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The complex interplay of climate shifts over Eurasia and global sea
level changes modulates freshwater and saltwater inputs to the
Black Sea. The dynamics of the hydrologic changes from the Late
Glacial into the Holocene remain a matter of debate, and informa-
tion on how these changes affected the ecology of the Black Sea is
sparse. Herewe used Roche 454 next-generation pyrosequencing of
sedimentary 18S rRNA genes to reconstruct the plankton commu-
nity structure in the Black Sea over the last ca. 11,400 y. We found
that 150 of 2,710 species showed a statistically significant response
to four environmental stages. Freshwater chlorophytes were the
best indicator species for lacustrine conditions (>9.0 ka B.P.), al-
though the copresence of previously unidentified marine taxa in-
dicated that the Black Sea might have been influenced to some
extent by the Marmara Sea since at least 9.6 ka calendar (cal) B.P.
Dinoflagellates, cercozoa, eustigmatophytes, and haptophytes
respondedmost dramatically to the gradual increase in salinity after
the latest marine reconnection and during the warm andmoist mid-
Holocene climatic optimum. According to paired analysis of deute-
rium/hydrogen (D/H) isotope ratios in fossil alkenones, salinity in-
creased rapidly with the onset of the dry Subboreal after ∼5.2 ka
B.P., leading to an increase in marine fungi and the first occurrence
ofmarine copepods. Agradual successionof dinoflagellates, diatoms,
and chrysophytes occurred during the refreshening after ∼2.5 ka cal
B.P. with the onset of the cool andwet Subatlantic climate and recent
anthropogenic perturbations.
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The semi-isolated Black Sea is highly sensitive to climate-
driven environmental changes, and the underlying sediments

represent high-resolution archives of past continental climate
and concurrent hydrologic changes in the basin. A positive
freshwater budget controlled by tributary rivers and direct pre-
cipitation leads to low-salinity water export toward the Medi-
terranean through the narrow and shallow Straits of Bosporus.
Denser water from the Sea of Marmara flows into the Black Sea
as an undercurrent. The permanently stratified Black Sea is the
largest anoxic basin in the world, and an ∼30-m-thick suboxic
zone separates the sulfidic bottom waters from the upper ∼100 m
of oxygenated surface waters. During glacial sea level lowstands,
the marine connection was hindered, and the Black Sea func-
tioned as a giant lake (1).
Two opposing scenarios have been proposed to explain the

most recent transition of the Black Sea from lacustrine to marine
environment: a “catastrophic” postglacial flooding of the Black
Sea with Mediterranean waters (2, 3) and a “gradual marine
reconnection” (1, 4). A sharp change from lacustrine to marine
conditions characterizes slope and basin sedimentary records in
highly sensitive geochemical proxies, such as the strontium iso-
tope composition of carbonate shells (5). This initial marine
inflow (IMI) was recently calibrated to 9.0 ka calendar (cal) B.P.
after correction for reservoir age (6). Despite the lack of evi-
dence of a marine water source, whether the Black Sea was fresh
or brackish before the marine reconnection is a matter of on-
going debate. The chloride content and stable oxygen isotope

(δ18O) composition of sediment interstitial water suggest that the
Late Glacial (Neoeuxinian) Black Sea was a freshwater lake (7),
whereas the fossil dinocyst assemblage implies brackish con-
ditions [i.e., a salinity of ∼7–12 parts per thousand (ppt)] (8).
Furthermore, the oxygen isotopic composition of fossil Dreissena
shells suggests an increase in sea surface salinity (SSS) during the
Bølling-Allerød and Preboreal warm oscillations (9).
Although the strontium isotopic record does not support an

