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[1] This study assesses the relationship to salinity and temperature of the levels of the tetra-unsaturated 37-

carbon methyl alkenone (C37:4) in the surface ocean. U37
K0
, a measure of the relative abundances of the C37:2

and the C37:3 alkenones, has a well constrained linear relationship to temperature in the open ocean [Prahl

and Wakeham, 1987] and is a well-established technique for estimating past sea surface temperatures in the

sediments (e.g. [Müller et al., 1998]). Unlike the di- and tri-unsaturated C37 alkenones, the temperature

response of the tetra-unsaturated C37 alkenone is less certain [Sikes et al., 1997], and recent work has

suggested a relationship to salinity instead [Rosell-Melé, 1998; Schulz et al., 2000]. Our study examined 106

surface water and sediment trap samples from the Atlantic, Pacific, and Southern Oceans to assess the

relationship of the relative abundance of C37:4 to temperature and salinity. We also examined the relative

unsaturation of C37:2 and C37:3 (the parameter U37
K0
) to the same parameters to place the C37:4 results in

context. U37
K0
has a strong correlation to salinity in the Atlantic, but the relationship does not hold worldwide,

whereas U37
K0
shows a strong linear relationship to temperatures in all ocean basins as shown in previous

calibrations. The salinity response in the Atlantic does not confirm cause and effect and interpretation of the

broader data set suggests any correlation is an artifact of the strong correlation of salinity to temperature in

this basin implying salinity has no effect on the unsaturation of the C37:2 or C37:3 alkenones. The C37:4

alkenone shows no discernable relationship to temperature or salinity across the several basins, even when

correlations are restricted to cooler temperatures where the tetra-unsaturated alkenone would be expected to

be present. These results indicate that C37:4 alkenone levels in the open ocean do not reflect either salinity

levels or temperature but respond most strongly to some other environmental variable, perhaps changes in

growth rate, light, or nutrient supply as suggested by culture studies.

Components: 6408 words, 3 figures, 1 table.

Keywords: Alkenones; paleosalinity; marine organic geochemistry.

Index Terms: 1055 Geochemistry: Organic geochemistry; 4267 Oceanography: General: Paleoceanography; 4850

Oceanography: Biological and Chemical: Organic marine chemistry.

Received 13 March 2002; Revised 21 June 2002; Accepted 12 July 2002; Published 6 November 2002.

Sikes, E. L., and M.-A. Sicre, Relationship of the tetra-unsaturated C37 alkenone to salinity and temperature: Implications for

paleoproxy applications, Geochem. Geophys. Geosyst., 3(11), 1063, doi:10.1029/2002GC000345, 2002.

G3G3Geochemistry
Geophysics

Geosystems

Published by AGU and the Geochemical Society

AN ELECTRONIC JOURNAL OF THE EARTH SCIENCES

Geochemistry
Geophysics

Geosystems

Article

Volume 3, Number 11

6 November 2002

1063, doi:10.1029/2002GC000345

ISSN: 1525-2027

Copyright 2002 by the American Geophysical Union 1 of 11



1. Introduction

[2] Sea surface temperature (SST) is an extremely

good indicator of climate. Just as records of SST

lend information about heat and heat transport in

the surface ocean, surface salinities contain infor-

mation about evaporation, precipitation, and runoff

inputs to the surface mixed layer. At the present

time there are numerous quantitative SST proxies,

but no well-established paleosalinity technique.

[3] It has been known for over a decade that the

unsaturation levels of the 37-carbon chain length

alkenones (C37) vary with temperature [Brassell et

al., 1986; Marlowe, 1984]. The amount of unsatu-

ration in a sample tends to increase with a decrease

in temperature of the water in which the algae

grew. It is generally expressed as the U37
K0

ratio

which is the ratio of the amount of di-unsaturated

to the total of di- and tri-unsaturated C37 alkenones

in the sample or:

UK 0

37 ¼ ½C37:2�
½C37:2� þ ½C37:3�

:

This relationship was proposed by [Prahl and

Wakeham, 1987] and includes only the di- and tri-

unsaturated compounds. U37
K was the original

relationship suggested to describe the level of the

unsaturation of alkenones in a sample and included

the tetra-unsaturated compound as well [Brassell et

al., 1986]:

UK
37 ¼

½C37:2� � ½C37:4�
½C37:2� þ ½C37:3� þ ½C37:4�

:

This initial formulation was based on the supposi-

tion that all three of the C37 alkenones would

demonstrate a roughly equivalent relationship to

temperature. U37
K0

has been more universally

adopted because the C37:4 alkenone is often absent.

