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Abstract. The California Current system (CCS) hosts one
of the largest oxygen minimum zones (OMZs) in the world:
the eastern North Pacific (ENP) OMZ, which is dissociated
into subtropical and tropical regions (i.e. the ESTNP and
ETNP). In the modern ENP OMZ, bioavailable nitrogen (N)
is lost via denitrification and anaerobic ammonium oxida-
tion (anammox). Even so, paleo-reconstructions of N loss
have focused solely on denitrification. Fluctuations in bulk
sedimentary 89N over glacial-interglacial cycles have been
interpreted to reflect variations in denitrification rates in re-
sponse to ETNP OMZ intensity changes. This §!°N signal
is thought to be transported northwards to the ESTNP OMZ.
Here, we present the first CCS sedimentary record of lad-
derane lipids, biomarkers for anammox, located within the
ESTNP OMZ (32° N, 118° W). Over the last two glacial ter-
minations (~ 160 kyr cal BP), ladderane concentrations were
analysed in combination with the index of ladderanes with
five cyclobutane moieties (NLs), short-chain (SC) ladderane
degradation products, and productivity proxies. This shows
that (1) ladderanes were derived from anammox bacteria liv-
ing within the ESTNP OMZ water column; (2) ladderanes
were continuously present, with relatively high concentra-
tions during both glacial and interglacial periods, showcasing
that the ESTNP OMZ must have retained an anoxic core in
which N loss occurred; and (3) anammox abundance appears
to have been driven by both organic matter (OM) remineral-
ization and advection changes, which regulated nutrient and
oxygen levels. Our study shows that anammox was an impor-
tant feature in the CCS, and it provides a more holistic picture
of N-loss dynamics and the development of the ESTNP OMZ

over glacial-interglacial cycles. Lastly, ladderanes and their
SC products were also detected in 160-500 kyr cal BP sed-
iments (15.7-37.5 mb.s.f., metres below sea floor; analysed
at a low temporal resolution), highlighting their potential as
anammox biomarkers in relatively deeper buried sediments
for future studies.

1 Introduction

The California Current system (CCS) is one of four ma-
jor eastern boundary upwelling systems (known as EBUS).
In EBUS, wind-driven offshore advection of surface waters
causes deeper, cold, nutrient-rich waters to be upwelled into
the photic zone, fuelling primary productivity (e.g. Bakun
and Nelson, 1991). Consequently, the CCS is one of the
world’s most productive oceanic regions, with year-round
upwelling, resulting in high primary production rates (Huyer,
1983; Dorman and Winanat, 1995). In the CCS, the respi-
ration of sinking organic matter (OM), in combination with
limited ventilation of the North Pacific intermediate waters
(Reid and Mantyla, 1978; Sonnerup et al., 1999; Fine et al.,
2001), results in the formation of the eastern North Pacific
oxygen minimum zone (ENP OMZ). The ENP is divided
into the eastern tropical North Pacific (ETNP) and the eastern
subtropical North Pacific (ESTNP) OMZs.

The suboxic/anoxic conditions of OMZs cause the ma-
rine nitrogen (N) cycle to shift towards two processes that
result in the loss of bioavailable N through the production
of dinitrogen gas (N»): (1) anaerobic ammonium oxidation
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(anammox) and (2) denitrification. Anammox is the oxida-
tion of ammonium (NHI) to N3 using NO; as the terminal
electron acceptor (van de Graaf et al., 1995, 1997), and it is
performed in the marine water column by anammox bacteria
of the genus Candidatus Scalindua (Kuypers et al., 2003).
Anammox bacteria are chemolithoautotrophs and use car-
bon dioxide (CO;) as their carbon source. Denitrification is
the stepwise reduction of nitrate (NO;) via nitrite (NO, )
to Nu (Kuenen and Robertson, 1988) and is performed by
a wide range of organisms, most of which are heterotrophs.
During denitrification, nitrous oxide (N>O) can be released
as an intermediate product (Kuenen and Robertson, 1988),
which has a global warming potential 265 times that of CO;
(Vallero, 2019).

While permanent OMZs contribute to only 8 % of the to-
tal oceanic area (Paulmier and Ruiz-Pino, 2009), they are
responsible for 20 %-50 % of total global N loss (Gruber,
2004; Codispoti et al., 2001). Decreased N availability in
OMZs may limit primary producers and, hence, the uptake
of CO; into the OM pool. This may reduce the efficiency of
the ocean’s biological pump, which exports organic C from
the euphotic zone to the sea floor. Thus, OMZs not only have
a disproportionately large impact on the marine nitrogen cy-
cle, but changes in N-loss dynamics may also feed back into
the carbon cycle.

The ENP OMZ is expanding both vertically (shoaling to-
wards the ocean’s surface; Bograd et al., 2008) and horizon-
tally (Zhou et al., 2022) with present-day climate change.
This follows observed trends of overall deoxygenation of the
North Pacific since the 1960s (Whitney et al., 2007; Stramma
et al., 2010; Pierce et al., 2012; Smith et al., 2022), linked
to anthropogenically induced ocean warming as a response
to increased greenhouse gas emissions (Laffoley and Baxter,
2019). As a result of the decreasing dissolved oxygen (DO)
concentrations, denitrification has been shown to increase in
the North Pacific over the last decades (Peters et al., 2018;
White et al., 2019). Vertical expansion and intensification of
the ENP OMZ have also occurred in the absence of anthro-
pogenic influences in the past, as recorded by redox-sensitive
trace metals in the sedimentary archive (Wang et al., 2020).
This is thought to be caused by changes in DO concentrations
during glacial-interglacial transitions (terminations). Model
simulations indicate that during glacials cooling of the polar
regions led to a more restrained and intensified Hadley cell
(Nicholson and Flohn, 1980). This is thought to have caused
southward transport of high-oxygen, nutrient-rich North Pa-
cific Intermediate Water (NPIW; Herguera et al., 2010) and
limited northward advection of the warm, oxygen-poor Cal-
ifornia Undercurrent (CU), resulting in a more oxygenated
OMZ. During interglacials, the oxygen deficiency in the
OMZ is thought to have increased due to enhanced advection
of the warm, oxygen-depleted waters of the CU originating
from the tropics (Lembke-Jene et al., 2018; Hendy and Ken-
nett, 2003), water column stratification (Wang et al., 2020),
and enhanced upwelling of nutrient-rich waters (Choumiline
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et al., 2019). These previous glacial-interglacial transitions
may be considered analogues for the effect of future climate
change on the N cycle.

