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Abstract

Ladderane fatty acids have been used to trace bacteria involved in anaerobic ammo-
nium oxidation (anammox). These lipids have been experimentally shown to undergo
aerobic microbial degradation to form short chain ladderane fatty acids. However, noth-
ing is known of the production or the distribution of these oxic biodegradation products
in the natural environment. In this study, we analysed marine water column particulate
matter and sediment from three different oceanic regimes for the presence of ladderane
oxidation products (C, ladderane fatty acids) and of the original ladderane fatty acids
(C4g and C,q ladderane fatty acids). We found that short chain ladderane fatty acids are
already produced within the water column of the Arabian Sea oxygen minimum zone
(OMZ) and thus only low amounts of oxygen (<3 uM) are needed for the B-oxidation
of original ladderane fatty acids to proceed. However, no short chain ladderane fatty
acids were detected in the Cariaco Basin water column, where oxygen concentrations
were below detection limit, suggesting that the G-oxidation pathway is inhibited by the
absence of molecular oxygen. Comparison of distributions of ladderane fatty acids in-
dicates that short chain ladderane fatty acids are mostly produced in the water column
and at the sediment surface, before being preserved deeper in the sediments. Short
chain ladderane fatty acids were abundant in Arabian Sea and Peru Margin sediments
(ODP Leg 201), often in higher concentrations than the original ladderane fatty acids. In
a sediment core taken from within the Arabian Sea OMZ, short chain ladderanes made
up more than 90 % of the total ladderanes at depths greater than 5 cm below sea floor.
We also found short chain ladderanes in higher concentrations in hydrolysed sediment
residues compared to those freely occurring in lipid extracts, suggesting that they had
become bound to the sediment matrix. Furthermore, these matrix-bound short chain
ladderanes were found at greater sediment depths than short chain ladderanes in the
lipid extract, suggesting that binding to the sediment matrix aids the preservation of
these lipids. Though sedimentary degradation of short chain ladderane fatty acids did
occur, it appeared to be at a slower rate than that of the original ladderane fatty acids.
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Together these results suggest that the oxic degradation products of ladderane fatty
acids may be suitable biomarkers for past anammox activity in OMZs.

1 Introduction

Anaerobic ammonium oxidation (anammox) is the conversion of ammonium through
nitrite reduction to dinitrogen gas, performed by Planctomycetes bacteria. Since its
discovery in a waste water treatment plant (Mulder et al., 1995), evidence of anammox
activity has been found in anoxic marine and estuarine sediments (Jaeschke et al.,
2009a; Thamdrup and Dalsgaard, 2002; Trimmer et al., 2003), as well as in the water
columns of oxygen minimum zones (OMZs) (Hamersley et al., 2007; Kuypers et al.,
2005; Thamdrup et al., 2006; Pitcher et al., 2011) and euxinic basins (Kuypers et al.,
2003; Wakeham et al., 2012). Anammox has been shown to be responsible for an
important loss of nitrogen from the oceanic system, especially in OMZs (Jaeschke et
al., 2007; Jensen et al., 2011), although the relative importance of anammox versus
denitrification is unresolved (Lam et al., 2011; Ward et al., 2009).

Anammox bacterial cells contain characteristic biomarker lipids, called ladderane
lipids, which are comprised of concatenated cyclobutane moieties (Sinninghe Damsté
et al., 2002). Ladderane lipids form the outer membrane of the anammoxosome, the
organelle-like structure within the bacterial cell where the anammox reaction is be-
lieved to take place. Traditionally, C4g- and C,y-ladderane fatty acids with either 3 or
5 cyclobutane moieties (Fig. 1, IV=VII) have been used to trace anammox (Hopmans
et al., 2006; Kuypers et al., 2003; 2005; Jaeschke et al., 2009a), and the preservation
of ladderane lipids in sediments may indicate past anammox activity (Jaeschke et al.,
2009b). Still, relatively little is known about their fate in the water column or in the
sediment.

Recently, we reported biodegradation products of C4g- and C,-ladderane fatty acids
that were produced during an oxic degradation experiment (Rush et al., 2011). Aerobic
degradation of anammox biomass resulted in the production of short-chain (C4,4- and
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C,¢-) ladderane fatty acids (Fig. 1, I-Il) that were mostly likely formed via a 3-oxidation
pathway. This pathway has been observed previously in degradation experiments on
n-alkyl substituted cycloalkanes (Beam and Perry, 1974; Dutta and Harayama, 2001).
A preliminary investigation of a few marine sediments in this earlier study showed that
biodegraded ladderane products are present in nature as well. It is unclear, however,
how important they are in general, under which conditions they are formed, and if they
are preserved in sediments.