It has not been detected at temperatures above 15�C
[Brassell et al., 1986; Prahl et al., 1988, 1995;

Prahl and Wakeham, 1987; Sicre et al., 2002], but it

is also often absent from samples below this

temperature as well (e.g. [Conte and Eglinton,

1993; Sikes et al., 1997; Ternois et al., 1998]).

[4] These C37 compounds are biosynthesized by a

small number of haptophyte algae. Their produc-

tion in the open ocean is limited almost exclusively

to the coccolithophorid Emiliania huxleyi and to a

lesser extent Gephyrocapsa oceanica. The relation-

ship of U37
K0
to temperature in field studies is linear

across most of the range of SST in the open ocean

[Prahl and Wakeham, 1987], is statistically very

significant (with r2 > 0.9), and has proven remark-

ably robust across the world ocean [Brassell, 1993;

Müller et al., 1998; Rosell-Melé et al., 1995; Sikes

and Volkman, 1993; Sikes et al., 1997; Ternois et

al., 1997]; (see [Herbert, 2001] for a review).

Despite this, there are indications that the slope

of the temperature relationship flattens at high and

low temperature extremes, with the evidence more

discernable in water column than sediment studies

[Conte et al., 2001; Pelejero and Grimalt, 1997;

Sikes and Volkman, 1993; Sonzogni et al., 1997].

Additionally, culture studies have served to con-

found the details of that relationship. Although

culture work consistently shows unsaturation levels

decrease with increasing temperature, few studies

show similar relationships to the field studies

suggesting that the temperature response of UK0

37

varies both intraspecifically and interspecifically

among the alga that biosynthesize these com-

pounds (see [Herbert, 2001] for a review). Indi-

cations are that other environmental factors such

as nutrient stress, light levels, and changes in

growth rate can influence the U37
K0

value [Epstein

et al., 2001; Herbert, 2001; Laws et al., 2001;

Prahl et al., 2000; Versteegh et al., 2001].

[5] The relationship of the C37:4 alkenone to tem-

perature is uncertain. Its abundance has been linked

to temperature similarly to the increase in C37:3 with

decreasing temperature [Brassell et al., 1986; Prahl

et al., 1995]. Some culture studies show some

relationship of the amount of the C37:4 to temper-

ature [e.g., Marlowe, 1984; Prahl et al., 1988], and

it has not been found in samples warmer than 15�C
[Prahl et al., 1988; Sicre et al., 2002].Water column

work suggests there is not a consistent relationship

between C37:4 and temperature [Sikes et al., 1997].

Significantly, a study on water column distribu-

tions and isotopes in the Black Sea suggested that

the biosynthesis of the C37:4 alkenone may be

independent of the more saturated isomers [Free-

man and Wakeham, 1992]. Core top studies show a

weak relationship of C37:4 to temperature, but the

relationship only becomes statistically significant if
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geographical and low temperature cutoffs are

applied [Rosell-Melé et al., 1994, 1995]. Important

to the veracity of sediment calibrations is that the

temperature is not measured but inferred from atlas

values [Sikes et al., 1991]. This requires a judg-

ment as to the season represented by the sample to

determine temperature, making temperature not a

fully independent variable.

[6] Recently, it has been suggested that the relative

percent of C37:4 in a sample may show a relationship

to salinity [Rosell-Melé, 1998; Schulz et al., 2000].

Owing to the lack of a good paleosalinity marker,

the potential for the C37:4 alkenone to provide one

has generated much interest. To date this relation-

ship has only been examined in sediment samples

from the North Atlantic and its marginal seas. In the

open ocean, a relationship of percent C37:4 to

salinity was observed for the Nordic Seas but not

the wider North Atlantic [Rosell-Melé, 1998]. In the

Baltic Sea, alkenone distributions in samples with

very low salinities showed different patterns from

the open ocean, and it was suggested that alkenone

producers in coastal areas might be different from

the open marine environment, due to a shift in

contributing organisms, but a quantitative relation-

ship was not established [Schulz et al., 2000].

[7] The interest and controversy over what other

factors might influence the distributions of C37

alkenones besides temperature continues. Our study

addresses the issue of the influence of salinity and

temperature on the proportion of C37 compounds.

