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Abstract

Marine primary productivity is the driving factor in the global marine carbon cycle. Its
reconstruction in past climates relies on biogeochemical proxies that are not considered to
provide an unequivocal signal. These are often based on the water column flux of biogenic
components to sediments (organic carbon, biogenic opal, biomarkers), although other factors
than productivity are posited to control the sedimentary contents of the components, and their flux
is related to the fraction of export production buried in sediments. Moreover, most flux proxies
have not been globally appraised. Here we assess for the first time a proxy to quantify past
phytoplankton biomass by correlating the concentration of C37 alkenones in a global suite of
core-top sediments with sea-surface chlorophyll-a (SSchla) estimates over the last 20 years.
SSchla is the central metric to calculate phytoplankton biomass and is directly related to primary
productivity. We show that the global spatial distribution of sedimentary alkenones is primarily
correlated to SSchla rather than diagenetic factors such as the oxygen concentration in bottom
waters, which challenges previous assumptions on the role of preservation on driving
concentrations of sedimentary organic compounds. Moreover, our results suggest that the rate of
global carbon export to sediments is not regionally constrained, and that alkenones producers
play a dominant role in the global export of carbon buried in the sea-floor. This study shows the
potential of using sedimentary alkenones to estimate past phytoplankton biomass, which in turn
can be used to infer past primary productivity (PP) in the global ocean.

Significance Statement

Biomarker proxies, namely alkenones, are commonly used to reconstruct past primary
productivity. However, their value has been questioned as they are posited to be controlled by
diagenetic processes and often limited to draw qualitative inferences on the carbon cycle. In fact,
most proxies have not been globally appraised with ocean biogeochemical data. Here we use a
combination of remote sensing and geochemical data to provide the first spatial-based global
calibration that show the use of alkenones to quantify past sea-surface chlorophyll-a
concentration, which ultimately can be used to infer quantitatively past primary productivity in
paleorecords. This calibration paves the way to clarify the relative role of the marine carbon cycle
in climate variability using field data, and test biogeochemical models.

Main Text
Introduction

Global carbon distribution between the ocean and the atmosphere regulates global climate on
Earth. This distribution is primarily controlled by marine primary productivity (PP) and
phytoplanktonic organisms, which transforms atmospheric CO: into organic matter. Only a
fraction of this produced organic matter is exported to the deep ocean. Global models estimate
that 48 PgC-yr? are produced in ocean surface waters (1) while 6 PgC-yr! (2) are exported out
from the photic zone, and 0.15 PgC-yr?! are buried in sediments (3). Exported organic carbon is
out of contact with the atmosphere on decadal to millennial timescales or longer once is buried in
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the seafloor, which exerts a major control on global climate by regulating the partial pressure of
atmospheric CO:z (4). Hence, estimating marine PP, export and burial productivity changes during
past key climatic periods (e.g. glacial-interglacial transitions) is essential to understand our
present climate and predict its evolution in the future.

To infer past PP a range of proxies based on the fluxes of biogenic components are available (5—
7). As flux proxies, they are related to changes in past export productivity, which are assumed to
be proportional to surface PP in paleoreconstructions. However, depositional factors such as
oxygen or ballasting effect are thought to be important in controlling organic matter export from
the upper water column to sediments (8—10) and thus, organic proxies sedimentary
concentration. The relative weights that control the spatial variability of organic matter
concentration in sediments, are still unconstrained, which leads to some uncertainty on the
applicability of organic matter proxies to infer PP (7). Consequently, available proxies are
sometimes interpreted to infer either changes in PP or depositional conditions (11).

One of the common approaches to reconstruct PP relies on the measurement of Cz7 di- and tri-
unsaturated methyl ketones (i.e. Cs7 alkenones) concentrations or fluxes in sediments (12—18).
These organic molecules are biomarkers of the ubiquitous coccolithophore Emiliania huxleyi,
which is the principal source of alkenones and the most abundant coccolithophore in the modern
pelagic ocean (19-24). Geophyrocapsa oceanica and other coccolithophoral species from the
same genera are also considered important alkenones producers nowadays (20).

