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ABSTRACT
Sapropels are organic-rich sediment layers deposited in the eastern Mediterranean Sea dur-

ing precession minima, resulting from an increase in export productivity and/or preservation. 
Increased freshwater delivery from the African continent resulted in stratification, causing deep-
water anoxia, while nutrient input stimulated productivity, presumably at the deep chlorophyll 
maximum. Previous studies have suggested that during sapropel deposition, nitrogen fixation 
was widespread in the highly stratified surface waters, and that cyanobacteria symbiotic with 
diatoms (diatom-diazotroph associations, DDAs) were responsible. Here we analyzed sapropel 
S5 sediments for heterocyst glycolipids (HGs) from three locations in the eastern Mediterra-
nean. HG biomarkers can differentiate between those heterocystous cyanobacteria that are free 
living (found predominately in freshwater or brackish environments) and those that are from 
DDAs (found in marine settings). In our primary core, from a location which would have been 
influenced by the Nile River outflow, we detected a HG with a pentose (C5) head group specific 
for DDAs. However, HGs with a hexose (C6) head group, specific to free-living cyanobacteria, 
were present in substantially (up to 60×) higher concentration. These data suggest that at our 
study location, free-living cyanobacteria were the dominant diazotrophs, rather than DDAs. 
The C6 HGs increased substantially at the onset of sapropel S5 deposition, suggesting that 
substantial seasonal cyanobacterial blooms were associated with a brackish surface layer flow-
ing from the Nile into the eastern Mediterranean. Two additional S5 sapropels were analyzed, 
one also from the Nile delta region and one from the region between Libya and southwestern 
Crete. Overall, comparison of the HG distribution in the three S5 sapropels provides evidence 
that all three locations were initially influenced by surface salinities that were sufficiently low 
to support free-living heterocystous cyanobacteria. While free-living heterocystous cyanobac-
teria continued to outnumber DDAs during sapropel deposition at the two Nile-influenced 
sites, DDAs, indicators of persistent marine salinities, were the dominant diazotrophs in the 
upper part of the sapropel at the more westerly site. These results indicate that N2 fixation by 
free-living cyanobacteria offers an important additional mechanism to stimulate productivity 
in regions with strong river discharge during sapropel deposition.

INTRODUCTION
The dark-colored, organic-rich sapropels 

found in the eastern Mediterranean Sea are 
 associated with a stratification-linked reduction 
in ventilation resulting from freshwater outflow 

during precession minima, concurrent with in-
creased organic-matter export from the photic 
zone. The increase in productivity is, for sapro-
pel S5 and probably most other sapropels, linked 
to a highly productive deep chlorophyll maxi-
mum (DCM) (Rohling et al., 2015).  Increased 
organic-matter flux into the poorly ventilated 

bottom waters and subsequent respiration re-
sulted in anoxia development and  sapropel 
 formation (Rossignol-Strick et al., 1982; Rossi-
gnol-Strick, 1985; Rohling et al., 2015). Isotope, 
biomarker, and microfossil studies have suggest-
ed that the nutrient-sparse surface waters would 
have been favorable for cyanobacterial nitrogen 
fixation and, in particular, diatom-cyanobacteria 
symbioses (Kemp et al., 1999; Sachs and Repeta, 
1999; Bauersachs et al., 2010) termed diatom-
diazotroph associations (DDAs).

Heterocyst glycolipids (HGs) are biomarkers 
for cyanobacteria that use heterocysts to carry-
out N2 fixation (Nichols and Wood, 1968; Gam-
bacorta et al., 1995; Bauersachs et al., 2009a). 
The sugar moiety of HGs found in free-living 
heterocystous cyanobacteria is typically hexose 
(hereafter C6), while the HGs associated with 
endosymbiotic heterocystous cyanobacteria in 
DDAs contain a pentose moiety (hereafter C5) 
(Schouten et al., 2013; Bale et al., 2015). C6 
HGs have been applied as specific paleo-bio-
markers for the presence of N2-fixing cyanobac-
teria in marine and lacustrine geological records 
( Bauersachs et al., 2010; Sollai et al., 2017). Pre-
viously, Bauersachs et al. (2010) found that C6 
HGs were abundant in the S5 sapropel from a 
Nile-influenced location in the eastern Mediter-
ranean Sea and suggested that they were likely 
derived from DDAs. However, the subsequent 
discovery that all DDAs studied to date produce 
C5 HGs (Schouten et al., 2013; Bale et al., 2015), 
not C6 HGs, casts uncertainty on this explanation. 
Furthermore, the analytical method of Bauer-
sachs et al. (2010) did not cover the detection 
of C5 HGs. Here we comprehensively analyzed *E-mail: nicole.bale@nioz.nl
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the C5 and C6 HGs in a sediment core from the 
eastern Mediterranean Sea containing a well-
preserved sapropel S5 (ca. 128.3–121.5 ka; Grant 
et al., 2016), as well as two other S5 sapropels 
also located in the eastern Mediterranean Sea, 
in order to unravel the primary mechanism for 
N2 fixation by cyanobacteria during this interval.

