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a b s t r a c t

Reconstruction of salinity in the Holocene Black Sea has been an ongoing debate over the past four decades.
Here we calibrate summer surface water salinity in the Black Sea, Sea of Azov and Caspian Sea with the
process length of the dinoflagellate cyst Lingulodinium machaerophorum. We then apply this calibration to
make a regional reconstruction of paleosalinity in the Black Sea, calculated by averaging out process length
variation observed at four core sites from the Black Seawith high sedimentation rates and dated bymultiple
mollusk shell ages. Results show a very gradual change of salinity fromw14� 0.91 psu around 9.9 cal ka BP
to aminimumw12.3� 0.91 psu around 8.5 cal ka BP, reaching current salinities ofw17.1� 0.91 psu around
4.1 cal ka BP. The resolution of our sampling is about 250 years, and it fails to reveal a catastrophic
salinization event atw9.14 cal ka BP advocated by other researchers. The dinoflagellate cyst salinity-proxy
does not record large Holocene salinity fluctuations, and after early Holocene freshening, it shows corre-
spondence to the regional sea-level curve of Brückner et al. (2010) derived from Balabanov (2007).

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

It has been suggested that during the Holocene, the Black Sea
changed rapidly from a freshwater e brackish environment into
higher salinity conditions during a catastrophic megaflood event
around 7.5 cal ka BP, called ‘Noah’s flood’ (Ryan et al., 1997). The
age of this suggested megaflood event was later changed to
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9.4 cal ka BP by Ryan et al. (2003). They converted their raw
radiocarbon estimate of the timing of the flood (8.4 14C ka) to
calendar years using a reservoir age of zero years. In this paper, we
have recalibrated their raw age using a reservoir age of 300 years
(Soulet et al., 2011; procedures explained in Table 1 and applied to
all radiocarbon dates in this paper); with this revised calibration
procedure, the date of the proposed megaflood event is reduced
to w9.14 cal ka BP. According to the hypothesis of Ryan and
coworkers, the sudden input of saltwater at w9.14 cal ka BP
resulted in an abrupt increase of salinity and rapid rise of the water
level from a depth of more than 100 m below sea level (Ryan and
Pitman, 1998). Conflicting evidence was presented by Aksu et al.
(2002a,b), Hiscott et al. (2002) and Mudie et al. (2001, 2002,
2004) who hypothesized persistent early Holocene outflow of
brackish water from the Black Sea into the Marmara Sea before the
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Table 1
Radiocarbon ages with increasing depth in the composite stratigraphy at four core sites in the Black Sea, reported as uncalibrated conventional 14C dates in yr BP (half-life of
5568 years; errors are 68.3% confidence limits) and calibrated calendar ages (cal yr BP) determined with Oxcal4.0 online software, Marine09.14c calibration curve. We use
a reservoir age of 415 yr (Siani et al., 2000) for all raw dates younger than 7.1 14C ka. We use a reservoir age of 300 yr for all raw dates older than 8.4 14C ka in shelf cores
MAR02-45, MAR05-04G and MAR05-13P, consistent with Soulet et al. (2011). 7.1 14C ka and 8.4 14C ka are, respectively, the times of euryhaline mollusc appearance and first
influence of Mediterranean water identified by Ryan et al. (1997) and Ryan et al. (2003). For raw shell dates between 7.1 14C ka and 8.4 14C ka in shelf cores, we use linear
interpolation to obtain an appropriate reservoir age between 300 yr and 415 yr. For our two deep-water sites, we use a reservoir age of 1000 yr prior to 7.5 14C ka and 415 yr for
younger raw dates. Prior to 7.1e7.5 14C ka, the reservoir values are different for shelf sites and deep-water sites because of water-column stratification (Kwiecien et al., 2008).
Laboratory numbers bear the prefix “TO” for IsoTrace Radiocarbon Laboratory, Accelerator Mass Spectrometry Facility, University of Toronto, the prefix “UCIAMS” for
Radiocarbon Dating Laboratory, Université Laval, and the prefix “KIA” for Leibniz-Labor für Altersbestimmung und Isotopenforschung of the University of Kiel. Extrapolated
ages on either side of unconformities a1 and a2 have error bars consistent with all combinations of �errors of the two radiocarbon ages above and below that level.

Core Depth
(cm)

Composite
depth (cm)

Water
depth (m)

Dated material 14C date
(year BP)

Calendar
age (cal yr BP)

Lab No./Reference

MAR 02-45T 0 0 69 Modern core top 415 � 90 0 Reservoir age
MAR 02-45T 92 92 69 Spisula subtruncata 730 � 50 365 � 50 TO-11433
MAR 02-45P 33 143 69 Spisula subtruncata 730 � 40 365 � 45 TO-11435
MAR 02-45T 145 145 69 Spisula subtruncata 770 � 50 395 � 55 TO-11434
MAR 02-45P 158 268 69 Mytilus edulis 2400 � 60 2025 � 80 TO-11006
MAR 02-45P 160 270 69 Just above a2 2425 � 60 2050 � 80 Extrapolation
MAR 02-45P 161 271 69 Just below a2 5095 � 25 5465 � 55 Extrapolation
MAR 02-45P 174 284 69 Mytilus galloprovincialis 5115 � 20 5480 � 45 UCIAMS-85907
MAR 02-45P 220 330 69 Mytilus edulis 5190 � 50 5535 � 55 TO-11436
MAR 02-45P 302 412 69 Mytilus galloprovincialis 5900 � 60 6310 � 65 TO-11437
MAR 02-45P 406 516 69 Monodacna pontica 7560 � 60 8055 � 65 TO-11438
MAR 02-45P 495 605 69 Truncatella subcylindrica 8380 � 70 9120 � 95 TO-11142
MAR 02-45P 569 679 69 Didacna ?praetrigonoides 8570 � 70 9335 � 85 TO-11439
MAR 02-45P 639 749 69 Didacna spp. 8620 � 70 9385 � 75 TO-11440
MAR 02-45P 754 864 69 Dreissena rostiformis 8840 � 70 9635 � 100 TO-11441
MAR 02-45P 810 920 69 Dreissena rostiformis 9370 � 70 10,335 � 80 TO-11007
MAR 05-04G 0 0 75 Modern core top 415 � 90 0 Reservoir age
MAR 05-04G 17 17 75 Parvicardium exigum 540 � 50 155 � 70 TO-13196
MAR 05-13P 16 46 75 Bivalve fragments 1380 � 50 915 � 60 TO-13198
MAR 05-13P 87 117 75 Bivalve fragments 2230 � 60 1820 � 75 TO-12906
MAR 05-04G 137 137 75 Mytilus galloprovincialis 2600 � 60 2255 � 80 TO-13197
MAR 05-13P 253 283 75 Bivalve fragments 3940 � 60 3920 � 90 TO-12907
MAR 05-13P 384 414 75 Bivalve fragments 4170 � 60 4235 � 90 TO-12908
MAR 05-13P 441 471 75 Mytilus galloprovincialis 4770 � 70 5035 � 110 TO-12909
MAR 05-13P 504 534 75 Mytilus galloprovincialis 5960 � 80 6375 � 85 TO-12910
MAR 05-13P 620 650 75 Mytilus galloprovincialis 6370 � 90 6835 � 115 TO-12911
MAR 05-13P 647 677 75 Bivalve fragments 7020 � 100 7505 � 90 TO-12912
MAR 05-13P 659 689 75 Just above alpha1 7310 � 135 7805 � 125 Extrapolation
MAR 05-13P 660 690 75 Just below alpha1 8280 � 95 8940 � 100 Extrapolation
MAR 05-13P 696 726 75 Turricaspia spica 8740 � 70 9515 � 75 TO-12834
MAR 05-13P 784 814 75 Bivalve fragments 9870 � 90 10,915 � 140 TO-12913
GeoB7625-2 46 46 1242 Mytilus galloprovincialis in GeoB7622-2 1170 � 35 705 � 35 KIA-25671
GeoB7625-2 158 158 1242 Mytilus galloprovincialis in GeoB7622-2 2095 � 30 1660 � 50 KIA-25749
GeoB7625-2 293 293 1242 Mytilus galloprovincialis in GeoB7622-2 2385 � 35 2005 � 55 KIA-25672
GeoB7625-2 388 388 1242 Mytilus galloprovincialis in GeoB7622-2 3080 � 35 2840 � 50 KIA-25751
GeoB7625-2 466 466 1242 Santorini ash 3331 � 10 Friedrich et al., 2006
GeoB7625-2 538 538 1242 Mytilus galloprovincialis in GeoB7622-2 4605 � 55 4805 � 80 KIA-25674
GeoB7625-2 578 578 1242 organic matter in GeoB7622-2 5715 � 25 6120 � 50 KIA-19273
GeoB7625-2 614 614 1242 Mytilus galloprovincialis in GeoB7622-2 6590 � 70 7090 � 85 KIA-25675
GeoB7625-2 624 624 1242 Mytilus galloprovincialis in GeoB7622-2 7625 � 55 7515 � 50 KIA-25753
GeoB7625-2 639.5 639.5 1242 Gastropod in MD04-2760 8505 � 45 8375 � 50 KIA-26698
BC53 28.5 28.5 2153 End of transition sapropel 1635 � 60 1180 � 65 Jones and Gagnon, 1994
BC53 31 31 2153 First invasion of the coccolith Emiliania huxleyi 2720 � 160 2430 � 200 Jones and Gagnon, 1994
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level of the Marmara Sea and the world ocean reached the Bos-
phorus sill depth. This one-way outflow was followed, after an
initial short-lived pulse of saline inflow at w9.14 cal ka BP, by two-
way flow and progressive, gradual filling of the Black Sea after
w7.5 14C ka BP (here calibrated by us to w8.0 cal ka BP) when the
Bosphorus sill was sufficiently inundated that water could flow
unimpeded in both directions (Mudie et al., 2007; Hiscott et al.,
2007a,b). Marret et al. (2009), using the same Black Sea core as
Hiscott et al. (2007b), proposed a gradual two-step filling of the
Black Sea during the Holocene. Other paleosalinity studies have
measured interstitial sediment water chlorinity and d18O values
and concluded that freshwater (w1 psu) filled the Black Sea to at
least �350 m until ca 9.0 cal ka BP (Soulet et al., 2010), while
benthic ostracod d18O values were used by Bahr et al. (2006) and
Vidal et al. (2010) to record apparent decreases or increases in
salinity following disconnection of the Black and Marmara seas
during the LateglacialeHolocene period. van der Meer et al. (2008)
determined that alkenones show a freshening of the surface Black
Sea water during the past 3000 years.

