165-30 5-Sep 13 nd nd nd - - - - - - 551 551 080 11 - - - 9.6 -
A 61-33 168-59 4-Sep 6 0.054 0.101 0.009 0.164 66.4 56.0 337 327 008 - — - — 44 13 12 76 32 0.36
B 63-05 168-18 1-Oct 6 0625 0969 0126 1.72 349 132 421 363 011 - - - - 5.2 22 21 50 -02 0.33
C 59-29 167-26 2-Oct 6 0.045 0.094 0.016 0.155 220 162 325 291 014 - — - — 6.0 31 30 79 20 0.34

* n.d. = not detected.

** A dash “~" means not determined.

" The equation reported in Sikes et al. (1997) was used to convert the alkenone unsatulation index to temperature.

™ The equation reported in Prahl et al. (1988) was used to convert the alkenone unsatulation index to temperature.

™ The equation reported in Miller et al. (1998) was used to convert the alkenone unsatulation index to temperature.

The total alkenone content was calculated to be the sum of Cs;.,, Cs7.5, and Cs., akenones contained in 1L units of seawater from each sample.
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Fig. 1. Locations at which suspended particulates were sampled in
the surface water of the eastern Bering Sea. Samples were collected in
the area enclosed by the circle. Small dots are the sampling sites.

eddies caused by the Bering Slope current (Springer et a.,
1996; Stabeno and Van Meurs, 1999). The pCO, values in
surface seawater and in air were measured from 54°N to 67°N
in the eastern Bering Sea (Fig. 2; Murata and Takizawa, 2002).
The pCO, value in seawater varied widely with latitude be-
tween 220 and 450 patm. Higher pCO,, in seawater, 370 to 450
patm, than in air was observed in the areas from 54°N to 55°N,
57°N to 60°N, 60°N to 62°N, 63°N to 64°N, and 65°30'N to
66°N in the beginning of September and in the areas from 54°N
to 55°N, 57°N to 58°30'N, and 59°30'N to 62°N in the end of
September and the beginning of October, suggesting that car-
bonate was actively produced by coccoliths in patchiness of E.
huxleyi blooms (Murata and Takizawa, 2002). Microscopic
observations indicated that the coccolithophorid bloom was
composed entirely of E. huxleyi, with densities as high as 5 X
10° coccospheres L~* (H. Okada, persona communication),
corresponding to a density of 4.5 X 10° coccospheres L™ in
the 1997 bloom (Stockwell et a., 2001).

Twelve samples of suspended particulates collected from
55°N to 63°N in the eastern Bering Sea were used for analysis
of Cg7.5, Csr.3, @nd Cgyr., akenones (Table 1; Fig. 1). In
September, alkenone was detected only between 57°N and
62°N (Table 1; Fig. 3). The alkenone concentrations were
below the limits of detection near the boundaries between the
Bering Sea and the Chukchi Sea and between the Bering Sea
and the North Pacific, although alkenone was detected at 63°N
near the boundary between the Bering Sea and the Chukchi Sea
in October. This finding suggests that the bloom area was
limited to 57°N to 63°N and nearly corresponded to the areas
of high pCO, in seawater (Fig. 2) during September and Oc-

tober 2000. In the area from 54°N to 55°N, akenone was not
detected, although pCO, in the surface seawater was high, 450
patm.

We compared the appearance of akenones with the contour
profiles of the concentrations of phosphate, silicate, nitrate, and
ammonium (Sato et al ., 2001) above the continental shelf of the
Bering Sea (Fig. 4a). These nutrient data were collected at the
beginning of September 2000. In the 55°N to 60°N area, the
surface water concentrations of all nutrients were low, but
phosphate, silicate, and nitrate increased with depth and prox-
imity to the Pacific Ocean, suggesting that water masses with
relatively high nutrient concentrations were laterally advected
from the Pacific to the Bering Sea. Conversely, concentrations
of ammonium at depths of ~50 to 60 m were very high near the
edge of Bering Shelf. These high concentrations of ammonium
might have come from degraded material that settled from the
surface bloom.

