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Elevated organic matter (OM) export flux promotes marine anoxia, thus increasing carbon sequestration
efficiency and decreasing atmospheric carbon dioxide levels. However, the mechanisms that trigger and
sustain anoxic events—particularly those associated with nutrient-poor, oligotrophic surface waters—
remain poorly constrained. Mediterranean Sea sapropels are well-preserved sediments deposited during
episodic anoxic events throughout the Plio-Pleistocene; as such, they may provide unique insight
into the biogeochemical and ecological drivers of—and responses to—marine anoxia. Using biomarker

Keywords: distributions, we demonstrate that anaerobic ammonium oxidizing (anammox) bacteria and diazotrophic
anammox endosymbionts of mat- and/or raft-forming diatoms were both abundant during sapropel events,
anoxia particularly in the lonian and Libyan seas. In these sapropels, the carbon isotope compositions of

compound-specific §'3C
diatom-diazotroph symbioses
N,-fixation

Mediterranean sapropels

anammox biomarkers directly capture progressive '3C-depletion in deep-water dissolved inorganic
carbon, indicating sustained carbon sequestration. To explain these observations, we propose a reinforcing
feedback whereby initial nutrient and/or circulation perturbations promote fixed nitrogen loss via
intensified anammox and heterotrophic denitrification, which in turn favors proliferation of rapidly
sinking diatom-diazotroph symbiotic consortia, increases OM burial flux, and sustains anoxia. This
mechanism resolves the long-standing conundrum that small and buoyant diazotrophs are apparently

associated with high OM export during periods of marine anoxia and oligotrophy.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction (03), produces carbon dioxide (CO;), and regenerates nutrients

that can be returned to the surface via overturning circulation

Marine primary production—the amount of organic matter
(OM) produced by photosynthetic organisms in the surface ocean—
is limited by the supply of nutrients, namely phosphorus and
nitrogen (Van Cappellen and Ingall, 1996). Although most OM is
recycled near the surface, some is exported to depth where it
is aerobically respired. This process consumes dissolved oxygen
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(Kemp and Villareal, 2013; Wright et al., 2012). However, if aero-
bic respiration outpaces circulation-derived O supply, deep waters
become anoxic and “fixed” nitrogen species (nitrate, NO3; nitrite,
NO,; and ammonium, NHZ{) become important energy sources
for anaerobic microorganisms (Mills and Arrigo, 2010; Wright et
al., 2012). Specifically, both heterotrophic denitrification and au-
totrophic anaerobic ammonium oxidation (anammox) consume
fixed nitrogen, produce dinitrogen gas (N;), and limit the return
of nutrient nitrogen to the surface. Such loss of fixed nitrogen
should promote the proliferation of small, photosynthetic, N;-
fixing cyanobacteria (“diazotrophs”) with high nutrient uptake ef-
ficiency and slow sinking rates (Marafién, 2015). This diazotrophic
feedback is expected to replenish fixed nitrogen inventories and
decrease the rate of OM export, thus providing mechanistic insur-
ance against runaway anoxia.

However, observations of ecosystem response during Plio-
Pleistocene sapropel events in the Mediterranean Sea contrast with
these predictions. The sedimentary records of microfossils (Kemp
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et al,, 1999; Schrader and Matherne, 1981) and organic biomarkers
(Higgins et al., 2010) indicate sustained proliferation of eukary-
otic algae during anoxic periods. These observations imply that
nutrient-poor (i.e., oligotrophic) surface waters can continue to
support elevated export production and the growth of large eu-
karyotes, sustaining high rates of remineralization at depth and
amplifying, rather than dampening, deep-water anoxia (Calvert et
al., 1992; Sachs and Repeta, 1999). Resolving this paradox and
understanding the connections between both regional and global
oxygen, carbon, and nitrogen cycles requires new constraints on
the microbiological and biogeochemical mechanisms that promote
and sustain anoxia.

To provide insight into nutrient cycling in low-oxygen basins,
we measured lipid biomarker abundances and compound-specific
stable carbon isotope compositions as well as the elemental and
isotopic compositions of bulk OM from sediments deposited in
the Eastern Mediterranean Sea during five Plio-Pleistocene sapro-
pel events. By quantifying bacteriohopanepolyols (BHPs) specific
to anammox bacteria and heterocyst glycolipids (HGs) specific to
diazotrophic cyanobacteria, we provide the first simultaneous as-
sessment of the distribution and types of fixed nitrogen sources
and sinks in response to anoxia. To assess spatial variability of
the nitrogen cycle during sapropel events, we additionally com-
pile all previously reported biomarker and diatom microfossil data
from the literature. Finally, we compare Mediterranean sapropel
results to biomarker distributions from open-ocean anoxic events
(OAEs)—for example, during the Cretaceous Period—which do not
record evidence of elevated anammox activity but rather suggest
increased nitrite oxidation. Collectively, these analyses suggest that
nutrient regimes during sapropel events resembled those of mod-
ern anoxic basins but were fundamentally different from those
during OAEs.

2. Study site

Today, the Eastern Mediterranean is a well-ventilated, olig-
otrophic basin characterized by low surface nutrient concentra-
tions, low primary productivity, and organic-poor, calcareous marl
sediments (Rohling et al., 2015). However, insolation-driven in-
creases in monsoon intensity and freshwater runoff throughout
the Plio-Pleistocene episodically slowed overturning circulation,
leading to deep-water anoxia and the deposition of organic-rich
“sapropel” sediments. Such events were basin-wide phenomena
lasting between 1000 and 10,000 years and yielding 1 to 30 cm-
thick sapropel deposits (Rohling et al., 2015; Sachs and Repeta,
1999). Because of their episodic nature and high sediment accumu-
lation rates (Rohling et al., 2015), sapropels are an ideal setting to
interrogate biogeochemical cycles during periods of marine anoxia.