inflow of marine waters before 9 ka cal B.P. (5), much of the δ18O
shift in biogenic carbonates might be explained by excess evapo-
ration during dry glacial and deglacial intervals (5, 10). Hydro-
logic changes in the Black Sea after the marine reconnection are
controversial as well. Modeling (7) and micropaleontologic
reconstructions (8, 11, 12) agree on a gradual salinization of the
Black Sea, but the establishment of modern-day hydrologic con-
ditions is not well constrained ecologically and chronologically.
For example, the thin aragonite layers located at the bottom of
the organic-rich Holocene sapropel are characterized by the
presence of marine calcareous nannofossils (11), and the con-
comitant disappearance of fresh-to-brackish ostracods and
bivalves (9, 10, 13) possibly mark the onset of modern-day hy-
drologic conditions at ∼7.5 ka cal B.P. Alternatively, the domi-
nance of euryhaline dinoflagellates has been considered to mark
modern-day conditions in the Black Sea after ∼5.6 ka B.P. (8).
Furthermore, the chloride and δ18O composition of sediment
interstitial water suggests that modern hydrologic conditions were
established only 1,500–2,500 y ago (7), concomitant with the start
of deposition of calcareous coccoliths of the haptophyte Emiliania
huxleyi (11). Paleoenvironmental interpretations from calcareous
or siliceous microfossils are often complicated by dissolution pro-
cesses, however; moreover, the majority of plankton, including
80% of dinoflagellate species, do not produce fossilizing cellular
diagnostic features (14) and escape identification in the fossil re-
cord. In addition, salinity reconstructions based on δ18O ratios are
hampered by the absence of planktonic foraminifera preserved in
Black Sea sediments.
The analysis of genetic signatures preserved in geological sam-

ples, recently defined as the paleome (15), makes use of the ability
to include key paleoenvironmental indicator species that leave no
other diagnostic features in the sediment record (16–19). This is
especially important given the recent report that the majority of
DNA in marine sediments is extracellular (20), which implies that
species identified in micropaleontological studies do not necessary
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represent the most abundant past plankton members. To date,
only low-throughput capillary sequencing-based molecular meth-
ods have been used to study sedimentary paleomes.
With access to a continuous, well-preserved sedimentary record

frommulticores and gravity cores retrieved at a water depth of 980m
off the Bulgarian coast in 2006, we reconstructed the past eukaryotic
plankton members of the Black Sea in 48 sediment intervals span-
ning key climate stages over the last 11,400 y through pyrosequencing
(21) of PCR-amplified sedimentary eukaryotic 18S rRNA genes. In
addition,we reconstructed thepostglacial distributionof copepods as
potential environmentalmarker species, which normally do not leave
useful diagnostic features in the sediment, from preserved fossil
copepod 18S rRNA genes using a targeted PCR approach coupled
with denaturing gradient gel electrophoresis (DGGE) (22) and
capillary sequencing of individual DGGE fragments. We also
compared past salinity values inferred from environmental in-
dicator species identified from the paleome with SSS estimates
from deuterium/hydrogen (D/H) isotope ratio values in fossil
alkenones (23, 24). Our paired fossil DNA and molecular level
isotopic measurements provide detailed insight into the Black
Sea’s plankton ecology and response to environmental changes
occurring during key climatic stages and transitions from the
Preboreal to the recent Anthropocene.

Results and Discussion
Sediment Chronology and Geochemistry. The geochemical, molec-
ular isotopic, and paleomic datasets presented in this study were
measured on radiocarbon-dated sediments from Giant Gravity
Core (GGC) 18 and Multicore (MC) 19 (17, 24). Radiocarbon
dating of individual organic compounds (25) has indicated that
preaged detrital organic carbon is a minor component of the
bulk organic carbon in Holocene Black Sea sediments. However,
given our incomplete understanding of the time variability of
detrital organic carbon inputs, and for consistency with previous
studies, we applied the classical correction (26) to our organic
carbon dates (17). Radiocarbon dates on carbonates from Unit
III were calibrated using the latest reconstruction of Black Sea
reservoir age (SI Appendix). The timing of diagnostic shifts in
sedimentation (i.e., from calcium and organic carbon contents)
correspond well with those reported previously. Oxygenated and
total organic carbon (TOC)-poor (<0.5 wt% TOC) lacustrine
sediments between ∼11.4 and 9.4 ka cal B.P. are composed
mainly of authigenically precipitated calcite (Unit III C1 in-
terval) (Fig. 1A) (9, 13). The gray-green colored T interval (9),
with an average TOC content of 2.4 ± 0.8 wt%, separates the
calcite-rich C1 interval from the anoxic, organic-rich marine
sapropel (27). The onset of Unit II or sapropel deposition at ∼7.5
ka cal B.P. is indicated by the upper aragonite peak and by a steep
increase in TOC to 15 wt% (Fig. 1 A and B). The uppermost
laminated and organic-rich Unit I (3.8% ± 0.5% TOC) interval
with abundant E. huxleyi coccoliths (28) was formed during the
last 2,500 y (Fig. 1A). The undisturbed sapropel Unit II and
laminated Unit I coccolith marl were deposited under permanent
bottom water anoxia conditions and lack visible bioturbation.
This part of the GGC18 record was previously used for a paired