The high-ammonium water mass formed a dome around the
Bering Shelf, and the vertical temperature profile also dropped
within this water mass (Fig. 4b). The eastern coast of the
Bering Sea is covered with seaice in winter and is influenced
by Alaskan coastal water (including runoff from the Yukon
River). The combination of wind mixing and melting ice can
cool the water column to near the freezing point of seawater. As
the sea surface warms during the spring and summer, this
isolates the cold bottom water, resulting in a feature known as
the cold water mass. The temperature of the upper mixed layer
and its thickness over the cold water mass depend on the
strength and timing of storms and on the thermodynamic bal-
ance between heat content from the previous summer and
extent of seaice in the winter (Stabeno et al., 2001). In 1997,
unusual physical conditions occurred in the eastern Bering Sea:
strong May storms and calm conditions in July, which brought
high SST, a shallow wind-mixed layer, a fresher than normal
water column, and unusual cross-shelf currents (Stabeno et al.,
2001). Accompanying these conditions were changes in the
dominant phytoplankton, including significant new productiv-
ity below the shallow pycnocline in the spring, which depleted
the subpycnocline nutrient reservoir and was followed by a
bloom of E. huxleyi for > 4 months in 1997 (Napp and Hunt,
2001). Similar unusual physical conditions might have resulted
in the bloom during September and October 2000, too.

Mizobata et al. (2001) observed the occurrence of an eddy in
the eastern Bering Sea in 2000 centered at 55°30'N, 171°W,
with high concentrations of chlorophyll a at the margin of the
eddy, indicating a bloom of E. huxleyi. Wind strength is also
considered important for the occurrence of E. huxleyi blooms.
lida and Saito (2001) observed coccolithophorid blooms in
1997, 1998, and 1999 and noted that extensive blooms occurred

Table 2. Elemental analysis and ratio of stable carbon isotopes in akenone in suspended particles; sainity and pCO, in the surrounding.

MR00-K06 pCO, Total C. Inorganic C. Organic C. CIN akenone 6°C b-value*
Filter Salinity (patm) (%) (%) (%) mol ratio ColCi (%0 PDB) (%opmol)

A 30.617 385.8 7.83 4.46 3.37 7.1 0.76 —-26.3 132

B 31.520 330.6 5.99 1.79 421 7.7 2.36 —-29.7 86

C 31.519 425.9 105 7.21 3.25 7.7 0.45 -27.0 135

* The b-value is a parameter of the growth rate of phytoplankton and reflects the intracellular carbon demand.
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Fig. 2. Continuous measurement of pCO, in the surface seawater and in the air from 54°N to 67°N in the eastern Bering
Sea. Reproduced with permission from Murata and Takizawa (2002).

under calm wind conditions when the surface water was stable
and stratified. Therefore, the presence of an extensive bloom in
September and October 2000 in the eastern Bering Sea might
aso have been facilitated by eddy development and calm
winds. Although the mechanism maintaining the sustained
bloom is still unknown, a large stable cold water mass having
a high ammonium concentration might function as a nutrient
reservoir for surface water blooms of E. huxleyi (Shin et a.,
2002).

Alkenones were detected where the nitrate, silicate, and
phosphate concentrations were low and the ammonium/nitrate
ratios relatively high (Fig. 4a, Table 1). A similar relationship
between the appearance of alkenone producers and phosphate
was found in mesocosm observations in the Norwegian fjords
(Egge and Heimdal, 1994) and in computer simulations (Ak-
snes et a., 1994). Another study that modeled blooms of E.
huxleyi in the northeast Atlantic showed that blooms occurred
when the parameters were adjusted to show adaptation of E.

huxleyi to low phosphate concentration and high light intensity
(Nanninga and Tyrrell, 1996; Tyrrell and Taylor, 1996). In
addition, observations of a natural bloom of E. huxleyi indi-
cated that the bloom was regulated by low phosphate
(Townsend et al., 1994). Multispecies chemostat experiments
have obtained greater numbers of E. huxleyi at high nitrate/
phosphate ratios (Riegman et a., 1992).

3.2. The Contents of Alkenone and Organic Carbon in
Suspended Particles and Sediments

The total C5, alkenone content of suspended particles in the
water showed high variability, between 0.155 and 3.12 ug L ~*
(Table 1). This large difference in alkenone content among the
sampling stations indicates different population densities of E.
huxleyi in the eastern Bering Sea. These values were one tenth
those observed during the later stages of a bloom and in the
postbloom period of an E. huxleyi bloom in Samnangerfjorden



1512 N. Harada et al.

3.5

25 1

Car7:2+ C37:3+ C37:4 alkenones (ug/l)
N

LS N
T S S & &
L LSS &
Station

Fig. 3. Total alkenone (Cs;.5, C47.5, and Cs;.,) concentration (ug L ~*
of seawater) in suspended particulate samples from the surface water of
the eastern Bering Sea. No akenones were detected in the blank
column.