Here we tackle the problem of conflicting interpretations of the
Holocene Black Sea paleosalinity record by investigating four AMS-
dated sediment records of annual sea surface salinity (SSS) using
changes in the process length of a dinoflagellate cyst Lingulodinium
machaerophorum (Deflandre et Cookson 1955) Wall 1967 that
are quantitatively calibrated to modern regional surface water
conditions over the salinity range of 12.2e18.5 psu. Process length
of Lingulodinium machaeorophorum, the cyst of the autotrophic
dinoflagellate Lingulodinium polyedrum (Stein 1883) Dodge 1989,
was initially qualitatively related to presumed salinity changes
in the Black Sea by Wall et al. (1973) and subsequently used
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semi-quantitatively in other regions (Dale, 1996; Matthiessen and
Brenner, 1996; Nehring, 1997; Ellegaard, 2000; Brenner, 2005;
Sorrell et al., 2006; Head, 2007; Marret et al., 2009) and the Black
and Marmara seas (Mudie et al., 2001; Londeix et al., 2009; Marret
et al., 2009). Kokinos and Anderson (1995) first demonstrated the
occurrence of different biometrical groups of cysts of L. polyedrum
in culture experiments. Experiments by Hallett (1999) revealed
a linear relationship between average process length of this taxon
and both salinity and temperature. This relationship was confirmed
for L. machaerophorum from globally distributed surface sediments
by Mertens et al. (2009a). This proxy was applied to downcore
salinity reconstructions in the Black Sea (Mudie et al., 2009; Verleye
et al., 2009) and the Cariaco Basin (Mertens et al., 2009b). Early
studies of dinoflagellate cysts showed they are abundant and
diverse in Black Sea sediments and useful as paleoceanographical
indicators (Wall and Dale, 1973, 1974; Wall et al., 1973); subse-
quently they have been applied in several more detailed regional
studies (e.g. Mudie et al., 2001, 2002, 2004, 2007; Marret et al.,
2009; Verleye et al., 2009). L. machaerophorum is continuously
present in Black Sea sediments after the Holocene reconnection
with the Mediterranean Sea, but has also been recorded earlier
(Marret et al., 2009).

In this paper, we report on a new study of morphological varia-
tion of processes in L. machaerophorum extracted from 65 surface
sediment samples from the Black Sea, Azov Sea and Caspian Sea
(Fig.1). Thesemeasurements are then calibrated against salinity data
(Fig. 6) and this regional calibration is then used to reconstruct
Holocene annual surface salinity changes in the Black Sea by stacking
measurements downcore from a set of well-dated cores (Figs. 4 and
7). To validate the taxonomic integrity of this paleosalinity proxy, we
also report the first results of molecular studies showing that SSU,
LSU and ITS sequences of L. machaerophorum from the Black Sea and
Caspian Sea are identical, and are the same as sequences in cultures
established from L. machaerophorum from San Pedro Harbor,
Southern California.
Fig. 1. Location map, showing the main geographic regions, the distribution of surface samp
(M1eM2) (indicated by diamonds) and position of the cores at the four core sites (indicated
core sites are: A. Trigger-weight core MAR 02-45TWC and piston core MAR02-45P are from t
GeoB7625-2 was recovered northeast of Sakarya River. C. Gravity core MAR05-4G and pisto
D. Boxcore BC53 was recovered in the deep Eastern Basin of the Black Sea.
2. Environmental setting

The Black Sea is the largest anoxicmarine basin in theworld. It is
connected to the Marmara Sea via the Strait of Bosphorus, which in
turn is connected by the Dardanelles Strait to the Aegean and the
Mediterranean seas (Figs. 1 and 2). The abyssal plain covers more
than 60% of the total submerged area, and the average depth is
1240 m (Ross and Degens, 1974). The large continental shelf in the
northwestern Black Sea narrows in a southerly direction. The
circulation of the surface waters in the Black Sea is dominated by
western and eastern gyres, which cover virtually the entire basin
(Stanev, 2005). The narrow Rim Current flows counterclockwise
and encloses both gyres. Anticyclonic eddies are present along the
coast (O�guz et al., 1993). Offshore, three distinct water masses
are distinguished. These are a low salinity (mean annual value
17e20 psu), well-ventilated surface water mass occupying the
upper 50e90 m of the water column, a suboxic cold intermediate
water mass from 90 m to about 150 m, and a more saline, anoxic
water mass below approximately 150 m (Murray, 1991). The
oxiceanoxic boundary can change by several tens of meters diur-
nally and in a few years (Murray et al., 1989; Sorokin, 2002). The
salinity of the upper water mass is almost half that of the Medi-
terranean Sea because of high river discharge and the restricted
oceanic connection (Beşiktepe et al., 1994). The relatively low
present day Black Sea sea surface salinity (SSS) (Fig. 2) is positively
influenced by the Bosphorus bottom water inflow (ca 39 psu), and
decreases away from the point of inflow due to an excess of
precipitation and river inflow over evaporation (Beşiktepe et al.,
1994; Kara et al., 2008). The water exchange between the Black
Sea and Marmara Sea occurs as a two-layer flow in the Strait of
Bosphorus (Latif et al., 1992). The cooler (5e15 �C) and less saline
surfacewater mass from the Black Sea flows southwestward (Özsoy
et al., 1995; Polat and Tu�grul, 1996), and forms a 25e100 m thick
surface layer in the Marmara Sea and Aegean Sea (Beşiktepe et al.,
1994). The bottom current in the Bosphorus is warmer (15e20 �C)
les for morphological study (1e65) (indicated by empty circles) and molecular analysis
by filled circles) with corresponding numbers shown in Table 2 and Table 3. The four

he same location on the Turkish Shelf northwest of the Bosphorus Strait. B. Gravity core
n core MAR05-13P were recovered from the same site east of the Strait of Bosphorus.



