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of ultrafiltered dissolved and suspended particulate organic matter (UDOM
and POM, respectively) from the Sargasso Sea (SS) and North Central Pacific (NCP) Ocean were investigated
using lipid biomarker compounds. Organic carbon (OC) concentrations were ~20–40 times greater in UDOM
than POM and decreased with depth. However, total OC-normalized lipid concentrations were 2–3 orders of
magnitude higher in POM than in UDOM. Particulate total lipids decreased 3–10-fold with depth, compared
to 10–20% for dissolved total lipids. Total fatty acids (FA), the most abundant lipids, showed similar patterns
as total lipids, comprising ~62–88% of the total lipids analyzed in UDOM and ~57–84% in POM.
FAwere dominated by straight-chain saturated compounds followed bymonounsaturated, polyunsaturated, and
branched FA. Polyunsaturated FAwere enriched in POM vs. UDOMand in surface vs. deepwaters for both UDOM
and POM, likely reflecting the algal origins and greater reactivity of surface-derivedmaterials. In both UDOMand
POM, sterols of planktonic origin dominated, including cholest-5-en-3β-ol (C27Δ5), 24-methylcholesta-5,24(28)
E-dien-3β-ol (C28Δ5,24(28)) and 24-ethylcholest-5-3β-ol (C29Δ5), with varying contributions from cholesta-5,22E-
3β-ol (C27Δ5,22), 24-methylcholesta-5,22E-3β-ol (C28Δ5,22) and 24-ethylcholesta-5,22E-3β-ol (C29Δ5,22).
Factor analysis of lipid biomarkers showed major differences between the UDOM and POM pools and for each
pool as a function of depth, but not between the SS and NCP. While UDOM and POM biomarkers were both
dominated by autochthonous sources, differences between the two pools suggest potential effects from some
combination of source and diagenetic factors. The lipid biomarker data are further evaluated relative to previous
studies of radiocarbon (14C) and elemental (C:N:P) characteristics of UDOM and POM in the SS and NCP.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Oceanic dissolved organic matter (DOM) cycles on the order of
several thousand years based on its 14C ages (Bauer et al., 1992; Druffel
et al., 1992; Williams and Druffel, 1987) and is thought to be comprised
mainly of refractory, long-lived material (Bauer, 2002). However, other
studies have also shown that DOM contains biologically reactive
components that cycle on timescales of days to weeks (Amon and
Benner, 1994; Carlson et al., 2004; Cherrier et al., 1996; Sannigrahi et al.,
2005). The rapid cycling of these components may result in a relative
accumulation of more highly aged and refractory DOM components
(Loh et al., 2004). In contrast, particulate organic matter (POM) is
significantly younger (i.e., essentially modern or near-modern in age)
than DOM, and is presumably derived frommore recent surface-derived
material that is more reactive, with a correspondingly shorter overall
cycling time in the oceanic water column (Bauer et al., 2001; Druffel and
Bauer, 2000; Hernes and Benner, 2002; Minor et al., 2003).

Studies of bulkDOMhave shown it to have 14C signatures that varyas
a function of both location and depth (Bauer, 2002; Guo et al., 1996; Loh
l rights reserved.
et al., 2004;McNichol and Aluwihare, 2007). In addition, chemically and
operationally defined organic components and individual molecular
components of DOM and POM have been found to have unique 14C-
based turnover times (Hwang andDruffel, 2003; Loh et al., 2004; Repeta
and Aluwihare, 2006), suggesting that different components may
have distinct sources, residence times, or both. Previously characterized
components of DOM and POM (~10–45% of the total) include total
hydrolyzable sugars (TCHO), total hydrolyzable amino acids (THAA),
and total extractable lipids (as total lipid extract, TLE) (Benner, 2002;
Lee et al., 2004;Wakehamet al., 2003; and references therein), however,
55–90% of the oceanic organic matter (OM) remains as molecularly
uncharacterized (MUC) material (Benner, 2002; Hedges et al., 2000;
Lee et al., 2004; Loh et al., 2004). Thus, additional information on the
sources, reactivities, and biological modification of both characterized
and uncharacterized components of DOM and POM is needed in order
to better constrain the inputs, cycling times and fates of marine OM.

Lipid biomarker distributions have been demonstrated to be
potentially powerful tools for identifying the sources, diagenetic states,
and reactivity of OM in a number of aquatic systems (Canuel and
Martens, 1996; Dalsgaard et al., 2003; Goutx et al., 2007; Mannino and
Harvey, 1999; Wakeham et al., 1997a, 2002). Because the sources of
OM in both natural and human-impacted systems are often complex in

mailto:bauer@vims.edu
http://dx.doi.org/10.1016/j.marchem.2008.08.005
http://www.sciencedirect.com/science/journal/03044203


190 A.N. Loh et al. / Marine Chemistry 112 (2008) 189–202
number and type, the application of lipid biomarker analysis can be an
effective tool for characterizing OM inputs, modification, and apparent
fates (Canuel, 2001;Wakeham et al., 1997b). In addition, the “quality” or
potential biological reactivity anddiagenetic state of OMmay be inferred
on the basis of the presence of specific biomarkers, losses of certain
biomarkers along spatial or temporal gradients, and their concomitant
structures (e.g., chain length, degree of saturation, etc.; Canuel, 2001;
Canuel et al., 1995; Wakeham et al., 1997a).

The goal of the present study was to evaluate potential sources and
relative reactivities of open ocean DOM and POM using lipid biomarker
compounds and associated information suchas elemental compositions.
Fatty acids (FA) and neutral lipids (i.e., alcohols and sterols) were
measured in ultrafiltered DOM (UDOM, N1 kDa molecular weight) and
suspended POM from two well-studied oligotrophic oceanic sites, the
North Central Pacific and Sargasso Sea. The dominant compositional
changes and potential sources in UDOM and POM as a function of depth
were further assessed througha combinationof the absolute and relative
abundances of specific lipid biomarkers and elemental distributions.

2. Study sites and methods

2.1. North Central Pacific

Samples were collected in July 1999 from a site in the oligotrophic
North Central Pacific (NCP; 31°0'N, 159°0'W, bottom depth 5750 m).
At nearby Station ALOHA (22°45'N, 158°0'W), mixed-layer depths
are shallow, with a deep pycnocline and nutricline developing in late
spring (Karl and Lukas, 1996). Integrated primary productivity in this
region ranges from 0.13–1.06 g Cm−2 d−1with an annualmean of 0.47 g C
m−2 d−1 and is highest in summer months (Brix et al., 2006; Karl and
Lukas, 1996; Karl et al., 2001).

