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Abstract

To investigate the depth of alkenone production in the Pacific Ocean, seawater samples were collected and filtered for
suspended material from the surface mixed layer, as well as from the water depths of 100, 150 and 200 m during the
May-June 2002  IOC cruise aboard the R/V Melille and September 2002 Daeyang cruise by the R/V Onuri. The
concentrations of total C3; alkenones were measured and compared to those of chlorophyll a measured during the same
cruise. Results show that the vertical distribution of alkenone abundance appears to be consistent with changes in
chlorophyll concentration. In the western boundary current and equatorial regions, where the chlorophyll maximum
occurs near the surface, the alkenone concentration maximum exists near the surface. In contrast, in the subtropical
gyre, where the chlorophyll maximum occurs in the subsurface, the alkenone concentration maximum occurs at the
depth of the chlorophyll maximum (~100m). Comparison of alkenone-based temperature estimates with CTD in situ
temperatures reveals that they are mostly consistent with each other. Our results suggest that in the western boundary
and equatorial regions alkenones seem to be produced at or close to the sea surface, whereas in the subtropical gyre
center a subsurface production could be of importance for the flux from the surface to the bottom.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction saturation changes with environmental tempera-

ture. Since Brassell et al. (1986) showed that the

Paleotemperature reconstruction by alkenones degree of unsaturation of C3; alkenones is related

is based on the widely accepted hypothesis that
some haptophyte microalgae produce long chain
(Cs7) unsaturated ketones whose degree of un-
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to variations in sea surface temperature (SST),
numerous studies have been conducted to verify
the applicability of this technique to paleotem-
perature estimates. The relationship between
alkenone unsaturation index (U%, =(Cszy)/
((Cs37:2) + (Cs373))) and temperature of seawater in
which alkenone-producing algae grow has been
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calibrated using results from laboratory culture
experiments with a single strain of Emiliania
huxleyi (e.g. Prahl et al., 1988), and results of
analysis of surface water and sediment trap
samples (e.g. Prahl and Wakeham, 1987; Prahl et
al.,, 1993; Conte et al, 2001), and coretop
sediments (e.g. Miiller et al., 1998). These studies
suggest that the relationship between U’;:, values
and seawater temperature is generally linear, and
the relationship has been applied to numerous
studies on the reconstruction of past SST measur-
ing long chain alkenones extracted from marine
sediments.

However, it is still uncertain that U¥%, tempera-
ture is truly representative of the SST. Recently
published review papers on alkenone thermometer
calibrations (e.g. Prahl et al., 2000; Bijma et al.,
2001; Herbert, 2001) suggest that growth tempera-
ture may vary from SST. In certain areas,
significant production of alkenones may occur
below the surface mixed layer (e.g. Prahl et al.,
1993; Ternois et al., 1997; Bentaleb et al., 1999;
Ohkouchi et al., 1999). In that case, the alkenone-
based temperature estimates from the marine
sediments could be biased toward a subsurface
temperature that is significantly colder than the
surface temperature. Also various studies (e.g.
Epstein et al., 2001; Prahl et al., 2003) documented
that physiological factors other than growth
temperature, such as nutrient and light availabil-
ity, could influence the U’3"7 values. In addition, in
the warm surface waters of the western Pacific
ocean (>26.4°C), where the associated U';; is
close to a value of 1.0, the unsaturation index
cannot be used as an accurate paleothermometer
(Bentaleb et al., 2002).

In this study, seawater samples from the top
200m in the water column of the western Pacific
were analyzed in order to evaluate the depth of
alkenone production. We have analyzed the
concentrations of Cs; alkenones and compared
them to the concentrations of chlorophyll and
nutrients measured during the same cruise. Also
the spatial and vertical distribution pattern of the
alkenone concentration was compared to that of
coccolithophores published by others. The esti-
mates of alkenone-based temperatures were com-
pared to those from CTD in situ measurements.

Results from these analyses will help us to under-
stand the effects of natural variability in the depth
of alkenone biosynthesis on U’3"7 -based tempera-
ture estimates from marine sediments.