(Conte et al., 19944). The total C,, alkenone contents in our
study were 10 to 100 times the levels found in suspended
particles collected under nonbloom conditions in the surface
waters of the North Atlantic and Nordic Sea (Sicre et a., 2002)
and in the western Sargasso Sea (Conte et al., 2001).

For three filter samples, A, B, and C, alkenone content per
gram of suspended particle ranged from 22.0to 349 ug g~ * dry
weight (Table 1), with a mean of 146 ug g~ *. The organic
carbon content in the suspended particulate samples ranged
from 32,5 to 42.1 mg g~ * (Table 1). Previous studies with
controlled cultures found that the alkenone contents of cells of
E. huxleyi changed with growth stage, accounting for up to 8 to
15% of the organic matter in cells in late stages (Prahl et al.,
1988; Epstein et a., 1998). The total C,, akenone contentsin
our study were 0.03 to 0.4% of the organic matter (which is
assumed to be about twice the organic carbon content) in the
suspended particles and extremely low compared with the
results from these culture experiments. This suggests that the
cells were in amore stressed condition in the field and, accord-
ingly, produced less alkenone. Furthermore, although almost all
microscopically visible particles in water samples were cells of
E. huxleyi, most of the organic matter of the suspended parti-
cles in the water on the continental shelf of the eastern Bering
Sea was from other sources.

The C;, akenone content per gram (dry weight) of the
surface sediment decreased with depth from 1.42 ug g~ * at the
sediment surface to 0.109 ug g~ * at 11 cm depth and was not
detected at depths of > 13 cm (Table 3). The C;, alkenone
content we found was one tenth to one hundredth of what was
measured in the sediment in the Santa Monica Basin (Gong and
Hollander, 1999) and in the Guaymas Basin, Gulf of California
(Goiii et a., 2001), which are both beneath low-oxygen water
columns, and was almost the same as or half thelevel in surface
sediments collected in the Sea of Japan (Ishiwatari et al., 2001).
The C;, alkenone content in our study was 10 to 100 times that
in Okhotsk Sea sediment (Ternois et al., 2001), perhaps be-
cause the Bering Seais shallower than the Okhotsk Sea. During

the bloom or postbloom periods in the eastern North Atlantic,
the alkenone produced in the surface water immediately de-
composed, and the concentration decreased 10-fold to 100-fold
at depths below the seasonal thermocline (Conte et al., 1992).
Gong and Hollander (1999) reported that a drastic decomposi-
tion of alkenone occurred within a few centimeters below the
top of the sediment, and the alkenone content in the surface
layer of oxic sediments was only one third that in anoxic
sediments. The dissolved oxygen concentration in the bottom
water was > 250 umol kg~ at each of our study sites (Komai
and Wataki, 2000), and thus, the sediment surface was oxic.
The alkenone content at the sediment surface was < 1% of the
concentration in suspended particles in the surface water. This
implies that most of the particulate alkenones produced in the
surface water were rapidly degraded in the water column or at
the interface between water and sediment before accumulating
in the sediment, despite the relatively shallow depth (70 m) of
the continental shelf of the Bering Sea. Bacterial biomass and
activity are generally higher in the central Bering Sea (Nagata
et a., 2001); thus, bacterial activity may be responsible for the
large difference between alkenone concentrationsin the surface
water and at the sediment surface.

According to Younker et a. (1995), on the Mackenzie Shelf
of the Arctic Ocean, terrigenous particle input is large, and
most hydrocarbons are of terrigenous origin. In the continental
shelf area, large amounts of terrigenous materials, not only
organic materials but also clay minerals, are added to autoch-
thonous organic materials, which dilute the marine-produced
organic content of that sediment. A similar dilution effect could
aso contribute to the low akenone content in the surface
sediment compared with that in the water column.