Fig. 2. Maps of surface salinity and process length distributions. A. Annual salinity in the Black Sea e Caspian Sea. B. Distribution of studied surface sediment samples, indicating
average process lengths (mm) of Lingulodinium machaerophorum, major countries in the region (BUeUK), and the Black Sea (BS) connected to the Sea of Azov (SA) via the Kerch Strait
(SK), and the Caspian Sea (CS). AR ¼ Armenia, AZ ¼ Azerbaijan, BU ¼ Bulgaria, GE ¼ Georgia, IR ¼ Iran, KZ ¼ Kazakhstan, MO ¼ Moldova, RO ¼ Romania, RUS ¼ Russia,
TK ¼ Turkmenistan, TU ¼ Turkey, UK ¼ Ukraine.
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and consists of a more saline (38e39 psu) mixture of Marmara Sea
and Aegean Sea water (Özsoy et al., 1995; Polat and Tu�grul, 1996).
This denser water flows northeastwards, cools on the southwestern
Black Sea shelf, is diluted by mixing with the cold intermediate
water layer, and sinks below the pycnocline toward the abyssal
plain (Özsoy et al., 1995) where the bottom salinity is 22e24 psu.

The Kerch Strait connects the Black Sea and Azov Sea. This
narrow and shallow (2.5 kmwide, maximum 15 m deep) strait has
a length of 48 km and covers an area of about 805 km2. The flow of
low salinity water from the Sea of Azov dominates in the Kerch
Strait (Eremeev et al., 2003). The Kerch Strait salinity is w12.5 psu
(Il’in et al., 2001; Matishov et al., 2003).

The Caspian Sea is the world’s largest inland sea in terms of
both area and volume, stretching from 36�N to 62�N (Fig. 1). It has
a drainage basin covering about 3.5 million km2 (UNEP, 2006),
compared to 2.4 million km2 for the Black Sea. Water inputs
comprise river discharges, including the Volga (contributing up to
80e85% of the total), Emba, Ural and Terek rivers (Rodionov, 1994).
There is a northesouth gradient in water salinity, with freshwater
in the northern end of the basin to almost homogeneous water-
column salinity (12.5e13.5 psu) in the central and southern
basins (Kosarev and Yablonskaya, 1994). In the southern basin,
seasonal salinity changes are less than w0.2e0.4 psu. Mean annual
salinity increases from the surface to the bottom waters only by
0.1e0.3 psu (Zenkevitch, 1963; Kosarev and Yablonskaya, 1994).

3. Material and methods

3.1. Location of surface samples and cores used for
morphological measurements

Measurements of L. machaerophorum for 43 surface samples
from the Black Sea, Marmara Sea and Caspian Sea were previously
published by Mertens et al. (2009a). A total of 22 new surface
sediment samples from the northeastern part of the Kerch Strait
(Sea of Azov) (4), Black Sea (10), Marmara Sea (5) and Caspian Sea
(3) were studied for biometric measurements of L. machaer-
ophorum (Fig. 2B). For 20 of the 65 samples, the dinoflagellate cyst
assemblages have been described in earlier papers (Marret et al.,
2004, 2009; Mudie et al., 2004, 2007; Leroy et al., 2006; Verleye
et al., 2009; Mertens et al., 2009a). Most were core-top samples
from areas with relatively high sedimentation rates and can be
considered recent, i.e. less than tens of years to a few centuries old
(Table 2). It is assumed here that the environmental conditions
affecting the morphological changes within the cysts are similar to
recent environmental conditions.
Using the same method, morphological measurements were
also obtained downcore for dinoflagellate cysts extracted from
three short cores (MAR02-45TWC, MAR05-4G, BC53) and three
longer piston (P) or giant gravity cores (MAR02-45P, MAR05-13P,
GeoB7625-2), recovered from four core sites (Fig. 1). For the
first site, trigger-weight core MAR02-45TWC and piston core
MAR02-45P are from the same location on the SW Black Sea shelf
northwest of Strait of Bosphorus. For the second site, GeoB7625-2,
located northeast of Sakarya River, process length measurements
have already been published (Verleye et al., 2009). For the third site,
both gravity core MAR05-4G and piston core MAR05-13P were
recovered from the same location east of Strait of Bosphorus. The
fourth site is in the deep Eastern Basin of the Black Sea where core
BC53 was recovered.

3.2. Chronology

All of these cores except core BC53 and GeoB7625-2 have
been dated by multiple AMS radiocarbon ages on mollusks
(Table 1) and the two sets of MAR cores complement each other
in that, together, they cover the entire early Holocene to recent
time interval. Core GeoB7625-2 was dated by correlation to the
mollusk-based age model of nearby cores by Lamy et al. (2006)
and Kwiecien et al. (2008). Core BC53 was dated by the radio-
carbon dates of the first invasion of the coccolith Emiliania
huxleyi (van der Meer et al., 2008). The age model and further
sedimentological details for MAR02-45P and MAR02-45TWC are
discussed in Hiscott et al. (2007b, 2010) and partly in Marret
et al. (2009).

Raw radiocarbon ages (with units 14C yr BP or 14C ka) were
converted to calendar years (with units cal yr BP or cal ka) using
Oxcal4.0 online software, developed by the Oxford Radiocarbon
Accelerator Unit (ORAU) and the Marine09.14c calibration curve.
We use a reservoir age of 415 yr (Siani et al., 2000) for all raw
dates younger than 7.1 14C ka. We use a reservoir age of 300 yr
for all raw dates older than 8.4 14C ka in shelf cores MAR02-45,
MAR05-04G and MAR05-13P, consistent with Soulet et al.
(2011). 7.1 14C ka and 8.4 14C ka are, respectively, the times of
euryhaline mollusk appearance and first influence of Mediterra-
nean water identified by Ryan et al. (1997) and Ryan et al. (2003).
For raw shell dates between 7.1 14C ka and 8.4 14C ka in shelf
cores, we use linear interpolation to obtain an appropriate
reservoir age between 300 yr and 415 yr. For our two deep-water
sites, we use a reservoir age of 1000 yr prior to 7.5 14C ka and
415 yr for younger raw dates. Prior to 7.1e7.5 14C ka, the reservoir
values are different for shelf sites and deep-water sites because



Table 2
Details of the locations, water depths, sampling device, estimated ages, morphological measurements and summer salinity (psu). A ‘*’ denotes samples that were excluded.

Nr. Region Station Reference Latitude
(�N)

Longitude
(�E)

Water
depth (m)

Core type Estimated age
(cal yrs)

Sed. rate
(cm/ka)

% L. mach. L. mach.
process
length (mm)

L. mach. body
diameter (mm)

Specimens
measured

Summer
salinity
(psu)