Here, we investigated the occurrence and distribution of the short chain ladderane
fatty acid oxidation products in suspended particulate matter (SPM) and marine sed-
iments from different oceanic regimes where anammox activity has been shown to
occur, i.e., the OMZs of the Arabian Sea (Jaeschke et al., 2007; Jensen et al., 2011)
and the Peru Margin (Hamersley et al., 2007), and the euxinic Cariaco Basin (Wake-
ham et al., 2012). We compared the presence of the original ladderane fatty acids to
that of the short chain ladderane fatty acids to determine the extent of biodegradation
and the possible application of these new lipid biomarkers as tracers for past anammox
activity.

2 Materials and methods
2.1 Study sites and sampling methods

Three areas (Fig. 2, Table 1) were studied, i.e., the Arabian Sea (AS), the Peru Margin
(PM), and the Cariaco Basin (CB). In the AS, a series of 10 surface sediment cores
down a depth profile along the Murray Ridge as well as SPM samples at one station
were taken in the Arabian Sea on R/V Pelagia cruise 64PE301 during the Northeast
winter monsoon (January 2009; see Pitcher et al., 2011; Lengger et al., 2012). This
ridge protrudes into the AS OMZ; surface sediment oxygen concentrations varied from
minimum (3 uM) on the top of the ridge to higher values (86 uM) at the lower sites. Sur-
face sediments (0—0.5cm below sea floor; cmbsf) were sampled at ten sites. Whole
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sediment cores, varying in length from 20 to 32 cmbsf, were analysed at three stations
(Station 1: 885 m water depth, within the OMZ; Station 4, 1306 m water depth, directly
below the OMZ; and Station 10, 3003 m water depth, below the OMZ). On the PM,
a sediment core (185.6 mbsf) from the Peru shelf was sampled at 151 meters water
depth, under the major marine Peru upwelling area, during ODP Leg 201 (Site 1229;
D’Hondt et al., 2003). This core was located in the Salaverry Basin, which was com-
pletely filled with hemipelagic sedimentation. Past shifts in the intensity of productivity
has led the upper boundary of the OMZ to reach the seafloor in this area (Suess et al.,
1988). Finally, water column SPM samples from the CB were collected at the “Cariaco
Basin time series” site (continental shelf, northern Venezuela; 10°N 30’, 64° W 40') in
November 2007 during CARIACO cruise 139 (CAR-139; Wakeham et al., 2012). At
water depths between 230 and 260 m, both O, and H,S were below detection limits
(~2puM and ~1 M, respectively). Sulfide was first detected at 260 m (see also Ho et
al., 2004 for comparison). Euxinic deep waters in the CB are caused by the degra-
dation of sinking organic matter produced by high primary productivity, and the limited
reoxygenation of subsurface waters due to the restricted water circulation within the
basin (Muller-Karger et al., 2001, 2004).

2.2 Extraction
2.2.1 Cariaco Basin SPM

CB water column SPM samples, collected by large-volume in situ filtration, were Soxh-
let extracted wet with dichloromethane/methanol (DCM/MeQOH) as described by Wake-
ham et al. (1997, 2012). The total lipid extract (TLE) was dried to near-dryness using
a rotary evaporator and was kept frozen at —20 °C.
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2.2.2 Arabian Sea SPM

AS SPM was obtained by large-volume in situ filtration and extracted as described by
Pitcher et al. (2011). Briefly, freeze-dried filters were extracted using a modified Bligh-
Dyer method (Bligh and Dyer, 1959; Rattray et al., 2008). The sample was ultrasoni-
cally extracted for 15 min using a volume ratio of 2:1:0.8, v/v (MeOH: DCM: phosphate
buffer, pH 7.4). The supernatant was collected and the residue was re-extracted ultra-
sonically two times. The solvent ratio of the combined supernatants was adjusted to
1:1:0.9 (v/v) (MeOH: DCM: phosphate buffer) and centrifuged. The bottom DCM layer
was collected and the remaining solvent re-extracted twice with DCM. The DCM layers
were combined and dried to near-dryness under rotary evaporator. The TLE was then
kept frozen at —20°C.

2.2.3 Arabian Sea sediments

Slices of the first 0—0.5cm of AS cores were taken for surface sediment analyses.
Deeper core analyses were done on 0.5 cm slice intervals to 2 cmbsf and then on 1 cm
slice intervals to 20 or 32 cmbsf, of cores at stations 1, 4, and 10 (Lengger et al.,
2012). Freeze-dried sediments were extracted 4 times for 5 min by an accelerated
solvent extractor (ASE 200, DIONEX) using a solvent mixture of DCM:MeOH (3:1).
The effect of ASE extraction on ladderane recovery was tested using different tem-
peratures and pressures. An extraction at relatively low temperature (40 °C) and high
pressure (6.9 MPa) was determined to effectively extract ladderane lipids without loss
due to thermal degradation. The obtained TLEs were dried down using a Turbo Vap LV
(Caliper Life Sciences) and stored at 4 °C.