In the CCS, enriched isotope ratio values of bulk sedimen-
tary nitrogen (8'N) during interglacial periods have been
interpreted to reflect increased denitrification in response to
OMZ intensification (e.g. Kienast et al., 2002; Kemp et al.,
2003; Liu et al., 2005). Sedimentary §'°N values are gov-
erned by the isotopic fractionation (¢) induced by biological
transformations and can be used to infer past N cycling. For
water column denitrification, the production of N; induces an
isotope fractionation effect of +20 %o to +30 %o on the resid-
ual nitrogen (Ryabenko, 2013; Sigman and Fripiat, 2019).
Enrichment cultures of anammox bacteria have, however,
shown that they induce a similar isotope fractionation effect
(Brunner et al., 2013), with that of Ca. Scalindua spp. being
+16 %o to +30 %o (Kobayashi et al., 2019). Although anam-
mox occurs in the modern North Pacific oxygen-deficient
waters (Rush et al., 2012a; Peng et al., 2015; Sollai et al.,
2015; Hamasaki et al., 2018) and anammox is reported to
be the dominant N-loss process in the eastern tropical South
Pacific (ETSP; Galan et al., 2009; Thamdrup et al., 2006;
Hamersley et al., 2007), to the best of our knowledge there
are no reconstructions on the occurrence of anammox in the
sediment archive of the CCS. Moreover, a long-standing co-
nundrum is the discrepancy between the timing of enriched
8N values and enhanced marine productivity, especially
north of the ETNP (Kienast et al., 2002), suggesting a decou-
pling between remineralization rates and N loss (Ganeshram
et al., 2000).

While sedimentary §'°N values are shaped by the sum of
N-cycling processes, lipid biomarkers provide more detailed
information (see Rush and Sinninghe Damsté, 2017, for a re-
view). Anammox bacteria biosynthesize Cg and C;¢ ladder-
ane fatty acids (FAs) (Fig. 1). These unique lipids contain
three or five linearly concatenated cyclobutane rings ([3]-
ladderane and [5]-ladderane, respectively; Sinninghe Damsté
et al., 2002). Ladderanes have been successfully applied to
trace abundances of Ca. Scalindua spp. in the modern ENP
water column (Rush et al., 2012a; Sollai et al., 2015) and
as anammox biomarkers in sedimentary records up to 140 ka
(Jaeschke et al., 2009; Rush et al., 2019; van Kemenade et al.,
2023). Moreover, during exposure to oxic conditions ladder-
ane FAs undergo microbially mediated oxic degradation of
the alkyl side chain by S-oxidation, in which C;g- and Cyp-
ladderane FAs are sequentially transformed into the short-
chain (SC) Ci6- and Cy4-ladderane partial degradation prod-
ucts (Rush et al., 2011, 2012b). Thus, SC-ladderane FAs in
the sediment archive may be used to trace back anammox
cell material that has been exposed to oxic conditions, such
as sedimentation through the oxic water underlying an OMZ.
Furthermore, the index of ladderane FAs with five cyclobu-
tane rings (NLs) has been shown to correlate with the in situ
water temperature at which ladderane FAs are synthesized
(Rattray et al., 2010), which has been used to determine the
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provenance of ladderane lipids (Jaeschke et al., 2009; Rush
et al., 2012a; van Kemenade et al., 2022).

Here, we describe the occurrence of ladderane FAs in a
~ 160 kyr cal BP sediment record from the CCS, covering
the two most recent glacial terminations (TI and TII). We
combined (SC) ladderanes and the NLs index with sedi-
mentary bulk 815N, stable carbon isotope ratio (813C), to-
tal organic carbon (TOC), and total nitrogen (TN) to inves-
tigate the feedback of changing OMZ intensity on the oc-
currence of anammox within the CCS. Moreover, ladder-
ane FAs were also investigated, albeit at a low resolution, in
> 160 kyr cal BP sediments (up to 500 kyr cal BP) to explore
their preservation potential.

2 Hydrographic setting

The northern boundary of the CCS is at the transition
zone between the North Pacific Current (NPC) and Alaska
gyres (~50°N) and is bordered in the south by the sub-
tropical waters of Baja California, Mexico (~ 15-25°N).
The CCS (Fig. 2a) is shaped by (i) the equatorward
California Current (CC), extending roughly 1000km off
the North American coast (Checkley and Barth, 2009),
(i1) the poleward nearshore-flowing CU, and (iii) the sea-
sonal poleward-flowing Davidson Current (DC). The CC is
a year-round, cold, low-salinity, nutrient-rich surface cur-
rent (<300 mb.s.s., metres below sea surface), originating
from the North Pacific Current. While the CC is strongest in
spring and summer, the DC originating around Point Con-
ception (35°N) dominates the surface-flow throughout win-
ter. The deeper waters of the CC are shaped by the NPIW
(300-800 m b.s.s.), which circulates clockwise in the North
Pacific gyre (Sverdrup et al., 1942) and is carried south-
wards by the CC. Around Baja California, it convolutes with
unventilated intermediate waters of tropical origin, which
have been transported to the eastern Pacific by the Equa-
torial Undercurrent (EUC; Reid, 1997; Reid and Mantyla,
1978). Here, part of the CC turns north to become the CU.
The CU (~ 100-300 m b.s.s.) carries the warm, high-salinity,
low-oxygen waters from Baja California towards Vancouver
Island (Thomson and Krassovski, 2010). Within the CCS,
the geostrophic flow of the CC in combination with Ekman
transport and eddy activity cause an offshore transport of
(sub-)surface waters and strong coastal jets, which are re-
placed by the upwelling of the nutrient-rich undercurrent wa-
ters (Huyer, 1983; Chavez and Messié, 2009). Upwelling
occurs year-round and results in high primary production
(Bograd et al., 2009). In the CCS, the high organic matter
flux, together with the poor ventilation of the intermediate-
water mass (Reid and Mantyla, 1978; Fu et al., 2018), results
in the formation of the ENP OMZ, disassociated into the
ETNP (0-25°N; 75-180°W) and ESTNP (25-52°N; 75—
180° W) (Fig. 2b). Dissolved oxygen (DO) concentrations
in the cores (< 20 umol kg") of both the ETNP (~ 320-
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740mb.s.s.) and ESTNP (~ 850-1080 mb.s.s.) OMZs de-
crease below < 1 umolkg™! (Paulmier and Ruiz-Pino, 2009)
(Fig. 2¢).