METHODS
A piston core and suspended particulate 

matter (SPM) were obtained during Nether-
lands Earth System Science Centre (NESSC) 
research cruise 64PE406 onboard the R/V Pe-
lagia in the eastern Mediterranean in January 
2016. A 920.5-cm-long piston core was col-
lected at cruise station 1 (core 64PE406-E1, 
33°18.14898′N, 33°23.71998′E, water depth 
1760 m; larger red filled circle in Fig. 1) in the 
southeastern Levantine Sea. McLane in situ 
pumps (McLane Laboratories Inc., Falmouth, 
UK) were used to collect SPM from the water 
column for lipid analysis (see the GSA Data 
Repository1 for details). Two other S5 sapropels 
from core MS66PC (2004 MIMES [Multiscale 
Investigations of Eastern Mediterranean Seep 
Systems] cruise; Bauersachs et al., 2010) and 
Ocean Drilling Program (ODP) core 160-971C-
2H-3 (Pearce et al., 1998; Kemp et al., 1999) 
were also analyzed for their HG lipid content. 
For details of sample extraction and lipid analy-
sis, see the Data Repository. The core chronolo-
gy of the sapropel S5 interval (for details, see the 

Data Repository) was obtained by correlating 
the Ba variability to that of published sapropel 
boundaries (Grant et al., 2016) and, for intervals 
prior to S5, to other Ba excursions (Ziegler et al., 
2010). Sedimentary bulk elemental composi-
tion measurements by X-ray fluorescence (XRF) 
core scanning were performed with trace-metal 
settings (Hennekam et al., 2019); for details, see 
the Data Repository.

RESULTS AND DISCUSSION
We examined the HG distribution in 30 

× 1 cm sediment slices from a depth interval 
including sapropel S5 (as evidenced from total 
organic carbon [TOC] and XRF elemental 
ratios; Fig. 2). We detected (1) a single C5 HG, 
1-(O-ribose)-3,27,29-triacontanetriol (C5 HG30 
triol); and (2) three C6 HGs, 1-(O-hexose)-3,25-
hexacosanediol (C6 HG26 diol), 1-(O-hexose)-
3,27-octacosanediol (C6 HG28 diol), and 
1-(O-hexose)-3,27,29-tricontanetriol (C6 HG30 
triol) (see Fig. 2 for structures). We found a 
notably higher concentration of C6 HGs (maxima 
between 20 and 31 µg [g TOC]−1) relative to 
the C5 HG (maximum 1.8 µg [g TOC]−1). The 
concentrations of all HGs (normalized to TOC) 
were higher in the sapropel (Figs. 2B–2E).

The occurrence of C5 HG30 triol prior to and 
during the onset of S5 (Fig. 2B) suggests that 
cyanobacteria belonging to DDAs, specifically 
Richelia intracellularis (Schouten et al., 2013; 
Bale et al., 2015, 2018), were present in the eu-
photic zone at our study site before the depo-
sition of the S5 sapropel, and then either they 
increased in number or their HG was more ef-
ficiently preserved during S5 deposition. The 
presence of C5 HG30 triol agrees with the high 
numbers of the DDA host diatoms, in particular 
Hemiaulus hauckii, that have been reported in 
sapropel S5 (Kemp et al., 1999) at ODP site 971 
south of Crete. Kemp et al. (1999) concluded 
that increased freshwater-induced stratification 

of surface waters, although still highly marine, 
led to conditions that were ideally suited for 
DDAs. In the modern-day eastern Mediterra-
nean, DDAs containing R. intracellularis have 
been detected in low levels throughout the year 
with a maximum in autumn (Zeev et al., 2008). 
We also detected C5 HG30 triol in modern-day 
SPM collected in the winter at the site where 
piston core 64PE406-E1 was recovered (Table 
DR1 in the Data Repository).

A quite different trend was observed for the 
C6 HGs than for the C5 HG: all three C6 HGs 
increased substantially at the onset of S5 deposi-
tion (Figs. 2C–2E). The three C6 HGs detected 
have been found in varying proportions both in 
cultures of the order Nostocales (Bauersachs 
et al., 2009a; Wörmer et al., 2012) and in fresh-
water and brackish environments (Bauersachs 
et al., 2009b, 2010, 2011, 2013; Wörmer et al., 
2012; Bühring et al., 2014; Bale et al., 2015, 
2016). Based on comparison of the sapropel 
S5 C6 HG distribution with literature data (cf. 
Table DR1), we suggest that during sapropel 
deposition there was an initial peak in the ge-
nus Nodularia (C6 HG26 diol; Fig. 2C), followed 
by dominance in the genus Aphanizomenon (C6 
HG28 diol and C6 HG30 triol; Figs. 2D and 2E). 
To date, the C6 HGs detected in this study have 
not been detected in any DDAs (see the Data 
Repository for further discussion).