3.3. Difference of Bloom Status of E. Huxleyi Among
Sampling Stations

The ratios of stable carbon isotopes in organic materials
produced by marine organisms are affected by many environ-
mental factors, such as fluctuations in dissolved CO, (Jasper
and Hayes, 1990; Frangois et al., 1993; Bentaleb et a., 1996).
In addition, when organic materials are produced by marine
phytoplankton, the carbon isotope composition isinfluenced by
the growth rate (Bidigare et a., 1997), cell leakiness (Badger et
a., 1985), cell geometry (Popp et al., 1998b), species (Rau et
a., 1997), and irradiance (Johnston, 1996) at each stage of the
bloom. For alkenones, the ratio of stable carbon isotopes is
affected mainly by the growth rate of the alkenone producer
(Bidigare et al., 1997; Popp et al., 1998a) and the concentration
and isotopic composition of the dissolved CO, (Jasper et a.,
1994). When the growth rate of the alkenone producer is high,
theratio of stable carbon isotopesin C,., alkenone (referred to
as 8'°C alkenone) becomes heavy, that is, the alkenone is
enriched in *3C (Andersen et al., 1999; Riebesell et al., 2000b).
When the concentration of dissolved CO, is high, the alkenone
becomes depleted in *°C (isotopically light) (Andersen et al.,
1999; Riebesell et a., 2000b). In our study, we wanted to
clarify which factor, E. huxleyi growth rate or dissolved CO,
concentration, mainly affected the 8*C of alkenone. Because
we determined the §*3C for only C,;,.5 alkenone, we therefore
need to assume that §*3C;., alkenone is directly proportional
to 8*3C,,., alkenone to relate our results to those of others.
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Table 3. Alkenone contents of sediment sample collected at station BR-12 in the Bering Sea.
Alkenone content
Dry (ro/g) Alkenone
Depth weight Cs;., + Csy.5 coONtent Csr.4in ’ temp*
(cm) (9) Csr.4 Ca73 Cs72 (ng/g) total C; (%) us; (°C)
1 9.55 0.508 0.729 0.183 1.42 (Cg7.5+Cay.5+Cara) 35.8 0.20 74
3 9.54 - 0.478 0.102 0.580 - 0.18 6.8
4 9.17 - 0.440 0.107 0.547 — 0.20 7.3
5 9.49 - 0.525 0.122 0.647 - 0.19 71
7 10.3 - 0.197 0.045 0.243 — 0.19 7.1
9 9.48 - 0.289 0.071 0.360 - 0.20 7.3
10 9.76 - 0.158 0.036 0.194 — 0.19 7.1
11 9.68 - 0.084 0.025 0.109 - 0.23 82
13 9.83 n.d. n.d. n.d. - - - -

* The equation reported in Sikes et al. (1997) was used as to convert the alkenone index to temperature.

** n.d. = not detected.

*** A dash “—” means not calculated, because the subsamples of the sediment core from 3 to 11 cm depth had a dlight shoulder on the Cy;.,

We found 8'3C,,., alkenone values of —26.3, —29.7, and
—27.0%o at locations A, B, and C, respectively. The §*°C,,.5
alkenone was clearly higher at locations A and C than at
location B (Table 3), suggesting that either the concentration of
dissolved CO, in the water may have been lower at collection
points A and C than at B or that the growth rate of E. huxleyi
was higher at A and C than at B. However, the concentration of
dissolved CO,, [CO,(ag)], converted by PCO, (pCO, =~ PCO,
at 100% humidity) via Henry’s law using the in situ tempera-
ture and salinity (Tables 1 and 2), was higher at A and C than
at B. Thus, differences in dissolved CO, cannot explain our
results. Furthermore, Riebesell et a. (2000b) estimated the
effects of varying CO, concentration on the carbon isotope
fractionation of alkenonein E. huxleyi in culture and found that
the carbon isotope fractionation of Cs,.; alkenone associated
with the same [CO,(ag)] as at our stations B (~17 wmol kg™)
and C (~20 wmol kg™*) was < 1%.. The difference of 6*°Cy;,.5
alkenone between samples B and C is ~3%. and cannot be
explained by the change in [CO,(ag)]. Therefore, we infer that
the 6*C alkenone was mainly affected by the growth rate of
the E. huxleyi rather than by the [CO,(ag)].