3 Methods
3.1 Sampling location and strategy

The sediment record was recovered in 1996 during Ocean
Drilling Program (ODP) Leg 167 (Lyle et al., 1997). Site
1012 is located 105km offshore California in the East
Cortez Basin (32°16.970' N, 118°23.039’ W), near the south-
ern front of the CC and northern front of the ETNP OMZ
(Fig. 2b). The core was recovered from a water depth of
1784 m b.s.s. For this study, 69 sediment depths (volumes of
20cm?) were selected for ladderane FA analysis. Sedimen-
tation rates ranged from 4 to 15cmkyr—! (Table S1). Con-
sidering the oldest detected ladderane FAs were in 140 kyr
sediments (~ 10 mb.s.f., below sea floor) of the Arabian Sea
(Jaeschke et al., 2009), we subsampled at a higher resolu-
tion (every 10 to 50 cm) to the first ~ 160kyr (15.7 mb.s.f.)
of the record (with a maximum resolution of 10 cm around
TI and TII) and at a lower resolution (80 to 200cm) to
~500kyrcal BP (37.5mb.s.f.). In addition, 74 sediments
(10-50 cm resolution) were analysed for bulk sedimentary
TOC and TN contents, the C/N ratio (atomic), and bulk iso-
topic ratio values (81N and §13C). A detailed overview of all
samples is given in the Supplement (Tables S1 and S2). Sam-
ples were freeze-dried and stored at —20 °C prior to analysis.

3.2 Analysis of sedimentary bulk TOC, TN, C/N, §13C,
and §'°N

Sediments were freeze-dried and ground to powder. For TOC
and §'3C analyses, aliquots of bulk sediment were decalci-
fied to remove all carbonates. Samples were first acidified
with 2M hydrochloric acid (HCI) and rinsed with distilled
water to remove the salts. After the decalcification step, ca.
0.5 mg of dried material was used for the analysis. For TN
and stable nitrogen isotope ratio (8'°N), between 15 and
20mg of non-decalcified sediment was used. All samples
were packed in tin cups and introduced to the Thermo Sci-
entific Flash 2000 elemental analyser coupled to a Thermo
Scientific Delta V Advantage isotope ratio mass spectrom-
eter (EA/IRMS). Results are expressed in standard notation
relative to Vienna Pee Dee Belemnite (VPDB) for §13C and
relative to air for 8'°N. The precision, as determined using
laboratory standards, calibrated to certified international ref-
erence standards was in all cases < 0.2 %o. The sedimentary
C/N ratios (based on total organic C and total N) were cal-
culated using their atomic mass.

Biogeosciences, 21, 1517-1532, 2024
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Figure 1. Structures of anammox lipid biomarkers used in this study: (a) ladderane fatty acids (FAs) with 5 or 3 cyclobutane moieties
containing 18 or 20 carbon atoms. (b) Short-chain ladderane fatty acids (FAs) with 5 or 3 cyclobutane moieties containing 16 or 14 carbon
atoms. Proposed diagenetic pathways are indicated using black arrows (adapted from Rush et al., 2011).

3.3 Age model

Liu et al. (2005) previously constructed an age model for
ODP Site 1012, based on sediments recovered from Hole
B. As the material used in this study is predominantly from
Hole A and Hole C, a revised age model was constructed
(Table S1). The revised age model for sediments up to
160 kyr cal BP (15.7 m c.d., metres composite depth) was cre-
ated by correlation of the bulk sedimentary §'°N record of
Liu et al. (2005) with our dataset. Tie points (age vs. compos-
ite depth) were selected by fine-tuning using QAnalyseries
(version 2022). For sediments > 160 kyr cal BP, which were
solely sampled for ladderane FAs at low resolution (i.e. not
sedimentary 815N), the age model of Liu et al. (2005) was
used. A more detailed description is provided in the Supple-
ment (Sect. S1).

3.4 Ladderane extraction

Homogenized, freeze-dried sediments were extracted using
a low-temperature low-pressure accelerated solvent extrac-
tion (ASE) method, previously described for ladderane ex-
traction in Rush et al. (2012b). Thereafter, aliquots of the to-
tal lipid extract were saponified in 2 N potassium hydroxide
(in a 96 % MeOH solution) by refluxing for 1 h. After, 2 mL
of double-distilled water was added. The saponified extracts
were acidified by adjusting the pH to 3 with 2 N hydrochlo-
ric acid (in a 50 % MeOH solution). Phase separation was
induced by adding 2 mL of dichloromethane (DCM). The
biphasic mixtures were sonicated for 5 min and centrifuged
for 2 min (3000 rpm). The DCM layers, containing the FAs,
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were collected. The mixtures were partitioned twice more
with DCM, after which the same procedure was applied be-
fore collection of the DCM layers. The FA fractions were
dried over a sodium sulfate (NapSOg4) column. Then, the
fractions were methylated with diazomethane to convert FAs
into their corresponding fatty acid methyl esters (FAMESs)
and allowed to air-dry overnight to avoid losing the more
volatile SC-ladderane FA had they been dried under a stream
of Nj. The methyl esters of the polyunsaturated fatty acids
(PUFAs) were removed by eluting the FAME fractions with
DCM over a silica-impregnated silver nitrate (AgNO3) col-
umn. FAME fractions were dissolved in acetone and filtered
over 0.45 mm PTFE filters (4 mm; BGB, USA).

3.5 Ladderane analysis

A commercially available deuterated Cyo[5]-PUFA (Reage-
con Diagnostics Ltd) was added as an internal standard to
the FAME fractions. FAME fractions were analysed on an
Agilent 1290 Infinity I ultra-high-performance liquid chro-
matographer (UHPLC), equipped with a thermostatted auto-
injector and column oven, coupled to a Q Exactive Plus Or-
bitrap MS, with an atmospheric pressure chemical ionization
(APCI) probe (Thermo Fischer Scientific, Waltham, MA) op-
erated in positive ion mode. Separation was achieved with a
Zorbax Eclipse XDB C;g column (Agilent, 3.0 x 250 mm,
5um), using MeOH as an eluant (0.4 mLmin~'). APCI
source settings were set as follows: corona discharge current,
2.5 uA; source CID (collision-induced dissociation), 10eV;
vaporizer temperature, 475 °C; sheath gas flow rate, 50 ar-
bitrary units (AU); auxiliary gas flow rate, 30 AU; capillary
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Figure 2. (a) Map of the California Current system (CCS). Key currents are indicated with arrows. (b) Location of ODP Site 1012
(32°16.970° N; 118°23.039° W) recovered at 1784 mb.s.s., with minimum dissolved oxygen (DO) concentrations [umol kg_l] detected in
the water column in 2018 (Garcia et al., 2019). (c) A latitudinal section plot of the CCS water column showing modern annually averaged
DO (umol kg_l) concentrations and salinity (psu) concentrations with the colour bar and contour lines, respectively (Garcia et al., 2019).
Major current and water masses are also indicated, i.e. the eastern tropical and eastern subtropical North Pacific (ETNP and ESTNP, respec-
tively) OMZs, the California Current (CC; black arrows), the California Undercurrent (CU; orange arrows), North Pacific Intermediate Water
(NPIW), and North Pacific Deep Water (NPDW). Maps were created in Ocean Data View and DIVA gridding was applied for interpolation
of DO concentrations (Schlitzer, Reiner, Ocean Data View, https://odv.awi.de (last access: 4 December 2023), 2021).