2. Material and analytical methods
2.1. Sampling

Seawater samples were collected during the 2002
IOC cruise (May 1-June 6) and 2002 Daeyang
cruise (August 25-September 6). The IOC cruise
covers a latitudinal range from 50°N to 22°N
including subarctic, transitional, and subtropical
provinces of the western North Pacific, and the
Daeyang cruise covers one station (station PNG)
in the equatorial area (Fig. 1). The first station
(station 1) was occupied in the Kuroshio off the
east coast of Japan. Station 2, at the subarctic gyre
western boundary, was occupied at the Japanese
JGOFS time series Station (KNOT), which is the
presumed formation region of the North Pacific
Intermediate Waters (NPIW), and is also the
region of high nutrient surface waters. Station 3
was located in the subarctic gyre of high nutrient
surface waters and the formation region of the
NPIW. Station 4 was in the confluence zone

60N

50N

40N North Pacific Current

30N £ 6o .
"R 70 . 9
20N .o *
+ North Equatorial Current
10N ¥ <
0+ i :
+" South Equatorial Current
208 AT ; N 5,‘:.‘. .. ; ]
120E 140E 160E 180 160W 140W

Fig. 1. Location of study area. Big dot indicates the location of
stations. Small dot indicates the location of surface sediment
reported by Ohkouchi et al. (1999). Arrows indicate general
flow direction of the currents (Van Scoy and Druffel, 1993).
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between the waters of the Oyashio and the
Kuroshio. Station 6 was in the North Pacific
subtropical gyre center with the low-nutrient
surface waters. Station 7 was also in the North
Pacific subtropical gyre. Station 9, located further
east compared to the station 7, was occupied at the
JGOFS/WOCE Hawaii Ocean Time-series station
ALOHA, which was also in the North Pacific
subtropical gyre waters. The final station PNG
was located in the South Equatorial Current in the
western Pacific equatorial area off New Ireland
Island, Papua New Guinea.

Seawaters were collected at the depth of the
surface mixed layer and at 100, 150, and 200 m in
CTD bottles. Volumes filtered for analysis were 40
to 100 L for each sample (see Table 1). Combusted
(500°C for 24h) GFF filters were used for all
samples. Sample filters were immediately stored at
—20°C after the filtration until analysis. Ancillary
data including seawater temperature, chlorophyll
a, and nutrients were provided by other partici-
pants of the 2002 IOC cruise. Water temperatures
were measured at the same time of CTD bottle
sampling. Chlorophyll a contents were measured
on board with seawater samples collected from the
CTD bottle casts. Seawater samples for chloro-
phyll were from the depths of 10, 20, 30, 40, 50, 60,
70, 80, 100, 150, and 200 m. Nutrients were also
measured on board with seawater samples from
the CTD bottle casts and measured by Technicon
Nutrient Autoanalyzer. Seawater samples for
nutrients were at 10m intervals from 10 to
100m, at 150m, at 100 m intervals from 200 to
1500m, and at 500m intervals from 2000 to
5000 m.

2.2. Alkenone analysis

Filter samples were analyzed at the University
of Bremen. Analytical procedures have been
published elsewhere (Miiller and Fischer, 2001).
Long-chain alkenones were extracted from filters
by ultrasonication using a UP 200H sonic
disruptor probe (200W, amplitude 0.5, pulse 0.5)
with successively less polar mixtures of methanol
and methylene chloride (MeOH, MeOH/CH,Cl,
1:1, CH,CL), each for 3min.The combined ex-
tracts were cleaned by elution with methylene

chloride through a commercial silica cartridge.
Saponification was then performed at 80 °C for 2h
with 0.1M KOH in 90/10 CH30H/H,O. The
alkenone fraction was obtained by partitioning
into hexane. The final extracts were analyzed by
capillary gas chromatography with a HP 5890A, a
50m fused silica column (0.32mm x 0.52 mm),
and flame ionization detection. The oven tempera-
ture was programmed from 50 to 150°C at
30°Cmin~', from 150 to 230°C at 8°Cmin”!,
and from 230 to 320 °C at 6 °Cmin~", and the final
temperature was maintained for 45 min.