Primarily, we focus on the C37:4 compound that is

biosynthesized by alkenone producers in the field

and by inference what controls the amounts that

will enter the sediment record to be used as a

potential proxy. We do this by examining a suite

of surface water column and sediment trap samples

from several disparate locations in the open ocean

for which salinity and temperature values were

determined at the time of collection.

2. Methods

[8] Alkenone results from the Equatorial Atlantic

and Equatorial Pacific are first reported here; all

other alkenone data in this study has been previously

published (Table 1). The method and details of

sample collection, sample processing and analysis

as well as absolute alkenone levels are fully

described in those studies. Samples from the Equa-

torial Atlantic and Equatorial Pacific were processed

following the methods of [Ternois et al., 1997]. In

all analyses, clean-up steps were performed prior to

gas chromatographic analysis to eliminate the pos-

sibility of coelution with the closely related alke-

noates [Sikes and Volkman, 1993].

[9] For water column studies, temperature and

salinity data were collected in association with

alkenone sample collection; salinity data is reported

for the first time here. For sediment trap samples,

salinity and temperature data were obtained from

hydrocasts taken nearby the traps on dates over-

lapping or closely associated with the dates that

individual traps were open. For the Southern Ocean

(Kerfix) sediment traps, hydrocasts were taken

within 1 min latitude and longitude of the trap

locations and on dates either while the cups were

open (five samples) or within 2–11 days of the

cups’ collection period (five samples). Data for

which the hydrocasts did not overlap cup collection

periods included only those hydrocasts for which

the bracketing sample dates indicate that temper-

atures did not change by more than 0.5�C in that

time and salinities did not change more than 0.1%
during that period. Equatorial Atlantic sites are

located in the upwelling system off Cape Blanc.

Salinities and any temperature data from these sedi-

ment traps not previously published were obtained

by going back to original cruise databases and

matching it to sampling sites. For the Northwest

Africa/Equatorial Atlantic (Eumeli) sediment traps,

all alkenone data were calculated from the 250 m

sediment trap and hydrocast data were collected

within 10 days of the cup collection date. Hydro-

casts were taken from within one nautical mile of

the trap locations, except for two, which were taken

within 0.5 min latitude and longitude of the trap

locations. For the Equatorial Pacific, alkenoneswere

measured in suspended particles from the surface

waters of the Warm Pool during the WEPAMA

cruise (IMAGES program) in May 2001. Temper-

ature and salinity were obtained from the associated

CTD casts. Sampling locations and numerical data

are available from the World Data Center for Pale-
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oclimatology. For all studies, samples in which no

alkenones were detected are not reported.

[10] Our purpose is to understand the relationship

of the C37:4 alkenone to salinity and temperature

when present. Water column and sediment trap

studies with temperatures below 15�C which did

not detect C37:4 alkenone in their alkenone analyses

and for which salinity data were not available are

reported in Table 1 but not included in the graphs

or calculations in this study. For those studies with

temperatures below 15�C, where C37:4 alkenone

was undetected, it is uncertain whether or not the

systematic absence of the compound was biosyn-

thetic in origin or due to the abundance of the

compound being below detection limits (as in the

case of a lean sample). The inclusion of these

samples would confound the statistics in the

present study by adding a large number of zero

points to the temperature comparisons without

comparable control for salinity relationships. Not

reported here are water column or sediment trap

studies for which the presence or absence of the

C37:4 was not reported nor described.

[11] Although C37:4 alkenone was not detected in

ourWest Pacific andEquatorial Atlantic sample sets,

we have included these data sets here to illustrate the

salinity to temperature relationship in the world

ocean. The comparison of U37
K0
to temperature and

salinity here is intended solely to clarify the relation-

ship of the C37:4 alkenone to the same parameters.

The bulk of the U37
K0
data presented here has previ-

ously been published and interpreted relative to

temperature elsewhere [Sicre et al., 2002; Sikes

and Volkman, 1993], only the analysis to salinity is

new. We emphasize that discussion and analysis of

the U37
K0
relationship to temperature is intended to be

illustrative of well-established principles and is not

intended to promulgate a new calibration.