The presence of free-living Nostocales in 
eastern Mediterranean sapropel layers is unex-
pected, as these freshwater and/or brackish cya-
nobacteria have not been reported in the modern 
eastern Mediterranean, where the surface salin-
ity is >35 PSU and no C6 HGs were detected 
in the recovered SPM (Table DR1). It is not 
likely that the HGs detected were delivered to 
the sediment by river as the contributions of ter-
restrial biomarker lipids into sapropels are very 
low (Bosch et al., 1998; Menzel et al., 2003). 
Moreover, the Ti/Al ratio, indicative of the rela-
tive contribution of aeolian (Ti) versus Nile-de-
rived fluvial (Al) sediment input (Lourens et al., 
2001), shows the highest Nile discharge well 
after the peak in C6 HGs (Fig. 2I). Hence, we 
find no support for the hypothesis that C6 HGs 
were produced on land, in lakes or rivers, and 
delivered to the sediment record via rivers. Re-
ports of free-living heterocystous cyanobacteria 
in present-day marine settings are very limited: 
planktonic Nostoc has been described in the In-
dian Ocean and the Red and Mediterranean Seas 
(Taylor, 1966), and Anabaena gerdii has been 
reported to occur in the western Pacific Ocean, 
Arabian Sea, and Arafura Sea (Carpenter and 
Janson, 2001). Tuo et al. (2017) reported free-
living Richelia in the western North Pacific. In 
contrast, blooms of free-living cyanobacteria 
are common in brackish environments. For ex-
ample, there are extensive summer blooms of 
the free-living Nostocales species Nodularia, 
Aphanizomenon, and Dolichospermum in the 

1GSA Data Repository item 2019375, details of 
experimental methods used, additional discussion of 
diatom-diazotroph associations, Table DR1 (hetero-
cyst glycolipid compositions cited in the text and data 
from literature), Table DR2 relative abundance of C5 
heterocyst glycolipids and C6 heterocyst glycolipids 
as cited in the literature), and Figure DR1 (records 
used for age model construction)., is available online 
at http://www.geosociety.org/datarepository/2019/, or 
on request from editing@geosociety.org.

Figure 1. Map of area 
where core 64PE406-E1 
was recovered, eastern 
Mediterranean Sea. Recov-
ery position of other cores 
referenced in text are also 
indicated: Ocean Drilling 
Program (ODP) Site 160-
971. (Kemp et  al., 1999; 
Sachs and Repeta, 1999) 
and core site MS66PC 
(Bauersachs et al., 2010). 
Stations for suspended 
particulate matter col-
lection are marked with 
red circles (including 
64PE406-E1 recovery sta-
tion). Present-day location 
of river Nile is shown in 
blue, while approxima-
tion of extant river-wadi 
system of Libyan Basin is 
shown in green (adapted 
from Rohling et al., 2002).
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upper 20 m of the Baltic Sea (Hajdu et al., 2007; 
Ploug, 2008; Celepli et al., 2017), where surface 
salinity is on average 6–8 PSU (Gustafsson and 
Westman, 2002). Hence, we propose that the 
abundant C6 HGs in the S5 sapropel at this lo-
cation indicate the presence of free-living het-
erocystous cyanobacteria in a brackish surface 
layer, likely resulting from the freshwater Nile 
river plume in the eastern Mediterranean at the 
onset of S5 deposition.

The presence of a surface brackish layer is 
seemingly inconsistent with the simultaneous 
presence of DDAs, albeit their HGs occur in 
much lower concentrations (Fig. 2B). DDAs 
would also be expected to inhabit the uppermost 
40 m (as seen in the analogous Amazon River 
plume; Foster et al., 2007). DDAs are unimport-
ant at salinities <30 PSU (Foster et al., 2007, 
2009; Subramaniam et al., 2008; Bombar et al., 
2011). We postulate that the presence of low lev-
els of the C5 HG alongside the dominant C6 HGs 
is due to variation in monsoonal river flow and/
or plume location causing seasonal and/or yearly 
oscillations between marine and brackish water 

at the surface and thus an alternation between 
Nostocales and DDA-dominated cyanobacte-
rial populations. Furthermore, in the modern-
day Baltic Sea, cyanobacterial blooms are not 
observed as a pervasive cover, but in surface 
patches (Stal et al., 2003; Ploug, 2008). This can 
explain how, despite the cyanobacterial bloom, 
sufficient light penetrated the surface to support 
the high level of productivity that occurred at the 
DCM during sapropel formation (Rohling and 
Gieskes, 1989). Our results indicate that the low-
salinity surface cyanobacterial blooms started 
to establish at the onset of suboxic to euxinic 
conditions (indicated by U and Mo concentra-
tions and Mo/Al and U/Al ratios [Figs. 2G and 
2H]; Tribovillard et al., 2006) and were occur-
ring periodically for ∼4.5 k.y. The occurrence of 
these blooms peaked and then diminished well 
before the end of the sapropel deposition (Figs. 
2C–2E), possibly due to a change in the nutrient 
availability in the surface waters or a reduced 
input of freshwater, leading to a system which 
did not support N2 fixation. Indeed, the TOC 
of the sediments was still increasing toward a 

maximum (of ∼9% at 357–339 cm depth; ca. 
126–122 kyr B.P.; Fig. 2A), in tune with increas-
ing export of productivity (high Ba/Al ratios; 
Fig. 2F) from a potential DCM, while the con-
centration of all HGs was already decreasing 
(Figs. 2C–2E).