fossil DNA and lipid biomarker survey to reconstruct the Holo-
cene succession of haptophyte algae as sources of fossil long-chain
alkenone lipid biomarkers (17), as well as to reconstruct viral
infection of past E. huxleyi populations (19). The preservation
of DNA in the anoxic TOC-rich marine sediments of GGC18 was
excellent, as shown by the constant ratio between the amounts
of refractory alkenones and ∼500-bp-long fossil haptophyte 18S
rRNA gene fragments (17). Interestingly, sedimentary DNA rep-
resented the largest fraction of total organic matter, notably in the
most TOC-depleted lacustrine C1 interval (Fig. 1B). This suggests
that ancient plankton also might be preserved in sediments that
were deposited under well-mixed and oxygenated conditions.
In the present study, we used ancient DNA methods to re-

construct the past plankton composition from the late Pleisto-
cene and early Holocene lacustrine and low-salinity Black Sea
sediments of Unit III.

Environmental Stages of the Black Sea. Four distinct environmental
stages, designated ES1–ES4, were defined by three major envi-
ronmental transitions (Fig. 1): the IMI at 9.0 ka cal B.P., the
establishment of modern environmental conditions at ∼5.2 ka cal
B.P., and the onset of freshening at ∼2.5 ka cal B.P. The ES4
lacustrine interval (∼11.4–9.0 ka cal B.P.) spanning the relatively
dry Preboreal (29) was followed by a period of slowly increasing
SSS, corresponding to the warm and moist mid-Holocene climatic
optimum (ES3) (29). The establishment of modern-day SSS was
identified by the presence of preserved 18S rRNA genes of ma-
rine copepods (Fig. 1E and Appendix S1, Fig. S1 and Table S2).
Copepods have been excluded from previous paleoecological

studies because the copepod material preserved in the un-
derlying sediment record is mainly resting eggs, with poor di-
agnostic/taxonomic features (30). However, the arrival of marine
copepods, most notably Calanus euxinus (clone Cop 4), with a
minimum salinity tolerance of ∼17 ppt (31), at ∼5.2 ka cal B.P.
marks the establishment of modern environmental conditions in
the Black Sea. The ES2 interval (∼5.2–2.5 ka cal B.P.) covers the
dry and cooler Subboreal (29) and represents the peak of marine
conditions in the Black Sea. During this time interval, the SSS
increased steeply from ∼17 ppt to a maximum of ∼32 ppt as