temperature, 300 °C; and S-lens, 50 V (van Kemenade et al.,
2022). A mass range of m/z 225-380 was monitored (reso-
lution 140 000 ppm), followed by data-dependent MS? (res-
olution 17 500 ppm at m/z 200), in which the 10 most abun-
dant masses in the mass spectrum were fragmented succes-
sively (stepped normalized collision energy 20, 25, 30eV).
An inclusion list containing the exact masses of Cis—4-
[3]- and C4—24-[5]-ladderane FAMEs was used. Mass chro-
matograms (within 5 ppm mass accuracy) of the protonated
molecules ((M+H] ") were used to integrate the detected lad-
deranes: Cy4[3]-, C14[5]-, Cy6[5]-, Ci13[3]-, C15[5]-, Coo[3]-
, and Cyp[5]-ladderane FAMEs (m/z 235.169, 233.154,
261.185, 291.232, 289.216, 319.263, and 317.248, respec-
tively), as well as the internal deuterated C,o[5]-PUFA stan-
dard (m/z 322.279). A detection limit of 30-35 pg injected
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on-column and a linear response of (r(4)>0.99) over approx-
imately 3 orders of magnitude was achieved (Table S8). Iden-
tification of ladderanes was achieved by comparing retention
times and spectra with in-house isolated Cyo[3]- and Cyo[5]-
ladderane FAME standards (Hopmans et al., 2006; Rattray et
al., 2008) and with ladderane FAMESs in a biomass sample of
Ca. Kuenenia.

Previously, ladderane FAME quantification has been con-
ducted using calibration curves of in-house isolated Cyo[3]-
and Cpp[5]-ladderane standards (Hopmans et al., 2006).
However, this quantification method does not correct for
any variability in ion intensity, due to, for example, ma-
trix effects and/or changes in the instruments functioning.
Therefore, we further optimized this quantification method
to include a response correction using a commercially avail-

Biogeosciences, 21, 1517-1532, 2024
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able internal standard (deuterated Cyo[5]-PUFA). At the start
of each sequence, calibration curves were made for the
Cy[3]- and Cyp[5]-ladderane standards and the deuterated
Cy0[5]-PUFA standard. The relative response of the deuter-
ated Cpo[5]-PUFA commercial standard in relation to the
ladderane FAME standards was determined from the slopes
of their calibration curves (giving a relative response fac-
tor, i.e. RRF). An RRF of 1.3 was used for [3]-ladderanes,
based on the Cyp[3]-ladderane, and an RRF of 1.2 for the [5]-
ladderanes, based on the Cyp[5]-ladderane. Using the RRFs,
ladderane FAME concentrations (Cr, expressed in ug g™
dry weight) were calculated as follows:

_AL
oo (<>)

ms

; ey

with m|g being the mass (ug) of the added internal standard,
mg the dry weight of extracted sediment (g), Ar, the inte-
grated peak area of the given ladderane FAME, Ajg the inte-
grated peak area of the internal standard, and RRF the rel-
ative response factor. Ladderane concentrations (including
concentrations normalized against gram TOC) are reported
in the Supplement (Tables S4 and S5). To compare with
previous studies that did not use an internal standard, the
established method that uses external calibration curves of
three authentic standards (Hopmans et al., 2006; Rush et al.,
2012b; Rattray et al., 2010) was also performed (Table S9). A
comparison between both quantification methods is provided
in the Supplement (Sect. S2).

3.6 NLjsindex

The index of ladderane lipids with five cyclobutane rings
(NLs) correlates with the temperature at which they were
synthesized. The NLs index is calculated according to the
following equation:

Cyo[5]1adderane FA

NLs =
> = Cis[5]ladderane FA + Cap[5]ladderane FA

@

The empirical fourth-order sigmoidal relationship between
the NL5 index and temperature is then described by

0.7

NLs = 02+ —————.
1+ e~ (I122)

3

with temperature (7') in °C (Rattray et al., 2010).
3.7 Degradation rates and constants

Ladderane concentrations over the entire record (Fig. 3) were
used to calculate ladderane degradation rates, with the fol-
lowing equation for lipid degradation (Canuel and Martens,
1996):

K= —0, (4)
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with &’ being the first-order rate constant (kyr—!), C being
the concentration (ugg~' dry weight) at time ¢(C;) and at
the initial time (C;g), and ¢ being the relative time (kyr). Lad-
derane degradation constants and rates are provided in the
Supplement (Table S7).

4 Results

4.1 Bulk sedimentary total nitrogen and total organic
carbon

Bulk sedimentary total nitrogen (TN) ranged between 0.1 %—
0.6 % throughout the record. 8N fluctuated from 5.8 %o to
10.0%o. An offset of 3%o to 4%o0 was observed between
interglacials and glacials, with higher values during inter-
glacials. Sedimentary total organic carbon (TOC) varied be-
tween 1.7 %-7.4 % throughout the record, whilst its carbon
isotopic composition (813CT0C) ranged from —23.0%o to
—21.6 %o. C/N ratios (atomic) ranged from 13 to 23 (Fig. 4f—
j; Table S3).

4.2 Ladderane FA concentrations and the NL; index

The ladderane fatty acids identified in this record were
Ci3[5]-, Ci3[3]-, Coo[5]-, and Cyg[3]-ladderanes, and their
diagenetic products were the SC Cy4[5]-, Ci4[3]-, and
Cipl5]-ladderanes. Summed SC-ladderane and ladderane
concentrations over the entire 500ka record were 0.5-33
and 0.1-23ngg™! dry weight, respectively (Fig. 3; Ta-
ble S5). Normalized concentrations over the 160ka record
ranged as follows: Cjs[5]-ladderane 16-158 nggTOC_l,
Ci4[3]-ladderane 27-184 nggTOC_l, Ci6[5]-ladderane
34-198ng g TOC™!, Cjg[5]-ladderane 7-107ngg TOC™!,
Cig[3]-ladderane 4-76 nggTOC’l, Cyo[5]-ladderane 5-
79ng g TOC~!, and Cp[3]-ladderane 10-208 ng g TOC ™!
(Fig. 4b, c; Table S4). Concentrations calculated without
the use of the internal standard (Hopmans et al., 2006; see
Sect. 2.5) are reported in the Supplement (Table S9) and
were a factor of 1.2 and 1.3 lower for [3]-(SC-)ladderanes
and [5]-(SC-)ladderanes, respectively. Concentrations
calculated with the two quantification methods showed a
strong positive linear relationship of R?> = 0.88 and 0.89 for
[3]-(SC-)ladderanes and [5]-(SC-)ladderanes, respectively
(Fig. S2). The NLs5 index (Eq. 2) ranged from 0.3 to 0.8
throughout the record. Corresponding NLs-derived tempera-
tures (Eq. 3) were between 13.1-18.6 °C, with highest values
observed in the > 160 kyr cal BP sediments (Table S6).