2.2. Sargasso Sea

Samples were collected in June 2000 from a site located in the
Sargasso Sea (SS) on the Bermuda Rise in the eastern North Atlantic
(31°50'N, 63°30'W, bottom depth 4450 m), near the JGOFS-Bermuda
Table 1
Elemental ratios and lipid classes for UDOM and POM from the Sargasso Sea and North Cen

UDOM POM

SS NCP SS

Depth (m) 3 1500 20 900 3

Sample volume (L) 2498 3066 941 2019 384
a% bulk DOC 15.3 4.89 15.9 10.6 NA
bOC (μg C L−1) 144 36.3 133 56.8 5.71
cN (μg N L−1) 11.8 3.12 10.6 4.90 1.10
dOP (μg P L−1) 1.05 0.478 1.22 0.518 57.9
ePIP (μg P L−1) NA NA NA NA 33.1
fC:N 14 14 15 14 6
fC:P 353 196 280 284 255
fN:P 25 14 19 21 42

(ng L−1)
Fatty acids 15.3 4.2 24.3 14.1 853
Sterols 8.3 0.1 16.6 1.0 164
Alcohols 1.0 0.6 1.5 0.9 10.5
Phytol bd bd 0.3 bd 8.7
gTotal lipid (ng L−1) 24.5 4.9 42.8 16.0 999
Total lipid (ng mg OC−1) 170 136 323 282 1.81×10

NA – not applicable.
bd – below detection.

a UDOM as % of bulk dissolved organic carbon (DOC) based on C recoveries after ultrafilt
b Organic carbon.
c Organic nitrogen (for UDOM) and particulate nitrogen (for POM).
d Organic phosphorus.
e Particulate inorganic phosphorus.
f Molar ratios.
g Total lipid concentrations are the summation of the lipid classes analyzed in this study
Time Series (BATS) station (31°49'N, 64°0'W). The water column of
this oligotrophic region is highly stratified in summermonths (Hansell
and Carlson, 1998), with the main phytoplankton bloom occurring
in spring at the onset of stratification (Michaels et al., 1994). The SS
also has low surface nutrient concentrations and is dominated by
prokaryotic picoplankton and nitrogen-fixing cyanobacteria (Michaels
and Knap, 1996; Steinberg et al., 2001). Primary productivity at BATS
is ~0.2–1.0 g C m−2 d−1, with an annual mean of ~0.4 g C m−2 d−1 (Brix
et al., 2006; Lomas and Bates, 2004; Michaels and Knap, 1996).

2.3. Ultrafiltered DOM

Large volume water samples (~1000–3000 L) were collected using
30-L rosette-mounted Niskin bottles. Samples were initially filtered
through pre-combusted (525 °C for 4 h) 0.7-µm Whatman GF/F glass-
fiber and pre-cleaned (10% HCl, Nanopure water) 0.2-µm MSI
polypropylene or Gelman Criticap filters. Filtered samples were
pumped into an Amicon DC-10L ultrafiltration system equipped with
1-kDa molecular weight cut-off polysulfone spiral wound filter
cartridges. Samples were concentrated to ~1 L and stored frozen in
pre-combusted amber glass bottles at −20 °C. Overall UDOMrecoveries
(as carbon equivalents) ranged from ~5% in deeper oceanic waters to
~15% in surface waters (Table 1). The UDOM collection efficiencies in
the present study are based on carbon recoveries after ultrafiltration,
diafiltration and lyophilization and are consistent with recoveries
in other studies (Aluwihare et al., 2002; Mannino and Harvey, 1999).
In addition, system UDOM blanks were assessed prior to sample
processing and between each sample using high-purity distilled water
processed through the Amicon system. DOC measured in the UDOM
blank water was never higher than the distilled water itself, and con-
centrations were at the limit of detection (1–2 µM) for DOC analyses
using a Shimadzu TOC-5000A analyzer.

Prior to analysis, samples were thawed, diafiltered to remove
salts, and lyophilized. Bulk elemental analyses (ultrafiltered dissolved
organic C, N and P) were performed on aliquots of the lyophilized
UDOM using the same methods as described for POM (Section 2.4).
Overall analytical uncertainties (as standard errors) for the various
tral Pacific

NCP

850 1500 20 900 1800

1935 1460 287 2357 2157
NA NA NA NA NA
0.840 0.853 5.79 1.36 1.79
0.158 0.188 1.30 0.246 0.305
7.56 8.28 157 10.8 5.30
4.93 5.23 124 7.82 2.65
6 5 5 6 7
287 266 95 326 870
46 50 18 50 127

52.6 29.4 1254 20.1 11.1
11.9 10.5 208 9.0 4.2
4.6 11.2 11.4 6.3 2.6
0.2 0.2 13.2 0.1 bd
66.0 53.4 1445 32.9 16.7

5 8.25×104 6.01×104 2.57×105 2.61×104 1.00×104

ration, diafiltration, and lyophilization, measured after combustion to CO2.

.
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analyses (n=20 each) were 7.5 µM, 0.4 µM, and 0.01 µM for ultrafiltered
dissolved organic C, N and P analyses, respectively (Loh and Bauer,
2000; Loh et al., 2004). Approximately 50–90% of the total UDOM (0.7–
1.4 g ofmaterial amounting to ~70–90mgOC) collected for each sample
was preserved for lipid biomarker analysis following elemental and
isotopic analyses (see Loh et al., 2004). Lipids were extracted from the
UDOM and POM sample according to methods outlined in Section 2.5.

2.4. POM collection and bulk analyses

POM samples were collected during this study using in situ particle
pumps (“Yentsch” pumps) as described in Laird et al. (1967) andDruffel
and Williams (1990). Seawater was pumped through pre-combusted
1.0-µm Gelman A/E glass-fiber filters (142 mm diameter) for 2–4 h
from shallow and mesopelagic depths (b900 m), and for 6–8 h from
depths N900 m. Following collection and recovery, filters were folded
and frozen in pre-combusted glass jars at −20 °C until analysis.

Organic C, total N and organic P were measured prior to extraction
for lipid biomarker analyses (Section 2.5). For particulate and ultra-
filtered organic C and particulate N, duplicate 14.6-mm diameter sub-
cores were punched from the glass fiber filters and fumed with con-
centrated HCl in a clean glass desiccator to remove carbonates prior
to analysis using a Fisons model EA-1108 (UNESCO, 1994). Organic
P samples were oxidized using a high-temperature ashing method
(550 °C for 1.5 h) (Aspila et al., 1976; Loh and Bauer, 2000). Overall
analytical standard errors for the entire elemental datasetwere 8.0 µM
for organic C (n=20), 0.8 µM for N (n=18), 0.01 µM for organic P (n=16)
and 0.09 µM for inorganic P (n=19).

2.5. Lipid biomarker analyses

Total lipids were extracted directly from the lyophilized UDOM or
filtered POM samples using a modified Bligh–Dyer extraction with
dichloromethane:methanol (2:1 v/v) and a Dionex Accelerated Solvent
Table 2
Concentrations of selected individual fatty acid compounds and fatty acid class concentratio