2.2.4 Peru Margin sediments

Slices of the deep core from the PM (ODP Leg 201 — Site 1229) were extracted using
the modified Bligh-Dyer method as described for the AS SPM. TLEs were stored at
-20°C.
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2.3 Ladderane fatty acid work up

Aliquots of the prepared TLEs and the PM sediment residues were saponified by reflux-
ing with aqueous KOH (in 96 % MeOH) for 1h. Fatty acids were obtained by acidifying
the saponified samples to a pH of 3 with 1N HCI in MeOH and extracted using DCM.
The fatty acids were converted to their corresponding fatty acid methyl esters (FAMESs)
by methylation with diazomethane (CH,N,). The standard practice of removing excess
CH,N, by evaporation under a stream of N, was found to contribute to a significant
loss of the volatile short chain ladderane fatty acids. Thus, N, was not used to aid
evaporation. Polyunsaturated fatty acids (PUFAs) were removed by eluting the sample
over a small AgNOj; (5 %) impregnated silica column with DCM.

2.4 HPLC/APCI-MS/MS ladderane lipid analysis

The fatty acid fractions were dissolved in acetone, filtered through 0.45 pm, 4 mm di-
ameter PTFE filters, and analysed by HPLC/APCI-MS/MS (high performance liquid
chromatography coupled to positive ion atmospheric pressure chemical ionization tan-
dem mass spectrometry) in SRM (selective reaction monitoring) mode as originally
described in Hopmans et al. (2006) and modified and expanded to include two of the
short chain oxic degradation products (Rush et al., 2011). As the C,4-[3]-ladderane
fatty acid (Fig. 1, Ill) had been detected previously in an anammox enrichment culture
(Rattray et al., 2010), and thus can be produced as such, it was decided to exclude the
C6-[3]-ladderane fatty acid SRM transition and include only the C,,-[5]-ladderane fatty
acid (Fig. 1, I) and the C,,-[3]-ladderane fatty acid (Fig. 1, Il) in the SRM method. Four
ladderane fatty acids (Fig. 1, IV=VII) were used in this study as indicators of the original
anammox ladderane lipids from biomass. Ladderane lipids were quantified using ex-
ternal calibration curves of three standards of isolated methylated ladderane fatty acids
(C44-[3]-ladderane fatty acid, C,y-[3]-ladderane fatty acid, and C,,-[5]-ladderane fatty
acid) (Rush et al., 2011; Hopmans et al., 2006; Rattray et al., 2008). A detection limit
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of 30—-35 pg injected was achieved with this technique. Ladderane fatty acid concen-
trations in sediment samples were expressed per gram of dry weight sediment (g‘1).

2.5 NL;

The NLg (iNdex of Ladderane lipids with 5 cyclobutane rings) is based on the obser-
vation that the relative length of the ladderane alkyl side chain adapts to variations in
growth temperature of the anammox bacteria (Rattray et al., 2010). NLs values and
corresponding temperatures were calculated according to the equations of Rattray et
al. (2010).

C,o —[5] - ladderane fatty acid

NL: = 1
° (Cyg—[5]-ladderane fatty acid+C,y—[5]-ladderane fatty acid) )
NLs+0.2+ 0.7 (2)
14 (Temperature—16.3>
— 15
3 Results

3.1 Cariaco Basin water column

As previous reported by Wakeham et al. (2012), the original C5- and C,,- ladderane
fatty acids were not detected within the oxic CB waters, and were only detected in SPM
at 205 m water depth (dissolved O, = 18 uM) relatively low concentrations (0.07 ng L',
Fig. 3c). Concentrations in original ladderanes showed a sharp peak to 8.1 ng L™ at
245m (dissolved O, below detection limit of ~2 uM). Our analyses showed that short
chain ladderane fatty acids were not detected in any CB SPM.
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3.2 Arabian Sea water column

Ladderane lipid analyses of AS SPM (Fig. 4c and d) showed that the highest concen-
trations of original ladderane fatty acids (3.3 ng L_1) occurred in the middle of the OMZ,
at 600 m water depth (dissolved O, = 3puM, Fig. 4a) (Rush et al., 2012). Substantial
amounts of short chain ladderane fatty acids were detected at all depths between 300
and 900 m, with a maximum (0.3 ng L‘1) occurring at 450 m. They accounted for up to
20 % of total ladderane lipids within the OMZ (Fig. 4d). NLg derived temperature esti-
mates (13+ 1°C; Fig. 4b) (Rush et al., 2012) corresponded to the average temperature
measured by CTD (12+ 3°C; Fig. 4b) of the OMZ (Pitcher et al., 2011).

