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Supplementary Information 

1. SEDIMENT STORAGE IN DANUBE DELTA 

The early Holocene Danube delta was constructed during the lake phase of the Black Sea39 

and then flooded after the reconnection to the ocean ~9000 years ago43. During the following 

marine phase, the modern Danube delta developed as a series of bayhead, lacustrine and open 

coast lobes15 (see Fig. 1 in main text). In chronological order these lobes are: Tulcea bayhead 

lobe constructed after ~9000 years BP by distributaries advancing within the Danube 

embayment; St. George I open coast lobe built from ~5250±250 to 3650±150 years BP; 

Sulina open coast lobe built from ~3650±150 to 1900±200 years BP; St. George II open coast 



lobe built from ~1900±200 years BP to present; Dunavatz bayhead lobe built after 

~1800±200 years BP; Chilia I lacustrine lobe built from before ~800±150 years BP; Chilia II 

bayhead lobe built after ~800±150 years BP; and Chilia III open coast lobe built since ca. 

1700 AD44,45. With the exception of Chilia lobes, the chronology is from ref. 15. We 

collected a new core located at the apex of Chilia II lobe that recovered the start of deltaic 

sediments composed of prodelta clays followed by interstratified sands and muds over glacial 

loess deposits that typically outcrop on the promontory separating Chilia I from Chilia II lobe. 

This transition has been radiocarbon-dated using an articulated bivalve specimen (Cardium 

edule) to 1340±30 14C years. Using the same calibration methodology as in ref. 15 we 

estimated the start of Chilia II lobe to be 800±150 years BP within a 2σ age error. This date 

also provides an upper limit for Chilia I lobe completion. 

We used a GIS environment to calculate the volume of sediment accumulated for the 

entire Holocene marine delta (i.e., delta plain and subaqueous delta) as well as for successive 

evolution phases (Supplementary Table SI-1) between the lacustrine-marine separation 

surface39, which represent the maximum flooding surface, and the contemporary Danube 

delta surface defined by the modern topography and bathymetry to a maximum water depth 

of -45 m on the shelf. The outer limit for volume computations on the shelf in front and south 

of the Sulina lobe was defined by the occurrence of outcropping coarse sediments46 with a 

palimpsest character that are older than the muds of the modern prodelta and the occurrence 

of shallowly buried lowstand channels clustering into anastomosed networks39,47. The outer 

limit for volume computations on the shelf in front of the modern Chilia lobe was taken as -

20 m water depth44,45. Deposits of the modern Danube delta taper upstream within the former 

Danube embayment and along the wave-dominated coast (see Fig. 1 in the main text). 

Because Danube delta expanded as a single main lobe during the Sulina phase, which entered 

its erosional phase when the St. George II lobe started to build up15, we can use the volume of 



the Sulina lobe to estimate sediment storage for the entire deltaic deposition during that 

particular phase; however, since the St. George II and Chilia III lobe partially overlapped 

during their construction, their cumulative volume was calculated together. Then the 

estimated volume of the Chilia III44,45  from 1700 AD until 1948 was subtracted from this 

cumulative volume to obtain an estimate for the St George II phase alone. The St. George II 

is an asymmetric wave-dominated lobe48 with sediment sourced not only in the river but also 

by the longshore transport system. Thus, we excluded from volume calculations the updrift 

(northern) half of the St. George II lobe, which was primarily built with sediment originating 

from the Sulina branch and from the subsequent erosion of Sulina lobe39; instead, we include 

that volume to the Sulina phase budget. The northernmost part of the Sulina lobe constructed 

with non-Danubian sands brought in by the northerly longshore drift is similarly excluded 

from the Sulina phase budget. The Danube delta sediment budget since its inception until the 

Sulina phase is calculated as the difference between the total volume of sediments 

accumulated in the modern delta and the volume comprising the Sulina and St. George II-

Chilia III phases. In these budget computations we ignored the volumes of minor bayhead 

and lacustrine lobes with uncertain history that overlapped partially and completely in time 

with the Sulina, St. George II and Chilia III phases. The volumes of these minor lobes, 

constructed into low accommodation environments with water depth less than 3 to 5 m, are 

however small and their exclusion affects budgets within ±5% (Supplementary Table SI-2). 