The presence of a lowered-salinity surface 
layer in the eastern Mediterranean due to en-
hanced freshwater influx is well established 
(Rossignol-Strick et al., 1982; Rossignol-Strick, 
1985; Rohling et al., 2004; Rohling, 2007; van 
der Meer et al., 2007; Rodríguez-Sanz et al., 
2017), although the extent and intensity of 
this surface freshening is uncertain. In order to 
constrain the geographical spread of the bloom, 
we also examined the HG distribution in the S5 
sapropels recovered in cores MS66PC (Bauer-
sachs et al., 2010) and ODP 160-971C-2H-3 
(Pearce et al., 1998; Kemp et al., 1999) (see 
Fig. 1). Cores 64PE406-E1 and MS66PC are 
both from the Nile delta region, and hence their 
sites were likely influenced by freshwater de-
livery from the Nile. Conversely, the ODP 160-
971 core site is in the region between Libya 
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Figure 2. Depth profile of eastern Mediterranean piston core 64PE406-E1 (33°18.14898′N, 33°23.71998′E, water depth 1760 m; NESSC research 
cruise 64PE406 onboard the R/V Pelagia). Horizontal gray bar shows deposition of sapropel. A–E: Organic analyses of total organic carbon 
(TOC) (A) and concentration (µg [g TOC]−1) of heterocyst glycolipids (HGs) C5 HG30 triol (B), C6 HG26 diol (C), C6 HG28 diol (D), and C6 HG30 
triol (E). Structures of HGs are shown on respective graphs. Stereochemistry of C5 HG30 triol is as determined by Schouten et al. (2013). 
F–I: Multivariate log-ratio calibrated X-ray fluorescence scan data in concentration (ppm, black lines) and as ratios (gray lines) for Ba and 
Ba/Al (F), Mo and Mo/Al (G), U and U/Al (H), and Ti/Al (I). Concentrations derived by inductively coupled plasma–mass spectrometry data 
are overlain (gray circles).
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and southwest Crete, which currently is out of 
reach of any modern-day river systems but has 
been shown to have been influenced by mon-
soon flooding during the previous interglacial 
maximum, thought to have been delivered via 
extant river systems of northern Libya (Rohling 
et al., 2002). These additional locations also re-
vealed a high C6 HG concentration in the lower 
part of the sapropel (Table DR1), consistent 
with the expected high input of freshwater at 
this time. At the site closest to the mouth of the 
Nile (MS66PC), the relative abundance of C6 
HG was high (97% ± 3% of total HGs), as it 
was at our site (64PE406-E1) slightly further 
from the Nile plume (97% ± 2%). The ODP 
160-971C-2H-3 core had a lower relative abun-
dance of C6 HG (78% ± 10%) consistent with 
a lower freshwater input. The upper half of the 
sapropel was also characterized by a moderate 
or high relative abundance of C6 HGs in the 
MS66PC and 64PE406-E1 cores (on average 
54% and 87%, respectively). Conversely, the 
upper part of S5 in the ODP 160-971C-2H-3 
core contained a high percent of C5 HG (96%). 
Interestingly, the percent of the DDA-forming 
diatom H. hauckii has also been reported to be 
significantly higher in the upper half of S5 in the 
ODP 160-971C-2H-3 core (Pearce et al., 1998; 
Kemp et al., 1999), further confirming the C5 
HG30 triol is a marker for DDAs.

Overall, comparison of the HG distribution 
in the three S5 sapropels provides evidence that 
all three locations were initially influenced by 
surface salinities that were sufficiently low to 
support free-living heterocystous cyanobac-
teria. While free-living heterocystous cyano-
bacteria continued to outnumber DDAs during 
sapropel deposition at the two Nile-influenced 
sites, DDAs, indicators of persistent marine 
salinities, were the dominant diazotrophs in 
the upper part of the sapropel at the ODP 160-
971 site.

ACKNOWLEDGMENTS
We thank the captain and crew of the R/V Pelagia 
for their support during cruise 64PE406, J.P. Dirksen 
for assistance with sample collection and process-
ing, and P. Laan and W. Boer for the inductively 
coupled plasma–mass spectrometry measurements. 
We thank C. Yildiz, T. Bauersachs, and Z. Erdem for 
assistance acquiring samples, sample extraction, and 
total organic carbon analysis. We also thank three 
anonymous reviewers who greatly improved a pre-
vious version of this manuscript. This research used 
samples provided by the Ocean Drilling Program 
(ODP). ODP is sponsored by the U.S. National Sci-
ence Foundation and participating countries under 
management of Joint Oceanographic Institutions, Inc. 
The work of Bale is supported by the Netherlands 
Organisation for Scientific Research (NWO) through 
grant 822.01.017 awarded to Schouten, and funding 
from the European Research Council under the Euro-
pean Union’s Horizon 2020 research and innovation 
program, grant agreement 694569 awarded to Sin-
ninghe Damsté. Hennekam is supported through 
NWO grant ALW OP.2015.113 awarded to Reichart. 
Fieldwork was carried out under the program of the 

Netherlands Earth System Science Centre, financially 
supported by the Ministry of Education, Culture and 
Science, grant 024.002.001.

REFERENCES CITED
Bale, N.J., Hopmans, E.C., Zell, C., Sobrinho, R.L., 

Kim, J.-H., Sinninghe Damsté, J.S., Villareal, 
T.A., and Schouten, S., 2015, Long chain glyco-
lipids with pentose head groups as biomarkers for 
marine endosymbiotic heterocystous cyanobacte-
ria: Organic Geochemistry, v. 81, p. 1–7, https://
doi .org/10.1016/j .orggeochem.2015.01.004.

Bale, N.J., Hopmans, E.C., Schoon, P.L., de Kluijver, 
A., Downing, J.A., Middelburg, J.J., Sinninghe 
Damsté, J.S., and Schouten, S., 2016, Impact of 
trophic state on the distribution of intact polar 
lipids in surface waters of lakes: Limnology and 
Oceanography, v. 61, p. 1065–1077, https://doi 
.org/10.1002/lno.10274.