1 Black Sea GC27 Mertens et al., 2009a 44.838 32.020 95 Gravity core Recent ? 43.45 14.54 48.27 50 17.26
2 Black Sea GC49 Mertens et al., 2009a 44.851 31.987 79 Gravity core Recent ? 67.09 15.30 47.79 50 17.24
3 Black Sea GC29 Mertens et al., 2009a 44.835 31.984 92 Gravity core Recent ? 51.83 15.11 47.57 50 17.24
4 Black Sea GeoB7625-2 Verleye et al., 2009 41.440 31.067 1242 Gravity core 255 112 52.00 13.36 43.69 100 18.55
5 Black Sea BC53 core Mertens et al., 2009a 42.651 37.601 2154 Boxcore Recent 17 10.13 16.98 48.35 50 18.48
6 Black Sea KNORR134-8,1 (GGC1) Mertens et al., 2009a 41.889 28.820 549 Giant gravity core Recent ? 15.50 48.27 50 17.68
7 Black Sea KNORR134-8,2 (BC2) Mertens et al., 2009a 41.865 28.835 660 Boxcore Recent ? 14.49 46.16 50 17.69
8 Black Sea KNORR134-8,6 (GGC4) Mertens et al., 2009a 41.839 28.687 211 Giant gravity core Recent ? 16.23 47.27 50 17.62
9 Black Sea KNORR134-8,11 (GGC7) Mertens et al., 2009a 41.836 28.690 208 Giant gravity core Recent ? 15.31 48.20 50 17.62
10 Black Sea KNORR134-8,70 (GGC35) Mertens et al., 2009a 42.250 37.527 2060 Giant gravity core Recent ? 15.92 47.10 50 18.41
11 Black Sea KNORR134-8124 (GGC64) Mertens et al., 2009a 42.193 35.983 203 Giant gravity core Recent ? 15.29 46.02 50 18.69
12 Black Sea KNORR134-8101 (GGC51) Mertens et al., 2009a 41.471 41.257 1406 Giant gravity core Recent ? 13.30 46.84 35 17.67
13 Black Sea KNORR134-8150 (GGC72) Mertens et al., 2009a 42.207 34.054 435 Giant gravity core Recent ? 17.39 46.66 30 18.32
14 Black Sea AII 1431 Mertens et al., 2009a 42.233 33.067 2136 Piston core Recent ? 16.13 47.27 50 18.24
15 Black Sea AII 1432 Mertens et al., 2009a 43.010 34.075 2248 Gravity core Recent ? 15.41 45.64 50 18.54
16 Black Sea AII 1433* Mertens et al., 2009a 44.083 35.000 2225 Trip gravity core Recent ? 10.96 44.08 50 18.16
17 Black Sea AII 1434 Mertens et al., 2009a 44.333 36.000 1466 Gravity core Recent ? 14.25 44.94 50 17.76
18 Black Sea AII 1436* Mertens et al., 2009a 43.400 36.600 2158 Trip gravity core Recent ? 11.74 43.52 50 18.72
19 Black Sea AII 1438 Mertens et al., 2009a 41.975 35.683 284 Gravity core Recent ? 15.84 46.45 50 18.20
20 Black Sea AII 1440 Mertens et al., 2009a 42.203 34.355 264 Piston core Recent ? 15.30 45.85 50 18.33
21 Black Sea AII 1443* Mertens et al., 2009a 44.587 31.922 1057 Trip gravity core Recent ? 12.33 43.59 50 17.45
22 Black Sea AII 1447 Mertens et al., 2009a 41.383 31.062 1256 Piston core Recent ? 13.25 45.14 50 18.54
23 Black Sea AII 1450 Mertens et al., 2009a 43.657 30.157 563 Gravity core Recent ? 15.27 46.24 50 17.68
24 Black Sea AII 1451 Mertens et al., 2009a 43.570 29.525 460 Gravity core Recent ? 16.94 46.37 50 17.14
25 Black Sea AII 1453 Mertens et al., 2009a 41.843 28.687 255 Gravity core Recent ? 14.51 44.24 50 17.61
26 Black Sea AII 1462 Z4B Mertens et al., 2009a 43.075 32.992 2179 Kasten core Recent ? 14.69 46.26 42 18.30
27 Black Sea AII 1464* Mertens et al., 2009a 43.032 35.478 2173 Kasten core Recent ? 11.39 43.27 50 18.86
28 Black Sea B2KS01 0-1 Mertens et al., 2009a 41.491 29.122 88.8 Kullenberg Recent ? 14.69 47.36 50 17.82
29 Black Sea B2KS02 0-1 Mertens et al., 2009a 41.491 29.122 88.8 Kullenberg Recent ? 14.20 47.67 50 17.82
30 Black Sea B2KS33 0-1* Mertens et al., 2009a 42.838 32.593 2173 Kullenberg Recent ? 12.27 45.70 50 18.34
31 Black Sea B2KS38 0-1 Mertens et al., 2009a 43.804 30.401 355 Kullenberg Recent ? 15.69 47.34 50 17.46
32 Black Sea Core 22-MUC-1 Unpublished 42.222 36.489 842 Multi-corer Recent 31.25 63.23 17.68 48.81 50 18.64
33 Black Sea Core 25-MUC-2 Unpublished 42.102 36.621 418 Multi-corer Recent 31.25 8.41 16.86 53.80 50 18.58
34 Black Sea M05-4G Unpublished 41.166 31.129 75 Gravity core Recent 32 15.49 44 18.57
35 Black Sea MAR05-13P 30 cm Unpublished 41.166 31.128 75 Piston core 900 32 82.00 16.03 48.88 50 18.57
36 Black Sea MAR02-45TWC 10 cm Unpublished 41.685 28.317 10 Trigger weight core 80 1000 85.19 14.45 50 17.52
37 Black Sea SH1 Unpublished 45.243 31.222 25 Boxcore Recent ? 13.48 45.53 50 16.36
38 Black Sea SH3 Unpublished 45.186 31.249 50 Boxcore Recent ? 14.35 43.27 50 16.44
39 Black Sea SH4 Unpublished 45.154 31.135 50 Boxcore Recent ? 14.46 45.07 50 16.41
40 Black Sea SH5 Unpublished 45.150 31.078 49 Boxcore Recent ? 15.22 44.74 50 16.37
41 Black Sea SH7 Unpublished 45.094 31.229 51 Boxcore Recent ? 15.21 43.76 50 16.51
42 Caspian Sea Enseli Lake 1 Unpublished 37.400 49.450 2.5 PVC Tube Recent ? 11.72 4.46 57.44 50 12.63
43 Caspian Sea Enseli Lake 2 Unpublished 37.400 49.450 2.5 PVC Tube Recent ? 11.72 5.23 53.88 8 12.63
44 Caspian Sea Enseli Lake 4 Unpublished 37.410 49.447 2.5 PVC Tube Recent ? 11.72 4.59 67.13 50 12.63
45 Caspian Sea US09 Marret et al., 2004 38.734 53.185 13 Usnel boxcore Recent ? 43.50 3.82 46.20 50 12.83
46 Caspian Sea US26 Marret et al., 2004 43.323 49.093 61 Usnel boxcore Recent ? 21.60 4.11 47.74 50 11.90
47 Caspian Sea CP18 Marret et al., 2004 41.539 51.100 480 Pilot Mid-Holocene ? 5.90 4.10 53.63 8 12.51
48 Caspian Sea GS18 Marret et al., 2004 41.542 51.101 480 Kullenberg Mid-Holocene ? 33.00 2.64 47.10 24 12.51
49 Caspian Sea CP21 Marret et al., 2004 42.839 49.853 460 Pilot Mid-Holocene ? 5.20 3.40 47.29 7 12.29
50 Caspian Sea CP14 Marret et al., 2004 39.270 51.458 315 Pilot 809 35 7.00 3.38 50.18 11 12.74
51 Caspian Sea CP04 Marret et al., 2004 38.722 51.606 405 Pilot Holocene ? 13.19 4.38 50.58 50 12.81
52 Caspian Sea US02 Marret et al., 2004 39.267 51.483 315 Usnel boxcore Recent ? 10.84 3.81 57.20 14 12.73
53 Caspian Sea US24 Marret et al., 2004 43.318 49.100 61 Usnel boxcore Recent ? 6.70 4.75 50.00 50 11.90

(continued on next page)
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of water-column stratification (Kwiecien et al., 2008). Extrapo-
lated ages on either side of unconformities a1 and a2 have error
bars consistent with all combinations of �errors of the two
radiocarbon ages above and below that level. Radiocarbon dates
for core GeoB7625-2 were calibrated by Lamy et al. (2006)
using a reservoir age of 475 years. To be consistent with other
calibrations in this paper, we have recalibrated the Lamy et al.
(2006) dates using parameters specified above and in the
Table 1 caption, and show these results in Table 1.

The dates show that, in core MAR02-45P, there is
a w3.41 cal ka hiatus between 161 and 160 cm (non-deposition
from 5.46 to 2.05 cal ka BP) and in MAR05-13P, there is
a w1.14 cal ka hiatus between 660 and 659 cm (non-deposition
from 8.94 to 7.80 cal ka BP). The age model also shows that in
MAR02-45P and MAR02-45TWC, the sampling intervals are
w0.238 cal ka and w0.185 cal ka respectively. For GeoB7625-2
the sampling interval is w0.228 cal ka (Verleye et al., 2009) and
for BC53, the sampling interval is w0.300 cal ka (van der Meer
et al., 2008). In cores MAR05-4G and MAR05-13P, the sampling
intervals are w0.164 cal ka and w0.214 cal ka respectively
(Cranshaw, 2007).

3.3. Palynological preparation and light microscopy

All the cysts were extracted from the sediments using methods
described in the respective publications shown in Table 2. Most
were standard palynological methods involving hydrochloric acid
(HCl) and hydrofluoric acid (HF), sieving and/or sonification.
For two surface samples (Core 22-MUC-1, Core 25-MUC-1), heavy
liquid separation using sodium polytungstate with a density
of 2.1 g ml�1 was used (Bolch, 1997). No acetolysis or potassium
hydroxide (KOH) were utilized. Regardless of the extraction
methods used for this study, comparison of cysts between different
samples showed no differences in cyst preservation. This suggests
that the different processing methods employed in this study had
no effect on measurements of L. machaerophorum, as noted previ-
ously by Mertens et al. (2009a, 2010).

