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R ec o n s tru c tio n  o f  sa lin ity  in  th e  H o locene  Black Sea h a s  b e e n  a n  o n g o in g  d e b a te  o v e r  th e  p a s t  fo u r d ecad es. 
H ere  w e  ca lib ra te  s u m m e r surface  w a te r  sa lin ity  in  th e  Black Sea, Sea o f  A zov a n d  C asp ian  Sea w ith  th e  
p ro c e ss  le n g th  o f  th e  d in o flag e lla te  cy st Lingulodin ium  m achaerophorum . W e th e n  a p p ly  th is  c a lib ra tio n  to  
m ak e  a  reg io n a l re c o n s tru c tio n  o f  p a le o sa lin ity  in  th e  Black Sea, ca lcu la te d  b y  av e rag in g  o u t  p ro ce ss  le n g th  
v a ria tio n  o b se rv e d  a t  fo u r co re  s ites  from  th e  Black Sea w ith  h ig h  s e d im e n ta tio n  ra te s  a n d  d a te d  b y  m u ltip le  
m o llu sk  shell ages. R esu lts  s h o w  a  v e ry  g ra d u a l c h an g e  o f  sa lin ity  fro m  ~  14 ±  0.91 p s u  a ro u n d  9.9  cal ka BP 
to  a  m in im u m  ~  12.3 ±  0.91 p s u  a ro u n d  8.5 cal ka BP, re a ch in g  c u r re n t sa lin itie s  o f  ~  17.1 ±  0.91 p s u  a ro u n d  
4.1 cal ka BP. T he  re so lu tio n  o f  o u r  sam p lin g  is a b o u t 2 5 0  years , a n d  it fails to  rev ea l a  c a ta s tro p h ic  
sa lin iza tio n  e v e n t a t  ~ 9 .1 4  cal ka BP a d v o ca te d  b y  o th e r  re sea rch e rs . T he  d in o flag e lla te  cy st sa lin ity -p ro x y  
d o e s  n o t rec o rd  la rg e  H o locene  sa lin ity  flu c tu a tio n s , a n d  a f te r  e a r ly  H o locene  fresh e n in g , it sh o w s  c o rre ­
s p o n d e n c e  to  th e  reg io n a l sea -lev e l c u rv e  o f  B rü ck n er e t  al. (2010) d e riv e d  from  B alabanov  (2007).

© 2012  E lsev ie r Ltd. All r ig h ts  re se rv ed .

1. Introduction

It has  b e en  su g g ested  th a t  d u rin g  th e  H olocene, th e  Black Sea 
ch an g ed  rap id ly  from  a fresh w a te r — brack ish  e n v iro n m en t in to  
h ig h er sa lin ity  co n d itio n s d u rin g  a  c a tas tro p h ic  m egaflood  ev en t 
a ro u n d  7.5 cal ka BP, called  ‘N oah’s flood’ (Ryan e t  al., 1997). The 
age o f th is  sugg ested  m egaflood  e v en t w as la te r  chan g ed  to
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9.4 cal ka BP by  Ryan e t  al. (2003). T hey co n v erted  th e ir  raw  
rad io carb o n  e s tim a te  o f th e  tim in g  o f  th e  flood (8 .4  14C ka) to  
c a len d a r y ears u sing  a  reserv o ir age o f zero  years. In th is  paper, w e  
have reca lib ra ted  th e ir  raw  age using  a  reserv o ir age  o f  3 0 0  y ears 
(Soulei e t  al., 2011 ; p ro ced u re s  ex p la in ed  in  Table 1 an d  ap p lied  to  
all rad io carb o n  d a te s  in th is  p aper); w ith  th is  rev ised  calib ra tion  
p rocedure , th e  d a te  o f th e  p ro p o sed  m egaflood  e v en t is reduced  
to  ~ 9 .1 4  cal ka BP. A ccording to  th e  h y p o th esis o f  Ryan an d  
cow orkers, th e  su d d e n  in p u t o f sa ltw a te r a t  ~ 9 .1 4  cal ka BP 
re su lted  in a n  a b ru p t increase  o f  sa lin ity  an d  rap id  rise  o f th e  w a te r  
level from  a d e p th  o f  m o re  th a n  100 m  b e lo w  sea level (Ryan and  
P itm an, 1998). Conflicting ev id en ce  w as p re sen te d  by  Aksu e t  al. 
(2 0 02a ,b), H iscott e t  al. (2 0 0 2 ) an d  M udie e t  al. (2001, 2002, 
2 0 0 4 ) w h o  h y p o th esized  p e rs is ten t early  H olocene o u tflo w  of 
b rack ish  w a te r  from  th e  Black Sea in to  th e  M arm ara  Sea befo re  th e
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Table 1
Radiocarbon ages w ith increasing d ep th  in the composite stratigraphy a t 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) determ ined w ith  OxcaM.O online software, Marine09.14c calibration curve. We use 
a reservoir age of 415 yr (Siani e t al., 2000) for all raw dates younger than 7.114C 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 w ith Soulet e t al. (2011). 7.114C ka and 8.4 14C ka are, respectively, the times of euryhaline mollusc appearance and first 
influence of M editerranean w ater identified by Ryan e t al. (1997) and Ryan et al. (2003). For raw shell dates betw een 7.114C ka and 8.4 14C ka in shelf cores, we use linear 
interpolation to obtain an  appropriate reservoir age betw een 300 yr and 415 yr. For our two deep-w ater sites, w e use a reservoir age of 1000 yr prior to 7.514C ka and 415 yr for 
younger raw  dates. Prior to 7.1—7.514C ka, the reservoir values are different for shelf sites and deep-w ater sites because of w ater-colum n stratification (Kwiecien e t al., 2008). 
Laboratory num bers bear the prefix “TO" for IsoTrace Radiocarbon Laboratory, Accelerator Mass Spectrom etry Facility, University of Toronto, the prefix “UCIAMS" for 
Radiocarbon Dating Laboratory, Université Laval, and the prefix “KIA" for Leibniz-Labor für A ltersbestim m ung und Isotopenforschung of the University of Kiel. Extrapolated 
ages on either side of unconformities ou and ou have error bars consistent w ith all combinations of errors of the tw o radiocarbon ages above and below that level.

Core Depth
(cm)

Composite 
dep th  (cm)

W ater 
dep th  (m)

Dated m aterial 14C date 
(year BP)

Calendar 
age (cal y r BP)

Lab No./Reference

MAR 02-45T 0 0 69 M odern 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 M odern 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 alpha 1 7310 ±  135 7805 ±  125 Extrapolation
MAR 05-13P 660 690 75 Just below  alpha 1 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 e t al., 2006
GeoB7625-2 538 538 1242 Mytilus galloprovincialis in GeoB7622-2 4605 ±  55 4805 ±  80 KIA-25674
GeoB7625-2 578 578 1242 organic m atte r 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

level o f th e  M arm ara  Sea a n d  th e  w o rld  ocean  reach ed  th e  Bos­
p h o ru s  sill d ep th . This o n e -w ay  ou tflo w  w as follow ed, a f te r  an  
in itial sh o rt-liv ed  pu lse  o f  sa line  inflow  a t ~ 9 .1 4  cal ka BP, by  tw o - 
w ay  flow  a n d  progressive, g rad u al filling o f th e  Black Sea a fte r 
~ 7 .5  14C ka BP (h e re  calib ra ted  by u s to  ~ 8 .0  cal ka BP) w h e n  th e  
B osphorus sill w as suffic iently  in u n d a te d  th a t  w a te r  cou ld  flow 
u n im p e d e d  in  b o th  d irec tio n s (M udie  e t  al„ 2007; H iscott e t  al„ 
2 0 07a ,b). M arret e t  al. (2009), u sin g  th e  sam e  Black Sea co re  as 
H iscott e t  al. (2007b), p ro p o sed  a  g rad u al tw o -s te p  filling o f th e  
Black Sea d u rin g  th e  H olocene. O th er p a leo sa lin ity  s tu d ies  have 
m easu red  in te rs titia l se d im e n t w a te r  ch lo rin ity  a n d  S180  va lues 
an d  co n clu d ed  th a t  fre sh w a te r ( ~  1 psu) filled th e  Black Sea to  a t 
least - 3 5 0  m  u n til ca 9 .0  cal ka BP (Soulet e t  al„ 2010), w h ile  
b e n th ic  o straco d  S180  va lues w e re  u sed  b y  B ahr e t al. (2 0 0 6 ) and  
Vidal e t  al. (2010) to  reco rd  a p p a re n t d ecreases o r  increases in

sa lin ity  follow ing d isco n n ec tio n  o f  th e  Black an d  M arm ara  seas 
d u rin g  th e  Lateglacial — H olocene period , v an  d e r  M eer e t  al. (2008) 
d e te rm in e d  th a t  a lk en o n es sh o w  a  fresh en in g  o f  th e  surface  Black 
Sea w a te r  d u rin g  th e  p as t 3 0 0 0  years.

H ere w e  tack le  th e  p ro b lem  o f conflicting  in te rp re ta tio n s  o f  th e  
H olocene Black Sea p a leo sa lin ity  reco rd  by  in v estiga ting  four AMS- 
d a te d  se d im e n t reco rd s o f  a n n u a l sea  surface sa lin ity  (SSS) using  
changes in th e  p rocess len g th  o f a  d ino flagella te  cyst Lingulodinium  
m achaerophorum  (D eflandre  e t  C ookson 1955) W all 1967 th a t 
a re  q u an tita tiv e ly  ca lib ra ted  to  m o d ern  reg ional su rface  w a te r  
c o n d itio n s o v er th e  sa lin ity  ran g e  o f  12.2—18.5 psu. Process len g th  
o f Lingulodinium  m achaeorophorum , th e  cyst o f  th e  a u to tro p h ic  
d ino flagella te  Lingulodinium  polyedrum  (S tein  1883) D odge 1989, 
w as in itially  q u a lita tiv ely  re la ted  to  p re su m ed  sa lin ity  changes 
in th e  Black Sea b y  W all e t  al. (1973) a n d  su b seq u en tly  used



K.N. Mertens et al. /  Quaternary Science Reviews 39 (2012) 45—59 47

se m i-q u an tita tiv e ly  in o th e r  reg ions (Dale, 1996; M a tth ie ssen  an d  
B renner, 1996; N ehring, 1997; E llegaard, 20 0 0 ; B renner, 2005; 
Sorrell e t  al„ 20 0 6 ; Head, 2007 ; M arret e t  al„ 20 0 9 ) an d  th e  Black 
a n d  M arm ara  seas (M udie  e t  al„ 2001 ; Londeix e t  al„ 2009 ; M arret 
e t  al„ 2009). Kokinos an d  A nd erso n  (1995) first d e m o n s tra ted  th e  
o ccu rren ce  o f  d iffe ren t b io m etrica l g ro u p s o f  cysts o f  I. polyedrum  
in cu ltu re  ex p erim en ts . E x p erim en ts by  H alle ti (1999) revea led  
a  lin ea r re la tio n sh ip  b e tw e e n  average  p rocess len g th  o f th is  taxon  
a n d  b o th  sa lin ity  an d  tem p e ra tu re . This re la tio n sh ip  w as confirm ed  
for I. m achaerophorum  from  g lobally  d is tr ib u te d  su rface sed im en ts  
b y  M erten s e t  al. (2009a). This p roxy  w as ap p lied  to  d o w n co re  
sa lin ity  reco n stru c tio n s  in  th e  Black Sea (M udie  e t  al., 2009 ; Verleye 
e t  al., 20 0 9 ) an d  th e  Cariaco Basin (M erten s e t  al., 2009b). Early 
s tu d ies  o f  d ino flagella te  cysts sh o w ed  th e y  a re  a b u n d a n t an d  
d iv erse  in Black Sea se d im e n ts  an d  usefu l as p a leoceanograph ica l 
ind ica to rs  (W all an d  Dale, 1973, 1974; W all e t  al., 1973); su b se ­
q u e n tly  th e y  have b e en  ap p lied  in several m o re  d e ta iled  regional 
s tu d ies  (e.g. M udie e t  al., 2001, 2002, 2004 , 2007 ; M arre t e t  al., 
2009 ; V erleye e t  al., 2009). L. m achaerophorum  is con tin u o u sly  
p re se n t in  Black Sea se d im e n ts  a f te r  th e  H olocene reco n n ectio n  
w ith  th e  M ed ite rran ean  Sea, b u t has also b e en  reco rd ed  earlie r 
(M arre t e t  al„ 2009).