Bale, N.J., Villareal, T.A., Hopmans, E.C., Brussaard, 
C.P.D., Besseling, M., Dorhout, D., Sinninghe 
Damsté, J.S., and Schouten, S., 2018, C5 glyco-
lipids of heterocystous cyanobacteria track sym-
biont abundance in the diatom Hemiaulus hauckii 
across the tropical North Atlantic: Biogeoscienc-
es, v. 15, p. 1229–1241, https://doi .org/10.5194/
bg-15-1229-2018.

Bauersachs, T., Compaore, J., Hopmans, E.C., Stal, 
L.J., Schouten, S., and Sinninghe Damsté, 
J.S., 2009a, Distribution of heterocyst glyco-
lipids in cyanobacteria: Phytochemistry, v. 70, 
p. 2034–2039, https://doi .org/10.1016/j .phyto-
chem.2009.08.014.

Bauersachs, T., Hopmans, E.C., Compaoré, J., Stal, 
L.J., Schouten, S., and Sinninghe Damsté, J.S., 
2009b, Rapid analysis of long-chain glycolip-
ids in heterocystous cyanobacteria using high-
performance liquid chromatography coupled to 
electrospray ionization tandem mass spectrom-
etry: Rapid Communications in Mass Spectrom-
etry, v. 23, p. 1387–1394, https://doi .org/10.1002/
rcm.4009.

Bauersachs, T., Speelman, E.N., Hopmans, E.C., 
Reichart, G.-J., Schouten, S., and Sinninghe 
Damsté, J.S., 2010, Fossilized glycolipids re-
veal past oceanic N2 fixation by heterocystous 
cyanobacteria: Proceedings of the National Acad-
emy of Sciences of the United States of America, 
v. 107, p. 19,190–19,194, https://doi .org/10.1073/
pnas.1007526107.

Bauersachs, T., Compaoré, J., Severin, I., Hopmans, 
E.C., Schouten, S., Stal, L.J., and Sinninghe 
Damsté, J.S., 2011, Diazotrophic microbial com-
munity of coastal microbial mats of the southern 
North Sea: Geobiology, v. 9, p. 349–359, https://
doi .org/10.1111/j .1472-4669.2011.00280.x.

Bauersachs, T., Miller, S.R., van der Meer, M.T.J., 
Hopmans, E.C., Schouten, S., and Sinninghe 
Damsté, J.S., 2013, Distribution of long chain het-
erocyst glycolipids in cultures of the thermophilic 
cyanobacterium Mastigocladus laminosus and a 
hot spring microbial mat: Organic Geochemistry, 
v. 56, p. 19–24, https://doi .org/10.1016/j .orggeo-
chem.2012.11.013.

Bombar, D., Moisander, P.H., Dippner, J.W., Foster, 
R.A., Voss, M., Karfeld, B., and Zehr, J.P., 2011, 
Distribution of diazotrophic microorganisms and 
nifH gene expression in the Mekong River plume 
during intermonsoon: Marine Ecology Progress 
Series, v. 424, p. 39–52, https://doi .org/10.3354/
meps08976.

Bosch, H.-J., Sinninghe Damsté, J.S., and de Leeuw, 
J.W., 1998, Molecular palaeontology of eastern 
Mediterranean sapropels: Evidence for photic 
zone euxinia, in Robertson, A.H.F., et al., eds., 
Proceedings of the Ocean Drilling Program, 
 Scientific Results, Volume 160:  College Station, 

Texas, Ocean Drilling Program, p.  285–295, 
https://doi .org/10.2973/odp.proc.sr.160.066.1998.

Bühring, S.I., Kamp, A., Wörmer, L., Ho, S., and 
Hinrichs, K.-U., 2014, Functional structure 
of laminated microbial sediments from a 
supratidal sandy beach of the German Wadden 
Sea (St. Peter-Ording): Journal of Sea Research, 
v.  85, p.  463–473, https://doi .org/10.1016/ 
 j .seares.2013.08.001.

Carpenter, E.J., and Janson, S., 2001, Anabaena gerdii 
sp nov., a new planktonic filamentous cyanobac-
terium from the South Pacific Ocean and Arabian 
Sea: Phycologia, v. 40, p. 105–110.

Celepli, N., Sundh, J., Ekman, M., Dupont, C.L., 
Yooseph, S., Bergman, B., and Ininbergs, K., 
2017, Meta-omic analyses of Baltic Sea cya-
nobacteria: Diversity, community structure and 
salt acclimation: Environmental Microbiology, 
v. 19, p. 673–686, https://doi .org/10.1111/1462-
2920.13592.

Foster, R.A., Subramaniam, A., Mahaffey, C., Carpen-
ter, E.J., Capone, D.G., and Zehr, J.P., 2007, Influ-
ence of the Amazon River plume on distributions 
of free-living and symbiotic cyanobacteria in the 
western tropical north Atlantic Ocean: Limnology 
and Oceanography, v. 52, p. 517–532, https://doi 
.org/10.4319/lo.2007.52.2.0517.