Fig. 1. (A–C) Postglacial sediment record of MC19 and GGC18 with calcium
content, measured by X-ray fluorescence (XRF) scanning (A), TOC and DNA
content (B), and alkenone SST (C) (17). (D) δD values of long-chain alkenones
(i.e., C37 mK and C36:2 eK) and estimated SSS values (24). (E) Relative abundance
of seven copepod OTUs identified through copepod-specific PCR and capillary
sequencing of individual DGGE fragments. Phylogenetic information on
the recovered copepod sequences is provided in SI Appendix, Table S2. (F–J)
Pyrosequencing dataset with number of OTUs per sample and the relative
abundance of OTUs indicative of freshwater, marine, or terrestrial origin as
inferred from the habitat of their most closely related sequences
(SI Appendix, Figs. S5–S9). The timeline of events (i.e., changes in sedi-
mentation type, climate stages, and environment, plus associated ecological
changes) is denoted above all figures and explained in the text. Red asterisks
denote SSS estimates from the first occurrence of E. huxleyi DNA (Fig. 3), and
additional proxies listed above A.
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inferred, from the D/H ratio of E. huxleyi-derived C37 methyl
ketones (C37 mK) (Fig. 1D) as a quantitative SSS proxy (23, 24),
whereas the average alkenone-derived sea surface temperature
(SST) decreased gradually from ∼20 °C to 16 °C (Fig. 1C) (17).
Measurement of theD/H ratio of the E. huxleyi-specific C36:2 ethyl
ketone (eK) (32) corroborated this SSS history (Fig. 1D), further
suggesting that the salinity was already ∼14 ppt after deposition of
the aragonite layers at the base of the sapropel (∼6.6 ka cal B.P.),
where δD C37 mK values are not reliable owing to a variable
haptophyte assemblage (17). Earlier, at ca. 8 ka cal B.P., the Black
Sea likely was not much fresher, as suggested by the disappearance
of dinocysts of Spiniferitus cruciformis with a maximum salinity
tolerance of ∼12 ppt (12). The coccolith marl of Unit I represents
the final environmental stage (ES1; final 2.5 ky), when, according
to the alkenone D/H ratios, the Black Sea experienced a dramatic
freshening throughout the entire basin (23, 24), which coincides
with the onset of the Subatlantic climate (29).

Reconstructing the Black Sea Paleome. We used pyrosequencing of
PCR-amplified sedimentary 18S rRNA genes to generate an
overall window into the past plankton species and to refine our
understanding of the ecological responses to environmental
changes in the Black Sea since the deglacial. A total of 2,370 ±
1,092 high-quality sequences (340 bp long) from 48 samples were
analyzed. Grouping sequences into operational taxonomic units
(OTUs) sharing 97% sequence identity resulted in 50–350 OTUs
per sample (Fig. 1F and SI Appendix, Fig. S2). We investigated the
impact of the four environmental stages (described above), and the
transitions between these stages, on the planktonic community
structure using nonmetric multidimensional scaling (NMDS) (Fig.
2A). Samples were generally grouped based on environmental
stages, and the stage transitions correspond to major changes in
community structure. Groupings were highly significant (P < 0.001,
permutational multivariate ANOVA), and 25% of the variance in
community structure was explained by the environmental stage.
Furthermore, indicator species analysis (ISA) (33) showed that
150 out of 2,710 unique OTUs responded significantly (P < 0.05) to
the Holocene environmental changes in the Black Sea (Fig. 2 and
SI Appendix, Table S3). The 150 indicator species identified be-
longed to Alveolata (notably Dinophyceae), Cercozoa, Fungi,
Haptophyta, Ichthyosporea, Metazoa (bivalves), Stramenopiles
(phototrophic Bacillariophyta, Bolidophyceae, Chrysophyceae,
Dictyochophyceae, Eustigmatophytes, and heterotrophic Laby-
rinthulida), and Viridiplantae (Chlorophyta and Streptophyta)
(SI Appendix, Figs. S3 and S4). Replotting the community NMDS
using only these indicator species (Fig. 2B) revealed a stronger
clustering with environmental stage.
Chlorophytes were the dominant group of eukaryotic plankton

(48% of OTUs) for lacustrine sediments older than 9.0 ka cal
B.P. Indicator species C5 was identical to Choricystis sp. Pic8/
18P-11w (AY197629), isolated from the moderately eutrophic
freshwater Picnic Pond in Itasca State Park, Minnesota (SI Ap-
pendix, Fig. S5), and was the most abundant OTU (Fig. 3) and
best indicator species for ES4 [indicator value (IV) = 95, P =
0.0002] (Fig. 2C and SI Appendix, Table S3). Dinoflagellate OTU
C57, with 99.7% sequence similarity to clone LG10-02
(AY919716) from freshwater Lake George (New York), was the
second-best indicator for ES4 (Fig. 3 and SI Appendix, Fig. S6
and Table S3). Dreissena shells were previously recovered from
Holocene coastal margin sediments of the Black Sea and have
been used for δ18O reconstructions (5). The 18S rDNA of this
freshwater mussel (OTU C161) was also representative of ES4
(Fig. 3). Lacustrine plankton comprised ∼65–98% of the eu-
karyote DNA pool in ES4 (Fig. 1G); however, the paleome of
ES4 also consisted of marine plankton, such as coastal dino-
flagellates. Most notably, Scrippsiella trochoidea (OTU C49),
which is common in the Mediterranean Sea (34), composed up
to 4% of the pyrotags, even in the oldest analyzed sediments of
ES4 (Fig. 3). Furthermore, the decline in the relative abundance
of lacustrine species at ∼9.6 ka cal B.P. (Fig. 3 and SI Appendix,
Figs. S3 and S7) coincides with the arrival of a marine fungus