Sediment comprising the delta primarily consists of muds and sands: prodelta and 

lacustrine muds, sandy meander-belt deposits, delta front interstratified muds and sands, and 

beach ridge sandy deposits39,50. Peats are a minor component of Danube delta deposits50. 

Using the computed phase volumes, storage rates were estimated for all phases using a dry 

density of 1.5 gcm-3 with 40% porosity that is typical for water saturated mud and sand 

mixtures51,52. Maximum and minimum storage rates for all phases except Chilia III lobe were 



computed using minimum and maximum age estimates for that phase respectively15,39. For 

the Chillia III phase, we computed storage rates using the volume gain from its inception at 

~1700 until 1948 when the delta started to show signs of reworking44,45. To account for the 

fact that during the development of the Chilia III lobe, the St. George lobe was also 

prograding, we used estimates of the fraction discharged by the Chilia branch of the total 

Danube of water and sediment discharge44 since 1830 to conservatively estimate the average 

total sediment discharge for Danube since the inception of Chilia III lobe. These estimates 

vary between 62 and 68 MT/year and compare well with the pre-damming measurements of 

the total Danube discharge of ~70 MT/year16. 

In our computations we assumed that subsidence in the delta is minor. This is supported 

by the survival at the surface of beach ridges as old as ~5250 years as well as modern GPS-

based measurements as discussed in ref. 15. The maximum thickness of the deltaic deposits is 

reached south of the delta because the bathymetry of the region at the time of the marine 

flooding exhibited a depression in that region linked to a Danube valley at lowstand39,47. This 

bathymetric low was subsequently infilled as the delta advanced and/or with sediment 

redistributed alongshore. Increased local subsidence in that region is unlikely or minimal 

because barrier systems there as old as 3,300 years are still above sea level15.  

We consider that our estimates of sediment delivery to the Danube delta are largely 

unaffected by differential deposition along the Danube River. Several arguments support our 

point of view. First, sediment coming in suspension from the upper and middle Danube basin 

in pre-dam conditions was between 30 and 40% of the total Danube suspended load16 

suggesting that an increase in erosion in that part of the basin cannot account for the much 

larger increases in storage rates in the Danube delta. Second, the Pannonian Basin where 

most of the sediment is collected from the upper and middle Danube basin from rivers Drava, 

Sava, and Tisa is largely subsiding with slow uplift at its margins (e.g., 53).  Third, the 



confluence region of the Drava, Sava, and Tisa with the Danube is underfilled as documented 

by its extensive historical marshes that were mostly drained after 184654. After crossing the 

Carpathian-Balkan Range through the Iron Gates Gorge, diminished trapping along the lower 

basin alluvial valley and tributaries upstream of the delta can also be discounted because 

these settings are still under-filled exhibiting incised valleys and Pleistocene terraces55 that 

provide ample accommodation space for Danube’s sediments until reaching the delta (SI). 



 
Supplementary Table SI-1. Volume budget and mass storage for Danube delta during the Holocene and successive construction phases. 
 

Delta Phase Start  End Volume Mass1 Min Storage Rate2 Max Storage Rate2 Average Storage 
  years BP years BP km3 BT MT/year MT/year MT/year 
  

Chilia III 310 62 6.7 14.4-16.8* 62 68 65 
St George II 2100-1700 present 62.0 93 44 55 49 

Sulina 3800-3500 2100-1700 33.4 50.1 36 24 30 
Tulcea-St. George I 9000 3800-3500 42.7 64.1 12 11 12 

  
       Holocene 9000 present 153 229.5 

  
26 

                
        *value calculated assuming conservatively that Chilia distributary received on average  

 60 to 70% of Danube’s sediment discharge  
1based on a dry density of 1.5 g cm-3 for water saturated mixed sand and mud with 40% porosity 

  2calculated using the maximum/minimum lifetime per phase  
          

 



Supplementary Table SI-2. Volume budget and mass storage for minor bayhead lobes of 
Danube delta. 
 