Quantification of C;; alkenones was achieved
with squalane as internal standard and the relative
response factors of the Csg and C;9 n-alkanes. The
measured concentrations of the C;; alkenones near
detection limit are in the range of 0.6-1.5ngL™! in
this study. Ug‘; temperature estimates were based
on the calibration of Prahl et al. (1988) (U¥, =
0.034T + 0.039).

3. Results
3.1. Temperature, salinity and nutrients

The measured vertical distributions of tempera-
ture, salinity and nutrients in the upper 200m
water column are presented in Fig. 2. The surface
mixed layer is defined as the layer between the
surface and a depth of 20-100 m with temperatures
similar to those at the surface. At stations 1, 6, 7,
and 9 in mid latitudes, the thickness of the surface
mixed layer is 2040m. At station 2, it is 70m
thick. At station PNG in the equatorial area, it is
100m thick. The thermocline occurs at depths
below the surface mixed layer and extends to
1000 m at stations 1, 6, 7, 9 and PNG. At stations 2
and 3 in high latitudes, the main thermocline is not
present. Instead, a dicothermal layer, a layer of
cold water sandwiched between the warmer sur-
face and deeper layers, occurs at 60-150m at
station 2, and 90-125m at station 3.

The salinity of the surface waters is high at
station PNG, and low at high latitudes (Fig. 2).
The vertical salinity distribution shows that in the
tropics, there is a sharp salinity maximum at
100-200 m depth. In the subtropical regions, the
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Fig. 2. The vertical profiles of temperature, salinity, and nutrients concentration (nitrate, phosphate and silicate) in the upper 200m
water column measured during the sampling cruise. Thick line indicates temperature. Thin line indicates salinity. Open circle indicates
the concentration of nitrate. Open rectangle indicates the concentration of silicate. Closed diamond indicates the concentration of

phosphate.
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Fig. 3. The vertical distributions of total Cs; alkenone and chlorophyll a. Straight line indicates chlorophyll data. Dash line indicates
total Cs; alkenone data.

salinity decreases slightly with depth in the upper
200m. In high latitudes, the salinity generally
increases with depth beneath 100 m depth.
Measurements of nutrient concentration during
the 2002 IOC cruise (Fig. 2) show that the

concentration of nitrate is in the range of
16-23 uM at the surface at stations 2 and 3 and
it is 6 uM at the surface in station 4. The nitrate
concentrations are extremely low (<1 puM) at the
surface at stations 1, 6, 7, and 9. The distribution



Alkenone production in the upper 200 m of the Pacific Ocean -139-

patterns of phosphate and silicate at the surface
are similar to that of nitrate. Beneath 100 m depth,
the nutrient concentrations increase rapidly with
increasing depth. In high latitudes (stations 2 and
3), the nitrate concentration increases greatly as
the depth increases to 200m, whereas in mid
latitudes (stations 1, 6, 7, and 9), the concentration
increases slightly as the depth increases. The
vertical distribution patterns of phosphate and
silicate are similar to that of nitrate.

3.2. Alkenone and chlorophyll concentrations

The concentrations of total C;; alkenones
ranged over three orders of magnitude (Fig. 3
and Table 1). The alkenone concentration in the
surface mixed layer is relatively low in the
subarctic waters (<1-3ngL~! at stations 2 and
3), whereas it is relatively high in the Kuroshio
(1-50ngL~! at station 1) and subtropical
(<1-125ngL~" at stations 6, 7, and 9) and
equatorial (<1-11ngL™" at station PNG) waters.

At station 1 in the Kuroshio, the concentration
of total Cs; alkenones is high in the surface mixed
layer and decreases with depth. GC chromatogram
indicates that samples from the surface mixed
layer to the depth of 200m contain enough long
chain alkenones to be analyzed. At station 2 in the
subarctic gyre, alkenone concentration is enough
to be analyzed in the surface mixed layer, but too
low below the depth of 100 m. At stations 3 and 4,
samples from all depths contain very low amounts
of alkenones. At station 6, alkenone concentration
is high in the surface mixed layer, and still high at
the depth of 50m. At this station, the alkenone
concentration is low at the depth of 100 and 200 m.
At stations 7 and 9, the highest alkenone
concentration occurs at the depth of 100m. At
station 7 the concentration in the surface mixed
layer is still enough to be analyzed, but at station 9
the concentration at the surface is too low to be
analyzed. At station PNG in the equatorial region,
the concentration is high in the surface mixed
layer, but too low to measure below the depth
of 100 m.