UDOM POM

SS NCP SS

Depth (m) 3 1500 20 900 3

(ng L −1)
a12:0 bd bd bd bd 2.36
bbr-13,15,17,19 0.43 0.15 0.86 0.69 10.2
abr-14,16 0.05 bd bd 0.04 bd
cn-13,15,17 0.52 0.26 1.27 1.19 19.9
14:0 1.69 0.13 2.71 0.32 148
16:1ω7 0.60 0.22 4.25 0.87 60.3
16:0 4.77 1.34 5.02 3.32 282
18:2 + 18:3 0.24 bd 0.36 bd 67.6
18:1ω9 1.63 0.98 3.77 2.65 119
18:0 4.45 1.08 3.34 4.24 40.0
20:5ω3 bd bd bd bd 13.3
22:6ω6 bd bd bd bd 2.17
22:6ω3 bd bd 0.07 bd 43.4
22:1 bd bd 0.51 0.16 6.78
dLCFA 0.12 bd bd bd 1.61
cn-FA 11.6 2.8 12.3 9.1 498
eMUFA 2.3 1.2 9.9 4.3 208
fPUFA 0.85 bd 1.2 bd 136
bbrFA 0.48 0.15 0.86 0.73 10.2
Total FA (ng L−1) 15.3 4.2 24.3 14.1 853
Total FA (ng mg OC−1) 106 115 183 248 1.49×105

bd – below detection.
a The nomenclature for fatty acid compounds is X:Y where X is the number of carbon cha
b Branched saturated fatty acids include iso- and anteiso-methyl branched carboxylic aci
c n-fatty acids are all straight-chained, saturated carboxylic acids.
d Long-chained fatty acids (LCFA) include all saturated carboxylic acids with 24 or greate
e Monounsaturated fatty acids.
f Polyunsaturated fatty acids include all carboxylic acids with two or more double bonds
Extraction (ASE) system. A portion of the lipid extract was removed
for stable and radiocarbon analysis (Loh et al., 2004). As a result of some
of the methods used in this study (in particular 1-kDa cut-off
ultrafiltration and base hydrolysis), the FA concentrations reported
include both free FA as well as those associated with other macro-
molecules. Following extraction, a mixed standard consisting of a wax
ester, myristyl arachidate (C14 alcohol, C20 FA), C19 alcohol, C19 FA and
androstanol was added to each sample to estimate the recoveries
in subsequent steps of the sample analysis. A portion of the TLE
from UDOM or POM samples was saponified (or base hydrolyzed) with
1 N KOH (in aqueous methanol) at 110 °C for 2 h. Neutral lipids were
extracted three times into 5ml of fresh hexane, followedbyextraction of
acidic lipids into hexane after adjusting the aqueous phase pH to 2 with
3NHCl (FisherOptimagrade). Neutral and acidic lipidswere refrigerated
overnight over anhydrousNa2SO4 to remove traces ofwater. The neutral
lipids were subsequently separated into constituent classes (alkanes/
aromatics, ketones/aldehydes, alcohols/sterols) using 5% deactivated
silica columns (Canuel and Martens, 1993). The alcohol/sterol fractions
were collected and derivatized to trimethylsilyl (TMS) ethers using bis
(trimethylsilyl)trifluoroacetamide (BSTFA). Acidic lipids were collected
and methylated using BF3-methanol to yield fatty acid methyl esters
(FAME). The lipid fractions analyzed in this study comprised b~15% for
UDOM and b~25% for POM of the total TLE-OC of each pool.

Alcohols and sterols (as TMS ethers) and FAMEwere analyzed by gas
chromatography using on-column injections onto a 30 m×0.32 mm i.d.
DB-5 fused silica capillary column (J&W Scientific) interfaced with a
flame-ionization detector. Individual peak areaswere quantified relative
to internal standards (methyl heneicosanoate for FA and 5α(H)-
cholestane for alcohols/sterols) added just prior to injection. Peaks
were identified based on relative retention times of known standards
and verified using amass selective detector (MSD) interfaced with a gas
chromatograph (Hewlett Packard 6890 Series GC-MSD). Coefficients of
variation for the entire method were ~11% based on extractions and
analyses of replicate (n=3) samples.
ns for UDOM and POM from the Sargasso Sea and North Central Pacific.

NCP

850 1500 20 900 1800

0.20 0.11 2.40 0.03 bd
1.04 0.64 11.3 0.47 0.22
bd bd bd bd bd
1.88 1.51 30.9 1.00 0.73
4.59 1.56 224 0.91 0.41
3.68 1.89 104 1.26 0.41
16.0 7.94 425 5.77 3.63
2.38 0.61 70.7 0.28 0.20
12.6 7.52 147 5.63 1.97
4.06 3.94 55.3 2.30 2.29
1.09 0.57 33.6 0.31 0.31
0.20 0.10 3.73 0.07 0.03
1.44 0.50 87.7 0.30 0.05
0.28 0.24 2.58 0.02 bd
0.07 0.05 2.69 0.05 0.03
27.0 15.2 745 10.2 7.2
18.2 10.5 281 7.5 2.7
6.4 2.9 216 2.0 1.1
1.0 0.83 11.3 0.47 0.22
52.6 29.4 1254 20.1 11.1
6.26×104 3.45×104 2.17×105 1.48×104 6.24×103

in-length and Y is the number of double bonds.
ds.

r carbon chain-lengths.

.
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Factor analysis using principal components (SPSS version 11) was
employed to reduce the complexity of the lipid biomarker dataset along
two factors in order to examine relationships between the different
variables within each sample and to compare the potential sources and
reactivities of UDOM and POM. A subset of FA and sterol biomarker
compounds was selected for their source specificity and to represent
potential sources to be used for this non-parametric analysis. FA
compounds used include odd-numbered iso and anteiso branched FA
(br-13, 15, 17), odd-numbered n-FA (n-13:0, 15:0, 17:0), 14:0, 16:1ω7,
16:0, C18 polyunsaturated FA (18:2+18:3), 18:1ω9, 18:0 and 22:6ω3.
Sterol compounds used include cholesta-5,22E-dien-3β-ol (C27Δ5,22),
cholest-5-en-3β-ol (C27Δ5), 24-methylcholesta-5,24(28)E-dien-3β-ol
(C28Δ

5,24(28)), 24-methylcholesta-5,22E-dien-3β-ol (C28Δ
5,22), 24-
Fig. 1. Organic carbon-normalized concentrations of fatty acids (a, b), sterols (c, d) and alco
samples from 850 m in the SS and 1500 m in the NCP were not analyzed. Note different sca
methylcholest-5-en-3β-ol (C28Δ5), 24-ethylcholesta-5,22E-dien-3β-ol
(C29Δ5,22), 24-ethylcholest-5-en-3β-ol (C29Δ5), 4-methyl sterols and
5α(H)-stanols.

The factor analysis used percentages of individual compounds
relative to total FA or sterols. As the method requires that the
number of dependent variables be less than the number of inde-
pendent variables (Meglen, 1992), FA and sterol data were analyzed
separately. Loadings indicate how strongly each of the variables is
related to the principal components, while scores provide a mea-
sure of how strongly each sample (observation) is related to the
principal components. Loadings close to zero indicate little relation-
ship between the variables and the principal components (Townend,
2002).
hols (e, f) in UDOM and POM from the Sargasso Sea and North Central Pacific. UDOM
les used for POM and UDOM, and for each lipid class (fatty acids, sterols and alcohols).
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3. Results

3.1. Elemental and total lipid compositions of UDOM and POM

Concentrations ofUDOMandPOMdecreasedwith increasingdepth (Table1) at both the
SS and NCP sites. Ultrafiltered dissolved organic C (OC) concentrations were ~20 and 40
times higher than particulate OC in surface vs. deep samples, respectively. Similarly,
ultrafiltered dissolved organic N and P concentrations were elevated over particulate N and
particulate organic P by about an order of a magnitude. Generally, UDOM and POM
concentrations and depth patterns were similar within a factor of two for both study sites,
with concentrations in the NCP being somewhat higher than those in the SS (Table 1). With
the exception of the C:N of POM, elemental ratios for UDOM and POM from both the SS and
NCP (Table1)were significantlyhigher thanexpectedRedfieldormodifiedRedfield ratios for
oligotrophic ocean regions (Anderson and Pondaven, 2003 and references therein).
Elemental ratios observed here were similar to those observed in other studies of open
ocean DOM and POM (Hopkinson and Vallino, 2005; Kolowith et al., 2001; Loh and Bauer,
2000).
Fig. 2. Percent abundances of fatty acid (FA) classes in POM and UDOM from the Sargasso Se
monounsaturated FA, PUFA – polyunsaturated FA, brFA – branched FA.
Total OC-normalized lipids (as TLE) were two to three orders of magnitude higher in
POM (1–26×104 ng lipidmgOC−1) relative to UDOM (136–323 ng lipidmgOC−1) at both
sites (Table 1). In contrast to OC-normalized values, absolute concentrations (ng L−1) of
TLE in POMwere only ~2–40 greater than in UDOM (Table 1),mostly reflecting themuch
lower amounts of POM. Particulate TLE concentrations were highest in surface waters
and decreased three- to ten-fold with depth at both sites. Dissolved TLE also decreased
with depth, but by no more than ~20% of surface concentrations (Table 1). In addition,
surface TLE were ~90% and ~45% higher for UDOM and POM, respectively, in the NCP
compared to the SS.