3.3 Arabian Sea sediments

Analyses of AS surface sediments (0—0.5 cmbsf) along the Murray Ridge (Fig. 5a and
b) showed that the highest concentrations of both original and short chain ladderane
fatty acids were detected at Station 1 (885m water depth) at the top of the ridge,
within the OMZ. Concentrations of total original ladderane fatty acids were 2.4 ug g_1.
Concentrations of original ladderanes fatty acids were one order of magnitude lower at
Stations 2 and 3, which are still within the OMZ, but near its base. Concentrations were
another order of magnitude lower just below the OMZ at Stations 4 to 6 (1306 to 1495 m
water depth), and another order of magnitude lower at Stations 7 to 10 (Fig. 5a and
b). Below the AS OMZ, original ladderane fatty acid concentrations varied from 110
to 9ng g‘1 for Stations 4 and 10 (3003 m water depth), respectively. Concentrations of
short chain ladderane fatty acids were 4.4 ug g‘1 at shallowest Station 1 and decreased
down the ridge with increasing water depth, with a concentration of 0.04 ng g'1 at the
deepest station. Beneath the OMZ, the relative proportion of short chain ladderane
fatty acids increased with increasing water depth (Fig. 5b). At the deepest site sampled
(Station 10) short chain ladderanes made up 80 % of the total ladderane fatty acid
concentration.
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Three AS sediment cores along Murray Ridge were also analysed for ladderane fatty
acids (Fig. 6). At Station 1, within the OMZ, we observed the highest concentrations
of ladderane fatty acids (Fig. 6a). The concentration of original ladderanes at the top
(0.5 cmbsf) of this core was 4.9 ug g‘1 and decreased with depth down to 0.1 pg g‘1 at
32 cmbsf. Short chain ladderane concentration at the top of the core was 8.0 ug g_1 and
fluctuated between a minimum of 4.4 ug g'1 , at 6 cmbsf, and a maximum of 10.4 ug g'1 ,
at 9cmbsf. The short chain ladderane fatty acids were the most abundant ladderane
fatty acids (Fig. 6b), accounting for more than 60 % of total ladderanes from 0.5 to
5cmbsf and >90 % at deeper depths. NLj; derived temperature estimates (Fig. 6c)
were constant (14-15°C) down the core.

At Station 4 (Fig. 6d—f), concentrations of the original ladderane fatty acids peaked at
2 cmbsf (0.58 pg g‘1) and decreased steadily there below. Concentrations at 20 cmbsf
were 0.02 pg g‘1 . Total short chain ladderane fatty acid concentrations decreased from
0.36 ug g‘1 at 0.5cmbsf to 0.19 ug g‘1 at 20cmbsf. Below 5cmbsf, the short chain
ladderane lipids made up more than 50 % of total ladderane fatty acids. Temperature
estimates from NLg at Station 4 increased gradually from 11°C at the top of the core
to 14°C at 20 cmbst.

The concentrations of both original ladderane and short chain ladderane fatty acids
at Station 10 showed a peak of 0.17 and 0.14 pg g'1, respectively, at 3 cmbsf (Fig. 69).
No original ladderane fatty acids were detected at 10 or 12cmbsf. Proportionally, the
short chain ladderane fatty acids were more abundant below 5cmbsf (Fig. 6h). NLg
derived temperatures at this depth horizon dropped from 12.5°C at 0.5 cmbsf to 4.2°C
at 4 cmbsf (Fig. 6i). The NLg derived temperature at 1 cmbsf could not be calculated
as no C,y-[5]-ladderane fatty acid was detected.

3.4 Peru Margin sediments

Twenty 1cm thick sediment slices down to 185.6 m below sea floor (mbsf) on the
PM were analysed, but ladderane fatty acids were only detected down to 25.5 mbsf
in the TLEs. Ladderane concentrations showed a maximum (Fig. 7a) at the shallowest
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sediment (0.2 mbsf), with 6 ng g‘1 for original ladderane fatty acids and 350 ng g‘1 for
short chain ladderane fatty acids. Concentrations dropped substantially in the first 5m,
and the deepest sediments in which ladderane fatty acids were detected in the TLEs
were 0.8 m and 25.5 mbsf for original ladderanes and short chain ladderanes, respec-
tively.