Chlorophyll a measurements during the 2002
IOC cruise reveal that the concentration at the
surface is relatively high in the subarctic waters

(0.3-0.7 pgL~! at stations 2 and 3) and low in the
subtropic waters (0.05-0.1 pgL ™" at stations 6, 7,
and 9) (Fig. 3). The values of chlorophyll
concentration at stations 1-4 decrease rapidly
below the surface mixed layer (Fig. 3). In the
subtropical gyre, the chlorophyll maximum values
in the subsurface are in the range of 0.2-0.3 pgL ™!
(except station 6, ~0.6pgL~!). Based on the
vertical distribution pattern of chlorophyll a
concentration, all stations can be grouped into
two categories: (1) stations at which chlorophyll
maximum occurs near the surface mixed layer
(stations 14, and station PNG), and (2) stations
at which the chlorophyll maximum occurs in the
subsurface (stations 6, 7, and 9).

3.3. U%, temperatures

At station 1, CTD-measured temperature ranges
from 20.4 °C in the surface mixed layer to 17.6 °C
at the depth of 200m (Fig. 4). The temperature
estimated from the U%; is 19.5°C near the surface
and 19.3 °C at the depth of 200 m. It appears that
all alkenone-based temperature estimates from the
surface mixed layer to the 200 m depth are similar
to the surface temperature indicating that the
surface signal is dominant through the upper
200m of the water column. At station 2, the
alkenone-based temperature estimate is 3.0°C,
close to the measured value of 3.8°C. Alkenone
concentration below the depth of 100 m is too low
to estimate the U¥, temperature. At station 6,
there are discrepancies between CTD-measured
temperatures and alkenone-based temperatures.
CTD-measured temperatures are 20.5, 17.3, 16.5
and 15.4°C at 10, 50, 100, and 200 m respectively,
whereas alkenone-based temperatures are 19.6,
13.2, 14.8, and 17.2 °C at each depth. Compared to
station 6, alkenone-based temperature estimates at
station 7 are very consistent with CTD-measured
temperatures. The CTD-measured temperatures
are 24.5, 22.0 and 19.4°C at 20, 100, and 150m
respectively, whereas the alkenone-based tempera-
tures are 25.3, 22.8 and 19.2°C. At station 9 the
only available alkenone-based temperature is from
the chlorophyll maximum depth because of low
concentration of alkenone at the surface and the
deeper part. The alkenone-based temperature is



-140-

Temperature ("C)

Temperature (C)

K. E. Lee and R. Schneider

Temperature (*C)

0 10 20 30 0 10 20 30 0 10 20 30
0-lrrl[lrrr|ll|||1||r||l!l|llll AR B SAREREEAEBARRE SEILEN LR W
. ] J 2 | J L ? 4

R 4 _; 4 R o 4

[ 1 1 | ]

_ 100f a1 H 1t a ]
é - . - E - 4
Q i h g h B T
) i ] L 1 | |
o) [ o ] _% 1 L[ ]
L J .! 4 - .
200 1o 1 tt 1 F Io ]
I st ] | st2 ] | sT6 |

] 1 1 1 1 1 1 | 1 1 L 1 1 i [ 1 3 1 1 L ]

0 W -lvrv[lrrvritvl|rvvt'vllvrTtl-
I 1 1 f ]

_ 100k . _ ] B A
¢ ol Ll Fod b
s [ 1 I i 1 I o
s | i 1 1 i 1 | L
@ L 5 . 5 F _ 5 4
5 { 1 N /-
[ § 1 F ! ] f jf' :
200 ! 1 { 1 F i ]
[ st7 ] | st ] | PNG |

i 1 ] ] 1 L i i 1 1 1 1 1 ] [ 1 1 1 1 1 i

0 10 20 30 0 10 20 30 O 10 20 30

Fig. 4. The vertical distributions of CTD-measured temperature and alkenone-based temperature. Open rectangle indicates alkenone-
based temperature. Closed rectangle indicates CTD-measured temperature. Arrow indicates the surface mixed layer.