In th is  paper, w e  re p o rt on  a n ew  s tu d y  o f  m orpholog ical va ria ­
tio n  o f p rocesses in I. m achaerophorum  ex trac ted  from  65 surface 
sed im en t sam ples from  th e  Black Sea, Azov Sea a n d  Caspian Sea 
(Fig. 1 ). T hese m easu rem en ts  a re  th e n  ca lib ra ted  ag a in st sa lin ity  d a ta  
(Fig. 6) a n d  th is  regional calib ra tion  is th e n  u sed  to  reco n stru c t 
H olocene an n u al surface salin ity  changes in th e  Black Sea by  stacking 
m ea su re m e n ts  dow n co re  from  a  se t o f  w e ll-d a ted  cores (Figs. 4  and  
7). To v a lida te  th e  taxonom ic  in teg rity  o f th is  pa leosa lin ity  proxy, w e 
also re p o rt th e  first re su lts  o f  m o lecu lar s tu d ies show ing  th a t  SSU, 
LSU a n d  ITS sequences o f  I. m achaerophorum  from  th e  Black Sea and  
Caspian Sea a re  identical, an d  a re  th e  sam e as seq u en ces in cu ltu res 
estab lish ed  from  I. m achaerophorum  from  San Pedro Harbor, 
So u th ern  California.

2. Environmental setting

The Black Sea is th e  larg est anox ic  m arin e  b asin  in th e  w orld . It is 
c o n n ec ted  to  th e  M arm ara  Sea v ia  th e  S tra it o f  B osphorus, w h ich  in 
tu rn  is co n n ec ted  b y  th e  D ardanelles S trait to  th e  A egean a n d  th e  
M ed ite rran ean  seas (Figs. 1 a n d  2). The abyssal p lain  covers m ore  
th a n  60% o f th e  to ta l su b m erg ed  area , a n d  th e  average  d e p th  is 
1240 m  (Ross a n d  Degens, 1974). The large co n tin e n ta l sh e lf in th e  
n o rth w e s te rn  Black Sea n a rro w s in a  so u th e rly  d irec tion . The 
c ircu la tion  o f th e  surface  w a te rs  in th e  Black Sea is d o m in a ted  by  
w e s te rn  a n d  e a s te rn  gyres, w h ich  cover v irtu a lly  th e  e n tire  basin  
(Stanev, 2005). The n a rro w  Rim C urren t flow s co u n terc lockw ise  
a n d  encloses b o th  gyres. A nticyclonic ed d ie s a re  p re sen t a long  th e  
coast (O guz e t al., 1993). Offshore, th re e  d is tin c t w a te r  m asses 
a re  d is tin g u ish ed . T hese a re  a  low  sa lin ity  (m ea n  a n n u a l value 
17—20  psu), w e ll-v en tila ted  surface w a te r  m ass occupying  th e  
u p p e r  5 0 —90  m  o f  th e  w a te r  co lum n, a  suboxic cold in te rm ed ia te  
w a te r  m ass from  90  m  to  ab o u t 150 m, an d  a  m o re  saline, anoxic 
w a te r  m ass b e lo w  ap p ro x im ate ly  150 m  (M urray, 1991). The 
oxic—anoxic  b o u n d a ry  can  change  by  several ten s  o f m e te rs  d iu r- 
nally  a n d  in  a  few  y ears (M urray  e t  al., 1989; Sorokin, 2002). The 
sa lin ity  o f  th e  u p p e r  w a te r  m ass is a lm o st h a lf  th a t  o f  th e  M edi­
te rra n e a n  Sea becau se  o f  h igh  river d ischarge  an d  th e  restric ted  
ocean ic  co n n ec tio n  (B eçiktepe e t  al., 1994). The re la tive ly  low  
p re se n t day  Black Sea sea  surface  sa lin ity  (SSS) (Fig. 2) is positively  
in fluenced  by  th e  B osphorus b o tto m  w a te r  inflow  (ca 39 psu), an d  
d ecreases aw ay  from  th e  p o in t o f  inflow  d u e  to  an  excess o f 
p rec ip ita tio n  a n d  river in flow  o v er ev ap o ra tio n  (B eçiktepe e t al., 
1994; Kara e t  al., 2008). The w a te r  ex change  b e tw e e n  th e  Black 
Sea a n d  M arm ara  Sea occurs as a  tw o -lay e r flow  in th e  S tra it o f 
B osphorus (Latif e t  al., 1992). The coo ler (5 —15 °C) a n d  less sa line  
surface w a te r  m ass from  th e  Black Sea flows so u th w e s tw a rd  (Özsoy 
e t  al., 1995; Polat a n d  Tugrul, 1996), a n d  form s a  2 5 —100 m  th ick  
surface layer in th e  M arm ara  Sea a n d  A egean Sea (B eçiktepe e t al., 
1994). The b o tto m  c u rre n t in th e  B osphorus is w a rm er (15—20  °C)

S ea  o f  A z o v

Kerch Strait

23° BLACK SEA

i o
C A SP IA N  S E A

\

Bosphorus Strait
f  X .  Marmara Sea 

r ^ x  Dardanelles Strait

Aegean S e a

M E D ITE RRA N EAN

Fig. 1. Location map, showing the main geographic regions, the distribution of surface samples for morphological study (1—65) (indicated by empty circles) and molecular analysis 
(M l—M2) (indicated by diamonds) and position of the cores a t the four core sites (indicated by filled circles) w ith  corresponding numbers shown in Table 2 and Table 3. The four 
core sites are: A. Trigger-weight core MAR 02-45TWC and piston core MAR02-45P are from the same location on the Turkish Shelf northw est of the Bosphorus S trait B. Gravity core 
GeoB7625-2 was recovered northeast of Sakarya River. C. Gravity core MAR05-4G and piston core MAR05-13P w ere recovered from the same site east o f the Strait of Bosphorus. 
D. Boxcore BC53 was recovered in the deep Eastern Basin of the Black Sea.
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Fig. 2. Maps of surface salinity and process length distributions. A  Annual salinity in the Black Sea — Caspian Sea. B. Distribution of studied surface sedim ent samples, indicating 
average process lengths (pm) of Lingulodinium machaerophorum, major countries in the region (BU—UK), and the Black Sea (BS) connected to the Sea of Azov (SA) via the Kerch Strait 
(SK), and the Caspian Sea (CS). AR =  Armenia, AZ =  Azerbaijan, BU =  Bulgaria, GE =  Georgia, IR =  Iran, KZ =  Kazakhstan, MO =  Moldova, RO =  Romania, RUS =  Russia, 
TK =  Turkmenistan, TU =  Turkey, UK =  Ukraine.

an d  consists o f  a  m ore  sa line  (3 8 —39 psu) m ix tu re  o f  M arm ara  Sea 
an d  A egean Sea w a te r  (Ö zsoy e t  al., 1995; Polat an d  Tugrul, 1996). 
This d e n se r  w a te r  flow s n o rth ea s tw a rd s , cools o n  th e  so u th w e s te rn  
Black Sea shelf, is d ilu ted  b y  m ix ing  w ith  th e  cold in te rm ed ia te  
w a te r  layer, a n d  sinks b e lo w  th e  pycnocline  to w a rd  th e  abyssal 
p lain  (Ö zsoy e t al„ 1995) w h e re  th e  b o tto m  sa lin ity  is 2 2 —24 psu.

The Kerch S tra it co n n ec ts  th e  Black Sea an d  Azov Sea. This 
n a rro w  an d  sh a llo w  (2.5 km  w ide, m ax im u m  15 m  d eep ) s tra it has 
a  len g th  o f 48  km  an d  covers a n  a rea  o f ab o u t 805 km 2. The flow  o f 
low  sa lin ity  w a te r  from  th e  Sea o f  Azov d o m in a te s  in th e  Kerch 
S trait (E rem eev  e t al„ 2003). The Kerch S trait sa lin ity  is ~  12.5 psu  
(Il’in e t  al„ 2001; M atishov e t al„ 2003).

The C aspian Sea is th e  w o rld ’s la rg est in land  sea  in  te rm s  o f 
b o th  a rea  a n d  vo lum e, s tre tch in g  from  36°N to  62°N (Fig. 1). It has 
a  d ra in ag e  basin  covering  a b o u t 3.5 m illion  km 2 (UNEP, 2006), 
co m p ared  to  2 .4  m illion  k m 2 for th e  Black Sea. W ate r in p u ts  
co m p rise  river d ischarges, includ ing  th e  Volga (c o n trib u tin g  up  to  
8 0 —85% o f th e  to ta l), Emba, Ural a n d  Terek rivers (Rodionov, 1994). 
T here  is a  n o r th —so u th  g ra d ie n t in  w a te r  salinity, w ith  fresh w a te r 
in th e  n o r th e rn  e n d  o f  th e  b asin  to  a lm o st h o m o g en eo u s w a te r- 
co lu m n  sa lin ity  (12 .5—13.5 psu) in th e  c en tra l an d  so u th e rn  
b asins (K osarev an d  Yablonskaya, 1994). In th e  so u th e rn  basin, 
seasonal sa lin ity  ch an g es a re  less th a n  ~  0 .2—0.4 psu. M ean  an n u al 
sa lin ity  increases from  th e  surface to  th e  b o tto m  w a te rs  o n ly  by
0.1—0.3 p su  (Zenkevitch , 1963; Kosarev a n d  Yablonskaya, 1994).

3. Material and methods

3.1. Location o f  surface sam ples and cores used fo r  
morphological m easurem ents

M easu rem en ts  o f I. m achaerophorum  for 43 surface sam ples 
from  th e  Black Sea, M arm ara  Sea an d  C aspian Sea w e re  p rev iously  
p u b lish ed  by  M erten s e t  al. (2009a). A to ta l o f  22  n e w  surface  
se d im e n t sam p les from  th e  n o rth e a s te rn  p a r t o f  th e  Kerch S trait 
(Sea o f Azov) (4), Black Sea (10), M arm ara  Sea (5) an d  C aspian Sea 
(3) w e re  s tu d ied  for b io m e tric  m ea su re m e n ts  o f I . m achaer­
ophorum  (Fig. 2B). For 20  o f th e  65 sam ples, th e  d ino flagella te  cyst 
a ssem b lag es have b een  desc rib ed  in ea rlie r  p ap ers  (M arre t e t  al„ 
2004 , 2009 ; M udie e t  al„ 2004 , 2007 ; Leroy e t  al„ 2006 ; V erleye 
e t  al„ 2009 ; M erten s e t  al„ 2009a). M ost w e re  co re-to p  sam ples 
from  a rea s  w ith  re la tive ly  h igh  se d im e n ta tio n  ra te s  an d  can  be  
co n sid ered  recen t, i.e. less th a n  te n s  o f  y ears to  a  few  c en tu rie s  old 
(Table 2). It is a ssu m ed  h ere  th a t  th e  en v iro n m en ta l co n d itio n s 
affecting  th e  m orpho log ical ch an g es w ith in  th e  cysts a re  s im ila r to  
recen t en v iro n m en ta l conditions.