Hydrolysis of PM sediment residue left after Bligh-Dyer extraction released substan-
tial amounts of ladderane fatty acids. Matrix-bound ladderane fatty acid concentrations
(Fig. 7b; residues) were higher by at least two-fold than freely extractable ladderane
fatty acids (Fig. 7a; TLEs). Matrix-bound ladderane fatty acids had maximum concen-
trations at 0.8 mbsf (original ladderanes: 30 ng g_1 ; short chain ladderanes: 800 ng g_1)
and were detected down to 42.4 mbsf. At all depths where ladderanes were detected,
the short chain ladderane fatty acids were the most abundant (>75 %).

4 Discussion
4.1 Production of short chain ladderane fatty acids

The production of short chain ladderane fatty acids is thought to proceed via a micro-
bially mediated (-oxidation pathway (Rush et al., 2011). If so, then the production of
these biodegraded compounds in principle requires the presence of molecular oxygen
(Beam and Perry, 1974; Dutta and Harayama, 2001; Koma et al., 2003). Indeed, the
absence of short chain ladderane fatty acids in SPM within the anoxic and sulfidic wa-
ter of the Cariaco Basin supports this. However, short chain ladderane fatty acids were
detected, albeit in low relative amounts (<20%, Fig. 4d), within the oxygen depleted
waters in the Arabian Sea (Fig. 4b). This suggests that low levels of oxygen (<3 uM;
Pitcher et al., 2011) are required for the biodegradation pathway to proceed, that the
degradation of ladderane fatty acids happens relatively quickly, i.e., already in the water
column, but that degradation apparently does not occur in waters devoid of oxygen.
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Short chain ladderane fatty acids occur in all AS surface and deeper sediments in
substantial amounts (40—100 % of total ladderane fatty acids, Figs. 4 and 5). These
short chain ladderane fatty acids could be derived from the sedimentation of those
produced in the water column (Fig. 4), from the sedimentary (-oxidation of original
ladderane fatty acids produced in the water column but deposited undegraded in the
sediments, or of original ladderane fatty acids that were produced in the sediment it-
self (cf. Jaeschke et al., 2009a; Jaeschke et al., 2010), as anammox has been shown
to occur within anoxic sediments (Brandsma et al., 2011; Thamdrup and Dalsgaard,
2002). NLg temperatures are indicative of the temperature at which the anammox
bacteria were living when their ladderane lipids were produced (Rattray et al., 2010).
NL; derived temperatures from the AS sediment cores mostly correspond to tempera-
tures (16 + 2°C; Fig. 6¢, f, and i) within the OMZ water column (average temperature of
12+ 3°C; Fig. 4b), but not the temperatures of the surface sediments (i.e., AS bottom
waters 2—10 °C; Fig. 4b). This suggests that most of the original ladderane lipids within
the sediment were produced in the water column.

Large differences in ladderane fatty acid concentrations are observed among the
AS sediment surface samples (Fig. 5a), with stations below the OMZ having much
lower concentrations than those within. This is likely due to the prolonged exposure
of original ladderane fatty acids to biodegrading conditions during transport through
the oxygenated water column and at the sediment surface. The proportion of short
chain ladderanes increases from no more than 20 % in the AS water column (Fig. 4d)
to up to 80 % at the sediment surface (Fig. 5b). However, the degradation of original
ladderanes did not translate into an accumulation of short chain ladderane fatty acids.

Though most of the original ladderane fatty acids were produced in the water column,
clear indications of benthic production of both original and short chain ladderane fatty
acids are observed at Station 10 (Fig. 6g): a peak of short chain ladderane fatty acids
occurs at the same depth horizon (2-5cmbsf) as a peak in original ladderane fatty
acids. As anammox bacteria live in anoxic or low oxygen environments (Jaeschke et al.,
2007; Kuypers et al., 2003; Thamdrup and Dalsgaard, 2002; Brandsma et al., 2011),
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conditions for an active anammox bacterial community are ideal near the oxycline in the
sediment. Indeed, the temperatures of ladderane production calculated by NLg at this
depth horizon (Fig. 6i) decrease substantially down to 4 °C, which correspond to bottom
water temperatures of Station 10, indicating in situ produced original ladderanes. The
oxygen penetration depth of this core is 2 cmbsf (Lengger et al., 2012), which indicates
that oxygen may be available for the (-oxidation pathway near the depth at which
ladderane fatty acids are synthesised. This suggests that the short chain ladderane
concentration peak in this core is predominantly the result of oxidation of the in situ
produced ladderane fatty acids. However, the benthic production of ladderanes at
2-5cmbsf did not affect the NL; derived temperatures at depths below this interval,
possibly because this in situ produced material is more readily degraded than the more
resistant, older material that settled from the water column (Keil et al., 1994; Cowie et
al., 1992; Middelburg, 1989).