3. Results

[12] To examine the response of the C37:4 alkenone

to environmental parameters, it is most useful to

express C37:4 as the proportion of C37:4 compounds

over the total in the sample, (i.e., [C37:4]/[C37:2 +

C37:3 + C37:4] also called percent C37:4 abbreviated

% C37:4). The parameter U37
K0
describes the changeT
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in the relative proportions of the C37:2 and C37:3

alkenones alone, and although the parameter U37
K

includes the C37:4 alkenone in its equation, in that

formulation the C37:4 is both subtracted from the

C37:2 in the numerator and added in the denomi-

nator. This masks the response of either of the

compounds to the parameter of interest, such as

temperature, because the individual compounds do

not covary [e.g., Sikes et al., 1997].

[13] The data compiled for this study represents a

selection from widely spaced areas of the world’s

oceans, comprising the Equatorial and North

Atlantic, the western Equatorial Pacific, and the

Indian Ocean and Pacific (Australian) sectors of

the Southern Ocean (Figure 1). The C37:4 alke-

none is present across the colder range of water

temperatures, 1.8�–13�C. It is absent from all

samples above 13�C (i.e., 14�–30�C) and ran-

domly absent from samples at other temperatures,

or �40% of the samples overall (41 out of 106;

Figure 2a). The presence of C37:4 in our samples

with temperatures between 10�–13�C contrasts

with the fact that C37:4 was undetected in previous

North Atlantic water column samples of 10�–
14�C [Conte and Eglinton, 1993] (Table 1),

providing a qualitative indication of variability

in the production of the C37:4 alkenone that is

unrelated to growth temperature. Statistically, the

relationship of the proportion of C37:4 alkenone in

the sample to temperature is poor in the accumu-

lated data for this study. The correlation coeffi-

cient is well below the significant level indicating

little or no relationship to temperature (r2 = 0.078

n = 106) (Figure 2a). Owing to the absence of the

C37:4 alkenone at warmer temperatures, we con-

sidered the relationship of C37:4 alkenones to

temperature for only those samples colder than

13�C (Figure 3c). The relationship to temperature

was not improved (r2 = 0.000, n = 69). This is in

contrast to the strong relationship of U37
K0

to

temperature for the same samples (see following

paragraph) indicating that the inclusion of this

compound in the parameter U37
K adds increased

variance or scatter but little temperature informa-

tion across the temperature range where it is

present, as was observed previously in the South-

ern Ocean [Sikes et al., 1997].

[14] The C37:4 is present across the fresher end of

ocean salinities from 33.8–35.1% in samples

colder than 13�C, but it is not present in the

low salinity warm temperature samples from the

west Equatorial Pacific (Figure 2b). The correla-

tion of the proportion of C37:4 alkenone to

salinity is worse than its relationship to temper-

ature, with r2 = 0.015 (n = 106) indicating its

variance has essentially no relationship to salinity.

If the salinity relationship is considered only in

samples from below 13�C, the relationship is

 180oW  120oW   60oW    0o    60oE  120oE  180oW 

  60oS 

  30oS 

   0o  

  30oN 

  60oN 
North Atlantic

Equatorial 
Atlantic

Southern
Indian
Ocean

Southern
Ocean

 Equatorial
 Pacific

Figure 1. Map of study locations for samples included in this study. Samples labeled Equatorial Atlantic and
Southern Indian Ocean are from sediment traps. Southern Ocean surface water samples were taken from two transects
as indicated by the solid lines. North Atlantic and Equatorial Pacific water column samples were collected from sites
within the dotted lines. Southern Ocean and North Atlantic alkenone samples used in this study have been previously
published. See Table 1 for details.
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similar (r2 = 0.014, n = 69) and is still well below

significant (Figure 2d).

[15] The U37
K0
values in this study show the famil-

iar linear relationship across the full range of

growth temperatures found in the world ocean

(U37
K0

= 0.035T � 0.044, r2 = 0.956, n = 106;

Figure 3a). This contrasts markedly with the

relationship of percent C37:4 to temperature for

the same samples. The linear fit of the U37
K0

data
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Figure 2. Relationship of the proportion of C37:4 alkenones in a given sample to temperature and salinity. Black
squares are Southern Ocean sediment traps, grey squares are Southern Ocean water column samples, solid triangles are
North Atlantic samples, grey triangle are Equatorial Atlantic, black squares are western Equatorial Pacific samples. (a)
Relationship of C37:4 abundance versus temperature for all samples. (b) Relationship of C37:4 abundance versus salinity
for all samples. (c) Relationship of C37:4 abundance versus temperature for samples with temperatures below 13�C. (d)
Relationship of C37:4 abundance versus salinity for samples with temperatures below 13�C. (e) Relationship of C37:4