U sing th e  sam e m eth o d , m orpho log ical m ea su re m e n ts  w ere  
also o b ta in ed  d o w n co re  for d ino flagella te  cysts ex trac ted  from  
th re e  sh o rt cores (MAR02-45TW C, MAR05-4G, BC53) an d  th ree  
longer p is to n  (P) o r g ian t g rav ity  cores (MAR02-45P, MAR05-13P, 
GeoB7625-2), recovered  from  four core  s ites (Fig. 1). For th e  
first site, tr ig g e r-w e ig h t core  MAR02-45TW C an d  p is to n  core 
M AR02-45P are  from  th e  sam e  loca tion  on  th e  SW  Black Sea she lf 
n o rth w e s t o f S trait o f B osphorus. For th e  second  site, GeoB7625-2, 
located  n o rth e a s t o f  Sakarya River, p rocess len g th  m ea su re m e n ts  
have a lread y  b een  p u b lish ed  (V erleye e t  al„ 2009). For th e  th ird  site, 
b o th  g rav ity  core  M AR05-4G an d  p is to n  core  M AR05-13P w ere  
recovered  from  th e  sam e loca tion  e a s t o f  S trait o f B osphorus. The 
fo u rth  site  is in th e  d e ep  E astern  Basin o f th e  Black Sea w h e re  core 
BC53 w as recovered .

3.2. Chronology

All o f th e se  co res ex cep t co re  BC53 a n d  G eoB 7625-2 have 
b e en  d a te d  by  m u ltip le  AMS rad io carb o n  ages o n  m ollusks 
(Table 1 ) a n d  th e  tw o  se ts  o f MAR cores c o m p le m e n t each  o th e r  
in th a t, to g e th e r, th e y  cover th e  e n tire  ea rly  H olocene to  re ce n t 
t im e  in terval. Core G eoB 7625-2 w as d a te d  by  c o rre la tio n  to  th e  
m ollu sk -b ased  age m o d el o f  n e a rb y  co res by  Lamy e t al. (20 0 6 ) 
an d  K w iecien e t  al. (2008). Core BC53 w as d a te d  b y  th e  ra d io ­
c a rb o n  d a te s  o f th e  first invasion  o f th e  cocco lith  Emiliania  
huxleyi (van  d e r  M eer e t  al„ 2008). T he age m o d el an d  fu r th e r  
sed im en to lo g ica l d e ta ils  for M AR02-45P a n d  M AR02-45TW C are  
d iscu ssed  in H isco tt e t  al. (2007b , 2010) a n d  p a rtly  in  M arret 
e t  al. (2009).

R aw rad io carb o n  ages (w ith  u n its  14C y r BP o r  14C ka) w e re  
co n v erted  to  c a len d a r  y ears  (w ith  u n its  cal y r  BP o r cal ka) u sing  
Oxcal4.0 o n lin e  so ftw are , d e v e lo p ed  b y  th e  O xford R adiocarbon  
A ccelera to r U nit (ORAU) an d  th e  M arine09.14c ca lib ra tio n  curve. 
W e u se  a  re se rv o ir age o f  415 y r  (S iani e t  al., 2 0 0 0 ) for all raw  
d a te s  y o u n g e r th a n  7.1 14C ka. W e u se  a re se rv o ir  age  o f  3 0 0  yr 
for all raw  d a te s  o ld e r  th a n  8.4 14C ka in  sh e lf  co res MAR02-45, 
M AR05-04G an d  MAR05-13P, c o n s is te n t w ith  Soulet e t  al. 
(2011). 7.1 14C ka an d  8.4 14C ka are, respectively , th e  tim es  of 
e u ry h a lin e  m o llu sk  a p p ea ran c e  an d  first in flu en ce  o f M e d ite rra ­
n ean  w a te r  iden tified  by  Ryan e t  al. (1997) a n d  Ryan e t al. (2003). 
For raw  she ll d a te s  b e tw e e n  7.1 14C ka a n d  8.4 14C ka in sh e lf 
cores, w e  u se  lin ea r in te rp o la tio n  to  o b ta in  a n  a p p ro p ria te  
re se rv o ir  age b e tw e e n  3 0 0  y r a n d  415 yr. For o u r tw o  d e e p -w a te r  
sites, w e  u se  a  re se rv o ir  age  o f 1000  y r  p rio r to  7.5 14C ka an d  
415 y r for y o u n g e r raw  d a tes. P rio r to  7.1—7.5 14C ka, th e  reserv o ir 
v a lues a re  d iffe ren t for sh e lf  s ites a n d  d e e p -w a te r  s ites b ecau se



Table 2
Details of the locations, w ater depths, sampling device, estim ated ages, morphological m easurem ents and sum m er salinity (psu). A denotes samples th a t w ere excluded.

Nr. Region Station Reference Latitude
(°N)

Longitude
(°E)

W ater 
dep th  (m)

Core type Estimated age 
(cal yrs)

Sed. rate 
(cm/ka)

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

L. mach, body 
diam eter (jim)

Specimens
m easured

Summei
salinity
(psu)

1 Black Sea GC27 M ertens e t al., 2009a 44.838 32.020 95 Gravity core Recent ? 43.45 14.54 48.27 50 17.26
2 Black Sea GC49 M ertens e t al., 2009a 44.851 31.987 79 Gravity core Recent ? 67.09 15.30 47.79 50 17.24
3 Black Sea GC29 M ertens e t 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 e t  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 M ertens e t al., 2009a 42.651 37.601 2154 Boxcore Recent 17 10.13 16.98 48.35 50 18.48
6 Black Sea KNORRI 34-8,1 (GGC1) M ertens e t al., 2009a 41.889 28.820 549 Giant gravity core Recent ? 15.50 48.27 50 17.68
7 Black Sea KNORRI34-8,2 (BC2) M ertens e t al., 2009a 41.865 28.835 660 Boxcore Recent ? 14.49 46.16 50 17.69
8 Black Sea KNORRI 34-8,6 (GGC4) M ertens e t al., 2009a 41.839 28.687 211 Giant gravity core Recent ? 16.23 47.27 50 17.62
9 Black Sea KNORRI 34-8,11 (GGC7) M ertens e t al., 2009a 41.836 28.690 208 Giant gravity core Recent ? 15.31 48.20 50 17.62
10 Black Sea KNORRI34-8,70 (GGC35) M ertens e t al., 2009a 42.250 37.527 2060 Giant gravity core Recent ? 15.92 47.10 50 18.41
11 Black Sea KNORRI 34-8124 (GGC64) M ertens e t al., 2009a 42.193 35.983 203 Giant gravity core Recent ? 15.29 46.02 50 18.69
12 Black Sea KNORRI 34-8101 (GGC51) M ertens e t al., 2009a 41.471 41.257 1406 Giant gravity core Recent ? 13.30 46.84 35 17.67
13 Black Sea KNORRI34-8150 (GGC72) M ertens e t al., 2009a 42.207 34.054 435 Giant gravity core Recent ? 17.39 46.66 30 18.32
14 Black Sea All 1431 M ertens e t al., 2009a 42.233 33.067 2136 Piston core Recent ? 16.13 47.27 50 18.24
15 Black Sea All 1432 M ertens e t al., 2009a 43.010 34.075 2248 Gravity core Recent ? 15.41 45.64 50 18.54
16 Black Sea All 1433* M ertens e t al., 2009a 44.083 35.000 2225 Trip gravity core Recent ? 10.96 44.08 50 18.16
17 Black Sea All 1434 M ertens e t al., 2009a 44.333 36.000 1466 Gravity core Recent ? 14.25 44.94 50 17.76
18 Black Sea All 1436* M ertens e t al., 2009a 43.400 36.600 2158 Trip gravity core Recent ? 11.74 43.52 50 18.72
19 Black Sea All 1438 M ertens e t al., 2009a 41.975 35.683 284 Gravity core Recent ? 15.84 46.45 50 18.20
20 Black Sea All 1440 M ertens e t al., 2009a 42.203 34.355 264 Piston core Recent ? 15.30 45.85 50 18.33
21 Black Sea All 1443* M ertens e t al., 2009a 44.587 31.922 1057 Trip gravity core Recent ? 12.33 43.59 50 17.45
22 Black Sea All 1447 M ertens e t al., 2009a 41.383 31.062 1256 Piston core Recent ? 13.25 45.14 50 18.54
23 Black Sea All 1450 M ertens e t al., 2009a 43.657 30.157 563 Gravity core Recent ? 15.27 46.24 50 17.68
24 Black Sea All 1451 M ertens e t al., 2009a 43.570 29.525 460 Gravity core Recent ? 16.94 46.37 50 17.14
25 Black Sea All 1453 M ertens e t al., 2009a 41.843 28.687 255 Gravity core Recent ? 14.51 44.24 50 17.61
26 Black Sea All 1462 Z4B M ertens e t al., 2009a 43.075 32.992 2179 Kasten core Recent ? 14.69 46.26 42 18.30
27 Black Sea All 1464* M ertens e t al., 2009a 43.032 35.478 2173 Kasten core Recent ? 11.39 43.27 50 18.86
28 Black Sea B2KS01 0-1 M ertens e t al., 2009a 41.491 29.122 88.8 Kullenberg Recent ? 14.69 47.36 50 17.82
29 Black Sea B2KS02 0-1 M ertens e t al., 2009a 41.491 29.122 88.8 Kullenberg Recent ? 14.20 47.67 50 17.82
30 Black Sea B2KS33 0-1* M ertens e t al., 2009a 42.838 32.593 2173 Kullenberg Recent ? 12.27 45.70 50 18.34
31 Black Sea B2KS38 0-1 M ertens e t al., 2009a 43.804 30.401 355 Kullenberg Recent ? 15.69 47.34 50 17.46
32 Black Sea Core 22-MUC-l Unpublished 42.222 36.489 842 M ulti-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 M ulti-corer Recent 31.25 8.41 16.86 53.80 50 18.58
3 4 Black Sea M05-4G Unpublished 41.166 31.129 75 Gravity core Recent 32 15.49 4 4 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 w eight core 80 1000 85.19 14.45 50 17.52
37 Black Sea SHI 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
4 4 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 M arret e t  al., 2004 38.734 53.185 13 Usnel boxcore Recent ? 43.50 3.82 46.20 50 12.83
46 Caspian Sea US26 M arret e t  al., 2004 43.323 49.093 61 Usnel boxcore Recent ? 21.60 4.11 47.74 50 11.90
47 Caspian Sea CPI 8 M arret e t  al., 2004 41.539 51.100 480 Pilot Mid-Holocene ? 5.90 4.10 53.63 8 12.51
48 Caspian Sea GS18 M arret e t  al., 2004 41.542 51.101 480 Kullenberg Mid-Holocene ? 33.00 2.64 47.10 24 12.51
49 Caspian Sea CP21 M arret e t  al., 2004 42.839 49.853 460 Pilot Mid-Holocene ? 5.20 3.40 47.29 7 12.29
50 Caspian Sea CP14 M arret e t  al., 2004 39.270 51.458 315 Pilot 809 35 7.00 3.38 50.18 11 12.74
51 Caspian Sea CP04 M arret e t  al., 2004 38.722 51.606 405 Pilot Holocene ? 13.19 4.38 50.58 50 12.81
52 Caspian Sea US02 M arret e t  al., 2004 39.267 51.483 315 Usnel boxcore Recent ? 10.84 3.81 57.20 14 12.73
53 Caspian Sea US24 M arret e t 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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o f w a te r-c o lu m n  s tra tifica tio n  (K w iecien  e t  al., 2008). E x trapo­
la ted  ages o n  e ith e r  side  o f u n co n fo rm itie s  a í  a n d  a.2 have  e rro r  
b a rs  co n s is ten t w ith  all co m b in a tio n s  o f  i e r r o r s  o f  th e  tw o  
rad io carb o n  ages above  a n d  b e lo w  th a t  level. R adiocarbon  d a te s  
for co re  G eoB 7625-2 w e re  ca lib ra ted  by  Lamy e t al. (20 0 6 ) 
usin g  a  re se rv o ir  age  o f 475 years. To b e  co n s is ten t w ith  o th e r  
ca lib ra tio n s in th is  paper, w e  have reca lib ra ted  th e  Lamy e t al. 
(2 0 0 6 ) d a te s  u s in g  p a ra m e te rs  specified  ab ove  a n d  in th e  
Table 1 cap tio n , a n d  sh o w  th e se  re su lts  in  Table 1.