3.2. Fatty acid distributions

Total FA showed similar qualitative patterns to TLE, with concentrations in POM
significantly higher than those in UDOM (Table 2; Fig. 1a and b). Of the lipid classes
analyzed, FA comprised ~62–88% in UDOM and ~57–84% in POM. Total FA associated
with POM decreased from surface to deep waters (Fig. 1a) as did absolute
concentrations in UDOM, while OC-normalized FA concentrations in UDOM were
a (a–c) and the North Central Pacific (d–f). n-FA – straight-chain saturated FA, MUFA –
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similar vs. depth (Fig. 1b). Similar to TLE, surface FA for both UDOM and POM were
greater in the NCP than in the SS (Fig. 1a and b).

Concentrations of selected FA are shown in Table 2. Even-numbered short-chain n-
FA (14:0, 16:0 and 18:0) predominated over odd-numbered n-FA (13:0, 15:0 and 17:0) in
both POM and UDOM samples (Table 2). Long-chain FA (≥C24) were found in all POM
samples, but only in the 3 m SS UDOM sample. The most commonly occurring MUFA
were 18:1ω9 and 16:1ω7, with minor contributions from 22:1 (Table 2).

FA were dominated by short-chain saturated compounds (n-FA), which comprised
~51–76% of the total FA in UDOM and ~51–65% in POM (Fig. 2a–f). Monounsaturated FA
(MUFA)made up ~15–41% of the total FA associatedwith UDOMand ~22–37% of the total
FA in POM, while the remainder was comprised of polyunsaturated FA (PUFA; ~0–6% in
UDOMand~10–17% inPOM) and iso- andanteiso-branchedFA (brFA;~3–5% inUDOMand
~1–3% inPOM). Percent abundancesofMUFA increasedwithdepth inbothOMpools in the
SS (Fig. 2a–c) but were more variable in the NCP (Fig. 2d–f). There were no major depth
differences in the relative abundances of n-FA for either POM or UDOM (Fig. 2a–f).
However, in three of the four cases where n-FA were measured in both UDOM and POM,
relative abundances in UDOM exceeded those in POM (Fig. 2a, c and e).

In surfacewaters, PUFA associatedwith POMmade up ~17% of total FA (Fig. 2a and d),
decreasing to ~9% in both the deep SS and NCP (Fig. 2c and f, respectively). In contrast,
surface ocean UDOMwas comprised of only ~5% PUFA (Fig. 2a and d), decreasing to non-
detectable levels belowthemixed layer (Fig. 2c ande). Themost commonlyoccurringPUFA
in POM were 18:2 and 18:3. Some 22:6ω3 and smaller amounts of 20:5ω3 and 22:6ω6
were also detected (Table 2). The only PUFA compounds found in UDOM were 18:2 and
18:3 followed by 22:6ω3 (NCP only). In contrast to other FA, the percent abundances of
brFAwere nominally greater in UDOM (3.9±0.9%) compared to POM (1.9±0.7%; Fig. 2a–f).
Percent abundances of brFA remained low and essentially unchanged with depth in the
POM and UDOM from both sites (Fig. 2a–f).While odd-numbered brFA (br-13,15,17)were
found in all samples, even-numbered brFA (br-14,16)were detected only in trace amounts
in the SS 3 m and NCP 900 m UDOM samples (Table 2).

3.3. Neutral lipid distributions

Sterols comprised the majority of the neutral lipids analyzed in all UDOM and POM
samples. Total OC-normalized sterol concentrations in UDOM and POM (Fig. 1c and d)
generally tracked those of TLE (Table 1) and total FA (Fig. 1a and b) at both sites. The
highest concentrations of total sterols were observed in NCP surface samples, and
decreased with depth in both the SS and NCP (Fig. 1c and d).

Concentrations of selected sterol compounds detected in this studyare listed inTable 3.
Sterol distributions in both UDOMand POM samples (Table 3) were dominated by cholest-
5-en-3β-ol (C27Δ5), 24-methylcholesta-5,24(28)E-dien-3β-ol (C28Δ5,24(28)) and 24-ethyl-
cholest-5-en-3β-ol (C29Δ5), with varying contributions from cholesta-5,22E-dien-3β-ol
(C27Δ5,22), 24-methylcholesta-5,22E-dien-3β-ol (C28Δ5,22) and 24-ethylcholesta-5,22E-
dien-3β-ol (C29Δ5,22). Trace amounts of 24-methylcholest-5-en-3β-ol (C28Δ5), and
4α,23,24-trimethylcholest-22-en-3β-ol (C30Δ22) were also noted. In addition, low
concentrations of 5α(H)-stanols (5α(H)-cholestan-3β-ol, 24-methyl-5α(H)-cholestan-
3β-ol and 24-ethyl-5α(H)-cholestan-3β-ol) and 4-methyl stanols (4α,23S,24R-trimethyl-
5α(H)-cholestan-3β-ol and 4α,23R,24R-trimethyl-5α(H)-cholestan-3β-ol) were detected
(Table 3). Together, these biomarkers accounted for 78–100%of the total sterols identified in
UDOM and POM samples.
Table 3
Concentrations of selected individual sterols and sterol concentrations for UDOM and POM

UDOM POM

SS NCP SS

Depth (m) 3 1500 20 900 3

(ng L −1)
aC27Δ

5,22 0.62 bd 1.32 0.14 14.0
C27Δ

5 1.13 0.04 1.44 0.08 16.7
C28Δ

5,22 2.06 0.01 4.48 0.16 29.4
C28Δ

5,24(28) 0.38 0.02 4.55 0.47 7.68
C28Δ

5 bd bd bd bd 1.55
C29Δ

5,22 1.03 0.01 0.95 bd 9.72
C29Δ

5 2.56 0.06 2.42 0.15 19.0
b4-methyl sterols bd bd 0.57 bd 23.8
c5α(H)-stanols 0.16 bd 0.16 bd 5.36
dGroup 1 Sterols 1.13 0.04 1.44 0.08 16.7
Group 2 Sterols 3.07 0.03 10.3 0.77 51.1
Group 3 Sterols 3.59 0.07 3.37 0.15 30.3
Group 4 Sterols bd bd 0.57 bd 23.8
Group 5 Sterols 0.16 bd 0.16 bd 5.36
Total Sterols (ng L−1) 8.3 0.14 16.6 1.0 164
Total Sterols (ng mg OC−1) 57.4 3.8 125 17.7 2.87×10