(OTU C1) with 100% sequence identity to ascomycete fungi
from the coastal Arabian Sea oxygen minimum zone (35). A
second peak of the marine fungus occurred at the previously
reported IMI at 9.0 ka cal B.P. E. huxleyi (C233) appeared in the
Black Sea at ∼9.3 ka cal B.P. (Fig. 3), which is ∼1,800 y earlier
than previously thought based on preserved coccoliths in the
earliest aragonite peak at the base of the sapropel (11, 36).
A major shift in the plankton community structure occurred at

the ES4/ES3 transition at ∼9.0 ka cal B.P. Based on the relative
abundance of the statistically significant environmental indicator
species and type of habitat of the most closely related phylotypes
or cultivars, the majority (60–90%) of the OTUs in ES3 repre-
sented coastal marine plankton (Fig. 1H). Lacustrine species
composed ∼5% of the OTUs, but declined below the limit of
detection (<0.01%) in sediments younger than ∼5.2 ka cal B.P.
The remainder of the OTUs (mainly land plants) were of ter-
restrial origin (Fig. 1J). Indicator species C25 (Fig. 3), with
identical sequence to an uncultured Nannochloropsis (eustigma-
tophytes) from the moderately eutrophic Picnic Pond in Minne-
sota, was already present during the deposition of the calcite-rich
Unit III-C1 lacustrine sediments of ES4 (IV = 28), but proved to
be a better indicator species for the early marine ES3 (IV = 66).
Cercozoa related to coastal marine clones (e.g., C32; Fig. 3) was
another dominant group (16% of indicator species) during the

Fig. 2. (A) NMDS of community compositions using all 2,710 OTUs in 48 se-
lected Black Sea sediments. Arrows indicate transitions in the time series, and
selected times are labeled. (B) NMDS of community structure restricted to the
150 OTUs that demonstrated a statistically significant response to the envi-
ronmental changes in the Black Sea according to an initial ISA using the sta-
tistical software package PC-ORD 5.0. (C) Relationships of species (i.e., OTU)
correlation strength (r) with axes from the NMDS analysis and IVs from the ISA
analysis. OTUs with the highest r values and IVs (i.e., the best environmental
indicator species) are numbered in the panels. Details of indicator species and
phylogenetic trees are provided in SI Appendix, Table S3 and Figs. S5–S9. Color
code for circles: pink, ES4; blue, ES3; green, ES2; red, ES1.
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early ES3. However, coastal dinoflagellates represented the most
diverse (51% of indicator species) plankton group for ES3 and
gradually reached their highest relative abundance at the peak of
the climate optimum during early to mid sapropel deposition
(Fig. 3). For example, S. trochoidea also reappeared during early
sapropel deposition and reached a relative abundance similar to
that seen during ES4 (Fig. 3). Stramenopiles other than eustig-
matophytes, including a brackish silicoflagellate (OTU C18) with
an identical sequence as Pseudopedinella elastica and OTU C28
with an identical sequence to clone PF1E3H4 from a coastal
upwelling zone, were also representative of the mid to late ES3
(Fig. 3 and SI Appendix, Figs. S3, S4, and S9 and Table S3).
A third major change in the community composition and