In this study, we evaluate for the first time the potential use of sedimentary Cs7 alkenones
contents to infer past phytoplankton biomass at a global scale through the comparison of their
spatial variability in a global compilation of core-top sediments with sea-surface chlorophyll-a
(SSchla) (Fig. 1). This is the primary pigment of photosynthesis and is present in all
photosynthetic phytoplankton species. Its concentration in surface waters is commonly used as
an indicator of phytoplankton biomass and to infer primary productivity (25, 26). On a global
scale, its concentration in surface waters is estimated by remote sensing (27). We also assess
the effect of oxygen on the spatial accumulation of alkenones in sediments by comparing its
concentration in bottom waters with alkenones abundance on a global scale.

Results

Global comparison of SSchla with sedimentary alkenones

The comparison between sedimentary alkenones and SSchla concentration estimated over the
last 20 years is shown in Fig. 2. Log-transformation was needed, as the distribution of SSchla is
close to lognormal in our dataset (SI Appendix, Fig. S1). This is concordant with the natural
distribution of ocean chlorophyll (28). We applied standard major axis regressions (Type Il
regressions), which assume that both variables are measured and include some error. For this
analysis we took into account that the remote sensing SSchla estimates using global standard
algorithms can have a wide range of error values and specific regional biases (29-35). To
minimize uncertainty in the correlation analysis, we focused our study on SSchla data located in
well-performing remote sensing regions. We applied the threshold stablished in (36), where
basins associated with lower

root-mean square logarithmic errors (RMS log errors) than the global mean (31%), are
considered well-performing regions. This value is within the range of 30-35% threshold values
proposed in the remote sensing literature, including the Global Climate Observing System
(GCOS) and the Ocean Colour Climate Change Initiative (OC-CClI), as the desired error
benchmark for open ocean waters, or optically clear waters (30, 31, 36—38). Consequently, we
did not included in our final analysis (see Fig. 2b) SSchla data from the North Atlantic (36, 39, 40)
and the Gulf of Alaska (41).Nor from the western South American margin, as the SSchla error
estimate of this region has not been thoroughly studied. Although data for the equatorial Atlantic
presents a RMS log error of 48%, it lowers to 23% when removing samples located offshore of
the north-eastern coast of South America (36). Thus, as our samples are not located in this
region, we included samples from the equatorial Atlantic in the correlation analysis. We obtained
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a linear correlation between Cs7 alkenones and SSchla concentration with an RMS log error of
38% and a coefficient of determination (R?) of 0.60 (Table 1). Hence, our data show that changes
in the spatial variability of Cs7 alkenones are mainly related to changes in SSchia.

Several studies report the occurrence of regional variability in the vertical attenuation rate of
organic matter flux from the surface to the deep ocean (10, 42—44). This spatial variability could
lead to different regional correlations between sedimentary alkenones and SSchla concentration.
To investigate this issue in our data set, we divided the data by biogeochemical regions as
defined in (44), which are classified by factors influencing transfer efficiency, such as
phytoplankton community, nutrient concentration and temperature. The defined regions are as
follows: the tropics, the subtropics, the subarctic and the Southern Ocean. Note that the
correlation for the subarctic region was not calculated due to insufficient data. The data from the
subtropics show the lower RMS log error (31%) and is the region that can explain more SSchla
variability (59%). The tropics present the higher RMS log error (46%), with a coefficient of
determination of 0.49, and the Southern Ocean is the region that can explain less SSchla
variability (33%), with a log RMS error of 35% (Table 1). However, no significant differences were
found between sedimentary alkenones and SSchla correlations when comparing different oceanic
biogeochemical regions, as it is shown in Fig. 3.

Global comparison of bottom water oxygen with sedimentary alkenones

To study the influence of oxygen in the spatial accumulation of alkenones in sediment, we
correlated our global core-top sedimentary alkenones compilation with oxygen concentration in
bottom waters (Fig. 4). Data on oxygen concentration was extracted from the World Ocean Atlas
2018, which provide oxygen data with a spatial resolution of 1°. The relative low resolution of the
data may introduce some uncertainty in our analyses in some regions, as strong oxygen
gradients may occur that are smaller than the 1° grid of the dataset, such as those located in
oceanic ridges. However, our data do provide information about the influence of bottom oxygen
content on alkenones abundance at regional and global scales.

The global comparison between sedimentary alkenones and oxygen concentration in bottom
waters is shown in Fig. 4. Since our study comprises several biogeochemical regions (Fig. 1), it
covers a wide range of oxygen concentration conditions (from 18.72 to 268.11 umol-kg1).
Consequently, Fig. 4 shows different patterns that might reflect the influence of oxygen
concentration in different regions. Nevertheless, we do not observe a simple global overall trend
as in the case of SSchla, and we obtained a R? of 0.02. Thus, oxygen concentration in bottom
waters is not the primary cause of alkenones abundance spatial variability on a global scale.