abundance versus temperature for Atlantic samples. (f ) Relationship of C37:4 abundance versus salinity for Atlantic
samples. For all comparisons the relationship of C37:4 abundance to salinity or temperature is not statistically
significant. For all samples the r2 values are below 0.1, for Atlantic samples only r2 values are less than 0.5.
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here is virtually identical to the standard in the

field (U37
K0

= 0.034T + 0.039 [Prahl et al., 1988])

and falls within the range of other field studies

[Prahl et al., 2000], supporting the use of the

[Prahl et al., 1988] for paleotemperature estima-

tion [Herbert, 2001]. The two samples from the

Equatorial Atlantic that fall below the line are

from hydrocasts slightly farther from the traps

which may have introduced some scatter into

those results due to mesoscale differences. The

relationship flattens somewhat at both low and

high growth temperatures supporting the sugges-

tion of some previous studies that the relationship

becomes nonlinear at ocean temperature extremes

[Conte et al., 2001; Sikes and Volkman, 1993].

This phenomenon may be environmentally sig-

nificant or it may simply reflect the fact that the

alkenone thermometer looses sensitivity at tem-

perature extremes. However, determining the

cause of this phenomenon is not within the scope

of this study.

[16] The relationship of U37
K0

to salinity is also

strongly linear for the Atlantic and Southern

Oceans (r2 = 0.871, n = 87), which are the

basins where the relationship of salinity to

temperature is also very strong (r2 = 0.892, n

= 87) (Figures 3b and 3c). Samples from the

western Equatorial Pacific form a separate field

reflecting the low salinities but high temper-

atures of the area. This location provides data

for which salinity and temperature do not covary

with the same relationship as in the North

Atlantic. When the west Pacific samples are

included in the analysis, the relationship of U37
K0

to salinity becomes insignificant (r2 = 0.033, n =

106), as does the relationship of salinity to

temperature (r2 = 0.050, n = 106). The relation-

ship of UK0

37 to salinity for the world ocean

contrasts sharply with the strong relationship of

U37
K0

to temperature.

4. Discussion

[17] Although U37
K0

consistently shows a strong

relationship to growth temperature for all loca-

tions, the relationship to salinity only holds in

those basins where temperature and salinity

covary (Figure 3). The main axis of this correla-

tion is linear from cold-fresh to warm-salty con-

ditions (Figure 3c). The fact that salinity varies

linearly with temperature across the Atlantic and

Southern Oceans (Figure 3c) suggests that the

cause of a good correlation between U37
K0

and

salinity for those locations is an artifact of the

strong relationship of salinity and temperature.

Equatorial Pacific water column
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Figure 3. Relationship of UK0

37 to temperature and salinity. Black squares are Southern Ocean sediment traps, grey
squares are Southern Ocean water column samples, solid triangles are North Atlantic water column samples, grey
triangle are Equatorial Atlantic sediment trap samples from off Northwest Africa, black squares are western
Equatorial Pacific water column samples. (a) Relationship of UK0

37 to temperature for samples used in this study. The
relationship is strongly linear (UK0

37=0.035T � 0.044, r2 = 0.955, n = 106) but shows flattening of the relationship at
temperature extremes. (b) Relationship of UK0

37 to salinity. There is a strong correlation to salinity across the Atlantic
and Southern Oceans but this does not hold for the entire suite of samples, in particular, the Equatorial Pacific. (c)
Relationship of salinity to temperature. Salinity and temperature covary strongly in the Atlantic and Southern Oceans.
The relationship of UK0

37 to salinity is restricted to those areas where temperature and salinity covary, suggesting that
any relationship to salinity is an artifact of the covariance of salinity with temperature in those locations.
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The dependence of C37:4 (or U37
K0
) on salinity

separate from temperature can be assessed by

comparing low salinty and low temperature sam-

ples of high northern and southern latitudes

(Nordic Seas and Southern Ocean) with low

salinity and warm temperature samples (equato-

rial Pacific). Whereas in both cases salinities are

low, only the cold water samples contain C37:4.

Indeed, salinity values in the equatorial Pacific

(33–34.2 psu) are lower than the northern North

Atlantic and some samples in the Southern Ocean

and yet do not contain any C37:4 nor do they

have lowered U37
K0

values. Qualitatively, this

strongly suggests that temperature is a control

on overall unsaturation as well as C37:4 content

while salinity is not. Importantly, although the

results here suggest a correlation of U37
K0

to

salinity in the North Atlantic (r2 = 0.712, n =

34) similar to that of percent C37:4 [Sicre et al.,

2002], a statistical relationship between two

parameters does not prove a causal relationship.