5 Discussion

In the sediment record of ODP Site 1012, Cyg[3]-, C1g[5]-,
Cyo[3]-, and Cyp[5]-ladderane FAs and their short-chain
C14[3]-, C14[5]-, Cie[5]-ladderane products were detected
over the last 500kyr (~38mb.s.f.;; Fig. 3). This poses
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Figure 3. Summed Cyg[5]-, Cg[3]-, Cyg[5]-, and Cyg[3]-ladderane (orange) and summed short-chain (SC) C4[5]-, C14[3]-, and Cy¢[5]-
ladderane (black) concentrations (ng g_l dry weight) in the ODP Site 1012 record. The logarithmic relationship between ladderanes and
SC ladderanes with time is provided (with corresponding R?)and is displayed with orange and black dashed lines, respectively. Grey dashed
lines indicate the approximate timing of glacial terminations I to V. Note that the scales of the y axes are different.

a considerable extension of the ladderane record (for-
merly detected up to ~140kaBP in Arabian Sea sed-
iments; ~ 10mb.s.f.; Jaeschke et al., 2009). Below, we
will first discuss the provenance of the detected ladderane
lipids (Sect. 5.1). Then, their variability throughout glacial—
interglacial cycling will be discussed (Sect. 5.2), ending
with the subsequent implications on our understanding of
the nitrogen cycle of the CCS (Sect. 5.3). Unfortunately,
the coarse sampling resolution in the > 160 kyr cal BP sed-
iments and low ladderane FA concentrations (due to diagen-
esis) complicate interpretations of ladderane FA fluctuations
in these sediments. Therefore, analysis of trends in ladder-
ane concentrations over (inter)glacial cycling is limited to the
< 160 kyr cal BP sediments.

5.1 Ladderanes sourced from anammox bacteria in the
ESTNP OMZ water column

The relative contribution of SC ladderanes to the total lad-
derane pool is a measure of oxygen exposure (Rush et al.,
2011, 2012b), and the NL5 index is a measure of the water
temperature of the niche of anammox bacteria (Rattray et al.,
2010). In combination, these data may provide insights into
the origin of ladderanes in the CCS sediment record.

In the CCS, a progressive depletion of both the wa-
ter column § 15NNO3 and sedimentary 8N signal occurs
with increasing latitude, resulting in more depleted values at
ODP Site 1012 (8 %c—10%o; Altabet et al., 1999; Liu et al.,
2005; this study) than in the ETNP OMZ core. The north-
ward transport of denitrified waters by the poleward-flowing
oxygen-poor CU from the core of the ETNP has been evoked
to explain this trend (Castro et al., 2001; Kienast et al., 2002).
This means that at ODP Site 1012, the sedimentary 8N sig-

https://doi.org/10.5194/bg-21-1517-2024

nal is thought to predominantly derive from the ETNP and
not the ESTNP OMZ. In order to understand the observed
ladderane trends in the ODP Site 1012 record, it is thus im-
portant to establish whether the detected ladderanes reflect a
local signal (from the ESTNP OMZ) or whether they are also
sourced from the ETNP OMZ core and similarly transported
northwards with the CU, towards ODP Site 1012. Alterna-
tively, ladderanes could also be synthesized by sedimentary
anammox bacteria (Vossenberg et al., 2008).

At ODP Site 1012, SC ladderanes were present at relative
abundances of 40 %—-88 % throughout the record (Fig. 4d).
Ladderane FAs are relatively labile compounds, and in the
Arabian Sea they have been shown to already degrade into
their SC products (at relative proportions of ~ 20 %) within
the OMZ water column (DO < 3 pmol L~1). There, the sink-
ing of ladderanes through the oxygenated bottom waters
underlying the OMZ ultimately resulted in similar relative
abundances of SC ladderanes in the surface sediments of
20 %—80 %, depending on water column depth (Rush et al.,
2012b). The similarly high contribution of SC ladderanes in
the ODP Site 1012 record suggests that ladderanes are also
sourced from an overlying OMZ water column (i.e. the ES-
TNP OMZ) and sunk through oxygenated bottom waters be-
fore being deposited on the seafloor, which readily became
anoxic in view of the high TOC content (Fig. 4j).

An OMZ water column source is consistent with the NLjs
index (0.3-0.8; Fig. 4e). According to the NLs calibration
by Rattray et al. (2010), NLs indices within this range more
closely reflect water column rather than sedimentary anam-
mox bacteria. Also, NLs-derived temperatures (13—17 °C;
Table S6) are significantly higher than what would be ex-
pected for sea-floor temperatures (i.e. modern annual aver-
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Figure 4. From top to bottom: concentrations of (a) total ladderanes (summed SC ladderanes and ladderanes), (b) ladderanes, and (¢) SC
ladderanes (normalized against TOC [ng gTOC_l]), (d) relative abundance of SC ladderanes over total ladderanes [%], (e) U§7/—derived
sea-surface temperatures (SSTs) from Herbert et al. (2001) [°C] and the NL5 index from this study, (f) atomic ratio of total organic carbon
(TOC) over total nitrogen (TN), (g) bulk sedimentary 815N from Liu et al. (2005) and this study [%o], (h) TN from Liu et al. (2005) and this
study [%], (i) bulk sedimentary §'3C [%q], (j) TOC [%] and (k) benthic § 180 record from Herbert et al. (2001) [%o]. All data are derived from
the same location (ODP Site 1012). Marine isotope stages (known as MIS) are indicated with black and white bars. Periods of maximum
global ice volume (Herbert et al., 2001; blue bars) and the approximate timing of glacial terminations TI and TII (dashed lines) are also
indicated.
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age bottom water temperatures at Site 1012 are < 5 °C; Gar-
cia et al., 2019). Additionally, while the transport of ladder-
ane FAs has been shown to occur within oxygen-depleted
systems (van Kemenade et al., 2022), long-distance trans-
port of ladderane FAs with the CU (characteristic DO con-
centration of ~ 62 umol L~! in modern CU water; Sahu et
al., 2022) is unlikely, and it would be expected to yield
higher relative abundances of SC-ladderane FAs than de-
tected in the record. Transport of ladderanes is also not re-
flected in present-day ENP ladderane distributions, as an in-
vestigation of ladderanes at more northerly (~20°N) and
more southerly (~ 17°N) located sites showed in situ syn-
thesis by pelagic Ca. Scalindua at both sites (Sollai et al.,
2015). Hence, ladderane FAs are thought to predominantly
derive from the ESTNP OMZ water column and reflect a
local anammox signal, although some contribution of al-
lochthonous or sedimentary anammox cannot be entirely ex-
cluded.