Discussion

Alkenones as a proxy for past phytoplankton biomass

Alkenones concentration in sediments is commonly used to qualitatively infer PP changes (14,
17, 18). However, as it is commonly stated in the literature, sedimentary alkenones concentration
may also be affected by depositional and burial processes, which could complicate the
interpretation of the proxy. Thus, alkenones concentration fluxes decrease with depth in the water
column (45, 46). In here, we do not appraise directly the link between PP and alkenones
sedimentary concentration, but indirectly through the use of SSchla which is a metric of
phytoplankton biomass (Fig. 2). The data span several oceanic biogeochemical regions (44), and
show that the spatial variability in sedimentary alkenones is primarily related to changes in
SSchla, following a linear relationship with a R2 of 0.60 and RMS log error of 38% (Table 2). Our
data permit to quantitatively reconstruct past SSchla concentration (equation 2). Therefore, our
results confirm previous assumptions on the use of sedimentary alkenones concentrations as a
proxy to qualitatively infer PP changes rather than redox conditions.

The correlations in Fig. 2 also allow the quantitative comparison of phytoplankton biomass data
from different sites and regions through time, which hitherto was considered hindered by
differences in depositional conditions between locations. Thus, one of the implications of
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obtaining a global correlation between Cs7 alkenones and SSchla concentrations is that the
vertical rate of degradation of Cz7 alkenones from the sea-surface to sediments follows a similar
spatial pattern across different biogeochemical regions in the global ocean. We have obtained no
significantly different correlations between Cs7 alkenones and SSchla concentration for the
different oceanic biogeochemical regions defined in (44) (Fig. 3). This is consistent with studies
that have indicated that there are no regional differences in the vertical attenuation rate of organic
matter flux (47-49), even though other studies have found spatial variability in the export
efficiency of surface biomass to the deep ocean (10, 42—44).

Hence, our data support the results obtained in (50) and other earlier papers, which showed that
spatial variability in the vertical flux of particulate organic carbon decreases with increasing water
column depth. Our results are also in agreement with (51), who showed that the proportion of
primary productivity that reaches the deep sea does not vary greatly with latitude in the North
Atlantic. Besides, these results show that the global correlation is independent of the
biogeographic region, which implies that it is applicable globally despite any changes in
biogeochemical regions through time. In this sense, we assume the similar pattern of the vertical
degradation rate over different biogeochemical regions is also maintained after burial processes.
Future studies will evaluate to which extent subsurface degradation process might significantly
influence or bias the relationships described in Fig.s 2 and 3, and constrain their application in
paleo studies.

The relevant role of alkenones producers in the global carbon export

In contrast to SSchla, alkenones are mainly produced by coccolithophores (E. huxleyi and
Geophyrocapsa species) (20). Therefore, sedimentary alkenones concentration are often
considered an exclusive coccolithophore productivity proxy, which may not provide information
about total past phytoplanktonic biomass changes (15, 18, 52, 53). In contrast, Cz7 alkenones
concentration were also suggested to track PP not only from coccolithophores, but also from the
wider phytoplanktonic community in upwelling tropical areas (12). Subsequently, such
interpretation was corroborated at two more sites: ODP Site 982 in the North Atlantic and ODP
Site 846 in the eastern tropical Pacific (54). In spite of their findings, the authors suggested a
linear relationship would be not expected in oligotrophic areas, where alkenone-synthesising
coccolithophores constitute a small proportion of the coccolithophore population.

Contrary to previous assumptions, our global correlation shows that Csz alkenones sedimentary
concentrations can be interpreted as a proxy for total phytoplankton biomass in different
biogeochemical regions (Fig. 2), and suggests that there are no differences between samples
located in oligotrophic (SSchla annual average < 0.1 mg-m-3) and non-oligotrophic regimes (Sl
Appendix, Fig. S2).

Obtaining a global correlation between SSchla and alkenones indicates a proportionality between
total phytoplankton biomass and alkenones accumulation in sediments. In terms of total
phytoplankton biomass and PP, photosynthetic picoeukaryotes, which include E. huxleyi and G.
oceanica, have been reported to be the dominant contributors. For instance, photosynthetic
picoeukaryotes are responsible for more than the half the total PP in the North Atlantic (68%)
(55), southern California Bight (76%) (56), the eastern northatlantic subtropical gyre (54%) (57),
the southern Bay of Biscay (51%) (58) and the South East Pacific Ocean (>60%) (59).