bd – below detection.
a The nomenclature is CxΔ

y where x is the total number of carbon atoms and y the positi
b 4-methyl sterols include 4α,23,24-trimethylcholest-22-en-3β-ol, 4α,23S,24R-trimethyl
c 5α(H)-stanols include 5α(H)-cholestan-3β-ol, and 24-ethyl-5α(H)-cholestan-3β-ol.
d See text and Fig. 3 caption for individual sterols in different groups.
Sterols were grouped into five functional categories based on their probable sources
(Table 3; Fig. 3a–f). Percent abundances of Group 1 (C27Δ5, the dominant sterol in
crustaceans including zooplankton but also present in some algae at lower abundances)
increasedwith depth and represented ~8–31% of total sterols analyzed inUDOMand ~11–
25% in POM (Fig. 3a–f). Group 2 sterols (C27Δ5,22, C28Δ5,22 and C28Δ5,24(28), primarily from
diatoms) in UDOMcomprised ~20–77% of the total sterols analyzed compared to ~26–37%
in POM (Fig. 3a–f). With the exception of NCP UDOM, percent abundances of Group 2
sterols decreasedwith depth in both the SS (Fig. 3a–c) and NCP (Fig. 3d–f). Group 3 sterols
(C28Δ5, C29Δ5,22 andC29Δ5, the dominant sterols invascular plants but also present in some
algae)madeup ~15–50% of UDOMtotal sterols analyzed and ~20–33% of POM total sterols
(Fig. 3a–f). For UDOM, Group 4 sterols (4-methyl sterols from dinoflagellates) were
detected only in the NCP surface sample (Fig. 3d), while these sterols made-up ~4–11% of
total sterols in POM (Fig. 3a–f). Group 5 sterols (5α(H)-stanols from dinoflagellates and
resulting from bacterial transformation of stenols; ~1–2% in UDOM and ~3–6% in POM)
made up the remaining total sterols and showed no relationship with depth (Fig. 3a–f). In
addition, these compounds were detected in UDOM only in surface waters at SS and NCP
(Fig. 3a and d).

In contrast to sterols, total OC-normalized alcohol concentrations increased slightly
with depth at both sites in both UDOM and POM (Fig. 1e and f), with short-chain
alcohols (C12–C20) dominating over long-chain (NC20; data not shown). However, total
OC-normalized alcohols, as well as both long- and short-chain alcohols, in the POMpool
decreased between 900 m and 1800 m in the NCP (Fig. 1e). Phytol was detected only in
the NCP surface UDOM sample (Table 1) and comprised ~0.2–1% of the POM TLE at both
sites.

3.4. Factor analysis

Factor analysis was used to reduce the complexity of the dataset. The FA and sterol
portions of the dataset were predominantly described by two factors, explaining ~80%
and 70%, respectively, of the variance. Overall, the factor analysis suggests that major
compositional differences occurred between the POM and UDOM pools, and as a
function of depth.

Factor 1 accounted for 60% of the variability in the FA composition, with the most
positive loadings for C18 PUFA (18:2+18:3), 22:6ω3 and 14:0, and somewhat lower
positive loadings for 16:0 (Fig. 4a). In contrast, Factor 1 had the most negative loadings
for odd-numbered n-FA (n-13, 15, 17), odd-numbered brFA (br-13, 15, 17) and 18:0.
Surface POM samples had the highest scores for Factor 1 while the NCP 900 m and SS
1500 m UDOM samples had the lowest scores (Fig. 4b). Factor 2 accounted for an
additional 20% of the variability, and had the most positive loading for 16:1ω7, and the
most negative loading for 16:0 (Fig. 4a). The NCP 20 m UDOM sample had the most
positive score in Factor 2, with the NCP 1800 m POM sample scoring the most negative
(Fig. 4b).

For the sterol data, Factor 1 accounted for 38% of the variability among the samples
with themost positive loadings for C28Δ5 and 5α(H)-stanols, followed by C27Δ5,22, and the
most negative loadingwas for C29Δ5 (Fig. 5a). POMsamples fromSS1500mandNCP900m
had the highest scores on Factor 1 while the SS UDOM samples had the lowest (Fig. 5b).
Factor 2 accounted for an additional 32.5% of the variationwithin the sterol data, and had
the most positive loading for C27Δ5, with slightly lower positive loadings for C29Δ5 and
C29Δ5, 22. C28Δ5,24(28) andC28Δ5,22 hadnegative loadingson Factor2 (Fig. 5a). The SS1500m
from the Sargasso Sea and North Central Pacific

NCP

850 1500 20 900 1800

1.42 1.30 22.6 0.86 0.42
2.46 1.89 26.2 1.53 0.69
1.10 0.66 38.2 0.78 0.34
0.46 0.51 12.2 0.49 0.22
0.29 0.21 2.68 0.29 0.09
0.53 0.44 9.66 0.44 0.19
1.38 1.39 26.7 1.06 0.77
0.40 0.32 22.1 0.74 0.13
0.61 0.49 6.77 0.24 0.08
2.46 1.89 26.2 1.53 0.69
2.97 2.47 72.9 2.13 0.99
2.20 2.04 39.1 1.78 1.05
0.40 0.32 22.1 0.74 0.13
0.61 0.49 6.77 0.24 0.08
11.9 10.5 208 9.0 4.2

4 1.42×104 1.23×104 3.59×104 6.60×103 2.35×103

ons of the double bonds. See text for common names used.
-5α(H)-cholestan-3β-ol and 4α,23R,24R-trimethyl-5α(H)-cholestan-3β-ol.



Fig. 3. Percent abundances of sterols in POM and UDOM from the Sargasso Sea (a–c) and the North Central Pacific (d–f). Group 1: cholest-5-en-3β-ol (C27Δ
5); Group 2: 24-cholesta-

5,22E-dien-3β-ol (C27Δ
5,22), 24-methylcholesta-5,22E-dien-3β-ol (C28Δ

5,22) and 24-methylcholesta-5,24(28)E-dien-3β-ol (C28Δ5,24(28)); Group 3: 24-methylcholest-5-en-3β-ol
(C28Δ

5), 24-ethylcholesta-5,22E-dien-3β-ol (C29Δ
5,22) and 24-ethylcholest-5-en-3β-ol (C29Δ

5); Group 4: 4α,23,24-trimethylcholest-22-en-3β-ol, 4α,23S,24R-trimethyl-5α(H)-
cholestan-3β-ol, and 4α,23R,24R-trimethyl-5α(H)-cholestan-3β-ol; Group 5: 5α(H)-cholestan-3β-ol and 24-ethyl-5α(H)-cholestan-3β-ol. UDOM samples from 850m in the SS and
1500 m in the NCP were not analyzed.
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UDOM sample had the most positive score on Factor 2, while the NCP 20 m and 900 m
UDOM samples had the most negative scores (Fig. 5b).