All measurements weremade using a Zeiss Axioskop 2 equipped
with an AxioCam MRc5 digital camera (Axiovision v. 4.6 software),
Nikon Eclipse80i, Nikon E400 light microscope or an Olympus BH-2
light microscope equipped with Color View II (Cell F Software
Imaging System) and 63�e100� objectives. All measurements
were made by K. N. Mertens, L. R. Bradley, P. Mudie and T. Verleye.
For each sample, the average of the length of the three longest
visible processes and the largest body diameter of 50 cysts
per sample were measured, if possible. Measuring 50 cysts
yields reproducible results (Mertens et al., 2009a); like Head (2007)
we found that average process length per sample for
L. machaerophorum is reproducible within w1 mm. The length of
each process was measured from the middle of the process base to
the process tip. It is important to note that no cysts without
processes (i.e. “zero” process length) were included in the analysis,
because of the difficulty of species identification associated
with these forms and the desire to exclude observer bias from the
measurements. For each cyst, three processes could always be
foundwithin the focal plane of the light microscope, so this number
seemed a logical choice. There are three reasons for choosing the
longest processes. 1. The longest processes reflect unobstructed
growth of the cyst. 2. Measuring the longest processes increases
accuracy because it documents the largest variation. 3. Since only
a few processes were parallel to the focal plane of themicroscope, it
was imperative to make a consistent choice. Sometimes fewer
than 50 cysts were measured, if more were not present. Fragments
representing less than half of a cyst and cysts with mostly broken
processes were not measured.



Table 4
Comparison between outliers and comparable samples using a one-tailed, t-test of
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3.4. Salinity and temperature data

Biometric measurements on cysts from the surface samples in
the Black Sea, Caspian Sea and Kerch Strait were compared to both
seasonal and annual temperature (T), salinity (S), the ratio between
salinity and temperature (S/T) and sea water density (D) at
depths spanning the range 0e30 m using the gridded 1/4� World
Ocean Atlas 2001 (Locarnini et al., 2002) and the Ocean Data View
software (Schlitzer, 2010) by calculating Pearson’s correlation
coefficient. BecauseWorld Ocean Atlas 2001 yields anomalous data
for the Marmara Sea, salinity and temperature data were obtained
from MEDAR/MEDATLAS II (MEDAR Group, 2002) for the samples
from Marmara Sea. The significance of Pearson’s r was calculated
using a t-test.

3.5. Molecular analysis

Three surface samples were collected from the Northwestern
Black Sea (M1), southwestern Caspian Sea (M2) and San Pedro
Harbor (M3) (California) (Table 3). Cysts were isolated from the
sediment using heavy liquid separation using sodium poly-
tungstate with a density of 1.3 g ml�1 (Bolch, 1997). We used cysts
from the southwestern Caspian Sea and the Northwestern Black
Sea, and germinated and cultured cells from San Pedro Harbor for
molecular analyses. An isolated cyst was sonicated in a 200 mL PCR
tube with sterilized seawater in order to remove extraneous
matters. The cysts and the cells were individually transferred
on a slide glass with a frame of vinyl tape, and observed and
photographed using an Olympus BX51 microscope equipped with
Nomarski differential interference contrast optics (Olympus,
Tokyo, Japan) and with an Olympus DP71 digital camera. After
taking photographs the cover slip was carefully removed. Under an
inverted microscope (Olympus CKX41) the cell was picked up and
crushed with a fine glass needle. The whole crushed cell was
transferred into a 200 mL PCR tube containing 3 mL of Milli-Q water.
This technique and the following PCR protocol are modifications of
the methods in Takano and Horiguchi (2005). We determined
sequences of ITS regions (internal transcribed spacer 1e5.8 rDNA -
ITS2) and partial sequences of SSU and LSU rDNA from single-cysts
and 5e10 cultured cells. In the first round of PCR, the external
primers (SR1 and LSU R2; Takano and Horiguchi, 2005) were used
with PCR mixtures of KOD-Plus-Ver. 2 Kit (Toyobo, Osaka, Japan)
and the PCR conditions; one initial cycle of denaturation at 94 �C
for 2 min, followed by 35 cycles of denaturation at 94 �C for 30 s,
annealing at 50 �C for 30 s, and extension at 72 �C for 2 min and
final extension at 72 �C for 5 min. In the second round of PCR, two
sets of primers (SR12cF and 25R1, LSU D1R and LSU R2; Takano and
Horiguchi, 2005) were used with PCR mixtures of KOD-Plus-Ver. 2
Kit (Toyobo, Osaka, Japan), 0.5 mL of the first round PCR product as
DNA template, and the same PCR conditions except for extension at
72 �C for 1 min. In the third round of PCR, three sets of primers
(SR12cF and 25F1R, LSU D1R and 25R1, LSU D3A and LSU R2;
Takano and Horiguchi, 2005) were used with PCR mixtures of the
TaKaRa EX taq system (Takara Bio Inc., Shiga, Japan), 0.5 mL of the
Table 3
Details of the locations, water depths, sampling devices of samples used for
molecular analysis.

Nr. Region Latitude
(�N)

Longitude
(�E)

Water
depth (m)

Core type

M1 Black Sea 45.90 30.29 3.5 Pushcore (by diving)
M2 Caspian Sea 37.51 49.91 25 Van Veen Grab
M3 San Pedro Harbor

(California)
33.74 �118.24 5 Petite Ponar Grab
second round PCR products as DNA template, and the same PCR
conditions except for extension at 72 �C for 30 s. PCR products were
sequenced directly using the ABI PRISM BigDye Terminator Cycle
Sequencing Kit (PerkineElmer, Foster City, CA, USA). We sequenced
both the forward and reverse strands. Obtained sequences were
manually aligned.

4. Results

4.1. Process length variation in surface sediments and relation to
environmental parameters

4.1.1. Overall cyst biometrics
Five surface samples from deeper parts of the Black Sea were

excluded from the analysis because these samples had process
lengths significantly shorter than comparable samples (AII 1433, AII
1436, AII 1443, AII 1464 and B2KS33 0-1) (Table 4, one-tailed t-test
of unpaired samples with unequal variance, p < 10�6). This is likely
because the upper sedimentary section at these gravity-core sites
was blown away during coring, resulting inmorphologies in the top
samples that are deemed unrepresentative of the actual surface.
For the other surface samples, 8058 process length measurements
were made. They gave an average of 13.4 mm with a standard
deviation of 5.5 mm, and a range from 0.5 to 29.6 mm (Fig. 3A). Most
cysts encountered were comparable to the forms described by
Marret et al. (2004) for the Caspian Sea and by Wall et al. (1973),
Mudie et al. (2001, 2004) and Marret et al. (2009) for the Black Sea.
Cysts without processes were rarely observed but not measured.
The range found is within the global range of 0e41 mmdescribed by
Mertens et al. (2009a). The skewness of the distributionwas �0.43,
because of the high number of short-process bearing cysts from the
Caspian Sea in the sample population. If the size-frequency curves
of the regions are observed separately, one easily sees that this
curve is the sum of the separate unimodal curves of the Black Sea,
Caspian Sea, Marmara Sea and the Kerch Strait (Sea of Azov), which
only partly overlap and thus can clearly be distinguished from each
other (Fig. 3B). The 2370 body diameter measurements average
47.6 mmwith a standard deviation of 6.1 mm, over a range from 26 to
91 mm (Fig. 3C). This relatively large range can be explained partly
by cysts sometimes being compressed or torn, resulting in an
anomalously large body diameter (see also Mertens et al., 2009a).
This mechanical deformation of the cyst also explains a positive
skewness of the size-frequency spectrum (1.62). The Black Sea,
Caspian Sea and the Kerch Strait all show similar size-frequency
curves of body diameter when plotted separately (Fig. 3D).

4.1.2. Correlations between the environmental parameters and
morphology

Pearson’s correlation coefficient was calculated between average
process length and S, T, S/T and D from 0 to 30 m, as reported both
annually and seasonally (Table 5). Therewas a significant correlation
unpaired samples with unequal variance. All probabilities are <10�6, entailing
a significant difference.