T he d a te s  sh o w  th a t ,  in co re  M AR02-45P, th e re  is 
a  ~ 3 .4 1  cal ka h ia tu s  b e tw e e n  161 a n d  160 cm  (n o n -d e p o s i tio n  
fro m  5 .46  to  2 .05  cal ka  BP) a n d  in M AR05-13P, th e re  is 
a  ~ 1 .1 4  cal ka h ia tu s  b e tw e e n  6 6 0  a n d  659  cm  (n o n -d e p o s i tio n  
fro m  8 .94  to  7.80 cal ka  BP). T he age  m o d e l a lso  sh o w s th a t  in 
M A R 02-45P a n d  M AR02-45TW C, th e  sa m p lin g  in te rv a ls  a re  
~ 0 .2 3 8  cal ka  a n d  ~ 0 .1 8 5  cal ka re sp ec tiv e ly . For G eoB 7625-2 
th e  sa m p lin g  in te rv a l is ~ 0 .2 2 8  cal ka (V erleye  e t  al., 2 0 0 9 )  a n d  
fo r BC53, th e  sa m p lin g  in te rv a l is ~ 0 .3 0 0  cal ka (v an  d e r  M eer 
e t  al., 2 0 0 8 ). In co res  M A R05-4G a n d  M AR05-13P, th e  sa m p lin g  
in te rv a ls  a re  ~ 0 .1 6 4  cal ka a n d  ~ 0 .2 1 4  cal ka  re sp ec tiv e ly  
(C ranshaw , 200 7 ).

3.3. Palynological preparation and light microscopy

All th e  cysts w e re  e x trac ted  from  th e  se d im e n ts  u sing  m eth o d s  
d esc rib ed  in th e  resp ec tiv e  p u b lica tions sh o w n  in Table 2. M ost 
w e re  s ta n d a rd  palynological m e th o d s  involving hydroch lo ric  acid 
(HC1) an d  hydrofluoric  acid  (HF), sieving a n d /o r  sonification . 
For tw o  surface  sam p les (Core 22-M U C -l, Core 25-M U C -l), heavy  
liquid se p a ra tio n  using  so d iu m  p o ly tu n g s ta te  w ith  a  d en sity  
o f  2.1 g m l-1 w as u sed  (Bolch, 1997). No aceto lysis o r po tassiu m  
hydrox ide (KOH) w e re  u tilized . R egardless o f  th e  ex trac tio n  
m e th o d s  u sed  for th is  study, co m p ariso n  o f cysts b e tw e e n  d ifferen t 
sam ples sh o w ed  no d ifferences in cyst p reserv a tio n . This suggests 
th a t  th e  d iffe ren t p rocessing  m e th o d s  em p lo y ed  in th is  s tu d y  had 
no effect o n  m ea su re m e n ts  o f I. m achaerophorum , as n o ted  p rev i­
ously  by  M erten s e t  al. (2009a, 2010).

All m ea su re m e n ts  w e re  m ad e  u sing  a  Zeiss A xioskop 2 e q u ip p ed  
w ith  an  AxioCam  MRc5 d ig ita l c am era  (A xiovision v. 4.6 softw are), 
N ikon Eclipse80i, N ikon E400 ligh t m icroscope  o r a n  O lym pus BH-2 
ligh t m icroscope  e q u ip p ed  w ith  Color V iew  II (Cell F Softw are 
Im aging System ) a n d  63 x —100 x  objectives. All m ea su re m e n ts  
w e re  m ad e  by  K. N. M ertens, L. R. Bradley, P. M udie a n d  T. Verleye. 
For each  sam ple , th e  average  o f  th e  len g th  o f  th e  th re e  longest 
v isib le p rocesses an d  th e  larg est b o d y  d ia m e te r  o f  50 cysts 
p e r sam p le  w e re  m easu red , if possible. M easuring  50  cysts 
y ields rep ro d u c ib le  resu lts  (M erten s e t  al., 2009a); like H ead (2007) 
w e  found  th a t  average p rocess len g th  p e r  sam p le  for 
I. m achaerophorum  is rep ro d u c ib le  w ith in  ~  1 pm . The len g th  o f 
each  p rocess w as m ea su re d  from  th e  m idd le  o f  th e  p rocess base  to  
th e  p rocess tip . It is im p o rta n t to  n o te  th a t  no  cysts w ith o u t 
p rocesses (i.e. “ze ro ” p rocess len g th ) w e re  in c luded  in  th e  analysis, 
b ecau se  o f th e  d ifficu lty  o f  species id en tificatio n  assoc iated  
w ith  th e se  fo rm s a n d  th e  d es ire  to  exclude  o b se rv er b ias from  th e  
m easu rem en ts . For each  cyst, th re e  p ro cesses cou ld  a lw ays be 
found  w ith in  th e  focal p lan e  o f  th e  ligh t m icroscope, so th is  n u m b er 
seem ed  a logical choice. T here  a re  th re e  reaso n s for choosing  th e  
longest processes. 1. The longest p ro cesses reflect u n o b stru c te d  
g ro w th  o f th e  cyst. 2. M easuring  th e  lon g est p ro cesses increases 
accuracy  becau se  it d o c u m e n ts  th e  larg est varia tion . 3. Since on ly  
a  few  processes w e re  paralle l to  th e  focal p lan e  o f  th e  m icroscope, it 
w as im p era tiv e  to  m ak e  a c o n sis ten t choice. S om etim es few er 
th a n  50 cysts w e re  m easu red , if m o re  w e re  n o t p resen t. Fragm ents 
re p re se n tin g  less th a n  h a lf  o f  a  cyst a n d  cysts w ith  m ostly  b ro k en  
processes w e re  n o t m easu red .
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3.4. Salinity and tem perature data

B iom etric  m ea su re m e n ts  on  cysts from  th e  surface  sam ples in 
th e  Black Sea, C aspian Sea a n d  Kerch Strait w e re  co m p ared  to  b o th  
seaso n al an d  a n n u a l te m p e ra tu re  (T), sa lin ity  (S), th e  ra tio  b e tw ee n  
sa lin ity  an d  te m p e ra tu re  (S/T) a n d  sea  w a te r  d e n sity  (D) a t 
d e p th s  sp an n in g  th e  ran g e  0 —30  m  u sin g  th e  g rid d ed  1 /4° W orld  
Ocean A tlas 2001 (Locarnini e t  al., 20 0 2 ) an d  th e  O cean D ata View 
so ftw are  (Schützer, 2010) b y  calcu la ting  P earso n ’s co rre la tio n  
coefficient. Because W orld  O cean A tlas 2001 y ie ld s an o m a lo u s d a ta  
for th e  M arm ara  Sea, sa lin ity  an d  te m p e ra tu re  d a ta  w e re  o b ta in ed  
from  MEDAR/MEDATLAS II (MEDAR Group, 20 0 2 ) for th e  sam ples 
from  M arm ara  Sea. The significance o f  P ea rso n ’s r  w as calcu la ted  
u sin g  a  t-test.

3.5. M olecular analysis

T hree surface  sam p les w e re  co llected  from  th e  N o rth w este rn  
Black Sea (M l), so u th w e s te rn  C aspian Sea (M 2) an d  San Pedro  
H arbor (M 3) (C alifornia) (Table 3). Cysts w e re  iso la ted  from  th e  
se d im e n t u sing  heavy  liquid se p a ra tio n  u sin g  so d iu m  poly- 
tu n g s ta te  w ith  a  d e n s ity  o f 1.3 g m H 1 (Bolch, 1997). W e u se d  cysts 
from  th e  so u th w e s te rn  C aspian Sea an d  th e  N o rth w e ste rn  Black 
Sea, a n d  g e rm in a te d  a n d  c u ltu red  cells from  San Pedro  H arbor for 
m o lecu la r analyses. An iso lated  cyst w as so n ica ted  in a  2 0 0  pL PCR 
tu b e  w ith  ste rilized  seaw ate r  in o rd e r  to  rem ove e x tran eo u s  
m atte rs . The cysts an d  th e  cells w e re  ind iv idually  tran sfe rre d  
o n  a slide g lass w ith  a  fram e o f vinyl tap e , a n d  o b se rv ed  an d  
p h o to g rap h ed  u sin g  an  O lym pus BX51 m icroscope  eq u ip p ed  w ith  
N om arski d ifferen tia l in te rfe ren ce  c o n tra s t op tics (O lym pus, 
Tokyo, Jap an ) an d  w ith  a n  O lym pus DP71 d ig ita l cam era. After 
tak in g  p h o to g rap h s  th e  cover slip w as carefu lly  rem oved . U nder an  
in v erted  m icroscope  (O lym pus CKX41 ) th e  cell w as p icked  up  an d  
c ru sh ed  w ith  a  fine glass need le. The w h o le  c ru sh ed  cell w as 
tran s fe rre d  in to  a  2 0 0  pL PCR tu b e  co n ta in in g  3 pL o f M illi-Q  w ater. 
This tech n iq u e  an d  th e  follow ing PCR pro toco l a re  m od ifications o f 
th e  m eth o d s  in Takano an d  H origuchi (2005). W e d e te rm in e d  
seq u en ces o f ITS reg ions (in te rn a l tran sc rib ed  sp acer 1—5.8 rDNA - 
ITS2) an d  pa rtia l seq u en ces o f  SSU an d  LSU rDNA from  sing le-cysts 
a n d  5 —10 c u ltu red  cells. In th e  first ro u n d  o f PCR, th e  ex te rn a l 
p rim ers  (SRI an d  LSU R2; Takano an d  H origuchi, 20 0 5 ) w e re  u sed  
w ith  PCR m ix tu res  o f  KOD-Plus-Ver. 2 Kit (Toyobo, Osaka, Japan) 
a n d  th e  PCR co n d itions; o n e  in itial cycle o f d é n a tu ra tio n  a t  94  °C 
for 2 m in, fo llow ed by  35  cycles o f d é n a tu ra tio n  a t  94  °C for 30  s, 
a n n ea lin g  a t 50 ° C for 30  s, an d  ex ten sio n  a t  72 ° C for 2 m in  an d  
final ex ten sio n  a t  72 ° C for 5 m in. In th e  second  ro u n d  o f  PCR, tw o  
se ts  o f p rim ers  (SR 12cFand 25R1, LSU D IR  a n d  LSU R2; Takano an d  
H origuchi, 20 0 5 ) w e re  u sed  w ith  PCR m ix tu res  o f  KOD-Plus-Ver. 2 
Kit (Toyobo, Osaka, Japan), 0.5 pL o f  th e  first ro u n d  PCR p ro d u c t as 
DNA tem p la te , an d  th e  sam e PCR co n d itio n s ex cep t for e x ten s io n  a t 
72 ° C for 1 m in. In th e  th ird  ro u n d  o f  PCR, th re e  se ts  o f  p rim ers 
(SR12cF an d  25F1R, LSU D IR  a n d  25R1, LSU D3A an d  LSU R2; 
Takano an d  H origuchi, 20 0 5 ) w e re  u se d  w ith  PCR m ix tu re s  o f th e  
TaKaRa EX taq  sy s tem  (Takara Bio Inc., Shiga, Japan), 0.5 pL o f th e