Here, we specifically investigate five sapropel events—S4 (on-
set: 108 ka before present), S5 (128 ka), S7 (197 ka), i-282 (2.947
Ma), and S74 (3.004 Ma)—from two Eastern Mediterranean loca-
tions, Ocean Drilling Program Leg 160 sites 964 (36.26° N; 17.75°
E; 3658 m water depth) and 967 (34.07° N; 32.73° E; 2553 m wa-
ter depth) (Fig. 1; Table S1). Site 964 is located in the deep, more
westerly Ionian Sea and is described by intense seafloor and water-
column anoxia, including periods of photic-zone euxinia. It expe-
riences minimal freshwater inputs due to its long distance from
(paleo-)riverine sources (Rohling et al., 2015). Site 967 is located in
the shallower, more easterly Levantine Sea and is expected to re-
ceive significant freshwater input during monsoon-driven sapropel
events (Rohling et al., 2015). To further assess how these differ-
ences influence spatial variability in nitrogen-cycling processes, we
additionally compared our results from event S5 to diatom micro-
fossil and biomarker distributions reported in the literature from
other coring locations during this event (Bale et al., 2019; Bauer-
sachs et al., 2010; Rush et al., 2019) (Fig. 1).
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Fig. 1. Map showing eastern Mediterranean Sea sampling sites. Data presented in
this study are from ODP leg 160 sites 964 (black circle) and 967 (open circle).
Sites in which BHT and/or HG abundances during sapropel S5 have been previ-
ously measured (Bale et al., 2019; Rush et al., 2019) are shown as squares (64PE406,
turquoise; MS66PC, gold; ODP leg 160 site 971, orange). Red stars indicate sites re-
ported to contain preserved diatom microfossils during sapropel S5; marker sizes
are scaled by preservation quality (largest = “excellent”, smallest = “poor”; Ta-
ble S7). Map shading represents bathymetry (colored) or land masses (gray); dark
blue lines indicate reconstructed paleo channels of major river inputs during sapro-
pel events (Rohling et al., 2015). (For interpretation of the colors in the figure(s),
the reader is referred to the web version of this article.)

3. Materials and methods
3.1. Sample preparation and extraction

Sediment samples were freeze dried, homogenized by mortar
and pestle, and extracted in Teflon vessels using a CEM Mars mi-
crowave extraction system in three steps: (i) 1:1 dichloromethane:
methanol, (ii) 9:1 dichloromethane:methanol, and (iii) 100% dichl-
oromethane. The microwave program consisted of (i) 30 min
ramped heating program to 100°C, (ii) hold at 100°C for 20
min, (iii) cool-down for 10 min, after which solvent was decanted
and fresh solvent added. The extracted sediment was rinsed three
times with dichloromethane until the extract became colorless.
The extracts and rinses were combined into a total lipid extract
(TLE), dried under N, and stored at —20°C.

Following Pearson et al. (2016), TLE aliquots were separated
over pre-combusted SiO, (130-270 mesh) into five fractions: (i) F1
(100% n-hexane), (ii) F2-5 (10% ethyl acetate:n-hexane), (iii) F6-8
(25% ethyl acetate:n-hexane), (iv) F8.5 (1:1 ethyl acetate:n-hexane),
and (iv) F9-10 (100% ethyl acetate, followed by 100% methanol).
Both BHPs and HGs were contained in F9-10, whereas crenarchaeol
was contained in F8.5.

3.2. Biomarker quantification

3.2.1. Bacteriohopanepolyols

BHPs in dried aliquots of F9-10 were acetylated with 1:1 acetic
anhydride:pyridine overnight at room temperature (Hemingway et
al,, 2018). After derivatization, samples were evaporated to dry-
ness, reconstituted in 30:70 methanol:isopropanol, filtered through
0.45 pm pore size syringe-tip PTFE filters, and stored at —20°C.
Following Kusch et al. (2018), the acetylated fractions were in-
jected into a coupled high-performance liquid chromatography
(HPLC)-mass spectrometry system (MS) consisting of an Agilent
1290 series HPLC and an Agilent 6410 triple quadrupole mass
spectrometer (QqQ-MS) equipped with an atmospheric-pressure
chemical ionization interface run in positive ion mode. lon source
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and selected reaction monitoring parameters (Table S2) were op-
timized by infusion of acetylated extracts of Rhodopseudomonas
palustris TIE-1 as described by Kusch et al. (2018). BHP abundances
are reported semi-quantitatively as peak areas normalized to total
organic carbon content (area gOC~!) due to a lack of commer-
cially available BHP standards. While ionization depends on BHP
functional groups, ionization efficiencies among structural isomers
are expected to be identical. Due to potentially larger ion sup-
pression effects for sapropelic samples relative to the organic-lean
marls, sapropel BHP concentrations represent minimum estimates
(Fig. S1).

3.2.2. Heterocyst glycolipids

Heterocyst glycolipids were quantified using positive electro-
spray ionization (ESI) HPLC-MS on the QqQ-MS system described
above. Compounds were separated using a Waters Acquity BEH
amide column (2.1 x 150 mm inner diameter, 1.7 pm particle size)
maintained at 50 °C and the solvent gradient described by Wérmer
et al. (2012). Heterocyst glycolipids were quantified using charac-
teristic multiple reaction monitoring (MRM) transitions (Table S3).
Ion source parameters and MRM transitions were optimized by
infusion of lipid extracts of the heterocystous cyanobacteria An-
abaena cylindrica UTEX 1611 and Nostoc sp. PCC 7120, grown in
inorganic nitrogen-free BG-11p media. Biomass was harvested at
stationary phase using centrifugation (4000xg). Lipids were ex-
tracted using either microwave extraction as described above or
following a modified Bligh and Dyer protocol (Sturt et al., 2004).
Relative and absolute abundances of heterocyst glycolipids in TLEs
derived from microwave and Bligh and Dyer extractions were iden-
tical. MRM transitions for heterocyst glycolipids absent from the
cultures were optimized using sapropel sediment samples. Linear-
ity of instrument response was determined using a dilution series
(2-500x) of a sapropel TLE (Fig. S1). To limit the impact of dif-
ferences in instrument response between Cs and Cg heterocyst
glycolipids, the amounts of TLE injected into the HPLC-MS were
adjusted to achieve similar peak areas for all samples. Reported
heterocyst glycolipid abundances are semi-quantitative due to a
lack of authentic standards.