Foster, R.A., Subramaniam, A., and Zehr, J.P., 2009, 
Distribution and activity of diazotrophs in the 
Eastern Equatorial Atlantic: Environmental 
Microbiology, v.  11, p.  741–750, https://doi 
.org/10.1111/j .1462-2920.2008.01796.x.

Gambacorta, A., Soriente, A., Trincone, A., and So-
dano, G., 1995, Biosynthesis of the heterocyst 
glycolipids in the cyanobacterium Anabaena 
cylindrica: Phytochemistry, v. 39, p. 771–774, 
https://doi .org/10.1016/0031-9422(95)00007-T.

Grant, K.M., Grimm, R., Mikolajewicz, U., Marino, 
G., Ziegler, M., and Rohling, E.J., 2016, The tim-
ing of Mediterranean sapropel deposition rela-
tive to insolation, sea-level and African monsoon 
changes: Quaternary Science Reviews, v. 140, 
p.  125–141, https://doi .org/10.1016/j .quasci-
rev.2016.03.026.

Gustafsson, B.G., and Westman, P., 2002, On 
the causes for salinity variations in the Bal-
tic Sea during the last 8500 years: Paleocean-
ography, v.  17, p.  12–1–12–14, https://doi 
.org/10.1029/2000PA000572.

Hajdu, S., Höglander, H., and Larsson, U., 2007, Phy-
toplankton vertical distributions and composition 
in Baltic Sea cyanobacterial blooms: Harmful Al-
gae, v. 6, p. 189–205, https://doi .org/10.1016/j 
.hal.2006.07.006.

Hennekam, R., Sweere, T., Tjallingii, R., de Lange, 
G.J., and Reichart, G.-J., 2019, Trace metal 
 analysis of sediment cores using a novel X-ray 
fluorescence core scanning method: Quater-
nary International, v. 514, p. 55–67, https://doi 
.org/10.1016/ j .quaint.2018.10.018.

Kemp, A.E.S., Pearce, R.B., Koizumi, I., Pike, J., 
and Rance, S.J., 1999, The role of mat-form-
ing diatoms in the formation of Mediterranean 
sapropels: Nature, v. 398, p. 57–61, https://doi 
.org/10.1038/18001.

Lourens, L.J., Wehausen, R., and Brumsack, H.J., 
2001, Geological constraints on tidal dissipation 
and dynamical ellipticity of the Earth over the 
past three million years: Nature, v. 409, p. 1029–
1033, https://doi .org/10.1038/35059062.

Menzel, D., van Bergen, P.F., Schouten, S., and Sin-
ninghe Damsté, J.S., 2003, Reconstruction of 
changes in export productivity during Pliocene 
sapropel deposition: A biomarker approach: 
 Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy, v. 190, p. 273–287, https://doi .org/10.1016/
S0031-0182(02)00610-7.

Downloaded from https://pubs.geoscienceworld.org/gsa/geology/article-pdf/47/11/1088/4852086/1088.pdf
by Utrecht University Library user
on 03 February 2020

https://doi.org/10.1016/j.orggeochem.2015.01.004
https://doi.org/10.1016/j.orggeochem.2015.01.004
https://doi.org/10.1002/lno.10274
https://doi.org/10.1002/lno.10274
https://doi.org/10.5194/bg-15-1229-2018
https://doi.org/10.5194/bg-15-1229-2018
https://doi.org/10.1016/j.phytochem.2009.08.014
https://doi.org/10.1016/j.phytochem.2009.08.014
https://doi.org/10.1002/rcm.4009
https://doi.org/10.1002/rcm.4009
https://doi.org/10.1073/pnas.1007526107
https://doi.org/10.1073/pnas.1007526107
https://doi.org/10.1111/j.1472-4669.2011.00280.x
https://doi.org/10.1111/j.1472-4669.2011.00280.x
https://doi.org/10.1016/j.orggeochem.2012.11.013
https://doi.org/10.1016/j.orggeochem.2012.11.013
https://doi.org/10.3354/meps08976
https://doi.org/10.3354/meps08976
https://doi.org/10.2973/odp.proc.sr.160.066.1998
https://doi.org/10.1016/j.seares.2013.08.001
https://doi.org/10.1016/j.seares.2013.08.001
https://doi.org/10.1111/1462-2920.13592
https://doi.org/10.1111/1462-2920.13592
https://doi.org/10.4319/lo.2007.52.2.0517
https://doi.org/10.4319/lo.2007.52.2.0517
https://doi.org/10.1111/j.1462-2920.2008.01796.x
https://doi.org/10.1111/j.1462-2920.2008.01796.x
https://doi.org/10.1016/0031-9422(95)00007-T
https://doi.org/10.1016/j.quascirev.2016.03.026
https://doi.org/10.1016/j.quascirev.2016.03.026
https://doi.org/10.1029/2000PA000572
https://doi.org/10.1029/2000PA000572
https://doi.org/10.1016/j.hal.2006.07.006
https://doi.org/10.1016/j.hal.2006.07.006
https://doi.org/10.1016/j.quaint.2018.10.018
https://doi.org/10.1016/j.quaint.2018.10.018
https://doi.org/10.1038/18001
https://doi.org/10.1038/18001
https://doi.org/10.1038/35059062
https://doi.org/10.1016/S0031-0182(02)00610-7
https://doi.org/10.1016/S0031-0182(02)00610-7


1092 www.gsapubs.org | Volume 47 | Number 11 | GEOLOGY | Geological Society of America

Nichols, B.W., and Wood, B.J.B., 1968, New gly-
colipid specific to nitrogen-fixing blue-green 
algae: Nature, v. 217, p. 767–768, https://doi 
.org/10.1038/217767a0.