We therefore estimated the growth rate of E. huxleyi for
samples A, B, and C as the b value (%oumol, Egn. 1), which
reflects the intracellular carbon demand. According to Bidigare
et a. (1997), the b value is closely and positively correlated
with the growth rate of phytoplankton. The equation is ex-
pressed as

b= (ef — ep) X [CO,(aq)]. @

To calculate the b value using Eqgn. 1, we need the concentra-
tion, [CO,(aq)]; the isotopic fractionation accompanying pho-
tosynthetic carbon fixation, ep; and the combined fractionation
of carbon isotope due to the enzymes rubisco and B-carboxy-
lase for E. huxleyi, ef (Andersen et a., 1999). The [CO,(ag)]
can be calculated by Henry's law from the pCO, in oceanic
waters and the CO,, solubility coefficient, a:

pPCO, = [CO(ag))/«. ¥

For the ef value, we used 25%., which has been reported for a
marine alkenone producer (Bidigare et al., 1997). The ep value
is generally described by this equation:

ep = [(8d + 1000)/(8p + 1000) — 1] X 1000, (3)
where &d is the isotopic composition of carbon in CO,(aqg), and
Sp is the isotopic composition of carbon in the products of
photosynthesis. Because we did not measure the 8d, we calcu-
lated &d with this equation (Mook et al., 1974):

eb(a) = [(8d + 1000)/(8b + 1000) — 1] X 1000

= 24.12 — 9866/T, (4)
where eb(a) is the temperature-dependent carbon isotope frac-
tionation of CO,(aq) with respect to HCO,™, &b is the isotopic
composition of total dissolved CO,, and T is the temperature
(K). We did not measure &b either; therefore, the reference
value for sea surface water, +2.2%o (Craig, 1970), was used.
Also, 8p was estimated by using a constant isotopic fraction-
ation, €4 enone = 4-2%o (Popp et al., 19983). &_,1enone 1S NEANY
equal to AS = 8p —6"3C,;., alkenone (Andersen et al., 1999).
The b values at A and C were ~1.6 times the b value a B
(Table 2). This indicates that the growth rates of E. huxleyi at
locations A and C were indeed much higher than at B.

The ratios of organic to inorganic carbon (C/C;) at A and C
were 0.76 and 0.45, respectively, and smaller than at B, where
it was 2.36 (Table 2). Hence, E. huxleyi located at A and C
cacified in preference to fixing carbon into organic matter,
resulting in higher pCO,, values in the water at these sites than
at B. This suggests that E. huxleyi aggressively releases CO,
during active growth but fixes carbon into organic matter more
than it produces calcium carbonate when growth rates slow.
The high akenone and organic carbon contents in the water
samples from site B relative to those at A and C (Table 1)
further support this interpretation. Results from our study in-
dicate that natural blooms of E. huxleyi may restrict calcifica-
tion and shift their production toward organic carbon when
pCO, in the water is higher (Table 2). Experiments with E.
huxleyi in culture also showed that organic carbon and carbon-
ate production are strongly affected by the CO, concentration:
higher pCO,, in the water results in lower ratios of inorganic to
organic carbon (calcite C/organic C) (Riebesell et al., 2000a).
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3.4. Alkenones as a Measure of Temperature

An alkenone unsaturation index was determined for our filter
and sediment samples and used to calculate the temperature,
using three equations from the literature. The calculated tem-
peratures were then compared with the actual temperatures.

1. T = (UX,, + 0.082)/0.038, obtained from the relationship
between the alkenone index, UX'5,, of top core samples and
SST values of 4 to 17°C in the Southern Ocean (Sikes et d.,
1997).

2. T = (UX,, — 0.039)/0.034, obtained from cultures of E.
huxleyi and SST values of 8 to 25°C (Prahl et al., 1988).

3. T = (UX;, — 0.044)/0.033, based on alkenones in world-
wide surface sediments and confirmed by its general appli-
cability over atemperature range of 0to 28°C (Muller et d.,
1998).