22.1°C at the depth of 100m, which is consis-
tent with the CTD-measured temperature of
21.4°C. At station PNG the only available
alkenone temperature is from the surface
mixed layer because of low concentration of
alkenone at depth. The alkenone temperature
is 27.4°C, while the CTD-measured temperature
is 28.5°C.

4. Discussion
4.1. Depth range of alkenone production

A comparison between the concentrations of
total C;; alkenones and those of chlorophyll a
measured during the same cruise shows that the
vertical distribution of alkenone is consistent with
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that of chlorophyll concentration. In the western
boundary current area, where the chlorophyll
maximum occurs near the surface, the alkenone
concentration maximum exists near the surface. In
contrast, in the subtropical gyre, where the
chlorophyll maximum occurs at the subsurface,
the alkenone concentration maximum occurs at
the depth of the chlorophyll maximum (~100m)
except station 6. Since the long-chain alkenones
are produced by haptophyte microalgae, it is likely
that the depth of maximal production of alkenone
coincides with the depth of primary production
maximum and chlorophyll maximum. Our results
are comparable to the results of Prahl et al. (1993).
They found that during the periods of water
stratification in the northeast Pacific alkenone
production occur at the subsurface chlorophyll
maximum rather than in the surface mixed layer. It
can be expected that the lack of nutrients at the
surface limits growth of phytoplankton in the
subtropical waters.

Alkenone abundances were also compared to
coccolithophore abundances. Okada and Honjo
(1973) investigated extensively and quantitatively
the distribution pattern of coccolithophores in the
North Pacific. According to their study, Emiliania
huxleyi, widely regarded as the most likely source
of long chain alkenones, has a wide vertical
distribution through the upper 200m from the
polar to tropical ocean. In high latitudes
(50°-40°N) and low latitudes (5°N-5°S), E. huxleyi
is present at all depths with high abundance
between the surface and 100m depth. In the
subtropical area, however, the highest abundance
of E. huxleyi occurs at the depth of 100-120m
(Reid, 1980). Recently Cortés et al. (2001)
investigated coccolithophore abundances in sam-
ples from the upper 200 m of the water column at
monthly intervals between January 1994 and
August 1996 at the HOT station ALOHA, Hawaii.
Their data show that the relatively high density of
E. huxleyi occurs at the depth of 75-150 m with
maximum centered between 100 and 150 m during
1994-1996 except in January 1995, when the
highest density occurred near the surface. Okada
and Honjo (1973) show that Gephyrocapsa ocea-
nica, another source of alkenones (Marlowe et al.,
1990; Volkman et al., 1995), dominates in the top

100m of the water column only at low latitude.
Therefore, the distribution patterns of both E.
huxleyi and G. oceanica support our results that
alkenone production depth is near the surface in
the high latitude and the equatorial regions, and
deeper in the subtropical area.

It has been reported that photosynthetic pig-
ment data can be used to characterize the broad
algal classes, although many algal classes do not
have unique pigments that can allow unambiguous
identification in a given sample. HPLC pigment
analysis with electronic observations suggests that
prymnesiophytes contain 19’-hexanoyloxyfucox-
anthin as a diagnostic pigment (Andersen et al.,
1996). Especially, 19’-hexanoyloxyfucoxanthin is
considered to be the major carotenoid of E.
huxleyi as well as another prymnesiophyte Crym-
bellus aureus (Wright and Jeffrey, 1987). In the
North Pacific central gyre, the concentration
maximum of 19’-hexanoyloxyfucoxanthin occurs
at the subsurface along the 158°W transect (120 m
depth at 27°N and 100m depth at 30°N) during
April 1998, and it is consistent with the vertical
distribution pattern of chlorophyll a (Leonard
et al.,, 2001). Near the Kuroshio region in the
East China Sea, the concentration maximum
of 19’-hexanoyloxyfucoxanthin and chlorophyll
a exists in the surface mixed layer in spring
(Furuya et al.,, 2003). The above results of 19'-
hexanoyloxyfucoxanthin analysis from others are
consistent with our alkenone abundance data in
the North Pacific central gyre and Kuroshio
region.