Identification of heterocyst glycolipids was confirmed using a
Thermo Q Exactive Orbitrap high-resolution MS connected to an
Agilent 1200 HPLC system. Detection was achieved using positive
ion ESI, while scanning an m/z range from 100 to 1500. The mass
spectrometer was set to a resolving power of 140,000 (Full Width
at Half Maximum at m/z 200) and to 17,500 for MS? scans, which
resulted in an observed resolution of 75,100 at m/z 875.5505 of an
internal standard (2,4-dinitrophenyl phosphatidylethanolamine di-
acylglycerol; Avanti Polar Lipids, Inc., Alabaster, AL) (Collins et al.,
2016). MS? spectra were obtained in data dependent mode. For
each MS full scan, three ions of highest intensity were selected
in series using the quadrupole for MS? fragmentation (4 Da isola-
tion window) with a Stepped Normalized Collision Energy of 20,
50, and 80. Analytes were separated using reversed phase HPLC on
an Cg XBridge column (2.1 x 150 mm, 5 pm particle size, Wa-
ters Corp., Milford, MA, USA) as described in Collins et al. (2016).
Heterocyst glycolipids were identified by retention time, as well
as accurate molecular mass of proposed sum formulas in full scan
mode and tandem MS fragment spectra.

3.3. Biomarker isotopic analyses

All biomarker and bulk isotope results are reported in delta no-
tation relative to Vienna Pee Dee Belemnite (VPDB; for §13C) and
air (for §1°N), respectively, with uncertainty reported as +1c be-
tween replicate measurements (after propagating uncertainty from
acetate carbon correction in the case of BHPs). The carbon isotopic
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composition of CO2(aq) relative to DIC (assuming T = 15°C) was
calculated according to (Mook et al., 1974).

3.3.1. Bacteriohopanepolyols

BHP isotopic analysis was performed following Hemingway et
al. (2018) using a synthetic sterol internal standard (cholestane-
3b,5a,6b-triol, §13C = —28.57 + 0.03%0 VPDB) to correct for the
effect of acetylation on BHP §'3C values. Individual acetylated
BHPs, as well as the standard, were isolated into separate fractions
using an Agilent 1290 Infinity series HPLC coupled to an Agilent
1260 Infinity series fraction collector; multiple injections were per-
formed for each sample and fractions from repeat injections were
combined to prepare sufficient compound masses for isotopic anal-
ysis. BHP recoveries and purities were assessed by analyzing ca. 5%
of each preparatory fraction using flow injection analysis and QqQ-
MS detection. Complete separation of bacteriohopanetetrol (BHT-I)
and its isomer (BHT-II) was verified by analyzing every fraction
using the HPLC-MS method described above. Compound-specific
813C values were determined using a Thermo Scientific Trace gas
chromatograph (GC) Ultra equipped with a programmable tem-
perature vaporizing inlet and a Zebron ZB-5HT high temperature
column (30 m x 0.25 mm inner diameter.; 0.10 pm film thick-
ness) and coupled to a Thermo Scientific Delta V Advantage isotope
ratio mass spectrometer (IRMS) via a GC Isolink system held at
1000°C. Resulting 13C/12C ratios were calibrated against CO, gas
with a known §3C value. All samples were injected at least in
triplicate. To monitor instrument performance and apply offset (ac-
curacy) corrections, 10-20 ng of an internal standard with known
isotope composition (n-C3g alkane) was co-injected with each sam-
ple. n-Csg standard long-term accuracy was better than 0.35%¢ and
precision was <0.30%o (n =112).

3.3.2. Crenarchaeol

Additional crenarchaeol §'3C data were generated to expand
upon the dataset of Polik et al. (2018). Crenarchaeol was purified
from F8.5 by sequential normal phase and reverse-phase HPLC as
described previously (Pearson et al., 2016; Polik et al., 2018). Car-
bon stable isotopic composition of crenarchaeol was analyzed in
six replicates using spooling wire microcombustion-IRMS (Pearson
et al., 2016). Isotopic compositions were standardized to a CO; ref-
erence gas, the C46-GTGT standard, and a crenarchaeol standard
of known isotopic composition. A dilution series of C46-GTGT was
used to correct for sample size bias. Purity was assessed by mea-
suring sample (F2) to background (F1) ratios (F2/F1). All reported
F2/F1 values were above the threshold of 2 established previously
to yield acceptable §'3C values of crenarchaeol (Polik et al., 2018).

3.4. Elemental analysis

Total nitrogen content (TN) and isotopic composition (§'°N) of
dry, homogenized bulk sediment aliquots were analyzed using a
ThermoScientific Flash EA Delta V Plus IRMS. Using the same in-
strumental setup, total organic carbon (TOC) content and carbon
isotopic composition (§13C) were analyzed on samples acidified
in silver capsules, which were wrapped in tin capsules before
combustion. Sediment nitrogen and carbon isotope compositions
were peak size-corrected and offset-corrected using laboratory and
authentic reference standards (glutamic acid: §'3C = —13.90%,
81N = —5.90%0; tyrosine: 8§13C = —24.90%0, §"°N = —4.96%;
USGS40: 813C = —26.39%0, 8'°N = —4.52%; USGS41a: §13C =
36.55%0, 81°N = 47.55%).