4. Discussion

4.1. Sources of oceanic UDOM and POM

4.1.1. General lipid distributions
Significant variability in the absolute concentrations, OC-normalized

and percent abundances of lipid classes and individual biomarker
compounds was observed at SS and NCP, most notably as a function of
depth and between the UDOM and POM pools, where order-of-
magnitude or greater differences were common (Tables 1–3; Figs. 1–3).
In contrast, basin-scale (i.e., SS vs. NCP) differences in total lipids, lipid
classes, and individual lipid biomarker abundances were generallymuch
smaller (i.e., usually within a factor of ten) for a given pool (i.e., UDOM or
POM; Figs. 1–3). This is further supported by the factor analysis that
showed lower variability in each component between the two major
ocean basins (i.e., SS and NCP; Figs. 4b and 5b). Nonetheless, concentra-
tions of total lipid, FA and sterols in both UDOM and POM (and alcohols
in UDOM only) were generally greater in NCP than SS surface waters
(Tables 1 and2; Fig.1a–f). Particulate FA and sterols decreasedwithdepth
muchmore rapidly in theNCP, leading togreatermesopelagic andabyssal
depletions there than in the SS (Table 1; Fig. 1a and c). However, while
there are differences in total lipid and lipid compound concentrations
between the sites, the relative compositions appear to be quite similar.



Fig. 4. Factor analysis loadings (a) and score plots (b) for Factors 1 and 2 using fatty acid percent abundances in UDOM and POM from the Sargasso Sea (SS) and North Central Pacific
(NCP). Samples with “D” and “P” at the end of sample labels (panel b) indicate UDOM and POM samples, respectively. Factor 1 accounted for 60% of the variability in the dataset while
Factor 2 accounted for 20% of the variability.
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4.1.2. Fatty acids and sterols
The presence and distribution of FA and sterols in all samples

(Tables 1 and 2; Fig. 1a–d), and of PUFA in all POM samples at both
sites (Fig. 2a–f) and in surface UDOM samples (Fig. 2a and d), is
consistent with autochthonous material derived from recent plankton
production dominating OM throughout both major ocean basins
(Wakeham and Canuel, 1988; Wakeham et al., 1997b). Although C29Δ5

also has potential terrigenous vascular plant sources (Volkman, 1986;
Volkman et al., 1998), stable carbon isotope signatures of bulk organic
carbon (δ13C=~ −21 to −18 permil; Druffel et al., 2003; Loh et al., 2004)
and the ubiquity of other algal biomarkers (Table 3) argue against
significant terrigenous contributions in NCP and SS waters. In addition
to “fresh” algal biomarkers such as PUFA, other compounds such as
even-numbered, short-chain n-FA (14:0, 16:0 and 18:0) and MUFA
such as 16:1ω7 and 22:1 (Table 2) found in this study have also been
previously attributed to phytoplankton and zooplankton sources
(Canuel, 2001; Volkman et al., 1998; Wakeham, 1995).

Diatom sterols (Group 2) and algal/plant sterols (Group 3) were
generally followed in abundance by zooplankton sterols (C27Δ5; Group 1)
in bothUDOMandPOM(Table 3; Fig. 3a–f), indicating contributions from
detritus, small fecal pellets, or both (Wakeham and Canuel, 1986; Wake-
ham,1995). In all cases, zooplankton sterolswere higher in SS UDOMand
POM than at the corresponding depths in the NCP, suggesting greater
impacts by grazers in the SS. Dinoflagellate sterols (Group 4) were found
in the lowest abundances of all (Fig. 3a–f), and were not detected in
UDOM from any of the two deep samples at either the SS or NCP.
Assuming that a) lipids associated with UDOM and POM are derived
ultimately from production in the surface ocean, and b) the measured
radiocarbon ages of lipid extracts of UDOM (103–105 yrs B.P.; Loh et al.,
2004) and POM (i.e., essentially modern, or b ~50 yrs B.P.; Hwang and
Druffel, 2003) are related in someway to the ages and reactivities of lipid
fractions and individual biomarkers, biomarker abundances must reflect
a combination of 1) greater relative inputs to the generally younger and
“fresher” POMpool, vs. fresh UDOM inputs being diluted by a large,more
highly aged, and presumably more refractory, background pool, and 2)
much greater aging and residence times of UDOM lipids compared to
POM lipids in the ocean, as opposed to a greater intrinsic reactivity of
dissolved vs. particulate lipid compounds.



Fig. 5. Factor analysis loadings (a) and score plots (b) for Factors 1 and 2 using sterol percent abundances in UDOM and POM from the Sargasso Sea (SS) and North Central Pacific
(NCP). Samples with “D” and “P” at the end of sample labels (panel b) indicate UDOM and POM samples, respectively. Factor 1 accounted for 38% of the variability in the dataset while
Factor 2 accounted for 32.5% of the variability.
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4.2. Depth-dependent changes in UDOM and POM lipid biomarkers

Not unexpectedly, lipid classes and individual biomarker distribu-
tions exhibited pronounced changes with depth (Tables 1–3; Fig. 1).
In surface waters, where fresh planktonic material is the starting
source, total FA, sterols and dissolved alcohols were elevated at NCP
compared to SS, possibly reflecting higher levels of primary produc-
tion and associated enrichments in algal OM in surface waters at NCP
during the study period. At mesopelagic (850–900 m) and abyssal
depths (1500–1800 m), FA (in POM only) and sterol abundances
(in POM and UDOM) decreased more rapidly in the NCP compared to
the SS (Fig. 1a and c). Attenuation of lipid compounds with depth
is consistent with a general loss and recycling of POM and UDOM,
however, the OC-normalized decreases with depth also indicate a
preferential loss of lipid components compared to the remaining OM
(Table 1; Fig. 1a–f).

Decreases in absolute concentrations of UDOM total lipids, total
FA, and total sterols with depth (Table 1) correspond with greater 14C
ages of UDOM total lipid extracts (~16–17 kyr B.P. in the deep NCP;
~11–14 kyr B.P. in the deep SS; Loh et al., 2004). Other potential
mechanisms for the overall lower and presumably more highly aged
lipids in the UDOM fraction, and in the deep NCP vs. SS (besides, or
in addition to, in situ aging), include lateral advection from margins
of older lipid components (possibly including fossil petrogenic con-
tributions), or selective incorporation of older lipophilic material into
UDOM vs. POM by biological or sorption processes (Wang et al., 1996,
2001). Alternatively, the compounds we analyzed for this study may
represent a small, but relatively “young” component of UDOM while
most of the UDOM is comprised of a larger, uncharacterizable and
highly reworked component that is “old” as supported by its average
radiocarbon age.

Total OC-normalized FA in UDOM showed unique distributions
from other lipid classes, remaining constant (SS) or increasing slightly
(NCP) with depth (Fig. 1b). The lack of a decrease in total OC-
normalized UDOM FA indicates little change in FA relative to other
UDOM components, and that FA may be good representative tracers
of DOM(at least the ultrafiltered fraction) in oceanicwaters. In contrast
to the other lipid classes, OC-normalized alcohol abundances increased
with depth in UDOM and POM (Fig. 1e and f; note scale differences
vs. FA and sterols, Fig. 1a–d), indicating relative accumulations (either



198 A.N. Loh et al. / Marine Chemistry 112 (2008) 189–202
through lower utilization or greater inputs) of alcohols compared to
other UDOM components throughout the water column.