The SST observed at each sampling station in the eastern
Bering Sea during our study was 5.0 to 9.6°C (Table 1). The
alkenone temperature estimated by Sikes et a.’s (1997) equa
tion was 4.0 to 8.7°C and generally corresponded to the ob-
served SST (Table 1), athough large differences occurred
between the alkenone-calculated and observed SSTs at stations
BR-10, A, and C. The alkenone temperatures calculated with
Prahl et al.’s (1988) and Mlller et al.’s (1998) equations were
similar and ranged from 0.7 to 6.2°C. The discrepancies be-
tween the alkenone temperatures calculated with Prahl et al.’s
(1988) and Miller et a.’s (1998) equations and the observed
SSTs were relatively large.

We mentioned the possibility of rapid microbial degradation
of organic materials such as alkenones produced by the bloom.
A study by Teece et a. (1998) of the effects of bacterial
diagenesis on lipids in E. huxleyi found that extensive degra-
dation of C5, methyl alkenones occurred under both oxic and
anoxic conditions. However, the UX',, index remained essen-
tially constant, except for a dlight increase ~750 d after alk-
enone was synthesized. Therefore, we consider that the effect
of bacterial degradation of alkenones on U';, can also be
ignored in our study.

In other studies, the temperature calculated from U5, (in
suspended particles) with Prahl et al.'s (1988) equation was
much closer to the observed temperature (Herbert, 2001). We
feel that the divergence from Prahl et al.’s (1988) and Milller et
a.’s (1998) equations in the Bering Sea is due to some un-
known factors, which can be ignored in the general calibration
that affects UK ,,. Sikes et al.’s (1997) equation was calibrated
in the Southern Ocean, which is characterized by low temper-
atures, low salinity, and high contents of C,,., alkenone (re-
ferred to as the 37:4%) in particulate matter. According to the
alkenone data in core-top sediments from Nordic seas (Rosell-
Melé, 1998), the 37:4% increases strongly at SSTs colder than
5.5 to 6°C, and when the 37:4% is higher than 5%, the scatter
in U5 valuesincreases. This pattern also occurs in the South-
ern Ocean (Sikes et al., 1997). Our study showed that the
greatest difference between U',, and SST was found at BR-
10, which had a high 37:4%, 40%. The reason that the rela-
tionships between UX';, in suspended particulate organic car-
bon and the actual temperature in the Bering Sea agreed better
with Sikes et al.’s (1997) equation could be interregional sim-
ilarities between the Southern Ocean and the Bering Sea, such

as low sdinity and relatively high 37:4% values, compared
with the open ocean. The Bering Sea also has relatively low
salinity (30—32 psu) compared with the open ocean. Sonzogni
et al. (1997) reported on the effect of salinity on alkenoneratios
in the northern Indian Ocean, where the surface water exhibits
alarge salinity gradient from the Arabian Sea (annual mean >
36 psu) to the Bay of Bengal (annual mean < 32 psu). They
carried out statistical calculations that included sdinity in the
UX',,-SST regression, attempting to improve the relationship
between temperature calculated from UX',, and the observed
SST. The inclusion of sdlinity in the UX',,-SST regression,
however, did not result in higher correlation coefficients, and
there was no clear influence of salinity (<32 psu) on the
UK',,-SST regression. In the Nordic seas, the alkenone in the
core-top sediment yielded relatively scattered UX',, values,
corresponding to those produced under low salinity (<33 psu)
(Rosell-Melg, 1998). Alkenones appear to function as meta
bolic storage products rather than as membrane molecules
(Epstein et al., 2001). Therefore, low salinity could lead to
metabolic stress in alkenone producers and thus could cause an
irregular relationship between UX',, and SST.

Culture experiments with E. huxleyi and G. oceanica indi-
cated that nutrient limitation affects the UX'5, (Conte et dl.,
1995; Epstein et al., 1998; Popp et a., 1998a). Culture exper-
iments with another alkenone producer, Isochrysis galbana,
showed that U5, values decrease (equivalent to atemperature
decrease of ~6°C) when light or phosphate level limits algal
growth, but nitrogen limitation appears to have no effect (Ver-
steegh et al., 2001). Because particul ate samples were collected
from surface water, the effect of light limitation on U, can be
ignored in our study. The difference between the alkenone-
caculated temperature and the observed SST was relatively
larger at lower nutrient (nitrate and phosphate) concentrations,
and U¥,, was also lower at lower nutrient concentrations
(Table 1). Epstein et al. (2001) reported that alkenones in E.
huxleyi were used as metabolic storage componentsin cells, but
the UX';, changed only slightly even when the alkenone con-
centration in cells decreased due to metabolic utilization in dark
batch culture.