a steep drop in the species richness occurred at ∼5.2 ka cal B.P.,
at the onset of the dry and cooler Subboreal climate (Fig. 1F).
The most abundant phylotypes were marine and terrestrial fungi
(Fig. 1I). Notably, the marine fungus (OTU C1), which first
occurred during ES4 at ∼9.6 and 9.0 ka cal B.P., represented the
best indicator species (IV = 54, P = 0.01) for ES2 (Fig. 3 and SI
Appendix, Table S3). Furthermore, the relative abundance and
diversity of dinoflagellates were lower than during ES3 (SI Ap-
pendix, Figs. S3 and S6). Metazoans other than copepods were

relatively abundant (SI Appendix, Fig. S3G), but were not found
to be statistically significant indicator species for ES2 (P > 0.05
in ISA). Copepods such as Calanus, which were continuously
present according to the sensitive, targeted copepod 18S rRNA
gene survey (Fig. 1E), represented only a small fraction of the total
pool of 18S rRNA gene pyrotags and were not statistically signifi-
cant indicator species for ES2 owing to their scattered distribution.
In the fresher ES1, fungi still composed up to 50% of the total

eukaryote OTUs, but the majority of the fungal OTUs were no
longer statistically significant representatives of this stage (SI
Appendix, Fig. S3D). Plankton diversity started to increase in ES1
over the last millennium, eventually reaching levels similar to
those seen in ES3, and coastal dinoflagellates returned to pre-
dominance (59% of indicator species) in ES1 (Fig. 3). The ma-
jority of these dinoflagellates were not present during older
environmental stages (SI Appendix, Fig. S6 and Table S3), with
the notable exception of S. trochoidea, which made a comeback
in the last millennium and has gradually increased in abundance
over the last ∼400 y (Fig. 3). Despite their presence in older parts
of the core, S. trochoidea as well as E. huxleyi showed the highest
indicator values for ES1 (Fig. 3 and SI Appendix, Table S3). The
coastal diatom Skeletonema (C95; Fig. 3) was occasionally detec-
ted in sediments as old as 9 ka cal B.P., and fish pathogens (ich-
thyosporea) (SI Appendix, Fig. S3F) first occurred during the peak
of the climatic optimum, but their relative abundance increased
mainly over the last four centuries. Chrysophytes (i.e., C80, related
to clone LC109.90 from Taihu Lake, China) increased most
dramatically over the last few decades (SI Appendix, Figs. S4
and S9).

Potential Bias of the Paleogenetics Approach. DNA damage accu-
mulates over time owing to such factors as microbial enzymatic
decomposition, as well as spontaneous abiotic hydrolysis and
oxidation (37). The majority of these processes lead to strand
breaks. To minimize PCR bias caused by strand breaks, only
relatively short fragments (∼100–500 bp) should be analyzed
from Holocene sediments (18). Such PCR bias was minimal in
our study, at least during the last 7,500 y, as demonstrated by the
relatively constant ratio between the amount of similar-length
DNA fragments and refractory alkenone lipid biomarkers from
E. huxleyi (17). Hydrolytic and oxidative damage of ancient DNA
is also known to lead to base pair substitutions and sequencing
errors in ancient specimens (37), and thus to a possible over-
estimation of diversity. However, this form of bias was most
likely minor throughout the 11,400-y record, given that high-
quality bidirectional capillary sequencing of individual copepod
(Fig. 1E and SI Appendix, Fig. S1) and E. huxleyi DGGE bands
(17) yielded OTUs with identical sequences rather than nu-
merous very closely related sequences.
Preservation of DNA is thought to be enhanced in taxa that

produce resting stages (spores and cysts) (38), but the majority of
DNA in marine sediments was found to be extracellular (20), and
adsorption to minerals and organic particles increases the preser-
vation potential of the extracellular DNA pool (39). Furthermore,
DNA repair could prolong DNA preservation in dormant cells
(38), but this could lead to a more efficient PCR amplification and
overestimation of taxa that maintained intact genomes in this way
after burial. This might explain, for example, the very high relative
abundance of the marine fungal OTU C1 in our record. Indeed,
various marine fungi were cultivated from up to 0.43 million y-old
Indian Ocean sediments, and the majority of the fungal biomass
was not present in the form of spores (40). Additional evidence of
the preservation of intact fungi in ancient sediments comes from
fungal rRNA that was detected in 0.3–2.8 million y-old sediments
(41). Species-specific differences in gene copy numbers (42) also
could have contributed to quantitative bias.
Despite these uncertainties, our paleogenetics approach suc-

cessfully identified many taxa that previously escaped micro-
scopic identification, and the evolution of the plankton paleome
from the Deglacial to the Anthropocene accurately followed the