Factor analysis resolved surface water POM samples from deeper
POM samples in both the NCP and SS (Figs. 4b and 5b). For FA, these
compositional differences reflect greater contributions from phyto-
plankton and zooplankton sources (e.g., 14:0 and C18 and C22 PUFA)
in surface POM (Fig. 4a). Similarly, differences in POM sterols appear
to be driven by C27Δ5,22, one of the dominant sterols in diatoms
(Volkman, 2003; Volkman et al., 1998), comprising ~20% of the sterols
in surface POM samples at both sites. Along Factor 2, surface UDOM
from the NCP was resolved from the other samples, reflecting higher
concentrations of 16:1ω7 (Table 2; Fig. 4a and b), which derives from
multiple marine sources including phytoplankton, zooplankton and
bacteria but is not as reactive as PUFA (Canuel and Martens, 1996).
Factor analysis did not reveal similar relative depth-related changes
in the FA of UDOM at SS (Fig. 4b) or sterol composition at either SS or
NCP (Fig. 5b).

4.2.1. Relative changes in specific lipid biomarker compounds in surface
vs. deep ocean

To better illustrate depth-dependent differences in specific lipid
biomarkers in the UDOM and POM pools, compounds from each site
were normalized to the highest water column concentration for that
compound in either POM or UDOM (Figs. 6 and 7). At both sites, FA
compounds associated with POM decreased with increasing depth
(Figs. 6a–c and 7a–c), confirming the reactivity and diagenetic
alteration of this pool of lipids. Similar to total FA (Fig. 1a), the depth
attenuation of individual FA in POM was also greater at NCP than at
SS (Figs. 6a–c and 7a–c). Consistent with previous studies, PUFA
and other FA from plankton (e.g., 16:1ω7, 14:0) showed the greatest
losses with depth (Wakeham, 1995; Wakeham et al., 1997b). FA com-
pounds in POM reflecting contributions from heterotrophic organisms
(e.g., 18:1ω9 and odd-numbered brFA) were generally higher at
mesopelagic depths (Figs. 6b and 7b), reflecting heterotrophic pro-
cessing of organic matter during transport from surface waters.

Although OC-normalized UDOM FA increased slightly with depth
(Fig. 1b), total UDOM PUFA were undetectable outside of the surface
ocean (Table 2; Fig. 2), and all but one of the specific PUFAwere absent
from UDOM samples (Figs. 6d and e and 7d and e). Because of the
reactive nature of PUFA, this observation suggests UDOM has been
reworked to a far greater extent than POM and is consistent with the
great ages of UDOM and UDOM total lipids (Loh et al., 2004). It is
unlikely that the absence of PUFA in deep waters can be attributed
exclusively to solubility or physical factors, as one would expect the
solubility of PUFA to be higher than for more saturated compounds
such a n-FA and MUFA (Krop et al., 1997) which are present in all
samples (Table 2). Physical mechanisms are also more likely to
influence differences between UDOM and POM rather than depth-
related differences in the composition of these phases.

Attenuation of individual POM sterols with depth was generally
not as pronounced as for individual FA, especially in the mesopelagic
(Figs. 6a–c and 7a–c). Diatom and algal sterols were highest in surface
POM, reflecting contributions from surface biomass production.
Relative abundances of C27Δ5 were high in POM from surface and
mesopelagic depths, indicating increased contributions from zoo-
plankton sources, i.e., from fecal pellets or from the animals them-
selves. Previous studies of sinking and suspended POMhave also found
zooplankton to be an important source of OM at meso- and bathy-
pelagic depths (Buesseler et al., 2007; Goutx et al., 2007; Wakeham,
1995; Wakeham and Canuel, 1988; Wakeham et al., 1997a).

Sterols associated with UDOM also reflect the dominance of auto-
chthonous surface plankton sources (Figs. 6d–e and 7d–e). However,
unlike POM, plankton sterols were relatively minor components
of UDOM in samples collected from mesopelagic and abyssal depths.
In the 900 m sample from NCP, UDOM diatom sterols (Fig. 7e) may
reflect dissolution of fecal pellets or marine snow aggregates in the
mesopelagic (Buesseler et al., 2007; Schnetzer and Steinberg 2002;
Wakeham and Canuel, 1988).

Phytol, an isoprenoid alcohol degradation product of chlorophyll,
was present in all POM samples with the exception of 1800 m NCP
(Figs. 6a–c and 7a–c), but in UDOM it was only found in NCP surface
waters, and then only in lowconcentrations (Fig. 7d).While phytolmay
also be released by the alkaline hydrolysis (saponification) procedure
(Wakeham et al., 2002), all NCP and SS samples were saponified and
are hence comparable to one another. Phytol's dominance in surface
waters and its rapid loss with depth is consistent with its association
with labile phytoplankton-derived OM. In POM, phytol is produced
during phytoplankton senescence and zooplankton grazing, while in
UDOM it likely results fromphytoplankton exudates and sloppy feeding
(Louda et al.,1998, 2002). Previous studies observed phytol enrichment
in mixed-layer, but not mesopelagic, sinking POM, and in sedimentary
OM probably due to mineral ballasting (Wakeham et al., 1997b;
Armstrong et al., 2002; Passow and De La Rocha, 2006). Low phytol
in UDOM from the SS and NCP is consistent with previous studies
suggesting that chlorophyll-containing OM is only a minor source of
seawater UDOM (Wakeham et al., 2003) or that phytol is rapidly
degraded or transformed within surface waters (Bianchi et al., 1995).

In contrast with OC-normalized concentrations, the absolute and
relative concentrations of short- (C14–C20) and long- (C22–C28) chain
alcohols associated with POM increased with depth at SS (Table 1;
Fig. 6a–c), suggesting either water column scavenging or a deep
source at this site. However, alcohols in POM from NCP (Table 1;
Fig. 7a–c) and in UDOM from both sites (Table 1; Figs. 6d and e and 7d
and e) decreased with depth, indicating general losses from degrada-
tion. While the two groups of alcohols also appear to co-vary, short-
chain alcohols are generally attributed to algal sources while long-
chain alcohols are produced from vascular plant waxes (Treignier
et al., 2006 and references therein) and probably delivered by aeolian
transport to ocean waters (Alves et al., 2007; Conte and Weber, 2002;
Gogou et al., 1996).

4.3. UDOM and POM lipid biomarker compositional differences

4.3.1. General lipid class differences in UDOM and POM
The other main source of variability in this study besides depth

was between the UDOM and POM pools. Particulate organic C, N and P
concentrations, elemental ratios, total extractable lipids (Table 1), and
lipid biomarker distributions (Tables 2 and 3) were similar to those
found previously in other open ocean regions (Wakeham, 1995;
Wakeham and Canuel, 1988; Loh and Bauer, 2000; Loh et al., 2004).
However, to our knowledge no previous studies have examined lipid
biomarker compositions of UDOM and POM concurrently in the
central oligotrophic ocean gyres.

For all paired samples of UDOM and POM collected from the same
depths in the SS and NCP, OC-normalized concentrations of lipids
(Table 1), lipid classes (Tables 2 and 3) and individual lipid biomarker
compounds (data not shown) were ~2–4 orders of magnitude greater
in POM. We interpret both the absolute and OC-normalized distri-
butions of total lipids, FA, and sterols to be a reflection of 1) greater
amounts of characterizable OM in POM vs. UDOM (and total DOM)
in seawater, coupled with 2) greater relative contributions of total
lipids and lipid classes to POM vs. UDOM. The greatest UDOM-POM
lipid differences were generally observed in surface waters at each
site, while similarities in the two pools at depth were driven by more
precipitous depth-dependent changes in POM composition (often 1–2
orders of magnitude) compared to UDOM (typically less than an order
of magnitude; Tables 1–3; Fig. 1 a–f).