In situ production of original ladderane fatty acids in sediments also appears to have
occurred at Station 4, as we observe a peak of original ladderane fatty acids at 2 cmbsf
(Fig. 6d). In contrast to Station 10, this peak was not accompanied by a substan-
tial increase in short chain ladderane fatty acids. In this case, oxygen possibly did
not penetrate sufficiently into the sediment core for the in situ produced original lad-
derane fatty acids to degrade to short chain ladderane fatty acids via the (B-oxidation
pathway. Alternatively, the increase in concentration of original ladderane fatty acids
at this depth may be the result of past fluctuations in the flux of anammox lipids to
the sea floor (i.e., an expansion or an intensification of the OMZ). Indeed, no change
in NLg derived temperatures was observed at this station. Thus, only specific redox
conditions, i.e., low enough concentrations of oxygen for anammox to occur and high
enough concentrations of oxygen for microbial degradation of ladderane fatty acids to
proceed, allow for the biodegradation of in situ produced original ladderane fatty in the
sediment. Therefore, short chain ladderane fatty acids in anoxic sediments are likely
fossil.
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4.2 Burial and preservation of short chain ladderane fatty acids

One of the aims of this study was to determine whether short chain ladderane fatty
acids are better preserved in the sediment record than the original ladderane fatty
acids that have been used previously as indicators of past anammox activity (Jaeschke
et al., 2009b). In all cores investigated, short chain ladderane fatty acids made up
>75 % of total ladderane lipids in sediments deeper than 10 cmbsf (Figs. 6 b, e, h and
7c and d), which suggests that short chain ladderane fatty acids are better preserved in
sediment than the original ladderane fatty acids. The degradation of original ladderane
fatty acids did not, however, result in the accumulation of short chain ladderane fatty
acids. Short chain ladderane fatty acid concentrations also decreased with depth in
all cores, but generally at a much slower rate than the original ladderanes (Fig. 8c
and d). This indicates that short chain ladderane lipids are likely further anaerobically
transformed though at a slower rate than the long chain ladderane fatty acids.

Lipids adsorbed onto the clay sediment matrix have been shown to be protected
from microbial degradation and mineralisation (Hoefs et al., 2002; Hedges and Keil,
1995; Hedges et al., 2001; Ding and Henrichs, 2002; Keil et al., 1994). Therefore, we
investigated the presence of the freely extractable and of the matrix-bound (residue)
ladderane fatty acids in a long core from the Peru Margin (Fig. 7). Indeed, matrix-bound
ladderane fatty acids were detected down to 42.4 mbsf but freely extractable ladder-
ane fatty acids only down to 25.5 mbsf (Fig. 7a and b). This difference highlights the
potential for a degree of protection by the sediment matrix, perhaps by making lipids
less susceptible to microbial attack. Analyses of matrix-bound lipids could, therefore,
extend the detection depth of ladderane fatty acids in the sediment record. However,
more deeply buried sediments did not contain any matrix-bound ladderane fatty acids,
suggesting that ultimately they are lost through diagenesis. Thus, fossil short chain
ladderane fatty acids are likely too labile to be used as markers for ancient anammox
in sediments older than the late Quaternary, as we show below. Thermal degrada-
tion products of ladderane lipids (see Jaeschke et al., 2008) might be more useful
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biomarkers in older sediments.

Using age models available for the three AS cores (Lengger et al., 2012), we can
plot the relative concentrations of original and short chain ladderane fatty acids versus
relative time (Fig. 8a and b; respectively), in which relative time is the age of the sample
relative to the age of maximum original ladderane fatty acid concentration (Zy) (Station
1: 0.04 ka, 0.5 cmbsf; Station 4: 0.53ka, 2cmbsf; Station 10: 0.36 ka, 3cmbsf), and
relative concentration is defined as the ladderane fatty acid concentration compared
to that at #,. A strong logarithmic decrease in concentration with increasing time is
observed, especially for the original ladderane fatty acids. A weaker, but still significant,
decrease in relative concentration was observed for the short chain ladderane fatty
acids at two stations (Stations 4 and 10; Fig. 8b). The decrease is less apparent for
Station 1, where the concentration of short chain ladderane fatty acids was variable
throughout the core and no significant decrease with depth was observed.