Outlier sample Comparable sample / AII 1432 AII 1434 AII 1438

Average process length (mm) / 15.41 14.25 15.84

Y Y

AII 1433 10.96 1.67E-18 1.95E-13 6.18E-24
AII 1436 11.74 2.23E-14 2.03E-09 1.87E-19
AII 1443 12.33 2.39E-10 5.94E-06 2.86E-14
AII 1464 11.39 3.40E-17 4.60E-12 4.64E-23
B2KS33 0-1 12.27 3.34E-11 1.39E-06 1.47E-15
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Fig. 3. Sizeefrequency spectra of process length and body diameter measurements of Lingulodinium machaerophorum in surface sediments (AeD) and downcore (EeF) in the Black
Sea, Caspian Sea, and the Kerch Strait. Sizeefrequency spectra of 6375 process lengths for all measurements (A) and for Black Sea, the Kerch Strait and Caspian Sea separately (B) and
of 2125 body diameter for all measurements (C) and for Black Sea, the Kerch Strait and Caspian Sea separately (D). Sizeefrequency spectrum of 18,117 process length measurements
(E) and 5295 body diameter (F) measurements downcore for 6 cores from the Black Sea.
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between process length and all parameters except for most of
the temperatures (p < 1 � 10�16, Table 5). Correlation coefficients
become less significant with depth for all parameters studied. The
correlations of average process length to S, D and S/T are of similar
significance on an annual and seasonal basis, except for winter
where S/T is significantly less correlated.

No significant correlationwas found between the process length
and cyst body diameter (R2 ¼ 0.25). This confirms previous obser-
vations by Mertens et al. (2009a), as expected because culture
experiments have failed to reveal any correlation between body
diameter and salinity (Hallett, 1999). Variations in cyst body
diameter are most likely caused by compression or formed during
cyst germination. There was no significant correlation between
water depth and average process length (R2 ¼ 0.06), and no
significant correlation was found between relative abundance of
L. machaerophorum and either average process length (R2 ¼ 0.40) or
body diameter (R2 ¼ 0.22).
4.2. Downcore records of process length variation

4.2.1. Overall cyst biometrics
The 18,117 process length measurements obtained from core

samples give a mean of 12.63 mm with a standard deviation of
4.1 mm, and a range from 1.0 to 28.4 mm (Fig. 3E). The range of cyst
morphology is the same as described for the surface samples
(Section 4.1.1). The observed downcore range of process length fits
exactly within the global range of 0.5e28.9 mm measured in the
surface sediments. The skewness of the distribution is�0.08, which
makes the distribution effectively symmetrical. The 5295maximum
body diameter measurements give an average maximum body
diameter of 47.3 mm with a standard deviation of 5.3 mm, over
a range from 26 to 79 mm (Fig. 3F). This range is again comparable to
the range of 26e91 mm measured in the surface sediments. There
is no relation between process length and relative abundance
(% L. machaerophorum) downcore (R2 ¼ 0.0).



Table 5
Pearson’s correlation coefficient calculated between environmental parameters and
average process length of Lingulodinium machaerophorum at water depths of 0 to
30 m. Significant correlations using the t-test (p < 1 � 10�12) are indicated in bold.

Parameter/Depth (m) 0 10 20 30

Annual T 0.03 0.12 0.24 0.02
Annual S 0.81 0.76 0.58 0.48
Annual S/T 0.85 0.81 0.64 0.70
Annual D 0.84 0.79 0.61 0.51
Summer T 0.01 0.30 0.43 0.25
Summer S 0.88 0.86 0.61 0.48
Summer S/T 0.90 0.89 0.63 0.70
Summer D 0.90 0.90 0.65 0.54
Autumn T 0.00 0.00 0.01 0.00
Autumn S 0.79 0.74 0.54 0.47
Autumn S/T 0.78 0.70 0.58 0.58
Autumn D 0.82 0.75 0.57 0.50
Winter T 0.00 0.01 0.00 0.05
Winter S 0.73 0.70 0.58 0.49
Winter S/T 0.20 0.22 0.07 0.01
Winter D 0.74 0.71 0.59 0.51
Spring T 0.06 0.17 0.46 0.01
Spring S 0.84 0.79 0.60 0.49
Spring S/T 0.88 0.89 0.72 0.79
Spring D 0.89 0.84 0.64 0.53
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4.2.2. Process length variation downcore
Age models were used to assign measurements of process

lengths to the time of deposition in calendar years BP. Significant
downcore changes in process lengths of L. machaerophorum occur in
the six studied cores (Fig. 4). Average process length varies between
17.6 and 14.2 mm in BC53, between 16.5 and 5.7 mm in GeoB7625-2,
between 15.5 and 2.6 mm in cores MAR02-45P and MAR02-45TWC
and between 16.7 and 8.2 mm in cores MAR05-3P and MAR05-4G.

After interpolating all the process lengths in all cores to a 10
calendar year time-step, we created a regional average process
length record by calculating aweighted average fromall interpolated
values, using the number of specimensmeasured per core asweight.
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Fig. 4. Average process length variation of Lingulodinium machaerophorum in cores MAR
MAR05-4G (core site 3) and BC53 (core site 4), regional average and number of specimens
a time-step of 10 years. All graphs are plotted against calendar age (cal ka BP). The error b
This resulted in a regional record ranging from 9.9 to 0.00 cal ka BP
(Fig. 4). The standard deviation of the regional average is calculated
by taking the square root of the sum of squares of the interpolated
standard deviations divided by the number of standard deviations.
The calculated average shows a very gradual increase in process
length from 9.1 to 15.7 mm between 9.9 and 0.0 cal ka BP. There is
a small dip between 7.7 and 7.3 cal ka BP. Because less than 50
specimens were found between 9.9 and 7.5 cal ka BP, there is more
scatter in the regional average for this particular time slice (Fig. 4).

4.3. Molecular analysis

We determined sequences of SSU (1730 bp), ITS regions (535 bp)
and partial LSU rDNA (1324 bp) from one single-cyst from the
Northwestern Black Sea (SSU; AB693195, ITS; AB678399, LSU;
AB678400), six single-cysts from the southwestern Caspian Sea
(SSU; AB693194, ITS; AB678401, LSU; AB678402) and four strains
established from cysts from San Pedro Harbor (SSU; AB693196, ITS;
AB678403, LSU; AB678404). One of the sequenced cysts from each
locality is shown in Fig. 5. Comparisons of the obtained sequences
from the three localities shows that they are identical except
for one degenerate site, Y (T and C) in the 1730 bp SSU from the
Northwestern Black Sea and the southwestern Caspian Sea which
was consistently T at the site from San Pedro Harbor. This confirms
that all studied cysts, modern Caspian short process bearing and
Black Sea and Californian longer process bearing cyst morphotypes
of L. machaerophorum belong to the same species and that strain-
specific responses are not a plausible factor in process length.

5. Discussion

5.1. Construction of salinity proxy and influence of temperature

Both salinity and temperature have been suggested to cause
morphological variations of L. machaeorophorum in laboratory
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Fig. 5. Examples of cysts that were sequenced from the three study areas, which had identical SSU (1730 bp), ITS regions (535 bp) and partial LSU rDNA (1368 bp). A. Short process
bearing cyst from southwestern Caspian Sea. B. Longer process bearing cyst from northwestern Black Sea. C. Very long process bearing cyst that germinated from San Pedro Harbor,
California and where the cell was sequenced. All scale bars are 10 mm.

Fig. 6. Relationship between average process length of Lingulodinium machaerophorum
and annual sea surface salinity (SSS). The linear trendline is a least squares fit to the
three main clusters of samples from the Caspian Sea, Black Sea and the Kerch Strait.
The equation for the regression line is given.
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cultures (Hallett, 1999) and in the field (Mertens et al., 2009a).
However, the Pearson’s correlation coefficients showno direct linear
relation between process length and temperature in the regional
process length variation of cysts from surface sediments (Table 5). It
is possible, however, that the influence of temperature is reflected in
the calculated densities, which show similar correlation coefficients
to those for salinity, both annually and seasonally. The covariation
of salinity and density in the study region makes it impossible to
disentangle the influence of both parameters. Pearson’s correlation
coefficients between sea surface salinity and sea surface density are
high, both annually and seasonally (R2 > 0.97). This correlation is
similar for conditions deeper in the water column, i.e. at 10, 20 and
30m. Thus, from our data alonewe cannot determine unequivocally
whether salinity or density is the most important factor in causing
changes in process length. Extending this research to other regions
where salinity and density do not covary could resolve this issue.
Nevertheless, we consider it safe to assume that our proxy can be
used for reconstruction of sea surface salinity (SSS) in the Black Sea,
Marmara Sea and Caspian Sea, since both density and salinity which
give the more significant correlations, are highly correlated in this
region. The process length variations are a summer signal because
L. polyedrum predominantly occurs during summer in the Black Sea
(e.g. Türko�glu and Koray, 2002), Marmara Sea (e.g. Balkis, 2003) and
Caspian Sea (e.g. Bagheri et al., 2010).