Greater OC-normalized concentrations of lipid components in
POM compared to UDOM (Tables 1–3; Fig. 1) may arise from pre-
ferential association of lipids with structural components of organ-
isms, as well as from their general hydrophobic nature. Conversely,
UDOM may contain smaller amounts of lipids as a result of its



Fig. 6. Relative abundances of fatty acid (FA), sterol and alcohol compounds in POM (a–c) and UDOM (d, e) from the Sargasso Sea. Concentrations of compounds have been normalized
to the highest concentration (in ng/L) for that compound in the SS for each pool (e.g. maximum concentrations for compounds 1–15 were measured in 3 m POM, while maximum
concentrations for compounds 16 and 17 were measured in 1500 m POM). Compound identities are as follows: 1 – 20:5ω3 polyunsaturated FA; 2 – 22:6ω3 polyunsaturated FA;
3 – 16:1ω7; 4 – oleic acid (18:1ω9); 5 – C14 straight-chain FA (14:0); 6 – C16 straight-chain FA (16:0); 7 – ΣC24+C26+C28+C30 FA; 8 – odd-numbered branched FA (C13, C15, C17, C19);
9 – cholest-5-en-3β-ol (C27Δ

5); 10 – 24-methylcholesta-5,24(28)E-dien-3β-ol (C28Δ
5,24(28)); 11 – 24-methylcholesta-5,22E-dien-3β-ol (C28Δ

5,22); 12 – 24-ethylcholest-5-en-3β-ol
(C29Δ

5); 13 –Group 4 sterols (4-methyl sterols; see Fig. 3 caption); 14 –Group 5 sterols (5α(H) stanols; see Fig. 3 caption); 15 – phytol; 16 – long-chain alcohols (C22–C28 chain lengths);
17 – short-chain alcohols (C14–C20 chain lengths).
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a) potentially greater susceptibility to microbial and photochemical
alteration and degradation in surface waters than POM (Benner, 2002;
Carlson, 2002; Kirchman et al., 1991; Mopper et al., 1992), b) dilution
by a much larger and more highly recycled background pool (Cherrier
et al., 1999; Hansell and Carlson, 2001) than POM, and c) significantly
greater ages and residence times than POM (Hwang and Druffel,
2003; Loh et al., 2004), leading to greater cumulative degradation of
constituent biochemical classes than POM.

Several aspects of the lipid distributions suggest that oceanic
POM may be more reactive than UDOM. C:N ratios of POM were
all near-Redfield, while higher ratios for UDOM (24–15) were indi-
cative of N-depleted, presumably less reactive material (Table 1).
This is further supported by the presence of biologically reactive
PUFA (Shaw and Johns, 1985; Canuel and Martens, 1996) in all
POM samples, in contrast to their detection in surface UDOM only
(Table 2; Fig. 2a–f). The lower percent abundances of brFA (Fig. 2a–f)
in POM also suggest smaller contributions from bacterial biomass,
consistent with less POM recycling compared with UDOM, as ob-
served in other studies (Wakeham et al., 2003). That different groups
of bacteria may contribute to the UDOM and POM pools is further
supported by the presence of both odd- and even-numbered brFA
in UDOM, but only odd-numbered brFA (br-13, 15, 17) in POM



Fig. 7. Relative abundances of fatty acid, sterol and alcohol compounds in POM (a–c) and UDOM (d, e) from the North Central Pacific. Concentrations of compounds have
been normalized to the highest concentration (ng/L) for that compound in the NCP for each pool (e.g., maximum concentrations for compounds 1–17 were measured in 20 m POM).
See Fig. 6 caption for compound identities.
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samples (Table 2) (Kaneda, 1991). The previous natural 14C mea-
surements of the TLE of POM and UDOM from the NCP and SS are
not unequivocal due the operationally defined nature of the bulk
lipid extract, yet the modern or near-modern ages of POM TLE
(Hwang and Druffel, 2003) and highly aged UDOM TLE (ranging from
6400 yrs B.P. in surface waters to 17,100 yrs B.P. at 1800 m depth;
Loh et al., 2004) suggest that the sources, aging and turnover of
lipid classes and individual biomarkers are fundamentally different
in the dissolved vs. particulate pools.

While the trends observed in the lipid compounds characterized
in this study are consistent with the UDOM fraction reflecting an
“older”, more reworked pool than POM, it is important to recognize
they comprised a relatively small fraction of the total lipid (b15% for
UDOM and b25% for POM). Thus, it is possible that these compounds
are representative of a small and relatively “young” portion of the total
carbon, rather than the “older” signatures suggested by the average
radiocarbon ages of total carbon and the lipid fraction. This question
cannot be resolved at present, however, follow-up studies of the
radiocarbon ages of lipid classes in paired POM and UDOM samples
may help to address this. Despite these caveats, the biomarker data
are consistent with previous studies indicating POM is more reactive
than UDOM, and that a reactivity continuum exists from surface
POM samples to deep UDOM samples in both the NCP and SS (Amon
and Benner, 1994; Loh et al., 2004). While the conclusions regarding
reactivity and source are limited to the compounds we analyzed,
the factor analysis results are also consistent with the reactivity con-
tinuum. In the factor analysis for the FA dataset, surface POM samples
have the highest scores for Factor 1while theNCP900mand SS 1500m
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UDOM samples have the lowest scores (Fig. 4b). This coincides with
themost positive loadings for C18 PUFA (18:2+18:3) and 22:6ω3 (most
reactive compounds) and the most negative loadings for odd-
numbered n-FA (n-13,15,17) and odd-numbered brFA (br-13,15,17,
compounds indicative of bacterial contributions; Fig. 4a). Additionally,
deep SS POM (850 and 1500 m) and NCP 900 m POM sterol samples
scored the highest for Factor 1, while the SS UDOM samples had
the lowest scores (Fig. 5b), indicating unique contributions of sterols to
the UDOM and POM pools.

5. Conclusions

Lipid biomarker analysis of UDOM and suspended POM in the
Sargasso Sea and North Central Pacific have revealed a number of
important features about the potential sources and diagenetic states of
these two dominant pools of OM in the open ocean. Depth-related
attenuation of three classes of lipids and individual compounds was
greater for POM than UDOM. Additionally, labile FA such as PUFA
were present at much greater relative abundances in POM than UDOM.
These observations are consistent with previous findings in the SS
and NCP that show the POM pool is near-Redfield and modern in age,
while the DOM pool appears to be highly recycled on the basis of
its enriched C:N and millennial ages. Distributions of FA and indi-
vidual biomarker compounds confirm the dominance of autochthonous
microalgal andplanktonic sources tobothUDOMandPOM.However, the
present findings, coupled with complementary data from separate
studies that the operationally defined TLE fraction of UDOM has the
greatest 14C ages of any seawaterOMcomponent yetmeasured , raise the
possibility that components of dissolved seawater lipids age over
numerous ocean turnover times (~1500 years between the deep North
Atlantic and North Pacific; Stuiver et al., 1983; Loh et al., 2004) or have
contributions fromancient sources, andmaybe temporally disconnected
from the contemporary autochthonous surface ocean sources dominant
in theparticulate pool. Further resolutionof thesedifferentobservational
datasets may be possible by more detailed 14C measurements of
individual lipid classes (e.g., FA, sterols, etc.) or biomarker compounds.
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