Significantly, the lack of influence of salinity on

U37
K0

has previously been noted [Sikes et al.,

1991; Sonzogni et al., 1997]. Whereas no study

has suggested that U37
K0

is influenced by salinity,

the proportion of C37:4 in the sample has been

proposed as a salinity marker in the North

Atlantic [Rosell-Melé, 1998; Rosell-Melé et al.,

1995] despite the fact that the relationship of U37
K0

to salinity is stronger than it is for percent C37:4

there (Figures 2f versus 3b).

[18] To eliminate any temperature bias from our

assessment caused by the absence of the tetra-

unsaturated alkenone above �15�C [Prahl and

Wakeham, 1987], we considered separately those

samples with temperatures <14�C (Figures 2c and

2d). The relationship of C37:4 to both temperature

and salinity is insignificant (r2 < 0.015 for both).

The salinity effect on U37
K0

or C37:4 distinct from

temperature can be assessed qualitatively by focus-

ing on areas in the ocean where the two do not

covary so strongly as in the North Atlantic. This

occurs in the Southern Ocean cooler than 5�C
(Figure 3c), where the C37:4 proportion of the

alkenones is least well correlated with salinity

(Figure 2d) [Sikes et al., 1997]. In the Southern

Ocean, water masses and hydrological features such

as frontal zones separate areas with distinct temper-

ature-salinity relationships preventing the good

correlation of temperature to salinity. These water

masses also have different nutrient contents which

have been suggested to affect the alkenones

response to temperature [Laws et al., 2001; Ver-

steegh et al., 2001]. In contrast, North Atlantic

changes in temperature are well correlated with

significant changes in salinity, there are no major

nutrient boundaries, and it is here that the strongest

relationship of C37:4 to temperature or salinity is

observed. Thus we suggest that any improved

correlation of C37:4 to salinity determined for the

open North Atlantic, distinct from other areas of the

world ocean, is likely to be an artifact of the strong

and consistent relationship of salinity to temper-

ature there.

[19] Previous sediment-based studies which sug-

gested a relationship of C37:4 percent to salinity

suggested that alkenone producers in the North

Atlantic are genetically different from elsewhere

in the ocean [Rosell-Melé, 1998; Schulz et al.,

2000], with one water column study showing a

relationship to salinity there [Sicre et al., 2002].

This impels us to consider Atlantic samples sep-

arately. For Atlantic water column samples, the

relationship of C37:4 proportion to both temper-

ature and salinity are better than for the whole

ocean (r2 = 0.46 and r2 = 0.41, respectively n =

39) but are still not significant (Figures 2e and

2f ). The slope for the Atlantic relationship of

percent C37:4 to salinity is an order of magnitude

larger than for other areas in the ocean (�15.3),

but the relationship to salinity is still too weak for

its use to be statistically sound. Significantly, the

slope of the Atlantic relationship is opposite that

for the greater ocean (0.035). Thus, over broader

environments, even if the relationship were stat-

istically sound, the salinity influence on C37:4

abundance is too slight to be of use as a paleo-

proxy. The relationship observed in the North

Atlantic appears to be isolated to that environment

and is likely to be an artifact of the relationship to

temperature [e.g., Sicre et al., 2002].

[20] C37:4 alkenone proportions in our water col-

umn samples are similar in both the North Atlantic

and the Southern Ocean (Figure 2). Rosell-Melé
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[1998] compared sediment samples between these

oceans and found C37:4 levels were higher in

Southern Ocean sediments relative to the North

Atlantic and suggested genetic differences to be the

cause. Comparison of water column samples

between the two oceans shows North Atlantic

water samples have similar or higher proportions

of C37:4 than the Southern Ocean, indicating that

the differences found in the [Rosell-Melé, 1998]

comparison may have been the result of differential

breakdown of C37:4 alkenones in the sediments, a

factor previously noted in the Black Sea [Freeman

and Hayes, 1992], rather than interhemispheric

genetic differences. Although we cannot assess

here the genetic controls on alkenone unsaturation

levels, our results suggest that in open ocean sedi-

ments, temporally changing environmental condi-

tions and or sedimentary diagenesis are a stronger

control on the levels of C37:4 than is temperature,

salinity, or genetics.