A two degree polynomial between average process length (PL)
and summer salinity (SSSsummer) provides a more significant
correlation than a simple linear regression line (R2¼ 0.91 compared
to 0.88). For our study region, therefore, we provide the following
equation (Fig. 5): SSSsummer ¼ 0.026*PL2 � 0.0145PL þ 12.136
(R2 ¼ 0.91). Such a polynomial relation is not surprising, since the
relation to process length has been suggested to be unimodal for
L. machaerophorum (Hallett, 1999). The standard error on the
reconstructed SSSsummer is 0.91 psu. For the Black Sea, this equation
can be used at least to reconstruct salinities between 11.9 and
22.2 psu, which is the range of our measured samples.

Although it might seem that the process lengthesalinity relation
merely connects four large clusters that could be separate pop-
ulations (Fig. 6), we consider this incorrect for several reasons. One
reason is that culture experiments using monoclonal strains of
L. polyedrum show a unimodal relation of average process length to
salinity over a broad range of salinities and process lengths (Lewis
and Hallett, 1997; Hallett, 1999). Furthermore, a closely related
species, Protoceratium reticulatum, also shows a significant (R2¼ 0.8)
linear relation to salinity (and density) in the Baltic-Kattegat-
Skaggerak estuarine system (Mertens et al., 2010). In addition, the
molecular analysis shows that all studied sequences are identical,
confirming that all examined cysts belong to the same species and
that strain-specific responses are not a plausible factor in process
length. This confirms morphological observations since the motile
stage has been identified in the plankton as L. polyedrum in the Black
Sea (e.g. Türko�glu and Koray, 2002), Marmara Sea (e.g. Balkis, 2003)
and Caspian Sea (e.g. Bagheri et al., 2010) and the cyst in the
sediment as L. machaerophorum in the Black Sea (e.g. Wall et al.,
1973), Marmara Sea (e.g. Londeix et al., 2009) and Caspian Sea
(Marret et al., 2004). However, the morphological clusters in Fig. 6
individually do not show a significant linear relation to salinity
within the Caspian Sea, Marmara Sea, Kerch Strait or Black Sea. This
may be because of lateral transport of cysts within the individual
sample areas which could mix the individual salinity responses and
cause an overrepresentation of the most widespread morphotypes,
particularly in areas with low sedimentation rates. Although this
mixing reduces the precision for reconstruction of local salinities,
averaging for reconstruction of regional signals as done here is
warranted (see Section 5.3). Furthermore, these results significantly
extend the geographic range of previous SSU and ITS rDNA studies
(e.g. Frommlet and Eglesias-Rodriguez, 2008) that have previously
shown the molecular identity of L. machaerophorum from Swedish
(Koljö Fjord) and Californian populations.

5.2. Downcore variability: synchronous and diachronous
changes in process length

There are observed differences between the 4 core sites depic-
ted in Fig. 4 in the amplitude of change in process length, but not in
the rates of change in process length. In terms of amplitude, it is
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remarkable that the cores show distinct differences in process
length during certain time-slices. For instance, around 8.5 cal ka BP
there is a distinct drop in process length in one sample from core
MAR02-45P (closest to the vast Danube-Dneister river drainage).
There is no doubt that such differences can be related to local
salinity effects, where lowered salinity briefly resulted in reduced
process lengths. A similar local reduction in process length has been
documented for the Berre coastal lagoon in the Mediterranean,
where it has been related to increased river inflow (Leroy, 2001;
Mertens et al., 2009a). With regard to the rates of change, it should
be noted that process length variation in the westernmost core
MAR02-45P does not show a distinct lag behind the more eastern
cores GeoB7625-2 and MAR05-13P (Fig. 4), as previously suggested
by Verleye et al. (2009) andMudie et al. (2009) based on differences
in assemblage composition. The revised age model for MAR02-45P
and GeoB7625-2 presented in this paper eliminates this previously
suggested discrepancy.

5.3. Application of regional salinity reconstruction to cores in the
Black Sea

The use of the equation in Fig. 6 allows reconstruction of the
regional annual salinity record from the regional average process
length for the time interval from 9.9 to 0.0 cal ka BP, with a time-step
of 10 years (Fig. 7). This record shows a very gradual change from
salinities of about 14 psu after the first reconnection at 9.14 cal ka BP,
to minimum salinities of about 12.3 psu at 8.5 cal ka BP, reaching
current conditions of about 17.1 psu at around 4.1 cal ka BP. The
estimated maximum change in salinity during this period is thus
w4.8 � 0.91 psu.
SSS derived from
L. machaerophorum
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Fig. 7. A. Reconstruction of regional Black Sea annual salinity based on the average regiona
calibrated ages (cal ka BP). The sampling interval of the original cores isw250 years, as illustr
sea-level variations after Balabanov (2007) and interpolated curve after Brückner et al. (2010
indicate the age of Ryan et al. (2003) flood at w9.14 cal ka BP, the onset of two-way flow at
reached (respectively 4.1 cal ka BP and 4.00 14C ka) and the first invasion of Emiliania huxl
Our salinity quantification for the lower (early Holocene)
sedimentary unit (equivalent to Unit 2 of Wall and Dale, 1973) falls
within the qualitative estimate of w7e18 psu made by Wall and
Dale (1973) and values of w14e18 psu derived by Mudie et al.
(2001) from correlation between relative abundances of cyst
process types (normal or short form) and salinity estimates based
on d18O values for the tests of planktonic foraminifera from the
eastern Marmara Sea near the Strait of Bosphorus entrance to
the Black Sea. Corresponding values previously estimated for late
Holocene coccolith-rich sediments (equivalent to the Black Sea
basin Unit 1) are w18e22 psu (Wall and Dale, 1973) and
w18e20 psu (Mudie et al., 2001). Wall and Dale (1973) commented
that vertical changes of cysts assemblageswithin sediments of Units
2 and 1 of deep Black Sea basin cores apparently reflect an increase
in salinity from 7 to 18 psu, but the low resolution assemblage
data do not indicate whether or not the salinity rose gradually and
steadily during this time or increased through a series of pulsating
increments as inferred from mollusk, ostracod and benthic fora-
miniferal data (e.g. Yanko-Hombach, 2007).

The salinity of the section below our studied interval was esti-
mated as <7 psu by Wall and Dale (1973) and 4e12 psu by Mudie
et al. (2004), based on cyst assemblage composition; Marret et al.
(2009) suggested it was deposited in low salinities of w7e12 psu,
based on dinoflagellate cyst assemblages compared with modern
Caspian Sea assemblages. Unfortunately, the sparsity or absence of
L. machaerophorum in this section does not allowuse of our process-
length salinity proxy for environmentswhere salinity is persistently
<10 psu, probably because culture experiments (Hallett, 1999)
show that L. polyedrum does not survive salinities below 10 psu. In
the Black Sea cores studied here, L. machaerophorum is absent in
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Pre-boreal e Holocene sediments, although rare short-process
bearing cysts occur in samples with an age of about 19 14C ka in
early MIS2 and 33.5 14C ka in MIS 3 (Mudie et al., 2004 and
unpublished data from the Black Sea Atlantis II core 1479 previously
studied byWall and Dale (1973)). The dominant dinoflagellate cysts
in this oldest section are Spiniferites cruciformis and Pyxidinopsis
psilata, which occur in the recent Caspian Sea and in Lake Sapanca
(Leroy et al., 2009) but little is known about their ecology (Marret
et al., 2004) except for the correlation between S. cruciformis and
salinity estimates of <14 psu derived from d18O values for the tests
of co-occurring planktonic foraminifera (Mudie et al., 2001). Studies
on the ecology and morphological variations of these now rare
species are needed to refine our paleosalinity record and fully assess
the amplitude and rate of surface salinity change before about
9.9 cal ka BP.