Fig. 3. Normalized relative abundance of selected highly relevant indicator
species for the four environmental stages. Information on the most similar
sequences is provided in the text. The phylogenetic affiliation with the most
closely related GenBank sequences is shown in SI Appendix, Figs. S5–S9.
Previously published IMI events (6) and the initial occurrence of the marine
ascomycete fungus OTU C1 are shown above the figure. The sharp initial
E. huxleyi peak (represented by OTU C233) at ∼9.3 ka cal B.P. designates a
salinity threshold of 11 ppt.
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evolution of environmental changes in the Black Sea inferred
from paired geochemical proxies.

Paleome-Inferred Climate and Environmental Conditions. In the
Northern Hemisphere, despite high summer insolation, the pres-
ence of a remnant North American ice sheet maintained relatively
cool and dry conditions during the Preboreal (∼11.6–9 ka) (29). A
sea level lower than the present level is thought to have hindered
the marine connection until ∼9 ka cal B.P., but whether the Black
Sea was fresh or brackish is a matter of ongoing debate. Our
paleome revealed that the majority of the environmental indicator
taxa were freshwater plankton, whereas a small fraction of the
DNAwas derived frommarine taxa that prevailed both before and
after the presumed IMI at 9.0 ka cal B.P. For example, the first
occurrence of E. huxleyiDNA at ∼9.3 ka cal B.P. suggests that the
Black Sea was already brackish up to 300 y before the previously
documented IMI (6). Its first appearance at the Unit III–C1/T
boundary could mark a threshold salinity of 11 ppt, considering, to
the best of our knowledge, E. huxleyi has never been reported in
settings with lower salinity. In addition, the initial short-term high
relative abundance of the marine ascomycete fungus (OTU C1) at
∼9.6 ka cal B.P. coincides with the timing of an initial increase in
the 87Sr/86Sr ratio before this ratio became indicative of a contin-
uous marine influence after 9.0 ka cal B.P. (5). Both markers
suggest a marine inflow into the Black Sea in the Unit III C1 in-
terval, centuries earlier than reported previously (6).
Of note, the ascomycete fungus with an identical sequence to

species inhabiting the marine oxygen minimum zone could have
been derived from the Sea of Marmara, which was already
stratified at that time (43). The presence of S. trochoidea DNA in
the Unit III C1 interval suggests a marine influence even before
∼9.6 ka cal B.P. Furthermore, S. trochoidea was present during
mid to late sapropel formation, and once again became relatively
abundant during the last few centuries (Fig. 3 and SI Appendix,
Fig. S6). The recently observed return of massive red tide blooms
of S. trochoidea in the Black Sea is attributed to an anthropo-
genic increase in nutrient loads to the basin (44). The presence
of DNA of a species that indicates eutrophic conditions in the
ES4 sediments supports the idea that the CaCO3 maximum in
Unit III (Fig. 1A) was deposited under high-nutrient, high-pro-
ductivity conditions during the Preboreal (45).
With almost-complete ice sheet melting, continued high sum-

mer insolation led to the warm and moist conditions of the mid-
Holocene climatic optimum (∼9–5 ka cal B.P.; ES3), which is
most obvious in Northern Europe (29). The data presented here,
along with a previously reported 18S rRNA gene clone library
from northwestern Black Sea sediments (20), show a gradual shift
from oligotrophic to more eutrophic conditions in the Black Sea
during ES3. This shift is represented by a relatively high abundance
of the Nannochloropsis-related eustigmatophyte from the dystro-
phic Tower Pond (46) and a shift to a predominance of coastal
dinoflagellates including S. scrippsiella, as well as uncultured stra-
menopiles, cercozoans, and ichthyosporea related to species from
nutrient-rich coastal environments after ∼7 ka cal B.P. The shift
from a dystrophic to more eutrophic community structure during
ES3 occurred at the peak of the climatic optimum, when increased
precipitation could have resulted in a shoaling of the chemocline
that brought nutrients into the photic zone, according to recent
geochemical studies (47, 48).
ES2 represents the cooler and drier Subboreal (29), as indicated