5.2 Anammox variability in the CCS over the last
160 kyr

5.2.1 The Holocene and MIS 5, including the
penultimate interglacial of MIS Se

Over the ~500kyrcal BP record, ladderane FAs are ob-
served to decrease logarithmically with time (Fig. 3; R? =
0.70), in which the degradation constant k follows a linear re-
lationship (when logarithmically transformed; Fig. 5a; R% =
0.88) with time. This is consistent with first-order degrada-
tion kinetics, typical for OM (Canuel and Martens, 1996). As
such, it is not surprising that the highest ladderane concentra-
tions are observed in the youngest sediments, deposited dur-
ing the early to mid-Holocene. Even so, ladderane FAs nor-
malized against TOC also show elevated concentrations in
Holocene sediments. This suggests that high ladderane FAs
at this time are not simply a preservation signal but also re-
flect an increase (compared to pre-Holocene sediments) in
their production by Ca. Scalindua spp. relative to the total
organic C pool. Moreover, elevated ladderanes in the early to
mid-Holocene sediments coincide with enriched bulk §'9N
(9 %c—10 %o; Fig. 4g), indicative of enhanced N loss by anaer-
obic microorganisms, and elevated TOC and TN concentra-
tions (Fig. 4h, j), indicative of increased productivity.

In contrast to ladderane FAs, concentrations of their
SC products are not highest in Holocene sediments. Con-
sequently, the SC-ladderane data do not fit the logarithmic
decrease with time well (R2 = 0.47; Fig. 3), which is also
reflected in the relationship of the degradation constant k
with time (Fig. Sa; R?% = 0.43). The oxidation of ladderane
FAs to produce SC-ladderane FAs (Rush et al., 2011) has
been shown to take place within the oxic waters below the
OMZ. In this way, 20 %—-80 % of the ladderane FAs were
transformed into SC ladderanes in the Arabian Sea (Rush et
al., 2012c). Throughout the deeper CCS sedimentary record
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(> 10kyrcal BP), the relationship between ladderane FAs
and their SC products follows a linear trend (R> = 0.87;
Fig. 5b), with SC ladderanes making ~ 60 %—80 % of to-
tal ladderanes (Fig. 4d). However, in Holocene sediments
(< 10kyrcal BP sediments), the relationship between lad-
deranes and SC ladderanes is different (Fig. 5b), and SC-
ladderanes occur at relatively lower abundance (40 %-60 %)
compared to the rest of the record. This indicates that, after
10kyr cal BP, there was no significant change in the expo-
sure of ladderane FAs to the oxygenated water underlying the
ETNP OMZ before being buried in the sediment record, but
that in the recent record there was reduced oxygen exposure.

Reduced oxygen exposure is likely to have resulted from
an intensified OMZ; Lembke-Jene et al. (2018) showed, us-
ing paleoceanographic proxies and paleomodelling, that a
combination of sea ice loss, increased SST, and reminer-
alization rates led to more deoxygenated intermediate wa-
ters (the NPIW) during the early to mid-Holocene in the
North Pacific. Moreover, in the ETNP, enriched sedimen-
tary 81N values and laminated sediments during the early
Holocene, alongside geochemical tracers, have been inter-
preted to signal the presence of a strong OMZ at this time,
while bioturbated sediments occurred over the last glacial pe-
riod (Thunell and Kepple, 2004).

Ladderane FA concentrations also peak during the penulti-
mate interglacial (the Eemian; MIS 5e), in line with enriched
(> 8 %) 8'9N values. Microfossil data from MIS 5 have in-
dicated that intermediate waters in the western North Pacific
were more deoxygenated during the Eemian (Matul et al.,
2016), which may have driven increased anammox in the
CCS at this time. Yet, while §1°N values over MIS 5 max-
imize during MIS 5e, ladderane FA concentrations peak dur-
ing mid-MIS 5 (MIS 5b—c). During MIS 5b—d, when (SC-
)ladderane FA concentrations maximize, intermediate wa-
ters in the western North Pacific were likely oxic (Matul
et al., 2016), and the SN signal is more subdued (< 8 %o;
Fig. 4g). At this time, increased (SC-)ladderane FAs coincide
with peaks in paleo-productivity proxies (i.e. TOC and TN;
Fig. 4h, j). Over the course of MIS 5, from late MIS Se on-
wards, SSTs in the CCS decreased while the CC strengthened
(Herbert et al., 2001; Yamamoto et al., 2007). This would
have led to increased transport of high-oxygen, nutrient-rich
NPIW (Herguera et al., 2010) and enhanced open ocean up-
welling. This may have fuelled productivity, which explains
the high TOC and TN concentrations in mid-MIS 5.

The C/N ratio remains fairly stable throughout MIS 1 to
MIS 5c (mean MN = 16, standard deviation SD = 2; Fig. 4f),
with higher values observed during MIS 6 (MN =20,
STD =2; discussed in Sect. 5.2.2). Based on stoichiometry,
enhanced NOj; supply is expected to lower the ratio in phy-
toplankton biomass (Matsumoto et al., 2020). Yet, changes in
nutrient concentrations have been observed to effect the C/P
and N/P ratios but not the C/N ratio (Frigstad et al., 2011). It
is therefore not surprising that the increased TN content dur-
ing mid-MIS 5 is not reflected in the C/N ratio. Also, while
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the 8'3C signal (—23 %o to —22 %o; Fig. 41) reflects a typical
marine origin of OM, the C/N ratio is higher than commonly
observed for marine algae (e.g. Lamb et al., 2006). This is
likely caused by preferential remineralization of organic N
during the settling of OM from the photic zone (Verardo and
Mcintyre, 1994; Schneider et al., 2003).