3.5. Statistical analyses

Regressions were calculated using weighted least squares (WLS);
this approach assumes zero uncertainty in x values and weights
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each data point by the inverse of the standard deviation of its y
value. All data distribution comparisons were calculated using the
two-tailed non-parametric Mann-Whitney U test. Reported p val-
ues are the probability of falsely rejecting the null hypothesis of
zero slope (for regressions) or equal means (for distribution com-
parisons).

4. Results & discussion

4.1. Enhanced loss of fixed nitrogen is linked to increased abundance of
anammox bacteria

For all events at all coring locations, total organic carbon (TOC)
content increases by >10-fold in sapropels relative to marl sed-
iments (Fig. 2a, 3a), indicating elevated primary production, in-
creased preservation efficiency, or both (Calvert et al., 1992; Sachs
and Repeta, 1999). In tandem, §'>N values of TN shift from a back-
ground near +5%o in marl sediments to values as low as —3%o
just before sapropel termination (Fig. 2d, 3b). Such reproducible
trends indicate similar carbon- and nitrogen-cycle perturbations
occurred throughout the Eastern Mediterranean for each anoxic
event, as has been shown previously (Calvert et al, 1992; Hig-
gins et al., 2010; Polik et al., 2018). Although '"N-enriched marl
signatures have been suggested to reflect diagenetic isotope frac-
tionation rather than a shift in '°N signature of the primary ni-
trogen source (Mobius et al., 2010), such interpretations would
require concomitant increases in bulk C/N ratios and TOC §!3C val-
ues due to the preferential remineralization of N-rich and '3C- and
I5N-depleted OM. This is not observed within the present samples
(Fig. 2b-c), confirming that sapropel vs. marl differences reported
here reflect a change in primary §'°N signals (see Supplementary
Information for further discussion).

Depletion in >N has traditionally been interpreted to reflect
increased importance of diazotrophic production, since N;-fixing
cyanobacteria produce biomass with §'°N values between —2 and
0%o (Higgins et al., 2011). In contrast, incorporation of pre-formed,
1>N-enriched fixed nitrogen (e.g., NO3) increases bulk OM §'°N
values to >0Y%o, although the exact composition of pre-formed ni-
trogen in the Mediterranean Sea is difficult to constrain and likely
differed from the canonical open-ocean value of +5%o (Higgins et
al., 2010; Maobius et al., 2010). Nonetheless, positive values are ob-
served for marl horizons, but all sapropel events show near-zero
or negative values (Fig. 3b). Such full expression of diazotroph
15N fractionation during sapropel events implies complete removal
of upwelling, pre-formed, and regenerated fixed nitrogen before
it can re-enter the photic zone; this result requires concomitant,
continuous input of newly fixed nitrogen to surface waters in suf-
ficient quantities to sustain primary production. Importantly, this
trend appears to be a basin-wide phenomenon, as evidenced by
the identical §1°N evolution during event S5 at all coring loca-
tions. Despite this persistent pattern, there is little direct evidence
to date that could explain the mechanisms responsible for quanti-
tative loss of regenerated nitrogen.

Our biomarker and bulk sediment data suggest elevated anam-
mox activity associated with these sharp increases in the con-
sumption of fixed nitrogen within the chemocline during sapro-
pel events. Carbon-normalized abundances of bacteriohopanetetrol
(BHT-I) and its isomer (BHT-II)—bacterial biomarkers that are com-
monly produced within modern oceanic anoxic zones (Wakeham
et al,, 2012) and are preserved on million-year timescales (Hem-
ingway et al.,, 2018; Rush et al., 2019)—increased by up to three
orders of magnitude at both study sites, with the largest increase
occurring during Pliocene event S74 at site 967 followed by all
events at site 964 (Fig. 2f, 3d). Importantly, such trends cannot
simply be explained by enhanced preservation leading to increased
overall TOC content; rather, they require a shift toward a BHT-rich
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source (Fig. S2a). While BHT-I is a generic bacterial biomarker, as
evidenced by its 13C composition near that of bulk organic car-
bon (Fig. 4), BHT-II is likely produced exclusively by autotrophic
anammox bacteria (Rush et al., 2014). Strong '3C-depletion in BHT-
II (median §'3C = —471%p, n = 27; Fig. 4), consistent with the
Wood-Ljungdahl carbon fixation pathway (Schouten et al., 2004),
confirms an anammox bacterial source.

In addition to elevated total BHT concentrations, the fractional
abundance of BHT-II [ f gyr-;; = BHT-1I/(BHT-I4+BHT-II)] consistently
increased from an average of 0.25 before sapropel onset to > 0.5
within sapropels (Fig. 2h, 3f), reflecting enhanced anammox con-
tribution to the total bacterial community biomass (Fig. S3a). In-
terestingly, the relative shift is less pronounced at site 964 than at
site 967 due to the former also yielding high fgyr.; values in marl
sediments, suggesting more persistent anammox activity despite
low total BHT abundances during oligotrophic conditions in the Io-
nian Sea. In contrast, the shallower, more land-proximal Levantine
Sea contains substantially lower fgyr.; outside of sapropel events,
making the relative increase appear larger. Consistent with previ-
ous results (Rush et al., 2019), Pliocene events at both study sites
display a transient dip in fgyr.;y within the sapropel “core”, possi-
bly due to inflow of ventilated deep water (Rohling et al., 2015);
however, all Pleistocene events show either stable fpyr.y values or
a peak during core sapropel formation.

These observations suggest overall intensification of a highly
reducing nitrogen cycle coupled to vigorous N,-fixation. We ad-
ditionally observe concomitant orders-of-magnitude increases in
the abundance of lipids from aerobic ammonia-oxidizing archaea
(i.e., crenarchaeol; Fig. 2e, 3c; Polik et al, 2018), as would be
required to supply the nitrite necessary to drive the anammox
reaction. Ammonium diffusing from the anoxic zone would have
been quantitatively removed by the interplay of anammox bacteria,
ammonia-oxidizing archaea and nitrite-oxidizing bacteria occupy-
ing their respective redox niches in the deep-to-shallow chemo-
cline, respectively. Although terminal nitrate resulting from these
processes could have served as a source of regenerated fixed nitro-
gen to phytoplankton, the negative §'°N values of bulk OM indi-
cate this source was quantitatively unimportant, either because (i)
nitrite oxidation was largely out-competed by the anammox sink,
(ii) most nitrate was not recycled into the photic zone but was ef-
ficiently consumed by denitrifiers, similar to what is observed in
the modern Black Sea (Lam et al., 2007), or (iii) some combination
of these effects.