However, there is not a consensus on which class of phytoplankton is the dominant carbon
exporter to the sea floor. Large phytoplankton, such as diatoms, were recognised to dominate
global carbon export to sediments (60, 61) and picoplankton (photosynthetic picoeukaryotes and
cyanobacteria) were claimed not to contribute significantly to carbon export because of their small
size (62). In contrast, more recent studies have suggested that picoplankton plays a major role in
the sedimentary carbon fluxes. For instance, massive picoplankton sedimentation in east of New
Zealand (63), and picoplankton export carbon fluxes dominance were found in the eastern
equatorial Pacific (64) and in the Arabian sea (65). Besides, subsequent studies showed that the
downward flux of organic carbon via small particles often constitutes the bulk of the total
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particulate organic carbon flux in the North Atlantic (66), and that the export of small particles in
the Norwegian Sea contributed to long-term carbon sequestration (67).

We are not aware of any evidence that endorse the notion that alkenones producers are one of
the main contributors to global carbon sequestration. However, our results in Fig. 2 indicate that
alkenones producers export and burial contribution is proportional to total phytoplankton biomass
at global scale. Our results are in agreement to previous findings that show primary productivity to
be proportional to picoplankton biomass export from the euphotic zone at two different locations:
the equatorial Pacific and the Arabian Sea (68). We suggest that such proportionality is indicative
of the putative dominant role of photosynthetic picoeukaryotes to global carbon sequestration and
burial in the sea-floor.

The role of oxygen in the spatial accumulation of alkenones in sediment

Oxygen enhances organic matter degradation and its concentration in bottom waters is
considered a key factor in the preservation and accumulation of organic matter in sediments (69—
73). However, despite its strong influence in the vertical degradation of organic matter, its role in
the global spatial distribution of organic matter concentration remains unconstrained.

Some studies located in oxygen minimum zones, such as the Arabian Sea, reported empirical
relationships between oxygen concentration in bottom waters and sedimentary organic matter or
alkenones concentration (69, 74—76). Although these relationships only show a correlation when
oxygen is present at very low concentrations (< 50 pmol-kg-1), alkenones concentration is
sometimes used to reconstruct preservation conditions in other environments, such as the Pacific
and the Atlantic oceans (11, 77, 78).

Our results in Fig. 4 show that there is not a straightforward relationship between the spatial
concentration patterns of sedimentary alkenones and bottom water oxygen. In contrast to
previous studies, our data are located in different oceanic biogeochemical regions and include
low and high oxygen content environments (from 19 to 268 umol-kg). Therefore, the wide range
of oxygen concentration presented in this study would be much more representative of the global
ocean conditions than those previously evaluated. These results can be interpreted as evidence
of the minor role of oxygen concentration in the spatial distribution of sedimentary alkenones for
the greater part of the ocean. Thus, our data do not support the global use of alkenones
concentration to reconstruct preservation conditions in the deep ocean.

Conclusions

The primary driver explaining the global spatial distribution of sedimentary alkenones is
phytoplankton biomass as reflected by SSchla concentration. Different biogeographic regions do
not show significant differences in their correlations between sedimentary alkenones and SSchla
concentration. Moreover, oxygen concentration in bottom waters does not strongly influence the
spatial concentration of alkenones in sediments on a global scale. Hence, our results do support
the use of alkenones sedimentary abundance to study primary productivity, and do not support
the use of alkenones as an indicator of preservation conditions in the deep ocean. Besides, our
data indicate that the global vertical attenuation rate of organic matter flux from sea-surface to
sediments is not regionally constrained, and suggest that the global carbon export and burial is
dominated by photosynthetic picoeukaryotes.

Thus, this study provides the first spatial-based global calibration that show the use of
sedimentary alkenones to quantify sea-surface chlorophyll-a, which ultimately can be used to
infer quantitatively PP in paleorecords. This calibration is independent of biogeographic regions,
which implies that besides relative PP changes through downcore, it can also be used for the
spatial comparison of PP between different locations at any site in the global ocean. Furthermore,
it is applicable despite any putative changes in biogeochemical regions through time.