[21] Our results indicate there is no salinity influ-

ence on C37:4 in the open ocean even in cold waters

(Figures 2a and 2b). In contrast, there is evidence

that species restricted to coastal, brackish, or fresh

water produce alkenones in very different propor-

tions from open ocean species [Conte et al., 1998;

Cranwell, 1985; Li et al., 1996; Schulz et al., 2000;

Volkman et al., 1988]. Nonetheless, the fact that

they thrive in different salinities from the open

ocean does not imply cause and effect of salinity

levels on unsaturation levels and does not confirm

that their different unsaturation levels contain sal-

inity information. It is probable that these differ-

ences do have genetic or other environmental

causes. Our results suggest that the input of alke-

nones to the sediment record produced by these

species either to coastal waters, or by lateral trans-

port offshore, is more properly interpreted as a

coastal, ecologically based signal. Any fundamen-

tal relationship to salinity itself has yet to be

established even for waters in restricted seas

[Schulz et al., 2000].

[22] The lack of a C37:4 response to salinity or

temperature suggests that its relative abundances

vary in response to some other environmental

parameters. In the Southern Ocean, it has been

noted that percent C37:4 may be related to growth

rates with a higher proportion of C37:4 measured at

the start of the productive season and lower levels

detected at times of low productivity [Sikes and

Volkman, 1993; Sikes et al., 1997]. The absence of

C37:4 in all North Atlantic and Equatorial Atlantic

water column samples from temperatures above

13�C confirms culture work on E. huxleyi which

did not detect the tetra-unsaturated compound

above that temperature [Conte et al., 1998; Prahl

et al., 1988; Prahl and Wakeham, 1987; Volkman et

al., 1995]. Thus, although numerous results confirm

that temperature has at least a qualitative influence

on C37:4 amounts by precluding its synthesis above

13�–15�C, below that cut off temperature appears

to have little influence on its presence. There is both

some field evidence [Sikes et al., 1997] and exten-

sive culture work to suggest that the relative

amounts of alkenones biosynthesized responds to

factors such as nutrient levels, light levels, and

growth rate [Conte et al., 1998; Epstein et al.,

2001; Laws et al., 2001; Versteegh et al., 2001].

There is no data on what may be controlling the

C37:4 amounts in the field. An attempt to assess

overall nitrate influence by correlating atlas values

of annual average nitrate concentrations with C37:4

percent in sediments showed no relationship

[Rosell-Melé, 1998]. However, this approach is

almost certainly not sensitive enough to assess the

effects of variable nitrate levels on alkenone syn-

thesis. Atlas nutrient data are annual averages and

represent an average over many years, making these

values too broad to assess nutrient effects on alke-

none synthesis and/or phytoplankton growth rates

for which microscale values are necessary. Culture

studies suggest that light, phosphate, and growth

rate may affect unsaturation levels more strongly

than nitrate, and that response to these factors is

rapid [Epstein et al., 1998; Versteegh et al., 2001].

The data in this study represent all seasons of the

year with potentially a wide range of growth rates,

nutrients, and light levels, but assessing the relative

influence of these factors would require coordinat-

ing data on these parameters and is beyond the

scope of this paper. Nonetheless, the physical evi-

dence presented here suggests that unlike the C37:2

and C37:3 alkenones, C37:4 levels may respond more

strongly to these other factors than to temperature.

Determining what controls C37:4 levels may serve as
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a key to understanding the other influences on U37
K0

besides temperature.

5. Conclusions

[23] A compilation of alkenone levels in water

column samples for several areas in the Atlantic,

Pacific, and Southern Oceans shows that the rela-

tive abundance of C37:4 does not show a discern-

able response to temperature or salinity. Specific

conclusions are as follows:
1. The lack of a relationship of C37:4 to

temperature or salinity suggests that the C37:4

alkenone responds most strongly to some other

variable such as changes in growth rates, light

levels, or nutrient supply.

2. The relative abundances for the C37:2 and the

C37:3 alkenones, as summarized in the parameter

U37
K0
, show a strong linear response to temperature.

A correlation to salinity is also evident in the

Atlantic, but global evidence suggests this is most

likely an artifact of the strong correlation of salinity

to temperature in that ocean.

3. This study examines samples from the North

and Equatorial Atlantic, the western Equatorial

Pacific, and the Australian and Indian sectors of

the Southern Ocean. Further work examining

samples from the subtropical to temperate Pacific

would verify these relationships for the world

ocean.
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