Epstein et al. (1998) reported that the ratio of unsaturated
alkenones produced during the logarithmic growth phase of
cultured E. huxleyi was unstable, and the calculated alkenone
temperature was far from the actual temperature. However,
during the stable growth period, the alkenone-calculated tem-
perature was close to the actua temperature (Epstein et a.,
1998). Our results indicated higher growth rates at stations A
and C than at B (Table 2). Thus, the results from this natural
bloom of E. huxleyi support the finding that large differences
between the alkenone-cal culated temperature and the observed
SST occur when E. huxleyi isin the rapid growth phase. Then,
when the bloom stabilized, such as at B, the alkenone-calcu-
lated temperature was close to the measured temperature.

The alkenone temperature of the surface sediment, calculated
by using Sikes et a.’s (1997) equation, ranged from 6.8 to
8.2°C (Table 3), and its vertical variability was within 1.5°C.
Because the alkenone-calculated temperature recorded in the
sediment represents an integrated value on a scale of months (at
least) to years, the results are averaged values. The akenone-
calculated temperature corresponded to the in situ SST in
September (7—-8°C; U.S. National Oceanographic Data Center,
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1998). Because there are no whole-year data for alkenone
production, the main season of alkenone production in the
eastern Bering Sea cannot be determined yet. However, the
average annual SST in the study areais 4 to 5°C (U.S. National
Oceanographic Data Center, 1998), suggesting that the alk-
enone-calculated temperature in the sediment may be more
closely related to the SST during the main period of alga
growth than to the annual average SST.

3.5. Relationships Between C5,.,% and Salinity,
Temperature, and Nutrients

Although the presence of C,,., alkenone in natural and
cultured E. huxleyi samples has been reported (Marlowe et al.,
1984b; Brassell et a., 1986), its significance is not clear. Cy.4
alkenone has been observed mainly in high-latitude waters
(e.g., Sikeset a., 1997; Rosell-Melé, 1998; Bendle and Rosell-
Melg, 2001; Sicre et a., 2002) and low-salinity environments,
including lakes (e.g., Li et a., 1996). As reported previously,
C,,., akenone levels become relatively high in colder waters
such as those of the Southern Ocean (40% in the sediment at
3.8°C; Sikeset a., 1997), the Nordic seas (19% in the sediment
at 3.2°C; Rosell-Melg, 1998), and the North Atlantic, including
the Nordic seas (35% at 4.6°C in the water column; Sicre et al.,
2002). The C,,., akenone content in suspended particulate
samples was extremely high in our study: the C,,.,% ranged
from 18.3 to 41.4% (Table 1); however, relatively high values
of C,5., have been found by othersalso (Marlowe et al., 1984b;
Freeman and Wakeham, 1992; Conte et al., 1994b; Sikeset dl.,
1997; Rosell-Melg, 1998; Ohkouchi et al., 1999; Sicre et al.,
2002). A common feature among areas in which C,,., is
detectable is that they have freshwater inflows, such as from
rivers, low-salinity currents, or seaice. Temperature and salin-
ity data indicate that the water mass at our study site was
composed mainly of North Pacific water and Yukon River
water (Tanaka et a., 2001). The salinity of the eastern Bering
Sea surface water was < 32 psu, and autumn temperatures were

7 to 8°C. We plotted C,,.,% against the local sdinity at the
surface along with previous data obtained from the Nordic seas
(Rosell-Melg, 1998; Sicre et a., 2002) (Fig. 5). Regarding our
data, the linear negative relationship between Cs.,.,% and sa-
linity (S, in psu) can be described by the equation Cs;.,% =
397.6 — 11.7S r = 0.76, n = 8. Although C,.,% has been
suggested as a good indicator of salinity (Rosell-Melé, 1998;
Sicreet al., 2002), the relationship between C,,.,% and salinity
does not appear to be the same in the different study areas. The
previous studies also reported a correlation between Cs,.,%
and SST (Rosell-Melé 1998; Bendle and Rosell-Melg, 2001).
In contrast, as in the Southern Ocean, we found no relationship
between C,,.,% and temperature in our study (Fig. 6). This
implies that Cg,., alkenone production might be regulated by
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Fig. 6. Relationship between the relative amount of Cs,., in tota
alkenones of suspended particulate samples and local temperatures.
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changes in salinity more than by temperature and that low
sainity might impose stress on the production mechanism of
alkenones and accelerate C,., production in the Bering Sea.