4.2. Diatom-diazotroph symbiosis supports increased export production

Efficient removal of fixed nitrogen resulting from the inter-
play of aerobic ammonia oxidation and anammox/denitrification
would—in the absence of compensating nitrogen sources—limit
surface primary productivity, especially that of large eukaryotic
cells with high nutrient demands (Maraiién, 2015). However,
chlorophyll >N isotope records suggest eukaryotes remained abun-
dant. Different classes of photosynthetic organisms express diag-
nostic 1°N fractionations between biomass and chlorophyll that are
independent of their nitrogen substrate (Higgins et al., 2011). The
815N offset between bulk OM and chlorophyll-derived porphyrins
preserved in sediments (&por) has thus been proposed as a tracer
of the primary producer community (Higgins et al., 2012, 2011).
Previously, Higgins et al. (2010) showed that lonian and Libyan
Sea gpor values are stable near the expected eukaryotic value of
~5%o in both sapropel and marl sediments (events S2, S3, S4, and
S5), indicating that exported chlorophyll was predominantly pro-
duced by eukaryotic algae throughout the Pleistocene. In contrast,
if scarcity of fixed nitrogen had led to primary production that was
dominated by free-living, diazotrophic cyanobacteria—as has been
suggested for the Levantine Sea (Bale et al., 2019)—then we would
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Fig. 2. All down-core results. a, Total organic carbon (TOC) content, b, TOC to total nitrogen ratios (C/N), ¢, TOC §'3C values, d, total nitrogen §'°N values, e, OC-normalized
crenarchaeol peak areas, f, OC-normalized total BHT peak areas (BHT-1 4+ BHT-II), g, OC-normalized total HG peak areas (HG-C5 + HG-C6), h, fractional abundance of
BHT-II (fgyr-nn), and i, fractional abundance of HG-C5 (fuc-cs). For all panels, sediment depths are normalized assuming constant sedimentation rate for each event at
each site; horizontal gray bars indicate sapropel conditions (Supplementary Information; Table S1). Markers outlined in red designate samples analyzed for biomarker '3C
compositions. Data are separated by event (S4: 108 ka onset, diamonds; S5: 128 ka onset, squares; S7: 197 ka onset, upward-pointing triangles; i-282: 2.947 Ma onset,
left-pointing triangles; S74: 3.004 Ma onset, right-pointing triangles) and by site (964: black; 967: white). Note panel d axis is inverted for visual consistency and panels e, f,
and g, are presented on a logarithmic scale. Previously reported sapropel S5 data from sites ODP 971 (orange), MS66PC (gold), and 64PE406 (turquoise; TOC weight % plotted
on ODP 967 scale) are also shown for comparison (Bale et al., 2019; Rush et al., 2019). Among these core sites, frustules from mat-forming diatoms were reported from ODP
971 (Fig. 1; Table S7). Where visible, gray shaded region is analytical £10 uncertainty.
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Fig. 4. All measured '3C compositions. Box-and-whisker plots of all measured §'3C
values for: total organic carbon (TOC), crenarchaeol (cren.), BHT-I, and BHT-IL Plots
represent the median values (thick gray line), inter-quartile ranges (box), and 95%
confidence intervals (whiskers) for each population; outliers are shown as open
circles. Also shown are predicted fractionation factors for: (i) anammox bacteria
BHT-II biosynthesis relative to dissolved COz [CO2(aq)]: €puraii- cozaq) = 394 =
0.6%0 (Schouten et al., 2004), and (ii) CO2(aq) relative to DIC (assuming T = 15°C):
BBecogaq)-pic = 101 £ 0.4%o. Starting from the median BHT-II §13C value, this
predicts DIC §'3C = 2.1 + 0.7%o VPDB (inter quartile range: 0.1 to 4.2%o), indicat-
ing that BHT-II 13C composition tracks DIC '3C composition.

expect &por Values to oscillate from +5%o0 during marls to =0%.
during sapropel events (Higgins et al., 2012). The stability of &por
at values similar to modern oligotrophic conditions prompted the
proposal that primary production and OM export remained both
low and eukaryotic (Higgins et al., 2011; Sachs and Repeta, 1999).
Despite this consistency, there currently exists no direct evidence
that OM export remained low during sapropel conditions (Rohling
et al,, 2015).

Alternatively, we propose that symbiosis between eukaryotic
algal hosts and diazotrophic cyanobacteria leads to the simulta-
neous expression of diazotrophic bulk 81°N values and eukaryotic
gpor signatures. Although both partners perform photosynthesis,
we predict that gpo; of diatom-diazotroph symbioses retains a
eukaryotic signature because cell volume and photosynthetic ca-
pacity of the diatom host far exceed those of the cyanobacte-
rial symbiont (Inomura et al., 2020). Symbioses between diatoms
and heterocystous cyanobacteria are commonly observed in the
modern ocean, particularly in the tropics and subtropics (Follett
et al., 2018; Karl et al., 2012; White et al.,, 2013; Yeung et al.,
2012; Zehr, 2011). Here, we utilize heterocyst glycolipids (HGs)—
class of stable lipid biomarkers produced exclusively within the
membrane of N;-fixing cyanobacterial heterocyst cells (Bauersachs
et al, 2010)—to quantify the relative importance of N fixation
by diatom-diazotroph symbioses vs. free-living cyanobacteria dur-
ing sapropel events. Carbon-normalized total HG concentrations
are relatively stable at site 964 in both sapropel and marl sedi-
ments, whereas they increase sharply within sapropels at site 967,
particularly during Pliocene event S74 (Fig. 2g, 3e, S2b). Persis-
tently high HG abundance confirms widespread diazotrophy de-
spite porphyrin-based evidence for predominantly eukaryotic pho-
tosynthesis (Higgins et al., 2011).