by the gradual decrease in SST and steep increase in SSS between
ca. 5.2 and 2.5 ka cal B.P. (Fig. 1). This period also saw a drastic
decrease in overall plankton diversity and a return of a high rel-
ative abundance of the marine ascomycete fungus that initially
peaked at the revised IMI at ∼9.6 ka cal B.P. Interestingly, the
distribution of the fungus between ∼5.2 and 2.5 ka cal B.P. is
comparable to the downcore distribution of the cyanobacterial

aridity marker scytonemin in other Subboreal sediments of the
Black Sea (47). Previous geochemical evidence suggests that during
this time interval, the water column remained redox-stratified, but
the chemocline was deeper than during the climatic optimum (47,
48). This resulted in decreased nutrients in the photic zone, as
indicated by the lower relative abundance of dinoflagellates, in-
cluding the absence of S. trochoidea during ES2. Both fungal DNA
and scytonemin were at minimum levels at ∼3.5–4.5 ka cal B.P.,
whereas our paleome record revealed a simultaneous increase
in the relative abundance of terrestrial indicator taxa (Fig. 1J),
suggesting that the drier conditions of the Subboreal in this region
were interrupted by a period of higher precipitation and runoff.
The timing of the late Holocene basin-wide freshening (ES1)

closely coincides with the onset of the cool and wet Subatlantic
climate interval (29). The combined climatic factors and in-
creased anthropogenic land use during this period led to ex-
pansion of the Danube delta as a result of the increased fluvial
influx into the Black Sea (24). The Danube River, draining
∼30% of central and Eastern Europe, provides more than 60%
of the entire runoff reaching the Black Sea. Because fluvial
nutrients feed the surface mixed layer that accounts for only 13%
of the entire basin volume, there is a strong coupling between
Danube fluxes and the Black Sea’s biogeochemistry and ecology
(24). The increased terrestrial runoff during the refreshening of
the Black Sea could explain the increase in the relative abun-
dance of fungi derived from disturbed soils in the watershed
during ES1 (SI Appendix, Fig. S3D). The increased terrestrial
freshwater and nutrient runoff during ES1 also caused a return to
a plankton community dominated by dinoflagellates (SI Appendix,
Fig. S3A). However, unlike in the other environmental stages, the
complex land use modifications in the Black Sea’s watershed
during ES1 resulted in a cascade of successive changes in the
overall plankton community structure over the last millennium
(Fig. 2A). The greatest changes in the overall community struc-
ture occurred over the last century (as shown by NMDS clustering
of the youngest three samples) as the fluvial biogeochemical in-
flux was drastically modified through combined watershed land
use and pollution and river engineering as the Industrial Revo-
lution accelerated in the early 20th century (24).

Final Note. This study shows that relatively long DNA fragments
of past plankton species were preserved not only in the TOC-rich
sapropel and Unit I sediments, but also in the TOC-poor la-
custrine and early marine sediments, which were deposited un-
der fully oxygenated conditions. Although the anoxic Cariaco
Basin is a suitable next candidate for paleomic research, plank-
ton DNA likely is much more widely preserved in Quaternary
marine and lacustrine sediments than previously thought. Thus,
the reconstruction of paleomes, in combination with more tradi-
tional paleoecology proxies, could greatly diversify our knowledge
of past ecosystems and paleoenvironments in general.

Materials and Methods
Detailed information on sampling locations and subsampling of sediment
intervals for the geochemical and molecular lipid and DNA analysis are pro-
vided in SI Appendix. The age model, total DNA extraction, and geochemical
analysis (XRF calcium, TOC, and extraction and identification of alkenones
and their use for temperature and salinity reconstructions) for the Unit I and II
intervals have been described in detail elsewhere (17, 24) and were extended
for the lacustrine sediment intervals for this study. Details of the paleomic
approach and the statistical interpretation of the data are provided in
SI Appendix.
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