Table 3
Details of the locations, w ater depths, sampling devices of samples used for 
molecular analysis.

second  ro u n d  PCR p ro d u c ts  as DNA tem p la te , a n d  th e  sam e PCR 
c o n d itio n s e x cep t for ex ten sio n  a t  72 ° C for 30  s. PCR p ro d u c ts  w e re  
seq u en ced  d irec tly  u sin g  th e  ABI PRISM BigDye T erm in ato r Cycle 
Sequencing  Kit (P e rk in —Elmer, Foster City, CA, USA). W e seq u en ced  
b o th  th e  fo rw ard  a n d  rev erse  s trands. O b ta ined  seq u en ces w e re  
m an u a lly  aligned.

4. Results

4.1. Process length variation in surface sedim ents and relation to 
environm ental param eters

4.1.1. Overall cys t biometrics
Five surface  sam p les from  d e e p e r  p a rts  o f th e  Black Sea w ere  

excluded  from  th e  analysis becau se  th e se  sam ples had  p rocess 
len g th s sign ifican tly  sh o rte r  th a n  co m p arab le  sam p les (All 1433, All 
1436, All 1443, All 1464 a n d  B2KS33 0 -1 ) (Table 4, o n e -ta ile d  t- te s t  
o f  u n p a ired  sam p les w ith  u n eq u a l variance, p  <  IO- 6 ). This is likely 
becau se  th e  u p p e r  se d im e n ta ry  sec tion  a t  th e se  g rav ity -co re  sites 
w as b lo w n  aw ay  d u rin g  coring, re su ltin g  in m orp h o lo g ies  in th e  top  
sam p les th a t  a re  d e em ed  u n re p re se n ta tiv e  o f th e  ac tual surface. 
For th e  o th e r  surface  sam ples, 8058 p rocess len g th  m ea su re m e n ts  
w e re  m ade. T hey gave a n  average o f 13.4 pm  w ith  a s tan d ard  
d ev ia tio n  o f 5.5 pm , an d  a  ran g e  from  0.5 to  29 .6  pm  (Fig. 3A). M ost 
cysts e n co u n te re d  w e re  co m p arab le  to  th e  fo rm s desc rib ed  by 
M arret e t  al. (2 0 0 4 ) for th e  C aspian Sea an d  by  W all e t  al. (1973), 
M udie e t  al. (2001, 2 0 04) a n d  M arret e t  al. (2 0 0 9 ) for th e  Black Sea. 
Cysts w ith o u t p ro cesses w e re  ra re ly  obse rv ed  b u t n o t m easu red . 
The ran g e  found  is w ith in  th e  g lobal range  o f  0 —41 p m  desc rib ed  by 
M erten s e t  al. (2009a). The sk ew n ess o f th e  d is tr ib u tio n  w as -0 .4 3 , 
b ecau se  o f th e  h igh  n u m b e r  o f  sh o rt-p ro cess  b earin g  cysts from  th e  
C aspian Sea in th e  sam p le  p o p u latio n . If th e  size-freq u en cy  curves 
o f  th e  reg ions a re  obse rv ed  separately , o n e  easily  sees th a t  th is  
cu rve  is th e  su m  o f th e  sep a ra te  u n im o d a l cu rves o f th e  Black Sea, 
C aspian Sea, M arm ara  Sea a n d  th e  Kerch S trait (Sea o f  Azov), w h ich  
o n ly  p a rtly  overlap  a n d  th u s  can  c learly  be  d istin g u ish ed  from  each  
o th e r  (Fig. 3B). The 2370  b o d y  d ia m e te r  m ea su re m e n ts  average
47.6 pm  w ith  a  s ta n d a rd  d ev ia tio n  o f  6.1 pm , o v er a  ran g e  from  2 6  to  
91 pm  (Fig. 3C). This re la tive ly  large  ran g e  can  b e  ex p la in ed  p a rtly  
by  cysts so m e tim es b e in g  co m p ressed  o r to rn , re su ltin g  in  an  
an o m alo u sly  large  b o d y  d ia m e te r  (see  also  M ertens e t  al., 2009a). 
This m echan ical d e fo rm a tio n  o f th e  cyst also  exp la ins a  positive  
sk ew n ess o f th e  size-freq u en cy  sp e c tru m  (1.62). The Black Sea, 
C aspian Sea an d  th e  Kerch S trait all sh o w  sim ilar size-frequency  
cu rves o f  b o d y  d ia m e te r  w h e n  p lo tted  sep a ra te ly  (Fig. 3D).

4.1.2. Correlations betw een  the environm ental param eters and  
m orphology

P earson’s co rre la tio n  coefficient w as calcu la ted  b e tw ee n  average 
p rocess len g th  an d  S, T, S/T an d  D from  0 to  3 0  m, as rep o rted  b o th  
an n u ally  an d  seasonally  (Table 5). T here w as a  significant co rre la tion

Table 4
Comparison betw een outliers and comparable samples using a one-tailed, i-test of 
unpaired sam ples w ith  unequal variance. All probabilities are <10-6, entailing 
a significant difference.

Nr. Region Latitude
(°N)

Longitude
(°E)

W ater 
dep th  (m)

Core type

M l 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 33.74 -118 .24 5 Petite Ponar Grab

(California)

Outlier sample Comparable sample -» All 1432 All 1434 All 1438

Average process length (jim) -» 15.41 14.25 15.84

1
All 1433 10.96 1.67E-18 1.95E-13 6.18E-24
All 1436 11.74 2.23E-14 2.03E-09 1.87E-19
All 1443 12.33 2.39E-10 5.94E-06 2.86E-14
All 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. Size-frequency spectra of process length and body diameter measurements of Lingulodinium machaerophorum in surface sediments (A—D) and downcore (E—F) in the Black 
Sea, Caspian Sea, and the Kerch Strait. Size-frequency spectra of 6375 process lengths for all m easurements (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). Size-frequency spectrum of 18,117 process length measurements 
(E) and 5295 body diameter (F) measurements downcore for 6 cores from the Black Sea.

b e tw ee n  process len g th  an d  all p a ram ete rs  excep t for m o st o f 
th e  tem p e ra tu re s  (p <  1 x 1CT16, Table 5). C orrelation  coefficients 
b ecom e less significant w ith  d e p th  for all p a ram ete rs  stud ied . The 
co rre la tions o f  average p rocess len g th  to  S, D an d  S/T a re  o f  sim ilar 
significance o n  an  an n u al an d  seasonal basis, excep t for w in te r  
w h e re  S/T is significantly  less corre lated .

No sign ifican t co rre la tio n  w as found  b e tw e e n  th e  p rocess len g th  
an d  cyst b o d y  d ia m e te r  (R2 =  0.25). This confirm s p rev ious o b se r­
va tio n s by  M erten s e t  al. (2009a), as ex p ec ted  becau se  cu ltu re  
e x p e rim e n ts  have  failed to  revea l any  co rre la tio n  b e tw e e n  body  
d ia m e te r  a n d  sa lin ity  (H alleti, 1999). V ariations in cyst body  
d ia m e te r  a re  m o st likely cau sed  by  co m p ress io n  o r  fo rm ed  d u rin g  
cyst germ in atio n . T here  w as no  sign ifican t co rre la tio n  b e tw ee n  
w a te r  d e p th  an d  average  p rocess len g th  (R2 =  0.06), a n d  no 
s ignificant co rre la tio n  w as found  b e tw e e n  re la tive  ab u n d an c e  o f 
L. m achaerophorum  an d  e ith e r  average  p rocess len g th  (R2 =  0.40) o r 
bo d y  d ia m e te r  (R2 =  0.22).

4.2. Downcore records o f  process length variation

4.2.1. Overall cyst biometrics
The 18,117 p rocess len g th  m ea su re m e n ts  o b ta in e d  from  core 

sam ples give a  m ea n  o f  12.63 p m  w ith  a  s ta n d a rd  d ev ia tio n  o f 
4.1 pm , a n d  a  ran g e  from  1.0 to  28 .4  pm  (Fig. 3E). The range  o f  cyst 
m o rp h o lo g y  is th e  sam e as d esc rib ed  for th e  surface sam ples 
(Section  4.1.1 ). The o b se rv ed  d o w n co re  range  o f p rocess len g th  fits 
exactly  w ith in  th e  global ran g e  o f  0 .5 —28.9 p m  m easu red  in th e  
surface  sed im en ts . T he sk ew n ess o f  th e  d is tr ib u tio n  is -0 .0 8 , w h ich  
m akes th e  d is tr ib u tio n  effectively sym m etrica l. The 5295 m ax im u m  
b o d y  d ia m e te r  m ea su re m e n ts  give an  average m ax im u m  bod y  
d iam e te r o f  47.3 pm  w ith  a  s ta n d a rd  d ev ia tio n  o f 5.3 pm , over 
a  ran g e  from  26 to  79 pm  (Fig. 3F). This ran g e  is again  c o m p arab le  to  
th e  ran g e  o f 2 6 —91 pm  m easu red  in th e  surface  sed im en ts . T here  
is no  re la tio n  b e tw e e n  p rocess len g th  a n d  re la tive  a b u n d an ce  
(% I. m achaerophorum ) d o w n co re  (R2 =  0.0).
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Table 5
Pearson's correlation coefficient calculated betw een environm ental param eters and 
average process length of Lingulodinium machaerophorum a t w ater depths of 0 to 
30 m. Significant correlations using the t-test (p < 1 •< 10~12) are indicated in bold.

Param eter/D epth (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
Sum m er T 0.01 0.30 0.43 0.25
Sum m er S 0.88 0.86 0.61 0.48
Sum m er S/T 0.90 0.89 0.63 0.70
Sum m er D 0.90 0.90 0.65 0.54
Autum n T 0.00 0.00 0.01 0.00
Autum n S 0.79 0.74 0.54 0.47
Autum n S/T 0.78 0.70 0.58 0.58
Autum n D 0.82 0.75 0.57 0.50
W inter T 0.00 0.01 0.00 0.05
W inter S 0.73 0.70 0.58 0.49
W inter S/T 0.20 0.22 0.07 0.01
W inter 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

4.2.2. Process length variation dow ncore
Age m odels w e re  u sed  to  assign  m ea su re m e n ts  o f p rocess 

len g th s to  th e  tim e  o f d ep o sitio n  in  ca len d a r y ears BP. Significant 
d o w n co re  changes in p rocess len g th s o f I. m achaerophorum  occu r in 
th e  six s tu d ied  c o res (Fig. 4). A verage p rocess len g th  v a ries b e tw ee n
17.6 an d  14.2 p m  in BC53, b e tw e e n  16.5 a n d  5.7 p m  in GeoB7625-2, 
b e tw e e n  15.5 an d  2.6 p m  in cores M AR02-45P a n d  MAR02-45TW C 
a n d  b e tw e e n  16.7 a n d  8.2 pm  in cores MAR05-3P an d  MAR05-4G.