The alkenone abundance data in this study
indicate that alkenone production depth seems to
be at or near the surface mixed layer in the western
boundary current and the equatorial regions, and
deeper than the surface mixed layer in the
subtropical gyre region. The vertical distribution
pattern of alkenone concentration for station 6 is
anomalously different from that of the chlorophyll
concentration. The alkenone temperature esti-
mates are also different from those of CTD-
measured temperatures at the same depth. The
reason is not clear. There is a possibility that the
alkenones may be transferred from another area.
At all stations, the alkenone concentration is
extremely low at the depth of 200m, indicating
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that the alkenone production may not be sig-
nificant below 200 m in the water column.

4.2. Calibration equation

In this study, the calibration equation of Prahl
et al. (1988) was used to estimate the alkenone
temperatures for all samples. Prahl et al. (1988)
established the equation based on laboratory
culture experiments of E. huxleyi collected from
the northeastern Pacific. Interestingly, the equa-
tion is very similar to that derived from surface
sediment analysis (Miiller et al., 1998). In Fig. 5(a),
the U’;7 index values are compared to CTD-
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Fig. 5. (a) A comparison between the values of alkenone
unsaturation index and CTD-measured temperature at the
sampling depth. Especially, closed circle represents the data
point from the sample depth with maximum alkenone
concentration in each station. Open circle represents other data
points. Dash line represents the calibration equation of Prahl et
al. (1988). (b) The difference between alkenone-based tempera-
ture and CTD-measured temperature at the same depth. Closed
circle represents the data point from the sample depth with
maximum alkenone concentration in each station. The number
indicates the station.

measured temperatures at the sampling depth.
All data points from the water column were
included. The dashed line indicates the calibration
equation. Data from the depths of maximum
alkenone abundance at each site are highlighted
with a closed circle. For this subset of data, the
linear relationship between them suggests excellent
correspondence between U, index and CTD-
measured temperature.

The various calibration studies based on culture
experiments and field measurements (Volkman et
al., 1980; Marlowe et al., 1984; Prahl and
Wakeham, 1987; Prahl et al, 1988; Brassell,
1993; Volkman et al, 1995) show different
correlations between U% and ocean water tem-
perature. Culture experiments with G. oceanica
show that the relationships between U’;’7 and
temperature are different from those of E. huxleyi
(Volkman et al., 1995). In addition, water column
studies illustrate the genetic variation in the U%
and temperature relationship in a single species
(e.g. Conte et al., 1998). However, our results show
that the alkenone-based temperature estimated
from the Prahl et al. calibration equation is
comparable to the CTD-measured temperature
at the depth of maximum alkenone abundance,
suggesting that the calibration equation estab-
lished from laboratory culture experiments is app-
licable to field measurements although the organic
compounds are synthesized by genetically diverse
populations under natural oceanic condition.

The deviations from the alkenone-temperature
calibration line for all data points in this study are
illustrated in Fig. 5 (b). The deviations (alkenone
temperature minus CTD temperature) are in the
range of +2°C. The deviations at the depth of
maximum alkenone abundance are less than 1°C.
At station 1, the alkenone temperature estimates at
the depth of 100, 150 and 200 m are higher than
CTD-measured ones at the same depth, but they
are similar to surface temperature. Note that the
maximum alkenone abundance occurs in the
surface mixed layer at station 1. It seems that the
surface alkenone temperature signal is dominant
through the upper water column at station 1. At
stations 2 and PNG, another place where the
maximum alkenone abundance occurs in the
surface mixed layer, it is difficult to estimate



Alkenone production in the upper 200 m of the Pacific Ocean -143-

alkenone temperatures below the surface mixed
layer because of the low alkenone concentration at
the depth. Therefore, it is not sure that the surface
alkenone temperature signal is dominant through
the upper water column in the area. However,
considering the low production at the subsurface
in these regions, it is conceivable that the surface
signal is dominant through the upper water
column in the area where the maximum alkenone
production occurs at the surface.