Additionally, HG molecular distributions provide taxonomic
information: endosymbiotic cyanobacteria associated with mat-
or raft-forming diatoms of the genera Rhizosolenia, Hemiaulus,
and Chaetoceros exclusively produce HGs containing pentose head
groups (HG-Cs), whereas free-living diazotrophic cyanobacteria
produce HGs containing hexose head groups (HG-Cg) (Bauersachs
et al, 2010; Schouten et al, 2013). Similar to previous results
from event S5 in the Libyan Sea (Bale et al., 2019), our results
show large increases in the fraction of endosymbiont-derived HG-
Cs compounds [fuc-cs = HG-Cs5/(HG-C5 + HG-Cg)] during all
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Fig. 5. Proposed carbon- and nitrogen-cycle feedbacks. a, Conceptual diagram showing how initial perturbations to water circulation (e.g., stratification) and/or nutrient inputs
(e.g., Fe and/or POi_) could trigger deep-water anoxia, which in turn leads to elevated OC burial and thus sapropel formation. Red text and arrows represent amplifying
feedbacks, highlighting the runaway nature of geochemical and ecosystem perturbations that promote and sustain deep-ocean anoxic conditions. Biomarker concentrations
presented in this study provide evidence for three such feedbacks: enhanced deep fixed N loss, N, fixation, and symbiotic diatom-diazotroph production. b, Hypothesized DIC
513C evolution with time since sapropel onset (t; = 0), based on the conceptual model presented in panel a. Increased remineralization at depth should lead to progressive

deep-water DIC 3C depletion throughout a sapropel event.

sapropel events in the lonian Sea, and particularly during Pleis-
tocene events S5 and S7 (Fig. 2i, 3g, S3b). Thus, while total HG
concentrations in the Ionian Sea sediments remained relatively sta-
ble, their molecular distributions shifted dramatically. This finding
agrees with mass sedimentation of Hemiaulus, Rhizosolenia, and
Chaetoceros diatom microfossils observed throughout the Ionian
and Libyan Seas during sapropel S5 (Fig. 1; Table S7), previously
speculated to originate from diatom-diazotroph symbioses (Kemp
et al., 1999; Sachs and Repeta, 1999).

In contrast, high relative abundance of HG-Cg compounds
throughout the Levantine Sea documents the continuous impor-
tance of free-living heterocystous cyanobacteria during all events
in this region (Fig. 2i, 3g, S3b). Such trends have previously been
attributed to the formation of brackish surface waters resulting
from enhanced Nile River outflow, thus favoring free-living hetero-
cystous cyanobacteria in the Levantine Sea (Bale et al., 2019). This
contrasts with the dominance of diatom-diazotroph symbioses in
the Ionian and Libyan Seas, reflecting their requirement for persis-
tent euhaline salinity. Congruent HG lipid distributions and diatom
microfossils thus imply that surface water freshening to brackish
levels was limited to the proximal Levantine Sea and that the gra-
dient in surface salinity between the Levantine and lonian Seas
(Rohling et al., 2015) shaped cyanobacterial and eukaryotic al-
gal ecology. Although HG records exhibit regional variability due
to hydrologic differences between sites, our biomarker results
nonetheless confirm the widespread pattern of fixed nitrogen loss
throughout the deeper waters of the Eastern Mediterranean and
associated diazotrophy for all studied sapropels. Critically, HG dis-
tributions additionally reveal the importance of diatom-diazotroph
symbioses in locations where no diatom microfossils are preserved
(i.e., site 964; Kemp et al., 1998).

Diatom-diazotroph symbiosis likely fueled elevated export
production throughout much of the Eastern Mediterranean—
particularly in regions that are distal from major freshwater river
inputs (Fig. 1). We hypothesize that at site 964, a combination
of nitrogen limitation, relatively higher iron (Fe) and phosphate
(POﬁ_) nutrient concentrations from anoxic regeneration (Van Cap-
pellen and Ingall, 1996) compared to higher terrigenous supply of
nutrients at site 967, and euhaline conditions (van der Meer et
al., 2007) favored symbiotic consortia over free-living, N»-fixing
heterocystous cyanobacteria. Such consortia may have proliferated
at the deep chlorophyll maximum, similar to the modern Eastern
Mediterranean Sea (Crombet et al., 2011), where they could uti-
lize Fe and POﬁ_ diffusing upward from deeper anoxic waters. The
ability to vertically migrate, as observed for rhizosolenoid diatom

mats in the modern ocean (Villareal et al., 1993), could have fa-
vored diatom-diazotroph symbioses over other primary producers.
In contrast, dominance of free-living heterocystous diazotrophs at
site 967 suggests either Fe and/or POi_ co-limitation (Follett et
al.,, 2018) or lower surface water salinity (Bale et al., 2019) in the
Levantine Sea. Since terrigenous supply of Fe and POﬁ_ likely was
high in this region, lower surface salinity may have been the ma-
jor driver of diazotroph ecology. Because Rhizosolenia, Hemiaulus,
and Chaetoceros diatoms form expansive mats or colonies that sink
rapidly upon cell death (Follett et al., 2018; Sancetta et al., 1991),
we expect increased productivity of diatom-diazotroph consortia
to lead to efficient OM export from surface waters and thus in-
creased burial flux—even under oligotrophic conditions (Karl et al.,
2003). This hypothesis is supported by modern oceanographic ob-
servations, which show that seasonal diatom-diazotroph blooms
drive pulses of elevated export flux (up to 3x background values)
in the North Pacific Subtropical Gyre (Follett et al., 2018; Karl et
al,, 2012), the Amazon Plume (Yeung et al., 2012), off the Oregon
coast (Sancetta et al.,, 1991), and in the Gulf of California (White
et al., 2013). In contrast, free-living eukaryotes and cyanobacteria
would exhibit slower sinking velocities, leading to more efficient
recycling within the surface, less export production, smaller burial
flux, and weaker deep-water deoxygenation in the Levantine Sea.