A fter in te rp o la tin g  all th e  process len g th s in all cores to  a  10 
ca len d a r y ea r tim e-step , w e  c rea ted  a  regional average process 
len g th  record  by calcu la ting  a  w e ig h ted  average from  all in te rp o la ted  
values, u sing  th e  n u m b er o f spec im ens m easu red  p e r  core as w eigh t.

This re su lted  in a  regional record  rang ing  from  9.9 to 0 .00  cal ka BP 
(Fig. 4). The stan d ard  d ev ia tio n  o f th e  regional average is calcu la ted  
by  tak in g  th e  sq u are  roo t o f  th e  su m  o f squares o f th e  in te rp o la ted  
s tan d ard  dev ia tio n s d iv ided  by th e  n u m b er o f  s tan d ard  deviations. 
The calcu la ted  average show s a v e ry  g rad u al increase  in process 
len g th  from  9.1 to  15.7 pm  b e tw ee n  9.9 a n d  0.0 cal ka BP. T here is 
a  sm all d ip  b e tw ee n  7.7 a n d  7.3 cal ka BP. Because less th a n  50 
sp ec im en s w ere  found  b e tw ee n  9.9 an d  7.5 cal ka BP, th e re  is m ore 
sc a tte r  in th e  regional average for th is  p a rticu la r tim e  slice (Fig. 4).

4.3. M olecular analysis

W e d e te rm in e d  seq u en ces o f  SSU (1730 bp), ITS reg ions (535  bp) 
a n d  pa rtia l LSU rDNA (1324  bp) from  o n e  sing le-cyst from  th e  
N o rth w e ste rn  Black Sea (SSU; AB693195, ITS; AB678399, LSU; 
AB678400), six  sing le-cysts from  th e  so u th w e s te rn  C aspian Sea 
(SSU; AB693194, ITS; AB678401, LSU; AB678402) an d  four stra in s  
e stab lish ed  from  cysts from  San Pedro  H arbor (SSU; AB693196, ITS; 
AB678403, LSU; AB678404). One o f  th e  seq u en ced  cysts from  each  
locality  is sh o w n  in Fig. 5. C om parisons o f  th e  o b ta in ed  seq u en ces 
from  th e  th re e  localities show s th a t  th e y  a re  id en tica l excep t 
for o n e  d e g en e ra te  site, Y (T an d  C) in th e  1730 bp  SSU from  th e  
N o rth w e ste rn  Black Sea an d  th e  so u th w e s te rn  C aspian Sea w h ich  
w as c o n sisten tly  T a t th e  site  from  San Pedro  H arbor. This confirm s 
th a t  all s tu d ied  cysts, m o d e rn  C aspian sh o rt p rocess b earin g  an d  
Black Sea an d  Californian lo n g er p rocess b earin g  cyst m o rp h o ty p es  
o f  L. m achaerophorum  be lo n g  to  th e  sam e species a n d  th a t  s tra in - 
specific re sp o n ses  a re  n o t a  p lausib le  factor in p rocess leng th .

5. Discussion

5.1. Construction o f  salinity proxy and influence o f  tem perature

Both salin ity  a n d  tem p e ra tu re  have b een  suggested  to  cause 
m orpholog ical v aria tions o f  L. machaeorophorum  in labora to ry
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Fig. 4. Average process length variation of Lingulodinium machaerophorum in cores MAR02-45P and MAR02-45TWC (core site 1), GeoB7625-2 (core site 2), MAR05-13P and 
MAR05-4G (core site 3) and BC53 (core site 4), regional average and num ber of specimens measured. The regional average is calculated by averaging the interpolated values at 
a time-step of 10 years. All graphs are plotted against calendar age (cal lea BP). The error bars on the process lengths represent ±1 standard deviation.
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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 pm.

cu ltu res (H alleti, 1999) an d  in th e  field (M ertens e t  al„ 2009a). 
However, th e  P earson’s c o rre la tio n  coefficients show  no d irec t linear 
re la tio n  b e tw ee n  p rocess len g th  an d  tem p e ra tu re  in  th e  regional 
p rocess len g th  va ria tio n  o f  cysts from  surface sed im en ts  (Table 5). It 
is possible, how ever, th a t  th e  in fluence o f tem p e ra tu re  is reflected  in 
th e  calcu la ted  densities, w h ich  sh o w  sim ilar co rre la tio n  coefficients 
to  th o se  for salinity, b o th  an n ually  a n d  seasonally. The covariation  
o f sa lin ity  a n d  d en sity  in th e  s tu d y  reg ion  m akes it im possib le  to 
d isen tan g le  th e  in fluence o f b o th  p a ram ete rs. P earson’s co rre la tion  
coefficients b e tw ee n  sea  surface salin ity  a n d  sea surface d en sity  a re  
high, b o th  an n u ally  a n d  seasonally  (R2 > 0.97). This co rre la tion  is 
sim ilar for co n d itions d e ep e r  in  th e  w a te r  colum n, i.e. a t  10, 20  an d  
3 0  m. Thus, from  o u r d a ta  a lo n e  w e  c an n o t d e te rm in e  unequivocally  
w h e th e r  sa lin ity  o r d en sity  is th e  m o st im p o rta n t factor in causing 
changes in p rocess leng th . E xtending th is  re sea rch  to o th e r  regions 
w h e re  salin ity  a n d  d en sity  do  no t covary  cou ld  resolve th is issue. 
N evertheless, w e  co n sid er it safe to  a ssu m e th a t  o u r  p roxy  can  be  
u sed  for reco n stru c tio n  o f  sea  surface salin ity  (SSS) in th e  Black Sea, 
M arm ara  Sea an d  Caspian Sea, since b o th  d en sity  an d  salin ity  w h ich  
give th e  m ore  significant corre lations, a re  h ighly  co rre la ted  in th is 
region. The process len g th  varia tio n s a re  a  su m m er signal because  
I. polyedrum  p red o m in an tly  occurs d u rin g  su m m er in th e  Black Sea 
(e.g. Ttirkoglu a n d  Koray, 2002), M arm ara Sea (e.g. Balkis, 2003) an d  
Caspian Sea (e.g. Bagheri e t  al„ 2010).

A tw o  d eg ree  po lynom ial b e tw e e n  average  p rocess len g th  (PL) 
an d  su m m er sa lin ity  (SSSsummer) p rov ides a  m o re  significant 
co rre la tio n  th a n  a  sim ple  lin ea r reg ress io n  line  (R2 =  0.91 co m p ared  
to  0.88). For o u r  s tu d y  region, there fo re , w e  prov ide  th e  follow ing 
e q u a tio n  (Fig. 5): SSSSUmmer =  0.026*PL2 -  0.0145PL +  12.136 
(R2 =  0.91). Such a po lynom ial re la tio n  is n o t surprising , since th e  
re la tio n  to  p rocess len g th  has b e en  su g g ested  to  be  u n im o d a l for 
I. m achaerophorum  (H alleti, 1999). The s ta n d a rd  e rro r  on  th e  
reco n stru c ted  SSSsummer is 0.91 psu. For th e  Black Sea, th is  eq u atio n  
can  b e  u se d  a t  least to  re co n stru c t sa lin ities b e tw e e n  11.9 and
22.2 psu, w h ich  is th e  ran g e  o f  o u r  m ea su re d  sam ples.

A lthough it m ig h t seem  th a t  th e  p rocess len g th —salin ity  re la tion  
m ere ly  co n n ec ts  four large c lu s te rs th a t cou ld  b e  sep a ra te  p o p ­
u la tio n s (Fig. 6), w e  co n sid er th is  in co rrect for several reasons. One 
reaso n  is th a t  cu ltu re  e x p erim en ts  u sing  m onoclonal stra in s  o f 
I. polyedrum  show  a  un im o d a l re la tio n  o f average p rocess len g th  to 
sa lin ity  over a  b ro ad  range  o f sa lin ities an d  process len g th s (Lewis 
an d  Halleti, 1997; Halleti, 1999). Furtherm ore, a  closely re la ted  
species, Protoceratium reticulatum , also show s a  significant (R2 =  0.8) 
linear re la tio n  to  sa lin ity  (and  d ensity ) in  th e  B altic-K attegat- 
Skaggerak e stu a rin e  system  (M ertens e t  al., 2010). In add ition , th e  
m olecu lar analysis show s th a t  all s tu d ied  seq u en ces a re  identical, 
confirm ing  th a t  all exam in ed  cysts belong  to  th e  sam e species an d  
th a t  stra in -specific  resp o n ses a re  no t a  p lausib le  facto r in process

length . This confirm s m orpholog ical o bservations since th e  m otile  
stage h as b een  iden tified  in  th e  p lan k to n  as L. polyedrum  in  th e  Black 
Sea (e.g. Ttirkoglu an d  Koray, 2002), M arm ara  Sea (e.g. Balkis, 2003) 
an d  Caspian Sea (e.g. Bagheri e t  al., 2010) a n d  th e  cyst in th e  
sed im en t as I . machaerophorum  in th e  Black Sea (e.g. W all e t  al., 
1973), M arm ara  Sea (e.g. Londeix e t  al., 2009) an d  Caspian Sea 
(M arret e t  al., 2004). However, th e  m orpholog ical c lu s te rs in Fig. 6 
indiv idually  do  no t show  a significant linear re la tio n  to  salin ity  
w ith in  th e  C aspian Sea, M arm ara Sea, Kerch S trait o r  Black Sea. This 
m ay  b e  b ecause  o f  latera l tran sp o rt o f  cysts w ith in  th e  individual 
sam ple  a reas w h ich  could  m ix  th e  individual sa lin ity  resp o n ses and  
cause  an  o v e rrep re sen ta tio n  o f th e  m o st w id esp read  m orpho types, 
particu larly  in  a reas w ith  low  se d im en ta tio n  rates. A lthough th is 
m ixing red u ces th e  p recision  for reco n stru c tio n  o f  local salinities, 
averaging for reco n stru c tio n  o f regional signals as d o n e  h ere  is 
w a rran te d  (see  Section 5.3). Furtherm ore, th e se  resu lts  significantly  
ex ten d  th e  geograph ic  range o f p rev ious SSU an d  ITS rDNA stud ies 
(e.g. F röm m let an d  Eglesias-Rodriguez, 2008) th a t  have prev iously  
sh o w n  th e  m olecu lar id en tity  o f  L. m achaerophorum  from  Sw edish  
(Koljö Fjord) an d  C alifornian populations.