Previous studies of organic matter (OM) degradation (Middelburg, 1989; Canuel and
Martens, 1996), have shown that sedimentary degradation of OM does not have a
constant reactivity and the first-order degradation constant (k) decreases with time.
OM is considered to have several refractory and more labile portions when using a first-
order type degradation model (Middelburg, 1989). This can be visualised by calculating
k according to Eq. (3) (Canuel and Martens, 1996),

C
—In (—f>
Coo

t ()

where t is relative time, C; is the concentration at time ¢ and C; is the concentration
at initial time #,. If log k is plotted against log relative time, strong correlations in the
original (Fig. 8c; R?=0.40 —0.93) as well as the short chain (Fig. 8d; R?=0.60 and
0.80) ladderane fatty acids are observed. This indicates that, as with sedimentary OM
and other sedimentary organic compounds, the rate of degradation strongly decreases
with time (Canuel and Martens, 1996; Middelburg, 1989; cf. Janssen, 1984). The
slopes of the lines of best fit were in the same order of magnitude for the original
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and the short chain ladderane fatty acids, indicating that the decrease in reactivity
follows the same trend for both classes of ladderane fatty acids. However, the intercept
is lower for the short chain ladderane fatty acids (-0.46 and 0.14) compared to the
original ladderane fatty acids (0-0.51), indicating that the latter are initially degraded
faster than the short chain ladderane fatty acids.

Our data can potentially be used to determine at what age original and short chain
ladderane fatty acid concentrations drop below detection limit (~200 pg g‘1) in the Ara-
bian Sea sedimentary record, based on the correlation between log k vs. log time
(Fig. 8c and d). For original ladderane fatty acids, the time to reach the detection limit
ranged from 8—13kyr, less than the results of Jaeschke et al. (2009b), who still de-
tected original ladderane fatty acids in 140ka old AS sediments. However, the time
to reach the detection limit is dependent on the initial concentrations, and therefore,
for other sediment cores the time when concentrations drop below detection limit may
be different. Nevertheless, given that the surface concentrations of original ladderane
fatty acids in the AS sediments are relatively high, 1-2 orders of magnitude higher
than sediments from the African shelf (2-60ng g_1; Jaeschke et al., 2010) and the
Irish Sea (0-20ng g'1; Jaeschke et al., 2009a), we can assume that for most sediment
records, original ladderane fatty acids may rarely be detected in sediments >10 kyr.
The detection limit is reached much later for the short chain ladderane fatty acids (49
to 10 kyr), suggesting that they degrade much slower than the original ladderane fatty
acids. Indeed, in the PM core we detected short chain ladderane fatty acids to be
more abundant at greater depths (Fig. 7c and d). However, in the PM core at depths
> 42.4 mbsf, neither short chain nor original ladderane fatty acids could be detected.
This depth corresponds to a time boundary in the late Pleistocene (Hart and Miller,
2006) and suggests that short chain ladderane fatty acids are already degraded within
100 kyr.
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5 Conclusions

Short chain ladderane fatty acids formed by (-oxidation of original ladderane fatty
acids are ubiquitous in oxygen minimum zones. They are readily produced in oxy-
gen deficient water columns, but not anoxic waters, and are further oxidised while
settling through the water column and later at the sediment surface. In the sediment
record, short chain biodegradation products are generally more abundant and degrade
slower than the original four ladderane fatty acids used previously as biomarkers for
past anammox activity. Matrix-bound short chain ladderane fatty acids were detected
at greater sediment depths than those that were freely extractable, and, though the
biodegraded ladderanes, like the original ladderanes, are degraded in the sediment,
the rate of degradation seems to be lower. We suggest that short chain ladderane
fatty acids be considered as an alternative biomarkers for past anammox activity in late
Quaternary sediments from below OMZs.
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Table 1. Location, type, and water depth of samples used in this study.

Site Location (latitude, longitude) Station Sample Type Water depth sampled
(m)
Cariaco Basin (CB) 10°30°'00N, 64°40'01W SPM" 42, 205, 220, 236,
245, 256, 270, 276,
296, 326, 346, 750
Arabian Sea (AS) 21°55'36N,63°10'36E SPM* 20, 170, 300, 450,
600, 750, 900, 1050,
1200, 1350, 1500,
2000
22°32'53N, 64°02' 23 E 1 Sediment core (32 cmbsf) 885
22°33'55N, 64° 03 46 E 2 Sediment core (surface) 1013
22°19'55N, 63°36' 00 E 3 Sediment core (surface) 1172
22°18'00N, 63°36' 00E 4 Sediment core (20 cmbsf) 1306
22°09'18N, 63°12'45E 5 Sediment core (surface) 1379
22°04' 42N, 63°04' 30E 6 Sediment core (surface) 1495
22°18'30N, 63°24' 30E 7 Sediment core (surface) 1786
22°08'41N, 63°01'07E 8 Sediment core (surface) 1970
22°06'17N, 62°53 42E 9 Sediment core (surface) 2470
21°55'44N, 63°09' 30E 10 Sediment core (20 cmbsf) 3003
Peru Margin (PM) 10°59'01S, 77°57' 47W Sediment core (185.6 mbsf) 151
"SPM: suspended particulate matter
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Short chain ladderane fatty acids Original ladderane fatty acids