Pearce, R.B., Kemp, A.E.S., Koizumi, I., Pike, J., 
Cramp, A., and Rowland, S.J., 1998, A lamina-
scale, SEM-based study of a late Quaternary 
diatom-ooze sapropel from the Mediterranean 
Ridge, Site 971, in Robertson, A.H.F., et al., eds., 
Proceedings of the Ocean Drilling Program Sci-
entific Results, Volume 160: College Station, Tex-
as, Ocean Drilling Program, p. 333–348, https://
doi .org/10.2973/odp.proc.sr.160.016.1998.

Ploug, H., 2008, Cyanobacterial surface blooms 
formed by Aphanizomenon sp. and Nodularia 
spumigena in the Baltic Sea: Small-scale fluxes, 
pH, and oxygen microenvironments: Limnology 
and Oceanography, v. 53, p. 914–921, https://doi 
.org/10.4319/lo.2008.53.3.0914.

Rodríguez-Sanz, L., Bernasconi, S.M., Marino, G., 
Heslop, D., Müller, I.A., Fernandez, A., Grant, 
K.M., and Rohling, E.J., 2017, Penultimate 
deglacial warming across the Mediterranean 
Sea revealed by clumped isotopes in foramin-
ifera: Scientific Reports, v. 7, 16572, https://doi 
.org/10.1038/s41598-017-16528-6.

Rohling, E.J., 2007, Progress in paleosalinity: Over-
view and presentation of a new approach: Pa-
leoceanography, v.  22, PA3215, https://doi 
.org/10.1029/2007PA001437.

Rohling, E.J., and Gieskes, W.W.C., 1989, Late Qua-
ternary changes in Mediterranean intermediate 
water density and formation rate: Paleoceanog-
raphy, v. 4, p. 531–545, https://doi .org/10.1029/
PA004i005p00531.

Rohling, E.J., et al., 2002, African monsoon vari-
ability during the previous interglacial maxi-
mum: Earth and Planetary Science Letters, 
v. 202, p. 61–75, https://doi .org/10.1016/S0012-
821X(02)00775-6.

Rohling, E.J., et al., 2004, Reconstructing past plank-
tic foraminiferal habitats using stable isotope 
data: A case history for Mediterranean sapropel 
S5: Marine Micropaleontology, v. 50, p. 89–123, 
https://doi .org/10.1016/S0377-8398(03)00068-9.

Rohling, E.J., Marino, G., and Grant, K.M., 2015, 
Mediterranean climate and oceanography, and 
the periodic development of anoxic events (sap-
ropels): Earth-Science Reviews, v. 143, p. 62–97, 
https://doi .org/10.1016/j .earscirev.2015.01.008.

Rossignol-Strick, M., Nesteroff, W., Olive, P., and 
Vergnaud-Grazzini, C., 1982, After the deluge: 
Mediterranean stagnation and sapropel formation: 
 Nature, v. 295, p. 105–110, https://doi .org/10.1038/ 
295105a0.

Rossignol-Strick, M., 1985, Mediterranean Quater-
nary sapropels, an immediate response of the Af-
rican monsoon to variation of insolation: Palaeo-
geography, Palaeoclimatology, Palaeoecology, 
v. 49, p. 237–263, https://doi .org/10.1016/0031-
0182(85)90056-2.

Sachs, J.P., and Repeta, D.J., 1999, Oligotrophy and 
nitrogen fixation during eastern Mediterranean 
sapropel events: Science, v. 286, p. 2485–2488, 
https://doi .org/10.1126/science.286.5449.2485.

Schouten, S., Villareal, T.A., Hopmans, E.C., Mets, 
A., Swanson, K.M., and Sinninghe Damsté, J.S., 
2013, Endosymbiotic heterocystous cyanobac-
teria synthesize different heterocyst glycolipids 
than free-living heterocystous cyanobacteria: 
Phytochemistry, v. 85, p. 115–121, https://doi 
.org/10.1016/j .phytochem.2012.09.002.

Sollai, M., Hopmans, E.C., Bale, N.J., Mets, A., 
Warden, L., Moros, M., and Sinninghe Damsté, 
J.S., 2017, The Holocene sedimentary record of 
cyanobacterial glycolipids in the Baltic Sea: An 
evaluation of their application as tracers of past 
nitrogen fixation: Biogeosciences, v. 14, p. 5789–
5804, https://doi .org/10.5194/bg-14-5789-2017.

Stal, L.J., Albertano, P., Bergman, B., von Bröckel, K., 
Gallon, J.R., Hayes, P.K., Sivonen, K., and Wals-
by, A.E., 2003, BASIC: Baltic Sea cyanobacteria. 
An investigation of the structure and dynamics of 
water blooms of cyanobacteria in the Baltic Sea—
Responses to a changing environment: Continen-
tal Shelf Research, v. 23, p. 1695–1714, https://
doi .org/10.1016/j .csr.2003.06.001.