During mid-MIS 5, where TN and TOC peak, anammox
may have been fuelled by local increases in OM. Babbin et
al. (2014) showed, using incubations from the ETNP OMZ,
that anammox rates increase in response to the addition of
OM. Likewise, in the modern Southern Pacific OMZ, N loss
by anammox was found to be strongly correlated with the
export of OM, via the release of ammonium into the wa-
ter column through remineralization (Kalvelage et al., 2013).
As such, the co-occurrence of ladderane FA and paleo-
productivity proxy maxima during MIS 5 could reflect an
increase in Ca. Scalindua spp. abundance in response to an
increased N-substrate supply via OM remineralization or nu-
trient transport. Remineralization of increased phytoplankton
biomass may consequently also have led to more reduced lo-
cal conditions, which would also favour anammox. This lo-
cal signal would not have been recorded in the western part
of the North Pacific, where intermediate waters were oxic
(Matul et al., 2016). The relatively subdued §'°N signal dur-
ing mid-MIS 5 and consequent implications for our under-
standing of the N cycle in the CCS are further discussed in
Sect. 5.3.

5.2.2 The two most recent glacial periods

Ladderane FAs are observed to increase from early MIS 3
to mid-MIS 2 and from the middle to late MIS 6. Maxima
of ladderanes occur approximately at the timing of ice sheet
volume maxima of the last glacial maxima (LGM) and the
penultimate glacial of MIS 6 (blue bars in Fig. 4; following
timing of Herbert et al., 2001). During the last glacial pe-
riod (~ 115-12ka) and the penultimate glacial MIS 6, large
parts of the North American continent were covered by the
Laurentide and Cordilleran ice sheets. While glacials are typ-
ically associated with a well-ventilated intermediate-water
mass (Herguera et al., 2010) and a strong southward advec-
tion of the CC (Ortiz et al., 1997), a weakening of the CC has
been proposed to occur at times of global ice sheet maxima.
In the CCS, U§7,-derived temperatures indicate that SSTs in-
creased ~ 12 kyr in advance of maximal ice sheet volumes.
This is thought to reflect increased northward advection of
warm oxygen-poor waters carried by the CU and DC in re-
sponse to a weakened CC due to large ice sheet volumes
(Herbert et al., 2001). Using trace elements, Cartapanis et
al. (2011) found that intermediate water oxygenation off Baja
California deteriorated slightly over the course of late MIS 3
and early MIS 2, consistent with a strengthening of the CU
at this time. As such, the increased abundance of ladderanes
observed during (and leading up to) ice sheet maxima at ODP
Site 1012 may derive from an increased Ca. Scalindua spp.
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abundance due to more reduced local conditions, via the en-
hanced strength of the CU.

MIS 6 and its termination (TII) are further character-
ized by relatively high C/N ratios (17-23; Fig. 4f). Mat-
sumoto et al. (2020) found, using a global ocean carbon cy-
cle model, that during glacial periods the expansion of sea
ice increased global C: N : P ratios. Additionally, taxonomic
changes during glacials, in which eukaryotic phytoplankton
became more dominant, resulted in NO; depletion (hereby
increasing the C/N ratio). At the same time, decreased up-
welling during glacial periods in the North Pacific (Worne et
al., 2019) may have also lowered nutrient availability. Low
N availability is reflected in relatively low TN concentrations
in this record (Fig. 4h). This suggests anammox at this time
was primarily promoted by reduced local DO concentrations
via enhanced CU strength rather than enhanced nutrient sup-
ply and/or increased remineralization rates.

While enhanced anammox in response to deoxygenation
during glacial maxima is at odds with previous assessments
of N loss in the CCS (e.g. Liu et al., 2005), deoxygenation
of the Pacific is consistent with recent paleo-proxy studies
(Lu et al., 2016; Anderson et al., 2019) and modelling results
(Matsumoto et al., 2020). According to these studies, many
parts of the glacial ocean, including the equatorial Pacific,
had substantially lower DO during the last glacial period than
today. This fits with increased ladderane FAs at this time,
which suggests N loss in the CCS was likely more intense
during glacial maxima than previously assumed.

5.3 Implications of the occurrence of anammox on the
N cycle in the CCS

In the CCS, previous estimates of changes in N loss over
time have been based on the bulk sedimentary §'°N record.
Enriched §'°N during interglacials (7 %—10 %) are thought to
reflect intensified denitrification in response to reduced DO,
while more depleted 89N during glacials (4 %—6 %) are as-
sumed to reflect lowered rates in response to increased DO
(Liu et al., 2005, 2008). However, the occurrence of ladder-
ane FAs throughout our CCS record now shows that anam-
mox was (also) responsible for N loss and thus contributed,
at least partially, to the sedimentary 8 >N record.

The cross-correlation for both §'9N-§'80 and §'80-SST
at ODP Site 1012 (Liu et al., 2005) indicates that fluctuations
in 8'5N occur in tandem with glacial—interglacial cycling.
However, a long-standing conundrum has been the discrep-
ancy between the 8'°N record and productivity proxies (i.e.
TOC and TN), especially north of the ETNP (Kienast et al.,
2002), as also seen in our record (Fig. 4). This decoupling
has been used previously to suggest that variations in denitri-
fication were not due to changes in OM remineralization rate
but rather from changes in ocean circulation and ventilation
patterns (Ganeshram et al., 2000). Yet, fluctuations in ladder-
anes do seem to follow trends in paleo-productivity proxies
(i.e. TOC and TN) relatively closely, especially during the
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the > 10 kyr cal BP age groups (in green).

Holocene, MIS 3, and MIS 5. And, while enriched §'°N val-
ues sometimes correspond to ladderane maxima (i.e. during
the Holocene), discrepancies with ladderane concentrations
are seen especially during MIS 5 and during glacial periods
(Fig. 4).

This may suggest that increased anammox does not al-
ways correspond to increased N loss, possibly via simultane-
ously reduced denitrification rates (Koeve and Kihler, 2010).
Yet, Babbin et al. (2014) showed, using incubations from the
ETNP OMZ, that both denitrification and anammox are lim-
ited by OM supply, and their rates increase in response to
the addition of OM. Moreover, these authors showed that
both denitrifiers and anammox bacteria are similarly inhib-
ited by oxygen in the marine environment, at DO concentra-
tion around 3 to 8 umol L~! (Babbin et al., 2014). As such,
both anammox and denitrification should respond similarly
to changes in DO and OM in the CCS.