4.3. Increased export production sustains deep-water anoxia

Given this evidence, we propose a feedback mechanism whereby
perturbations to basin circulation or initial increases in nutrient
supply (i.e., Fe and/or POi’ loadings) promote the proliferation
of diatom-diazotroph symbiosis. This in turn leads to increased
OM export, quantitative deep water O, consumption, loss of fixed
nitrogen, and new nitrogen fixation to compensate these losses,
as shown schematically in Fig. 5a. The reinforcing feedback be-
tween anammox and diatom-diazotroph symbioses intensifies the
Mediterranean Sea biological pump, i.e., it promotes more efficient
sequestration of carbon into deep waters. Intensification of the bi-
ological pump and OM remineralization at depth should lead to
accumulation of dissolved inorganic carbon (DIC) within poorly
circulating, anoxic deep-water masses. Because organic carbon is
depleted in 3C relative to initial DIC, we predict that §13C values
of deep-water DIC should progressively decrease with time within
each sapropel event (Fig. 5b). Unfortunately, anoxic and corrosive
bottom waters dissolve carbonate and preclude the use of benthic
calcifying organisms as DIC §'3C tracers during sapropel conditions
(Grimm et al., 2015). Instead, we test this feedback hypothesis by
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Fig. 6. Evidence for deep-water DIC accumulation during sapropels. 8'3C offsets
between a, BHT-II and crenarchaeol (produced at the base and the top of the
chemocline, respectively) and b, BHT-II and BHT-I (produced at the base of the
chemocline and the entire water column, respectively) as a function of normalized
depth (assuming constant sedimentation rate) within each sapropel event. Data are
separated by event (S4: 108 ka onset, diamonds; S5: 128 ka onset, squares; S7:
197 ka onset, upward-pointing triangles; i-282: 2.947 Ma onset, left-pointing tri-
angles; S74: 3.004 Ma onset, right-pointing triangles) and by site (964: black; 967:
white). Solid and dotted lines are weighted least squares regressions for sites 964
and 967, respectively. BHT-II 13C depletion relative to both crenarchaeol and BHT-
I with time—especially apparent at site 964—indicates progressive deep-ocean DIC
13C depletion due to organic matter remineralization. Error bars represent propa-
gated analytical =10 uncertainty.

utilizing the '3C difference between BHT-II, produced by anammox
bacteria in the anoxic lower chemocline (Lam et al., 2007; Rush et
al., 2019), and crenarchaeol, produced by ammonia-oxidizing ar-
chaea in the suboxic upper chemocline (Lam et al., 2007; Polik
et al, 2018; Wakeham et al., 2012; see Supplementary Informa-
tion for further discussion) (Fig. 6a). By using the §'3C difference
rather than relying on absolute §'3C values, this tracer is robust to
variability in 13C fractionation due to, e.g., temperature or vital ef-
fects. Observed 13C differences between BHT-II and BHT-I as well
as BHT-II and crenarchaeol exhibit similar slopes (site 964/967:
crenarchaeol —3.82 + 0.71/-0.80 + 1.16, BHT-I/Il —4.64 + 1.33/-
2.05 + 1.34; Fig. 6b), confirming the robustness of this approach.
Results show the gradient in DIC 8'3C values across the chemo-
cline increases linearly by up to 4% across all sapropel events at
site 964, consistent with the hypothesis of continuous deep-water
carbon sequestration in the Ionian Sea. An increase in foraminiferal
813C depth gradients has similarly been shown at shallower-water
sill sites during the Holocene S1 event (Grimm et al.,, 2015). The
larger magnitude observed here relative to that of Grimm et al.
(2015) likely reflects two fundamental differences: (i) BHT-II better
tracks deep, anoxic water masses that would dissolve foraminiferal
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tests; and (ii) sapropel S1 was less intense than earlier events
(Rohling et al., 2015). Assuming that: (i) Mediterranean DIC was
identical to modern conditions at sapropel onset (2200 uM con-
centration, §13C = +1 %o; Rohling et al., 2015), (ii) the 3C com-
position of new DIC equaled that of remineralized organic car-
bon (Fig. 4), and (iii) biomarker §'3C gradients accurately reflect
changing DIC 13C compositions (see Supplementary Information
for a discussion of CO,-dependence of biomarker isotope effects),
we estimate that ~400 uM DIC was cumulatively added to the
deep lonian Sea prior to sapropel termination. This observation re-
quires that anoxia was perennial, although the vertical extent of
the anoxic water mass and intensity of nitrogen cycling may have
varied seasonally.

The weaker or insignificant evolution of the §'3C gradient at
site 967 likely reflects lower abundance of diatom-diazotroph sym-
biotic consortia, in addition to partial mixing and reoxygenation
of shallower and/or more land proximal water masses (Grimm et
al., 2015). The higher relative abundances of C¢ HGs and lower
TOC content at site 967 (Fig. 2a, 2i) further confirm that brack-
ish surface water near the Nile River (Rohling et al., 2015) favored
free-living heterocystous cyanobacteria (Bale et al., 2019), leading
to reduced OM burial flux in the Levantine Sea as compared to the
Ionian and Libyan Seas.