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

T here  a re  obse rv ed  d ifferences b e tw e e n  th e  4  co re  sites d e p ic ­
ted  in  Fig. 4  in th e  a m p litu d e  o f  ch an g e  in  p rocess leng th , b u t  n o t in 
th e  ra te s  o f  ch an g e  in  p rocess leng th . In te rm s  o f am p litu d e , it is
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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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rem ark ab le  th a t  th e  cores sh o w  d is tin c t d ifferences in p rocess 
len g th  d u rin g  ce rta in  tim e-slices. For in stance, a ro u n d  8.5 cal ka BP 
th e re  is a  d is tin c t d ro p  in  p rocess len g th  in o n e  sam p le  from  core 
M AR02-45P (c losest to  th e  v as t D an u be-D neiste r river dra inage). 
T here  is no  d o u b t th a t  such  d ifferences can  be  re la ted  to  local 
sa lin ity  effects, w h e re  lo w ered  sa lin ity  b riefly  re su lted  in red u ced  
process leng ths. A sim ilar local red u ctio n  in  p rocess len g th  has b een  
d o c u m e n ted  for th e  Berre coasta l lagoon  in th e  M ed ite rranean , 
w h e re  it has b een  re la ted  to  in creased  river in flow  (Leroy, 2001; 
M erten s e t  al„ 2009a). W ith  reg ard  to  th e  ra te s  o f change, it shou ld  
b e  n o ted  th a t  p rocess len g th  v a ria tio n  in th e  w e s te rn m o s t core 
M AR02-45P d o es n o t sh o w  a  d is tin c t lag b e h in d  th e  m o re  e as te rn  
cores G eoB7625-2 a n d  MAR05-13P (Fig. 4), as p rev iously  suggested  
b y  V erleye e t  al. (20 0 9 ) an d  M udie e t  al. (2 0 0 9 ) based  o n  d ifferences 
in assem b lag e  co m position . The rev ised  age m odel for M AR02-45P 
a n d  GeoB7625-2 p re sen te d  in th is  p a p e r  e lim in a tes  th is  p rev iously  
su g g ested  d iscrepancy.

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

The use  o f th e  eq u atio n  in Fig. 6 a llow s reco n stru c tio n  o f  th e  
regional an n u al sa lin ity  record  from  th e  regional average process 
len g th  for th e  tim e  in terval from  9.9 to  0.0 cal ka BP, w ith  a  tim e-s tep  
o f  10 y ears (Fig. 7). This record  show s a  v e ry  gradual change from  
sa lin ities o f  ab o u t 14 p su  a fte r  th e  first reco n n ectio n  a t  9.14 cal ka BP, 
to  m in im u m  sa lin ities o f ab o u t 12.3 p su  a t 8.5 cal ka BP, reach ing  
c u rre n t co nd itions o f ab o u t 17.1 p su  a t a ro u n d  4.1 cal ka BP. The 
e s tim a te d  m ax im u m  change  in sa lin ity  d u rin g  th is  period  is th u s  
~ 4 .8  ±  0.91 psu.

O ur sa lin ity  q u an tifica tio n  for th e  lo w er (early  H olocene) 
se d im e n ta ry  u n it (eq u iv a len t to  U nit 2 o f  W all a n d  Dale, 1973) falls 
w ith in  th e  q u a lita tiv e  e s tim a te  o f ~  7—18 p su  m ad e  by  W all an d  
Dale (1973) a n d  va lues o f ~ 1 4 —18 p su  de riv ed  by  M udie e t  al. 
(2001) from  co rre la tio n  b e tw e e n  re la tive  ab u n d an c es  o f  cyst 
p rocess ty p es (n o rm al o r sh o rt form ) an d  sa lin ity  e s tim a te s  based  
o n  S180  va lues for th e  te s ts  o f  p lan k to n ic  fo ram in ife ra  from  th e  
e a s te rn  M arm ara  Sea n e a r  th e  S tra it o f B osphorus e n tra n ce  to  
th e  Black Sea. C orrespond ing  v a lu es p rev iously  e s tim a te d  for late  
H olocene cocco lith -rich  sed im en ts  (eq u iv a len t to  th e  Black Sea 
b asin  U nit 1) a re  ~ 1 8 —22 p su  (W all a n d  Dale, 1973) an d  
~  18—20  p su  (M udie  e t  al., 2001 ). W all a n d  Dale (1973) c o m m en ted  
th a t  v e rtica l chan g es o f cysts a ssem b lag es w ith in  se d im e n ts  o f Units 
2 a n d  1 o f d eep  Black Sea b asin  cores a p p a re n tly  reflect an  increase  
in sa lin ity  from  7 to  18 psu, b u t  th e  low  re so lu tio n  assem blage  
d a ta  do  n o t in d ica te  w h e th e r  o r n o t th e  sa lin ity  rose  g rad u ally  a n d  
s tead ily  d u rin g  th is  tim e  o r  in creased  th ro u g h  a series o f  pu lsa tin g  
in c re m e n ts  as in ferred  from  m ollusk , o straco d  an d  b e n th ic  fora- 
m in iferal d a ta  (e.g. Y anko-H om bach, 2007).

The sa lin ity  o f  th e  sec tion  b e lo w  o u r  s tu d ied  in te rv al w as e s ti­
m ated  as < 7  p su  by  W all an d  Dale (1973) an d  4 —12 p su  by  M udie 
e t  al. (2004), b a sed  o n  cyst assem b lag e  co m position ; M arret e t  al. 
(2 0 0 9 ) su g g ested  it w as d ep o site d  in  low  salin ities o f ~ 7 —12 psu, 
b ased  o n  d ino flagella te  cyst a ssem b lag es co m p ared  w ith  m o d ern  
C aspian Sea assem blages. U nfortunate ly , th e  sp a rsity  o r ab sen ce  of 
I. m achaerophorum  in th is  sec tio n  d o es n o t a llow  u se  o f o u r  p rocess- 
len g th  sa lin ity  p roxy  for en v iro n m en ts  w h e re  sa lin ity  is p e rs is ten tly  
< 1 0  psu, p robab ly  becau se  cu ltu re  e x p e rim e n ts  (H alleti, 1999) 
sh o w  th a t  I. polyedrum  d o es n o t su rv ive sa lin ities b e lo w  10 psu. In 
th e  Black Sea co res s tu d ied  here, I. m achaerophorum  is a b se n t in
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Fig. 7. A. Reconstruction of regional Black Sea annual salinity based on the average regional process length of Lingulodinium machaerophorum w ith a tim e-step of 10 years, using 
calibrated ages (cal ka BP). The sampling interval of the original cores is ~  250 years, as illustrated in Fig. 4. The gray shading represents the calculated standard deviation. B. Relative 
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reached (respectively 4.1 cal ka BP and 4.00 14C ka) and the first invasion of Emiliania huxleyi a t 2.43 cal ka BP (Jones and Gagnon, 1994).
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P re-borea l — H olocene sed im en ts, a lth o u g h  ra re  sh o rt-p ro cess  
b earin g  cysts occur in sam p les w ith  an  age o f ab o u t 19 14C ka in 
early  MIS2 an d  33.5 14C ka in MIS 3 (M udie  e t  al., 2 0 0 4  and  
u n p u b lish ed  d a ta  from  th e  Black Sea A tlan tis II core  1479 p rev iously  
stu d ied  by  W all a n d  Dale (1973)). The d o m in a n t d ino flagella te  cysts 
in th is  o ld es t sec tion  a re  Spiniferites cruciformis an d  Pyxidinopsis 
psilata, w h ich  occur in th e  recen t C aspian Sea an d  in Lake Sapanca 
(Leroy e t  al., 20 0 9 ) b u t  little  is k n o w n  ab o u t th e ir  ecology (M arret 
e t  al., 20 0 4 ) ex cep t for th e  co rre la tio n  b e tw e e n  S. cruciformis and  
sa lin ity  e s tim a te s  o f < 14  p su  de riv ed  from  S180  v a lues for th e  te s ts  
o f  co -o ccu rrin g  p lan k to n ic  fo ram in ife ra  (M udie  e t  al., 2001 ). Studies 
o n  th e  ecology an d  m orpho log ical v a ria tio n s o f  th e se  n o w  rare  
species a re  n e ed e d  to  re fine  o u r  p a leo sa lin ity  reco rd  a n d  fully assess 
th e  a m p litu d e  an d  ra te  o f  surface sa lin ity  ch an g e  befo re  ab o u t 
9.9 cal ka BP.

5.4. Paleoclimatological im plications

Sea surface  sa lin ity  changes in th e  Black Sea are  cu rren tly  
reg u la ted  by  th e  p rec ip ita tio n —ev ap o ra tio n  b u d g e t (P— E), co n ti­
n en ta l run-off, sea-level v aria tions a n d  c hanges in th e  tw o -w ay  flow. 
All th e se  factors a re  strong ly  in te rtw in ed : for ex am ple  changes in 
th e  P—E b u d g e t strong ly  in fluence th e  tw o -w ay  flow. D uring th e  
early  Holocene, h igh  p rec ip ita tio n  w o u ld  have s tre n g th e n ed  th e  
outflow : a n  early  to  m id  H olocene w e t p e rio d  (b e tw een  10.5 an d
5.4 cal ka  BP) is reco rded  in po llen  records for MAR02-45P (M udie 
e t  al., 2007) and , so u th  o f  o u r  core  sites in  th e  varved  S180  speleo- 
th e m  record  for Sofular Cave, th a t  tracks th e  iso topic sig n a tu re  o f 
Black Sea surface w a te r  (B adertscher e t  al., 2011; G öktürk  e t  al., 
2011). This e n h an ced  rainfall w as suggested  to  have caused  a 3 p su  
d ro p  in  sa lin ity  in  th e  n o rth e rn  Red Sea (Arz e t  al., 2003) an d  
has p robably  k ep t th e  early  H olocene sa lin ity  low  d esp ite  th e  
ongoing sea-level rise. A fter th is initial period , o u r palaeosalin ity  
reco n stru c tio n  is sim ilar to  a  th e  sm o o th ed  relative sea-level curve o f 
Balabanov (2007) de riv ed  from  paleogeographical d a ta  g ro u n d - 
tru th e d  by  m icropaleon to log ical m e th o d s  an d  su b seq u en tly  in te r­
po la ted  by  B rückner e t  al. (2010. th e ir  Fig. 7, line B), reach ing  c u rre n t 
sea-levels a t a b o u t 4 0 0 0 14C BP, (ca 4.1 cal ka BP; co m pare  Fig. 7 A an d  
B). This co inc iden t tim in g  suggest th a t  changes in  global sea-level 
can  be  co n sid ered  th e  d o m in a n t factor in  causing  sa lin ity  changes 
in th e  Black Sea a fte r  th e  h u m id  early  Holocene.