Moreover, given the average C/N signature of marine OM
(106 : 16; Redfield et al., 1963), stoichiometric constraints
should result in a ratio of N production via denitrification
and anammox of 71 :29 (Koeve and Kihler, 2010). On the
one hand, this means that the relative contribution of anam-
mox to Ny production is likely lower than the contribution
of denitrification, possibly resulting in a less strong influ-
ence of anammox on the §1°N signal. On the other hand,
this means that denitrification and anammox rates should be
positively related, in which increased anammox is associated
with increased denitrification (Koeve and Kéhler, 2010). Po-
tentially, anammox and denitrification could be unsynchro-
nized (as indicated by differences between the ladderane and
8N records) in response to variations in the C/N ratio of
OM. Localized variations in the C/N signature may result in
different relative contributions. Yet, integrating these varia-
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tions over space and time should obtain a similar ratio (Dals-
gaard et al., 2012; Babbin et al., 2014; Ward, 2013). Addi-
tionally, the C/N ratio remains fairly consistent throughout
the record (13-19), except during MIS 6 where it is higher
(17-23; Fig. 4f) and variations do not correspond to those
observed in ladderane FAs or 8'°N. As such, given the tem-
poral resolution of the record (which does not cover season-
ality), denitrification and anammox intensities are expected
to fluctuate in tandem.

Consequently, variability in 8'°N of the CCS sedimen-
tary record may, at times, simply not relate directly to
changes in denitrification and/or anammox rates. Recon-
structions of N loss using sedimentary §'>N depend on the
assumption that there was complete biological utilization of
NOj3 by phytoplankton. However, during periods of high up-
welling intensity (as likely occurred during mid-MIS 5; see
Sect. 5.2.1), the high NO;" availability may result in incom-
plete NO5" assimilation. This allows for the preferential up-
take of *N by primary producers, resulting in a pool of § N
depleted OM available for heterotrophic denitrification (Tes-
dal et al., 2013). Hence, at times of high NO; supply, in-
complete nitrate assimilation would have quenched the § N
signal, even if denitrification was as intense as during peri-
ods of low NOj availability. Moreover, a study by Altabet
and Francois (1994) showed that sedimentary 815N in the
equatorial Pacific records the isotopic enrichment of near-
surface NOj via depletion by phytoplankton, in which en-
riched 8N values are associated with reduced NO3 avail-
ability for phytoplankton assimilation. Also, in the South Pa-
cific, NO3_ concentrations have been found to affect the U§7,
index (Mercer et al., 2005). Given the phase relationship be-
tween the 81N and UX /—37—based SST records of the CCS
(Liu et al., 2008) and the discrepancies between the & 15N and
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ladderane records, it may be reasonable to conclude that the
CCS sedimentary §'°N fluctuations (also) record variations
in NO; assimilation by phytoplankton.

Additionally, other biological processes may influence the
SN signal (Zonneveld et al., 2010). In the Gulf of Tehuan-
tepec, at the southern end of the ETNP OMZ core, § I5SN
values decrease over the course of the Holocene (Thunell
and Kepple, 2004; Hendy and Pedersen, 2006), while lam-
inated sediments suggest reduced DO concentrations. This
was interpreted as being the result of increased N» fixation
(8: < 4+2%0; Sigman and Fripiat, 2019), which lowered the
“denitrification” >N signal (Thunell and Kepple, 2004).
Lastly, enrichment of the sedimentary §'N values occurs
during early burial, where oxygen exposure results in en-
hanced biological isotopic alteration (Robinson et al., 2012).
In short, sedimentary 8 >N is shaped by many opposing pro-
cesses, and assuming a one-to-one relationship with deni-
trification intensities and DO concentration clearly misses
the complexity that shapes the CCS. Ladderanes hereby of-
fer a more detailed picture of N-loss dynamics in the paleo-
environment of the CCS. In the case of the ODP Site 1012
record, ladderane concentration trends challenge the conven-
tional assumption that N-loss processes solely follow ocean
circulation and ventilation patterns coupled to (inter)glacial
cycling and instead show OM remineralization may also be
an important driver of N loss.

Discrepancies between the ladderane and 8N record
hereby necessitate careful consideration when applying N-
isotope-based budgets to estimate past N cycling. More
specifically, the occurrence of increased ladderane concen-
trations during glacial maxima may require a re-evaluation
on the response of N-loss rates to glacial-interglacial cycling
in the CCS. Furthermore, the occurrence of an additional N-
loss pathway in the CCS (anammox), other than denitrifica-
tion, may affect estimates of N, O greenhouse gas production
by denitrifiers and the degree of heterotrophy of the system,
although the importance of this would require further inves-
tigation. Future research, investigating anammox biomarkers
in other CCS records (preferably in a latitudinal gradient with
this record) may offer further insights into N-loss dynamics
across glacial—interglacial cycles.

6 Conclusions

Ladderane FAs detected in a ~500kyr CCS sedimentary
record at ODP Site 1012 reveal the past occurrence of anaer-
obic ammonium oxidizing (anammox) bacteria in the water
column of the California Current system (CCS) over the last
five glacial terminations. The index of ladderanes with five
cyclobutane moieties (NLs), which correlates with the in situ
temperature at which ladderanes are synthesized, suggests
that ladderanes were derived from the ESTNP OMZ water
column. The CCS record shows a continuous presence of lad-
derane FAs over the last two interglacial-glacial transitions,
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with maxima during (i) the Holocene, (ii) leading up to and
during the LGM (early MIS 3 to mid-MIS 2), (iii) MIS 5b-
¢, and (iv) during the ice sheet maxima of the penultimate
glacial (late MIS 6). Combining information on the pres-
ence of ladderanes with paleo-productivity proxies and the
hydrographic features of the CCS suggests anammox abun-
dance was driven by both OM remineralization and advec-
tion changes, which regulated nutrient and oxygen concen-
trations. In the record, a clear shift is seen in the relationship
of SC ladderanes over their parent products, in which the
relative abundance of SC ladderanes is significantly lower
in Holocene than in pre-Holocene sediments. This may re-
flect a shift in oxygen exposure, which corresponds to pre-
vious studies showcasing a vertical expansion of the ENP
OMZ over the Holocene. Clearly, the anammox contribution
to N loss in the CCS, as shown in this study, requires a re-
assessment of biogeochemical cycling in this system. Dis-
crepancies between the ladderane and §'°N record may im-
ply that N loss was perhaps more intense during cold phases
than previously assumed. Careful considerations must thus
be taken when using N-isotope based budgets to estimate
past N cycling in the CCS; sedimentary §'°N is shaped by
many opposing processes, and assuming a one-to-one re-
lationship between N-loss intensities and OMZ variability
clearly overlooks the complexity that shapes the CCS. Lad-
deranes hereby offer a more holistic picture of N-loss dynam-
ics in the paleo-environment of the CCS.
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