Subramaniam, A., et al., 2008, Amazon River enhanc-
es diazotrophy and carbon sequestration in the 
tropical North Atlantic Ocean: Proceedings of 

the National Academy of Sciences of the United 
States of America, v. 105, p. 10,460–10,465, 
https://doi .org/10.1073/pnas.0710279105.

Taylor, F.J.R., 1966, Phytoplankton of the south 
western Indian Ocean: Nova Hedwigia, v. 12, 
p. 433–476.

Tribovillard, N., Algeo, T.J., Lyons, T., and Riboul-
leau, A., 2006, Trace metals as paleoredox and 
paleoproductivity proxies: An update: Chemi-
cal Geology, v.  232, p.  12–32, https://doi 
.org/10.1016/j .chemgeo.2006.02.012.

Tuo, S.-H., Lee Chen, Y.-L., Chen, H.-Y., and Chen, 
T.-Y., 2017, Free-living heterocystous cyanobac-
teria in the tropical marginal seas of the western 
North Pacific: Journal of Plankton Research, v. 39, 
p. 404–422, https://doi .org/10.1093/plankt/fbx023.

van der Meer, M.T.J., Baas, M., Rijpstra, W.I.C., Ma-
rino, G., Rohling, E.J., Sinninghe Damsté, J.S., 
and Schouten, S., 2007, Hydrogen isotopic com-
positions of long-chain alkenones record freshwa-
ter flooding of the Eastern Mediterranean at the 
onset of sapropel deposition: Earth and Planetary 
Science Letters, v. 262, p. 594–600, https://doi 
.org/10.1016/j .epsl.2007.08.014.

Wörmer, L., Cirés, S., Velázquez, D., Quesada, A., 
and Hinrichs, K.-U., 2012, Cyanobacterial het-
erocyst glycolipids in cultures and environmental 
samples: Diversity and biomarker potential: Lim-
nology and Oceanography, v. 57, p. 1775–1788, 
https://doi .org/10.4319/lo.2012.57.6.1775.

Zeev, E.B., Yogev, T., Man-Aharonovich, D., Kress, 
N., Herut, B., Béjà, O., and Berman-Frank, I., 
2008, Seasonal dynamics of the endosymbiot-
ic, nitrogen-fixing cyanobacterium Richelia in-
tracellularis in the eastern Mediterranean Sea: 
The ISME Journal, v. 2, p. 911–923, https://doi 
.org/10.1038/ismej .2008.56.

Ziegler, M., Tuenter, E., and Lourens, L.J., 2010, The 
precession phase of the boreal summer monsoon 
as viewed from the eastern Mediterranean (ODP 
Site 968): Quaternary Science Reviews, v. 29, 
p. 1481–1490, https://doi .org/10.1016/j .quasci-
rev.2010.03.011.

Printed in USA

Downloaded from https://pubs.geoscienceworld.org/gsa/geology/article-pdf/47/11/1088/4852086/1088.pdf
by Utrecht University Library user
on 03 February 2020

https://doi.org/10.1038/217767a0
https://doi.org/10.1038/217767a0
https://doi.org/10.2973/odp.proc.sr.160.016.1998
https://doi.org/10.2973/odp.proc.sr.160.016.1998
https://doi.org/10.4319/lo.2008.53.3.0914
https://doi.org/10.4319/lo.2008.53.3.0914
https://doi.org/10.1038/s41598-017-16528-6
https://doi.org/10.1038/s41598-017-16528-6
https://doi.org/10.1029/2007PA001437
https://doi.org/10.1029/2007PA001437
https://doi.org/10.1029/PA004i005p00531
https://doi.org/10.1029/PA004i005p00531
https://doi.org/10.1016/S0012-821X(02)00775-6
https://doi.org/10.1016/S0012-821X(02)00775-6
https://doi.org/10.1016/S0377-8398(03)00068-9
https://doi.org/10.1016/j.earscirev.2015.01.008
https://doi.org/10.1038/295105a0
https://doi.org/10.1038/295105a0
https://doi.org/10.1016/0031-0182(85)90056-2
https://doi.org/10.1016/0031-0182(85)90056-2
https://doi.org/10.1126/science.286.5449.2485
https://doi.org/10.1016/j.phytochem.2012.09.002
https://doi.org/10.1016/j.phytochem.2012.09.002
https://doi.org/10.5194/bg-14-5789-2017
https://doi.org/10.1016/j.csr.2003.06.001
https://doi.org/10.1016/j.csr.2003.06.001
https://doi.org/10.1073/pnas.0710279105
https://doi.org/10.1016/j.chemgeo.2006.02.012
https://doi.org/10.1016/j.chemgeo.2006.02.012
https://doi.org/10.1093/plankt/fbx023
https://doi.org/10.1016/j.epsl.2007.08.014
https://doi.org/10.1016/j.epsl.2007.08.014
https://doi.org/10.4319/lo.2012.57.6.1775
https://doi.org/10.1038/ismej.2008.56
https://doi.org/10.1038/ismej.2008.56
https://doi.org/10.1016/j.quascirev.2010.03.011
https://doi.org/10.1016/j.quascirev.2010.03.011

	Biomarker evidence for nitrogen-fixing cyanobacterial blooms in a brackish surface layer in the Nile River plume during sapropel deposition
	ABSTRACT
	INTRODUCTION
	METHODS
	RESULTS AND DISCUSSION
	REFERENCES CITED
	Figure 1
	Figure 2