Materials and Methods
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Sedimentary alkenones

We compiled alkenone data from 226 locations widely distributed around the global ocean, and
across diverse biogeochemical regions as defined in (44) (Fig. 1). Most of the data are obtained
from previous published studies (95% of the compilation), while the rest were analysed in our
laboratory following the methodology explained hereafter. We assume that the interlaboratory
reproducibility of the different available methods to measure the absolute alkenones abundance
in sediments is 32% (79). The samples in the compilation generally correspond to the upper 1 cm
of a sediment core, and approximately 90% of them were retrieved using devices specially
designed for a minimum disturbance of the sediment surface, i.e. box corer or multicorer. The
compilation appears to be dominated by samples along continental margins, since they represent
the most intensively studied regions. However, sample sites span a wide range of alkenones
concentration distributed in the diverse biogeochemical regions defined in Weber et al. (2016)
around the global ocean (Fig. 1). In addition, over 80% of the compiled surface sediments are in
sites with a water column deeper than 1,000 meters, while over 90% of the samples were
retrieved from waters deeper than 500 meters (S| Appendix, Dataset S1). Consequently, the
compilation is mainly representative of the water column of the open ocean. We estimate that in
average, a sedimentary sample represents a time span of sedimentation of ca. 71 years. This has
been obtained from the sedimentation rate average of all sediments (14 cm-kat) using the map
published in (80). However, variability of sedimentation rates could play a role in driving the
concentration of alkenones in sediments. Consequently, to analyse changes in the flux of a
chemical or substance to the sea, the mass accumulation rates (MAR) must be used instead of
concentrations. Alkenones mass accumulation rates (MARalkenones) were estimated by
multiplying alkenones concentration by sedimentation rate and dry bulk density. In the absence of
these data for each sample site, we extracted sedimentation rates from two global maps
previously published (51, 80) and discussed in (81). However, sedimentation rates could only be
extracted for 54% of the sites. Dry bulk densities were assumed to be 0.9 g-cm3, as it
corresponds to the mean dry bulk density for marine sediments in the global sediment core
database published in (81), which has been created by retrieving available data from online data
repositories. It is important to point out that these estimated accumulation rates are highly
uncertain, given that sedimentation rates can vary significantly over relatively short distances on
the seafloor due to winnowing and focusing, and the locations of cores are often biased towards
the highest accumulation rates in the search of retrieving records with high temporal resolution.
Nonetheless, in the absence of more accurate data, we include the estimates to provide a first-
order information on the effect of sedimentation rates in our compilation. We compared
MARalkenones against alkenones concentration in SI Appendix, Fig. S3. The correlation between
the two variables is high as attested by their coefficient of determination of R?=0.92 and R?=0.87,
depending on the sources of sedimentation rates (51, 80). Consequently, overall for our
compilation, the differences in using MARalkenones and alkenones concentration when
compared to values of SSchla concentration are not likely to lead to significantly different results.
To maximize the size of data points in our compilation we used the alkenones concentration
rather than its MAR.

In the samples analysed for the study, sediments (1-4 g) were extracted using 10 mL of a mixture
of dichloromethane and methanol (3:1) (GC grade, Suprasolv) in a MARS5 microwave
accelerated extraction system (CEM Corporation). Before extraction, 25 ng-uL™! of the internal
standard 2-nonadecanone (Fluka, purity 0.97%) was added to the sediment placed in a Teflon
vessel. During extraction the mixture was stirred continuously with a magnetic bar, while
temperature was increased from ambient to 70°C for 2.5 minutes and left at this temperature for a
further 5 minutes. After extraction, samples’ vessels were left to cool down at room temperature,
and the supernatants were decanted into glass tubes and centrifuged. Extracts were then dried
under vacuum and cleaned up using SiO2 columns eluted sequentially with hexane (first fraction)
and dichloromethane (second fraction). Extracts were dried again and 50 pL of isooctane was
added to the second fraction before their analysis with a gas chromatograph (GC) fitted with a
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flame ionization detector at 320°C (Agilent Technologies 7820A GC System). Samples were
injected in splitless mode in a GC column (HP-1 GC column, 60m length, 250um internal
diameter, 0.25um film thickness) with a flow rate of 1.5 mL-min-t. The GC method consists of 2
ramps, the first one from 80°C to 120°C with a temperature rate of 30 °C-min-1, followed by a
second ramp that increases temperature at 6°C min-1 until 320°C, and held at this temperature
during 21 minutes.