Fig. 1. Chemical structures of the ladderane lipids analysed in this study. Short chain lad-
derane fatty acids: (I) C,,-[5]-ladderane fatty acid, (ll) C,,-[3]-ladderane fatty acid, (lll) Cyg-
[3]-ladderane fatty acid. Original ladderane fatty acids: (IV) C,g4-[5]-ladderane fatty acid, (V)
C,o-[5]-ladderane fatty acid, (VI) C,5-[3]-ladderane fatty acid, (VII) C,,-[3]-ladderane fatty acid.
Two short chain ladderane fatty acids (I, Il) were chosen as oxic degradation products of original
ladderane fatty acids.
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Ocean Data View
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Fig. 2. Location of sampling sites. Red circles correspond to the deep sediment core
(185.6 mbsf) in the Peru Margin (ODP Leg 201 — Site 1229), a water column particulate matter
depth profile in the Cariaco Basin (aboard the R/V Paraguachoa) and a series of surface sedi-
ments in the Arabian Sea (aboard R/V Pelagia cruise 64PE301). The Arabian particulate water
column site is Station 10. Surface sediments were taken at Stations 1 through 10, located
along Murray Ridge, while sediment cores of up to 32 cmbsf depth were taken at Stations 1, 4,
and 10.
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Cariaco Basin water column
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Fig. 3. (a) Oxygen (red line), H,S (black circles), (b) NH; (green squares), NO; (red triangles),
and NO,, (blue circles) concentrations obtained during CTD pumping casts at the Cariaco Basin
time series site during cruise 139 (CAR139). (¢) Concentrations of original (open triangles) and
short chain (filled circles) ladderane fatty acids were obtained from in situ pump filters. Data,

0

0.02 0.04 0.06

NO, (M)

except those of short chain ladderane fatty acids, from Wakeham et al. (2012).
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Fig. 4. Arabian Sea water column depth profiles of (a) dissolved oxygen concentrations (b)
CTD measured temperature and NL; temperatures (open lozenges) derived from water column
particulate matter, (c) concentrations of ladderane fatty acids (original: open triangles; short
chain: filled circles) from Rush et al. (2012), and (d) proportion of short chain ladderane fatty
acids. Samples were taken during R/V Pelagia cruise 64PE301. Oxygen and temperature CTD

data from Pitcher et al. (2011). ND: Not Detected.
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Arabian Sea surface sediments
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Fig. 5. (a) The concentrations (original: open triangles; short chain: filled circles) of ladderane
fatty acids and (b) proportion of short chain ladderane fatty acids in surface sediment along
the Murray Ridge (c), stations 1-10 in the Arabian Sea collected during R/V Pelagia cruise

64PE301. Note the log scale in concentrations.
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Arabian Sea sediment cores
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Fig. 6. Vertical distributions of concentrations of ladderane fatty acids (original: open triangles;
short chain: filled circles), proportion of short chain ladderane fatty acids, and temperatures
(open lozenges: NL; derived temperatures; dotted line: oxygen minimum zone average tem-
perature; dashed line: bottom water temperature at station) in Arabian Sea sediment cores.
Station 1 (a, b, and c), Station 4 (d, e, and f) and Station 10 (g, h, and i). Samples were taken
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Fig. 7. (Caption on next page.)
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Fig. 7. Peru Margin (ODP Leg 201 — Site 1229) depth profile of deep sediment core. Freely
extractable ladderane fatty acids (total lipid extracts — TLEs) and matrix-bound ladderane fatty
acids (RESIDUES) were analysed. Concentrations of ladderane fatty acids in the TLE (a) and
residue (b) fractions (original: open triangles; biodegraded: filled circles). No ladderane fatty
acids were detected below 42.2m in either the TLE or the residue fraction. Note breaks in
concentration scales for both TLE and residue fractions. Proportion of short chain ladderane
fatty acids in the TLE (¢) and residue (d) fractions. ND: Not Detected.
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Fig. 8. Plots demonstrating the degradation of original and short chain ladderane fatty acids in
three Arabian Sea sediment cores. Relative concentration (where C; = 1) versus relative time
for (a) original ladderane fatty acids and (b) short chain ladderane fatty acids. Degradation
was assumed to start from the depth of maximum original ladderane fatty acid concentrations.
Correlation plot of log k versus log relative time for (¢€) original ladderane fatty acids and (d)
short chain ladderane fatty acids. Station 1: filled circles; Station 4: open squares; Station 10:
grey triangles.
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