The dope and y-intercept determined in this study (Fig. 5)
differed from those reported by Rosell-Melé (1998), C,.,% =
304.95 — 8.66S and by Sicre et a. (2002), Cs.,% = 1691 —
48.1S. Our study concerned short-term datafrom one E. huxleyi
bloom in the Bering Sea, but Rosell-Melé€'s (1998) study used
temporally integrated data from surface sediments in the Nor-
dic seas. However, Sicre et al.’s (2002) relationship was also
based on particles in the water. Culture experiments of E.
huxleyi indicate that C,,.,% is strongly strain dependent (Conte
et a., 1995), and this may account for some of the variation in
the equations.

The Cj;,.,% was higher at the northern BR-5 stations (Table
1), but the nitrate and phosphate concentrations were lower at
these higher latitude stations, suggesting a negative relationship
between C;,.,% and nitrate and phosphate. However, C,,.,%
correlates positively with the ammonium/nitrate ratio, except at
BR-10 (Table 1). Because only five snapshot data points were
available to explain the relationship between C,.,% and nu-
trients in this study, more investigations are needed to clarify
whether a correlation exists between Cs,.,% and nutrients.

4. SUMMARY

Weinvestigated the characteristics of alkenones produced by
an E. huxleyi bloom in the Bering Sea from the beginning of
September to the beginning of October 2000. The main findings
are as follows:

1. On the basis of alkenones detected in particulate samples,
the bloom patches were limited to an area from 57°N to
63°N, where there was high pCO, in the seawater, low
nitrate and phosphate concentrations, and high ammonium/
nitrate ratios in the surface water.

2. Thetotal alkenone content per gram of suspended particles
was between 22.0 and 349 ug g~ * dry weight. These values
accounted for only 0.03 to 0.4% of the total organic matter,
suggesting that alkenone was a minor part of the total
organic matter in the eastern Bering Sea, despite the exten-
sive E. huxleyi bloom. The total alkenone content per gram
of sediment sample generally decreased with depth and was
< 1% of the total alkenones of the suspended particlesin the
water. A large proportion of the particulate alkenones syn-
thesized in the surface water was apparently rapidly de-
graded as the partilcles settled down the water column.

3. For three particulate samples taken at stations A, B, and C,
the carbon isotope ratios (§*°Cs;.5) in alkenone were —26.3,
—29.7, and —27.0%o, respectively. The difference in 6*3C,;.5
alkenone among the samples could not be explained by
changes in [CO,(ag)] but strongly depended on the growth
rate of E. huxleyi. On the basis of the §*3C,;,., alkenone
values, growth rates of E. huxleyi were estimated for each
site as the intracellular carbon demand (b value), and the
growth rate of E. huxleyi at A and C was ~1.6 times that at
B.

4. The U5, index was converted to a measure of temperature
with three different equations (Prahl et al., 1988; Sikeset al.,
1997; Milller et al., 1998). Sikes et a.’s (1997) equation
generally gave the best correspondence to the observed

SSTs from the akenone unsaturation index values in the
eastern Bering Sea. However, some samples showed high
discrepancies between the alkenone-calculated and the ob-
served temperatures. This difference might be caused by
stress due to nutrient limitation and to differences in growth
status; as a result, alkenone synthesis could be variable.
Conversely, the temperature calculated from alkenones in
the surface sediment, which represents values integrated
over atime scale of at least monthsto years, ranged from 6.8
to 8.2°C, corresponding to the SST in September (7—-8°C),
and was different from the annual average SST (4-5°C).
This suggests that a large proportion of alkenone is mainly
produced in limited periods, such as September, in the
eastern Bering Sea.

5. The relative amounts of C,,., in total alkenones were high,
ranging from 18.3 to 41.4%. The surface water salinities in
this study area were low, and high C;,.,% values are com-
mon in such areas. The relationship between C,,.,% and
salinity was linear, suggesting that C,,.,% in the sediment
may be an indicator of salinity (Rosell-Melg, 1998; Sicre et
al., 2002).
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