Ocean surface chlorophyll

Satellite observation of ocean-colour, in the open ocean, is primarily dependent on phytoplankton
occurrence. These unicellular algae contain photosynthetic pigments, primarily chlorophyll-a,
which coexist together with other pigments, associated detrital, and coloured dissolved organic
matter (82). To infer SSchla from ocean-colour data, many algorithms have been constructed
relating characteristics of the water signal to the property of interest (83). There are large
uncertainties in the estimation of SSchla in some regions, particularly where the optical and
biological properties are complex (84, 85). For instance, some of the factors that affect the
properties of the surface waters are coloured dissolved organic matter, radiance-absorbing
aerosols, phytoplankton species diversity, suspended sediments and minerals, clouds, ice, sun
glint, and navigation/time space mismatches (86—89). Furthermore, desert dust (90) and bubbles
(91) make the water appear greener. Other sources of scatter are the remote sensing limitation of
detecting SSchla at different depths in the water column (92, 93).

Global SSchla algorithms, calibrated with global in situ datasets, show average root mean square
(RMS) log errors of 34% (29). The Global Climate Observing System uncertainty requirement for
SSchla is 30% (www.ncdc.noaa.gov/gosic/gcos-essential-climate-variable-ecv-data-access-
matrix/gcos-ocean-biogeochemistry-ecv-ocean-color). End-users of SSchla data commonly quote
uncertainty requirement of 35% (83). There are a number of challenges in the calibration of
remote sensing data, like the diversity of optical properties in various water types, comparability
of ocean in situ measurements using different analytical approaches, and the different spatial and
temporal scales of the ocean-in situ and satellite measurements (83).

The available ocean colour satellite data since 1997 have been merged in the GlobColour project
(http://globcolour.info), which combines measurements from the Sea-viewing Wide Field-of-view
Sensor (SeaWiFS; 1997-2010), the MEdium Resolution Imaging Spectrometer (MERIS; 2002-
2012), the MODerate-resolution Imaging Spectroradiometer (MODIS; 2002-2017), and the Visible
Infrared Imaging Radiometer Suite (VIIRS; 2012-2017) missions. The spatial resolution of the
available data for end-users is 1/24° (4.63 km at the equator). The algorithms used for obtaining
SSchla are OC4v5 for SeaWiFS, OC4Me for MERIS and OC3v5 for MODIS and VIIRS (94).
SSchla values for every sediment location were extracted from merged global-scale matrixes of
the Globcolour Project, which contain monthly data. For this paper, we extracted SSchla
concentration data from September 1997 to December 2017 for every core location. GlobColour
data used in this study have been developed, validated, and distributed by ACRI-ST, France. We
used the Matlab script provided by the Monterey Bary Aquarium Research Institute
(https://www.mbari.org/index-of-downloadable-files/) to calculate the standard major axis
regressions (type Il regressions) between SSchla and sedimentary alkenones.
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Fig. 1. Global core-top sediments distribution. Lines delineate distinct biogeochemical regions

defined on the basis of temperature and nutrient concentration (44) Abbreviations: subarctic (SA),

subtropics (ST), tropics (T) and Southern Ocean (SO).
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Fig. 2. Global correlations between sedimentary Cs7 alkenones concentration and the sum of
sea-surface chlorophyll-a (SSchla) concentration from 1997 to 2017. a. includes the whole
compilation, and b. includes regions presenting RMS log errors lower than 31% between remote
sensing and in situ SSchla. Samples are classified by biogeochemical regions as defined in Fig.

1.
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Fig. 3. Regional correlations between sedimentary Cs7 alkenones concentration and the sum of
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and text indicate the evaluated biogeochemical regions, which are defined in Fig. 1.
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Fig. 4. Global comparison of sedimentary Cs7 alkenones concentration and oxygen concentration

in bottom waters. Different colours for lines and text indicate the evaluated biogeochemical

regions, which are defined in Fig. 1.
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Table 1. Equation coefficients and errors from correlations in Fig. 2 and 3. Log[Cs7
alkenones]=a-log) [SSchla]+b. Abbreviations: sea-surface chlorophyll-a (SSchla), coefficient of
correlation (r), coefficient of determination (R?), root-mean square logarithmic error (RMS log error),
number of samples (n).

Equation Region a b r R’ RMS log error (%) n
1 Global 1.55 -3.42 0.67 0.45 53 226
2 Global 1.64 -3.46 0.77 0.60 38 194
3 Subtropics 1.31 -2.87 0.77 0.59 31 75
4 Tropics 1.77 -3.77 0.70 0.49 46 88
5 Southern Ocean 2.29 -4.64 0.57 0.33 35 26
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