4.4. Implications for ocean anoxia

Given the general nature of the mechanism proposed here, we
hypothesize that similar symbiotic dependencies may have prolif-
erated during periods of open-ocean anoxia further back in Earth’s
history, e.g., Cretaceous ocean anoxic events (OAEs; 145 to 66
Ma) or the Paleocene-Eocene Tethys Ocean (~56 Ma). Similar to
sapropels, Cretaceous OAE sediments exhibit high OC content, 1°N-
depleted bulk OM, and &po; values diagnostic of eukaryotic algae
(Higgins et al., 2012). These signals are all consistent with elevated
eukaryote-diazotroph export production.

Several lines of evidence suggest such symbioses may have
been more common during the Cretaceous and early Cenozoic than
previously recognized: (i) Rhizosolenia and Hemiaulus genera sur-
vived the OAE-2 diatom extinction (Harwood et al, 2007) and
radiated near 91 Ma (Sinninghe Damsté, 2004). (ii) Diatomaceous
deposits have been observed in some OAE-1b black shales (Har-
wood and Gersonde, 1990). (iii) Similar to the modern ocean (Zehr,
2011), diazotrophs could have formed symbioses with other phy-
toplankton such as dinoflagellates and haptophytes. Haptophyte-
specific endosymbiotic diazotrophs emerged before 90 Ma (based
on molecular clocks; Cornejo-Castillo et al., 2016) and potentially
as early as 110 Ma (based on the fossil record of their haptophyte
host, Braarudosphaera bigelowii; Fonseca et al., 2019). We specu-
late that increased burial flux due to emerging algae-diazotroph
symbioses could have shaped carbon and nitrogen cycle excursions
over the last 100 million years.

Despite these commonalities, differences in water circulation,
geography, and/or nutrient inputs between open-ocean OAEs and
sapropel events of the restricted Mediterranean Sea may have
shaped their respective nitrogen-cycle responses by promoting a
different balance of nitrogen loss pathways. For example, high up-
welling rates during OAE-2 could bring ammonia-rich deep water
into closer contact with aerobic surface waters. This may favor
ammonia oxidation coupled to nitrite oxidation (i.e., a relatively
more oxidative fate for nitrite; Higgins et al.,, 2012). This idea is
supported by proto-North Atlantic OAE biomarker distributions,
which show a high abundance of BHP degradation products that
are methylated at the C-2 position (2Me-hopanoids) (Kuypers et
al., 2004). Recent experimental results have shown that these com-
pounds are produced in abundance by nitrite oxidizing bacteria of
the genus Nitrobacter (Elling et al., 2020). This scenario is also con-
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sistent with model predictions and data compilations for upwelling
regions during OAE-2, in which all components of the nitrogen
cycle are greatly amplified in response to higher simulated phos-
phorous inputs (Naafs et al., 2019).

By contrast, a sapropel-like scenario would amplify the more
strongly reducing pathway of nitrite reduction via anammox, lead-
ing to an abundance of BHT-II and suppression of 2Me-hopanoid
deposition. This is supported by the fact that 2Me-hopanoids
were not detected in the sapropel samples studied here and have
been reported only in very low concentrations for other sapro-
pel events (Lohr et al., 2018). Importantly, regardless of whether
anammox or heterotrophic denitrification consumes fixed nitro-
gen, diazotrophy—including algae-diazotroph symbioses—would
still proliferate under either scenario.

Such scenarios imply that differences in circulation, com-
bined with nutrient loading, impact the intensity and duration
of diatom-diazotroph export production and corresponding deep-
water anoxia. For Mediterranean sapropels, climatically induced
changes in circulation and water column structure triggered deep-
water reoxygenation (Rohling et al., 2015), thus reducing nitrogen
stress and decreasing phosphorous regeneration, terminating the
intensified biological pump, and returning the system to low-
export oligotrophic conditions. For open-ocean Cretaceous OAEs,
either (i) prolonged atmospheric O, accumulation and water col-
umn reoxygenation (Van Cappellen and Ingall, 1996) or (ii) limita-
tion of nutrients such as molybdenum and silica that are essential
for diazotrophy (Goldberg et al., 2016) and diatom growth (Krause
et al,, 2019; Martin-Jézéquel et al., 2000), respectively, could have
terminated this mechanism over longer (>500 ka) timescales.

5. Conclusions

The links between deep-water oxygen content, nutrient cy-
cling, and microbial ecology are critically important for under-
standing the triggers of—and responses to—marine anoxia, both
in the geologic past and due to ongoing anthropogenic pertur-
bations. Our study highlights the power of simultaneously in-
vestigating a broad suite of organic biomarkers—including their
stable isotope compositions—to understand how the nitrogen cy-
cle drives and responds to anoxia throughout Earth’s history. The
data specifically illuminate the role of anammox as a sink for ni-
trite in stratified, basinal systems, and show this loss of fixed
nitrogen favors the proliferation of ecosystems that can both mi-
grate vertically and harbor endosymbiotic diazotrophs. We further
show how gradients in Mediterranean hydrography during sapro-
pel events controlled diazotroph ecology, favoring endosymbiotic
diazotrophs in euhaline waters of the Ionian and Libyan Seas and
free-living diazotrophs in the Levantine Sea, and that this gradient
in turn impacted organic matter burial flux. Although all sapro-
pels share common geochemical signatures, variations in organic
matter content independent of biomarker records suggest vary-
ing contributions of different primary producers between sapropel
events. Further studies using additional biomarkers are needed to
provide supporting evidence for the occurrence of diatoms at sites
without preserved frustules and to assess the roles of different
primary producers. Our results constitute the first spatiotempo-
rally resolved, simultaneous assessment of fixed nitrogen sources
and sinks during episodic Eastern Mediterranean anoxic events,
and they indicate that the nutrient regime likely resembled that
of modern anoxic closed basins such as the Black Sea. Although
Mediterranean sapropel events differ in their extent, duration, and
oceanographic conditions from earlier anoxic events such as Meso-
zoic OAEs, the emergence of diazotroph-algae symbioses during
the Mesozoic suggests that similar feedbacks could have driven en-
hanced organic carbon burial flux in the distant geologic past.
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