Previous studies on the alkenone calibration
equation compared the alkenone temperatures to
the sea surface temperatures. In Fig. 5 in this
study, however, alkenone temperatures from the
water column were compared to CTD tempera-
tures at the sampling depth with the assumption
that the alkenones are produced at the depth.
(Data from station 6 may not be the case.) A
comparison of alkenone temperature with the sea
surface temperature (Fig. 6) shows that the
deviations (SST minus alkenone temperature) are
in the range of 0.1-7.2°C. All values are positive,
which means that all alkenone-based temperature
estimates are colder than the sea surface tempera-
tures. Especially at stations 7 and 9, where the
maximum alkenone abundance occurs at the
subsurface, the differences between sea surface
temperature and alkenone temperature are 1.8 and
3.6 °C. Situations like this could cause error in the
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Fig. 6. The difference between sea surface temperature and
alkenone-based temperature. Closed circle represents the data
point from the sample depth with maximum alkenone
concentration in each station. The number indicates the station.

reconstruction of paleotemperature from marine
sediments.

Physiological impacts on alkenone unsaturation
index are controversial. Physiological factors such
as nutrient and light stress could contribute to
variability in the alkenone unsaturation index.
Popp et al. (1998) show that nutrient limited
growth rate effects do not produce significant error
in U%, based paleotemperature estlmates How-
ever, Epstein et al. (1998) show that U values
vary with nutrient availability and ce]] division
rate, suggesting that alkenone-based paleotem-
perature estimates could be influenced by varia-
tions in nutrient concentrations as well as seawater
temperatures. Recently published data by Prahl et
al. (2003) also supports this, although their results
on the response of U’3‘; values to nutrient stress are
opposite in direction to what Epstein et al. (1998)
documented. According to Epstein et al. (1998), a
decrease of nutrient content from 40 uM NO, to
less than 1 pM results in an increase of 0.10-0.19 in
U 7 unit (1.8-4.4°C). However, Prahl et al. (2003)
show that a decrease of nitrate (and phosphate)
concentration from 75uM (3.2uM) to less than
1M (close to 0 pM) corresponds to a decrease of
0.11 in U unit (2 1°C). Also the effects of light
hmltatlon on U 37 values have been discussed
previously (Epstein et al., 2001; Prahl et al.,
2003). Epstein et al (2001) reported that alkenone
unsaturation ratios changed slightly in dark
experiments (an increase of 0.046 in U%, unit,
0.2°C), whereas Prahl et al. (2003) show that dark
experiments resulted in an increase of 0.11 in U%,
unit (2.1°C) for the same E. huxleyi strain (strain
NEPCC 55a) used by Epstein et al. (2001). From
the above, physiological impacts on U3k’7 value are
uncertain. According to our study, at stations 1, 2,
6 and 7, the estimated alkenone temperatures in
the surface mixed layer are consistent with the
observed CTD values. In general, light supply may
not be limited at the surface during the daytime.
But the nitrate concentration is near zero in the
surface mixed layer at stations 1, 6, and 7, and
~19uM at station 2. A consistency between
alkenone temperature and CTD temperature of
the surface waters in this study, however, indi-
cates that the seawater temperature is a major
control factor for U, and the effects of nutrient
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limitation on in U’;; value may not be significant in
the surface ocean in the study area. In the
subsurface (100m) where light is significantly
limited, the alkenone temperatures are consistent
with CTD values (e.g. stations 7 and 9), suggesting
that seawater temperature is a major control factor
and that darkness could not contribute to an

increase of alkenone temperature. In these regions, -

the difference of nutrient concentration between
the surface and 100m depth is 0.5-3.5uM for
nitrate, 0.6-4.3 uM for silicate, and 0.1-0.2 uM for
phosphate. Considering the difference of nutrient
concentrations between the surface and the depths
in the study area, it is llkely that the effects of
nutrient limitation on in U37 value should be
minimal.