Following full re co n n ectio n  a n d  p e rs is ten t tw o -w ay  flow 
b e tw ee n  th e  M arm ara  a n d  Black seas, h e re  d a ted  a t a b o u t 8.0 cal ka, 
th e  m o d ern  surface co n d itions o f  ab o u t 17.1 psu  w ere  reach ed  a t 
a ro u n d  4.1 cal ka BP (Fig. 7A). The e s tim a te d  g radual change in 
sa lin ity  d u rin g  th e se  ~ 3 8 5 0  years is th u s  ~ 4 .8  ±  0.91 psu. 
This surface  w a te r  sa lin ity  change is m uch  sm alle r a n d  faster th an  
th e  ~ 2 0  p su  change in  ca 700 0  y r suggested  by Soulet e t al. (2010) 
for b o tto m  w a te r  sa lin ity  u sing  p o re -w a te r  ch loride  profiles 
from  sites ~ 5 0  km  seaw ard  o f  th e  lo w stan d  D anube D elta an d  
a  d iffusion—advection  m odel. Soulet e t  al. (2010) suggested  th a t  th e  
glacial Black Sea w as a “fresh w a te r” lake w ith  b o tto m -w a te r sa lin ­
ities o f  ~  1 psu, on ly  reach ing  m o d ern  b o tto m -w a te r sa lin ities o f 
~ 2 2  p su  a t 2 cal ka BP. They a ttr ib u te  th is leng thy  de lay  o f  70 0 0  y r 
in sa lin ization  to  h ig h er p rec ip ita tio n  d u rin g  th e  early  Holocene. 
C aution is req u ired  in assessing  th e  Soulet e t  al. (2010) in te rp re ta ­
tio n  th a t  fresh  p o re -w a te r  be ing  expelled  u p w ard  from  com pacting  
m u d d y  sed im en ts  reflects th e  com p o sitio n  o f  late  P leistocene an d  
early  H olocene Black Sea w ater. In a n  analogous se ttin g  off th e  US 
e as t coast, fresh  p o re -w ate rs  b e n ea th  th e  co n tin en ta l she lf a re  
po ten tia lly  re lict f resh w ate r lenses in aqu ifers th a t  dev elo p ed  d u rin g  
P leistocene lo w stan d s (K ohout e t  al., 1977, th e ir  h y po thesis 3); low  
sed im en t p e rm eab ilities have d ram atically  delayed  th e  rep lacem en t 
o f  th is  fresh w ate r by  m o d ern  overlying sa line  w ater. The ex istence 
o f such  aqu ifers off th e  D anube D elta n eed s evaluation . In o u r study,

th e  re la tively  sm all change  in  sa lin ity  values ( ~ 4 .8  p su  varia tion) 
suggests m uch  less d ram atic  changes in ocean  ch em istry  th a n  
p ro p o sed  b y  Soulet e t  al. (2010). T he 3 85 0  y ears o f sa lin ity  change in 
o u r s tu d y  is in b e tw ee n  th e  values o f 3700  an d  4 8 0 0  y ears suggested  
by  m odels using, respectively, th e  m o d ern  an d  d oub le  th e  m o d ern  
fresh w ate r in p u t (1 0 0 0 0  an d  2 0 0 0 0  m 3/s), w ith  a  sill d e p th  o f 40  m  
(Lane-Serff e t  al., 1997).

The sim ilarity  in tim in g  o f o u r Black Sea su m m er sa lin ity  record  
to average global sea-level (Fig. 7A  a n d  B) rise  suggests th a t  sea-level 
v a ria tion  is th e  m ain  d river in d e te rm in in g  th e  e n d  o f  th e  de lay  in 
surface sa lin ization  d u rin g  th e  early -m id  Holocene. D istinct low er 
frequency  cycles can n o t be  o bserved  in  o u r sa lin ity  reconstruc tion , 
in c o n tra s t to  th e  o rig inal sea-level curve o f  Balabanov (2007) an d  
th e  b en th ic  foram iniferal d a ta  o f M artin  a n d  Y anko-H om bach (2011 ) 
(Fig. 7 A  an d  B). This lack o f  any  d is tin c t peaks o r  tro u g h s  (w iggles) o f  
significant a m p litu d e  suggests th a t  no  c a tas tro p h ic  flood(s) occurred  
w ith in  th e  tim e-fram e  o f o u r  da ta . C atastrophic  is defined  here  as 
‘v e ry  rap id  (ann u al-d ecad a l scale), irreversib ly  destru c tiv e  even ts; 
any large a n d  d isastro u s ev en t o f g rea t significance; a  d isa s te r 
b eyond  ex p ec ta tio n s’, follow ing Y anko-H om bach e t  al. (2010) an d  
G rishin (2001). In th e  orig inal h y po thesis o f Ryan e t  al. (1997), 
th e  ca tas tro p h ic  flood w ou ld  have o ccurred  in  less th a n  2 years. 
M odeling e x p erim en ts  by  M yers e t  al. (2003) show  th a t  th is  sh o rt 
tim e  w ou ld  n o t have b een  possib le  an d  th a t  a t  least o n e  d ecade  
w ou ld  b e  n eed ed  to  realize  th e  sa lin ity  change  p ro p o sed  by  Ryan 
e t  al. (1997). R ecent w o rk  also  suggests th a t  th e  Black Sea level a t 
th e  tim e  o f  th e  ca tas tro p h ic  flood could  n o t have b e en  m o re  th a n  
30  m  below  th e  p re sen t sea  level, m u ch  less th a n  th e  50 m  prev iously  
p ro p o sed  (G iosan e t al., 2011). Soulet e t  al. (2010, Table 1, p. 61) 
suggest th a t  such  a  ca tas tro p h ic  e v en t w ou ld  resu lt in  a  su d d en  
salin ity  increase  o f ~ 2  psu. T here is no  ev idence  for such  c a ta ­
strophic, a b ru p t a n d  c o n sisten t increase  in  sa lin ity  a t  th e  “Flood age” 
a ro u n d  ~  9.14 cal ka BP (using  o u r  calib ra tion  p rocedures) w ith in  th e  
~ 2 5 0  y ear reso lu tio n  o f  o u r  sam ples (Figs. 4  a n d  7). The reco n ­
stru c tio n  based  on  th e  p rocess len g th s o f L. machaerophorum  th u s  
co n trad ic ts th e  ca tas tro p h ic  N oah’s flood h ypo thesis o f Ryan e t  al. 
(2003) an d  su p p o rts  a  g rad u al H olocene incu rsion  o f saline 
M ed ite rran ean  w a te r  in to  th e  Black Sea.

The p a leo sa lin ity  reco rd  a lso revea ls th a t  th e re  is no  sim ple  
re la tio n  b e tw e e n  sa lin ity  an d  th e  occu rren ce  o f th e  coccolith  
E. huxleyi in  th e  Black Sea. C urren t co n d itio n s o f ab o u t 17.1 p su  a t 
a ro u n d  4.1 cal ka BP w e re  reach ed  ~  1700 y ears  befo re  th e  s ta r t o f  
th e  first large  invasion  o f E. huxleyi, d a te d  a t  ap p ro x im ate ly  
2.43 ±  0 .20  cal ka BP (Table 1 ; a f te r  Jo n es an d  G agnon, 1994), 
a lth o u g h  E. huxleyi w as p re se n t in trac e  a m o u n ts  d u rin g  th e  early  
H olocene (G iun ta  e t  al., 2007). The d iscovery  o f m id -ea rly  H olocene 
o ccu rren ces o f E. huxleyi fossil DNA in th e  Black Sea (C oolen e t  al., 
2 0 0 9 ) re in fo rces th e  in te rp re ta tio n  th a t  th e  cocco lith  b loom s 
re su lted  from  in creased  sh ip p in g  tra d e  b e tw e e n  th e  M ed ite rran ean  
Sea a n d  Black Sea (Jones an d  G agnon, 1994). W e d id  n o t o b se rv e  any 
c o in c id en t fresh en in g  o f surface  w a te r  d u rin g  th e  la te  H olocene 
in te rval o f cocco lith  d ep osition , co n tra ry  to  th e  o b se rv a tio n  o f  van  
d e r  M eer e t  al. (2008) u sing  BD in a lkenones. This d isc rep an cy  m ay  
be re la ted  to  e ith e r  local effects o r  issues w ith  th e  BD a lk en o n e  
tech n iq u e  (e.g. Schw ab an d  Sachs, 2011 ).

It sh o u ld  also b e  n o ted  th a t  in  th e  M arm ara  Sea, a lth o u g h  
d ino flagella te  cyst reco rd s (M udie  e t  al., 2002 , 2004 ; Londeix e t  al., 
2 0 0 9 ) an d  b e n th ic  fo ram in ife ra  (K am inski e t  al., 2002 ; M cHugh 
e t al., 20 0 8 ) sh o w  re la tive ly  low  sa lin ity  d u rin g  th e  early -m id  
H olocene in te rv al o f  sap ropelic  m u d  d ep o sition , som e H olocene 
sa lin ity  reco n stru c tio n s  sh o w  a n  o p p o site  tre n d  to  o u r  Black Sea 
reco n stru c tio n : h igh  sa lin ities d u rin g  th e  early  H olocene an d  low  
salin ities d u rin g  th e  m id  H olocene w e re  re p o rte d  b y  Sperling e t  al. 
(2003) a n d  by  Vidal e t  al. (2010), based  o n  p lan k to n ic  fo ram in ifera  
an d  o straco d  geochem istry , respectively . This p a tte rn  w as e x p la ined
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as accu m u la tio n  o f  re la tive ly  w a rm  saline  M ed ite rran ean  w a te rs  
d u rin g  th e  early  H olocene in  th e  M arm ara  Sea befo re  overflow  of 
low  sa lin ity  w a te r  from  th e  Black Sea a fte r  9.14 cal ka a n d  su b se ­
q u e n t in creased  o u tflo w  from  th e  Black Sea (Sperling  e t al., 2003). 
How ever, th e  g eo ch em istry  o f th e  early -m id  H olocene sap ro p el in 
th e  M arm ara  Sea has a  p rim ary  m arin e  signal w h ile  th e  early  
H olocene in te rval sh o w s a s tro n g  te rr ig en o u s  geochem ical signal, 
im ply ing  som e o u tflow  o f Black Sea w a te r  (Vidal e t  al., 2010).

6. Conclusions

This s tu d y  d o cu m en ts  th e  m orphological varia tion  of
I. machaerophorum  ex tracted  from  surface sed im en ts  from  th e  Black 
Sea, th e  Kerch Strait a t  th e  exit o f  th e  Sea o f Azov, th e  Caspian Sea and  
M arm ara  Sea, an d  from  6 H olocene sed im en t cores in th e  Black Sea. A 
m olecu lar investigation  o f SSU, LSU an d  ITS sequences from  cysts 
from  th e  Caspian an d  Black seas show s th a t  desp ite  m orphological 
differences, th e  cysts c o rresp o n d  to th e  sam e species an d  a re  also th e  
sam e as cu ltu res e stab lished  from  cysts from  California. F urtherm ore, 
th is  suggests th a t  strain-specific  responses a re  no t a  p lausib le factor 
in process length . Average process len g th  (PL) ofL. m achaerophorum  
in 60 surface sam ples is co rre la ted  to  an n u al surface w a te r  salinity  
th ro u g h  th e  equation : SSSsummer =  0.026*PL2 -  0.0145PL +  12.136 
(R2 — 0.91). This eq u atio n  can  b e  app lied  to  reco n stru c t surface 
salin ity  q u an tita tively  w ith  a  precision  o f  ±0.91 p su  in  th e  Black Sea, 
a t  least in  th e  range b e tw ee n  11.9 an d  22.2 psu. A regional q u a n ti­
ta tive  salin ity  reco n stru c tio n  is sh o w n  for a  ca 9.9 cal ka record 
ob ta in ed  by  in te rp o la tin g  sed im en t ages an d  averaging m easu red  
process leng ths from  th e  6 late  Q uaternary  cores tak en  from  4 
d ifferen t cores sites in th e  Black Sea. W e show  th a t th e  salinity  
increase  a fte r th e  earliest H olocene w as gradual, and  ranged  from
12.3 to  17.1 p su  ( ~ 4 .8  ±  0.91 psu). This is th e  first quan tita tiv e  h igh- 
reso lu tion  regional paleosa lin ity  record  using  th e  process leng th  of 
th e  d inoflagellate  cyst L. machaerophorum . A fter a n  early  period  of 
low  salinities re la ted  to  en h an ced  p recip ita tion , th e  sa lin ity-proxy 
does no t record  large H olocene salinity  fluctuations and  show s 
co rresp o n d en ce  to  th e  regional sea-level curve o f Balabanov (2007), 
as in te rp o la ted  by  B rückner e t  al. (2010), and  suggests a  d o m in an t 
influence o f sea-level varia tions o n  salin ity  change in th e  Black Sea 
du rin g  th e  late  Holocene.
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