5.4. Paleoclimatological implications

Sea surface salinity changes in the Black Sea are currently
regulated by the precipitationeevaporation budget (PeE), conti-
nental run-off, sea-level variations and changes in the two-way flow.
All these factors are strongly intertwined: for example changes in
the PeE budget strongly influence the two-way flow. During the
early Holocene, high precipitation would have strengthened the
outflow: an early to mid Holocene wet period (between 10.5 and
5.4 cal ka BP) is recorded in pollen records for MAR02-45P (Mudie
et al., 2007) and, south of our core sites in the varved d18O speleo-
them record for Sofular Cave, that tracks the isotopic signature of
Black Sea surface water (Badertscher et al., 2011; Göktürk et al.,
2011). This enhanced rainfall was suggested to have caused a 3 psu
drop in salinity in the northern Red Sea (Arz et al., 2003) and
has probably kept the early Holocene salinity low despite the
ongoing sea-level rise. After this initial period, our palaeosalinity
reconstruction is similar to a the smoothed relative sea-level curve of
Balabanov (2007) derived from paleogeographical data ground-
truthed by micropaleontological methods and subsequently inter-
polated by Brückner et al. (2010. their Fig. 7, line B), reaching current
sea-levels at about 4000 14C BP, (ca 4.1 cal ka BP; compare Fig. 7A and
B). This coincident timing suggest that changes in global sea-level
can be considered the dominant factor in causing salinity changes
in the Black Sea after the humid early Holocene.

Following full reconnection and persistent two-way flow
between the Marmara and Black seas, here dated at about 8.0 cal ka,
the modern surface conditions of about 17.1 psu were reached at
around 4.1 cal ka BP (Fig. 7A). The estimated gradual change in
salinity during these w3850 years is thus w4.8 � 0.91 psu.
This surface water salinity change is much smaller and faster than
the w20 psu change in ca 7000 yr suggested by Soulet et al. (2010)
for bottom water salinity using pore-water chloride profiles
from sites w50 km seaward of the lowstand Danube Delta and
a diffusioneadvection model. Soulet et al. (2010) suggested that the
glacial Black Sea was a “freshwater” lake with bottom-water salin-
ities of w1 psu, only reaching modern bottom-water salinities of
w22 psu at 2 cal ka BP. They attribute this lengthy delay of 7000 yr
in salinization to higher precipitation during the early Holocene.
Caution is required in assessing the Soulet et al. (2010) interpreta-
tion that fresh pore-water being expelled upward from compacting
muddy sediments reflects the composition of late Pleistocene and
early Holocene Black Sea water. In an analogous setting off the US
east coast, fresh pore-waters beneath the continental shelf are
potentially relict freshwater lenses in aquifers that developed during
Pleistocene lowstands (Kohout et al., 1977, their hypothesis 3); low
sediment permeabilities have dramatically delayed the replacement
of this freshwater by modern overlying saline water. The existence
of such aquifers off the Danube Delta needs evaluation. In our study,
the relatively small change in salinity values (w4.8 psu variation)
suggests much less dramatic changes in ocean chemistry than
proposed by Soulet et al. (2010). The 3850 years of salinity change in
our study is in between the values of 3700 and 4800 years suggested
by models using, respectively, the modern and double the modern
freshwater input (10000 and 20000 m3/s), with a sill depth of 40 m
(Lane-Serff et al., 1997).

The similarity in timing of our Black Sea summer salinity record
to average global sea-level (Fig. 7A and B) rise suggests that sea-level
variation is the main driver in determining the end of the delay in
surface salinization during the early-mid Holocene. Distinct lower
frequency cycles cannot be observed in our salinity reconstruction,
in contrast to the original sea-level curve of Balabanov (2007) and
the benthic foraminiferal data ofMartin and Yanko-Hombach (2011)
(Fig. 7A and B). This lack of any distinct peaks or troughs (wiggles) of
significant amplitude suggests that no catastrophicflood(s) occurred
within the time-frame of our data. Catastrophic is defined here as
‘very rapid (annual-decadal scale), irreversibly destructive events;
any large and disastrous event of great significance; a disaster
beyond expectations’, following Yanko-Hombach et al. (2010) and
Grishin (2001). In the original hypothesis of Ryan et al. (1997),
the catastrophic flood would have occurred in less than 2 years.
Modeling experiments by Myers et al. (2003) show that this short
time would not have been possible and that at least one decade
would be needed to realize the salinity change proposed by Ryan
et al. (1997). Recent work also suggests that the Black Sea level at
the time of the catastrophic flood could not have been more than
30mbelow the present sea level,much less than the50mpreviously
proposed (Giosan et al., 2011). Soulet et al. (2010, Table 1, p. 61)
suggest that such a catastrophic event would result in a sudden
salinity increase of w2 psu. There is no evidence for such cata-
strophic, abrupt and consistent increase in salinity at the “Flood age”
aroundw9.14 cal ka BP (using our calibrationprocedures)within the
w250 year resolution of our samples (Figs. 4 and 7). The recon-
struction based on the process lengths of L. machaerophorum thus
contradicts the catastrophic Noah’s flood hypothesis of Ryan et al.
(2003) and supports a gradual Holocene incursion of saline
Mediterranean water into the Black Sea.

The paleosalinity record also reveals that there is no simple
relation between salinity and the occurrence of the coccolith
E. huxleyi in the Black Sea. Current conditions of about 17.1 psu at
around 4.1 cal ka BP were reached w1700 years before the start of
the first large invasion of E. huxleyi, dated at approximately
2.43 � 0.20 cal ka BP (Table 1; after Jones and Gagnon, 1994),
although E. huxleyi was present in trace amounts during the early
Holocene (Giunta et al., 2007). The discovery of mid-early Holocene
occurrences of E. huxleyi fossil DNA in the Black Sea (Coolen et al.,
2009) reinforces the interpretation that the coccolith blooms
resulted from increased shipping trade between the Mediterranean
Sea and Black Sea (Jones and Gagnon,1994).We did not observe any
coincident freshening of surface water during the late Holocene
interval of coccolith deposition, contrary to the observation of van
der Meer et al. (2008) using dD in alkenones. This discrepancy may
be related to either local effects or issues with the dD alkenone
technique (e.g. Schwab and Sachs, 2011).

It should also be noted that in the Marmara Sea, although
dinoflagellate cyst records (Mudie et al., 2002, 2004; Londeix et al.,
2009) and benthic foraminifera (Kaminski et al., 2002; McHugh
et al., 2008) show relatively low salinity during the early-mid
Holocene interval of sapropelic mud deposition, some Holocene
salinity reconstructions show an opposite trend to our Black Sea
reconstruction: high salinities during the early Holocene and low
salinities during the mid Holocene were reported by Sperling et al.
(2003) and by Vidal et al. (2010), based on planktonic foraminifera
and ostracod geochemistry, respectively. This patternwas explained
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as accumulation of relatively warm saline Mediterranean waters
during the early Holocene in the Marmara Sea before overflow of
low salinity water from the Black Sea after 9.14 cal ka and subse-
quent increased outflow from the Black Sea (Sperling et al., 2003).
However, the geochemistry of the early-mid Holocene sapropel in
the Marmara Sea has a primary marine signal while the early
Holocene interval shows a strong terrigenous geochemical signal,
implying some outflow of Black Sea water (Vidal et al., 2010).

6. Conclusions

This study documents the morphological variation of
L. machaerophorum extracted from surface sediments from the Black
Sea, the Kerch Strait at the exit of the Sea of Azov, the Caspian Sea and
Marmara Sea, and from6Holocene sediment cores in the Black Sea. A
molecular investigation of SSU, LSU and ITS sequences from cysts
from the Caspian and Black seas shows that despite morphological
differences, the cysts correspond to the same species and are also the
same as cultures established fromcysts fromCalifornia. Furthermore,
this suggests that strain-specific responses are not a plausible factor
in process length. Average process length (PL) of L.machaerophorum
in 60 surface samples is correlated to annual surface water salinity
through the equation: SSSsummer ¼ 0.026*PL2 � 0.0145PL þ 12.136
(R2 ¼ 0.91). This equation can be applied to reconstruct surface
salinity quantitatively with a precision of�0.91 psu in the Black Sea,
at least in the range between 11.9 and 22.2 psu. A regional quanti-
tative salinity reconstruction is shown for a ca 9.9 cal ka record
obtained by interpolating sediment ages and averaging measured
process lengths from the 6 late Quaternary cores taken from 4
different cores sites in the Black Sea. We show that the salinity
increase after the earliest Holocene was gradual, and ranged from
12.3 to 17.1 psu (w4.8 � 0.91 psu). This is the first quantitative high-
resolution regional paleosalinity record using the process length of
the dinoflagellate cyst L. machaerophorum. After an early period of
low salinities related to enhanced precipitation, the salinity-proxy
does not record large Holocene salinity fluctuations and shows
correspondence to the regional sea-level curve of Balabanov (2007),
as interpolated by Brückner et al. (2010), and suggests a dominant
influence of sea-level variations on salinity change in the Black Sea
during the late Holocene.
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