Unsaturation ratios of the C;g methyl and ethyl
alkenones (Ukme = 38:2Me/(38:2Me + 38:3Me),
UXg: = 38:2Et/(38:2Et + 38:3Et)) were also com-
pared to CTD-measured temperatures of the
seawater at the sampling depth (Fig. 7(a)). They
were correlated with seawater temperatures. How-
ever, there were consistent offsets between them.
In study area, UXue values are consistently lower
than U37, whereas UK values were con51stently
higher than U3., In Fig. 7(b), Ukime and Ukg,
values are plotted against U37 The unsaturation
ratios of Ci; and Cig alkenones appear to be
correlated. From the dataset in this study, it seems
that cellular regulation of alkenone unsaturation
for C;g as well as Cs7 is controlled by temperature,
although there could still be non-temperature-
related influences on alkenone unsaturation. In
Fig. 7(c), ratios of Cs; alkenones to Csg alkenones
(C37/C3g) are plotted versus seawater tempera-
tures. The values are in the range of 1.1-1.5, with
one exception of 1.8 from the surface water of
station 2. The C37/Csg ratios are nearly identical to
those observed in the E. huxleyi strain of the NE
Pacific samples (1.0-1.5) (Conte et al., 1998), and
much lower than those of the E. huxleyi strain in
the Sargasso Sea samples (2.0-2.5) (Conte et al,,
1998).

4.3. Spatial distribution of alkenone production

The vertical distribution pattern of alkenone
abundance is consistent with that of chlorophyll

K.E. Lee and R. Schneider
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Fig. 7. (a) Unsaturation ratios of C3; and Csg alkenones versus
CTD-measured temperatures. Closed circle indicates Uk, Open
circle indicates Uky.. Open rectangle indicates Uzgg,. (b)
Covariance of U';;with U%me and UKE.. Symbols are as in (a).
(c) Ratios of Ci; alkenones to Cig alkenones (Cs7/Csg) versus
CTD-measured temperatures.

concentration in the study area. However, the
spatial distribution pattern of alkenone abun-
dance is not consistent with that of chlorophyll
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concentration. The chlorophyll concentrations are
relatively high in the subarctic waters, and low in
the subtropic. But, the alkenone concentrations
are low in the subarctic, and relatively high in the
subtropic. In the Kuroshio, both chlorophyll and
alkenone concentrations are high. The relatively
high concentration of alkenones seems to occur in
the region where the concentration of dissolved
silicate is relatively low. In this region, the
coccolithophorid phytoplankton community ap-
pears to be dominated over a silica-based diatom
one (Brown and Yoder, 1994). It has been
reported that diatoms compete well in high-
nutrient (especially high silicate concentration)
and cold water systems, whereas coccolithophores
compete well in low-nutrient and warm water
environments (Werne et al., 2000). The North
Pacific subarctic waters are cold and contain high
concentration of silicate, whereas the subtropical
waters are relatively warm and have silica con-
centration of almost zero. Measurements of
nutrient concentration during the 2002 IOC cruise
show that the concentration of silicate is in the
range of 38—42 pM in the surface water at stations
2 and 3. The silicate concentrations are extremely
low (<1 M) in the surface water at stations 1, 6, 7
and 9. Therefore, alkenone concentration seems to
be relatively high in the subtropic region although
chlorophyll concentration is low in this region.

5. Concluding remarks

According to our study, in the western bound-
ary current and the equatorial regions, detectable
amounts of alkenones occur only in the surface
mixed layer and alkenones produced at the
subsurface are negligible. Therefore, it is concei-
vable that the alkenone signal from the surface
mixed layer may be important to the sediment
signal in these regions. In contrast, in the
subtropical gyre region, alkenone abundances are
greater by as much as 3-30 times in the subsurface
(the depth of 100 m) than the surface mixed layer,
suggesting that the subsurface production of
alkenones may be significant to the sediment
signal. However, further research is necessary to
refine the understanding of alkenone biosynthesis,

and physical and environmental controls on
organic matter export from the euphotic zone to
sediments.
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