 

 
  

Delta Lobe Area Thickness Volume Mass 
  km2 m km3 BT 
  

    Chilia I 540 5 2.7 4.1 
Chilia II2 390 3 1.2 1.8 

Dunavatz3 290 3 0.9 1.3 
          



2. PALEOENVIRONMENTAL CHANGES IN THE BLACK SEA REGION 

  

2.1. Sedimentary materials and age models 

The geochemical, palynological, and paleogenetical data were measured on sediments from 

the upper 129 cm working half of Giant Gravity Core GGC18 and the top 11 cm from the co-

located MC19 collected with a hydraulic coring system that was used to recover the water-

sediment interface. The same samples in GGC18 (one-cm sampling resolution throughout 

Unit I, Unit II, and the upper part of Unit III) were previously used for a fossil DNA and lipid 

biomarker survey to reconstruct the Holocene succession of haptophyte algae and their 

viruses22,24. GGC18 was recovered from a water depth of 971 m in the western basin of the 

Black Sea (42˚46.569”N:28˚40.647”E) during cruise AK06 on the R/V Akademik (Institute 

of Oceanology, Bulgarian Academy of Sciences; IOBAS) in September 2006. Radiocarbon 

dating of bulk organic matter22 revealed that the top 8 cm was not recovered through gravity 

coring. However, undisturbed cores of top laminated sediments, including the top fluffy layer, 

were obtained at the same location using a MC800 multicorer (Ocean Instruments, San Diego, 

CA). One sub-core (Core MC19)56 was subsectioned in 1 cm intervals aboard ship and 

sections from the upper 11 cm of undisturbed laminated sediments, including the top fluffy 

layer, were used for subsequent extraction of nucleic acids as described below. See Ref. 22 

and 24 for detailed sampling procedures including precautions taken to prevent (cross) 

contamination with foreign DNA. Calibrated radiocarbon dates from both cores 

(Supplementary Table SI-3) have been used to derive the simplest age model. A quadratic 

function of the corrected depth was used for the interval between 0 and 124 cm corrected 

depth:  

Age  = 0.1733*(corrected depth)2 + 37.216*(corrected depth) r2 = 0.9958 



Corrected depth refers to depth of samples in GGC18 to which 8 cm was added to 

compensate for the lost core top; no correction is applied to depths of samples from MC19. 

Sedimentation rates between 124 and 8,944 cal. years BP are low and, thus, interpolation 

between the calibrated radiocarbon dates corresponding to these depths was used to derive 

each sample age from that interval. 

2.2. Salinity Proxy 

Alkenones were previously extracted from twenty freeze-dried one-cm sediment intervals of 

core GGC18 and compound identification22 was based on comparison of retention times with 

samples characterized previously56. Alkenone δD values were measured using an Agilent 

6890 GC equipped with a DB-5MS column (60m length; 250 µm i.d.; 0.25µm film thickness; 

J&W, Folsom, CA, USA) coupled to a DeltaPlus XL (Bremen, Germany) isotope ratio mass 

spectrometer via a pyrolysis interface operated at 1440°C58. The GC oven was initially set at 

90°C, held for 1 min, ramped at 15°C min-1 to 220°C, and finally ramped at 10°C min-1 to 

320°C and held for 40 min. The H3
+ factor was determined daily and was always below 5.1 

ppm mV-159. A suite of 16 normal alkanes was routinely analyzed to determine the 

normalization scale59 and to estimate instrument accuracy. The alkenones (an average of 37:2 

and 37:3 due to chromatographic coelution) were compared to coinjected alkanes of known 

isotopic composition. All δD values are reported relative to V-SMOW in permil (‰) units 

and are normalized to the SMOW-SLAP scale V (Supplementary Table SI-4).  

 

2.3. Fossil DNA of Ancient Plankton as Ecosystem Proxies 

Many planktonic taxa lack diagnostic remains preserved through fossilization. For example, 

the majority of dinoflagellate species do not make cysts and fossil cysts cannot be linked to 

those of extant species60,61. Notably, it has recently been shown that extracellular DNA from 

degraded cells is much more abundant than intracellular DNA from intact cells in a variety of 



marine sediments62. This implies that species that can be studied microscopically do not per 

se represent the majority of biomass in the sedimentary record. Biomarkers with high source 

specificity can be used instead or complementarily. The use of ancient plankton DNA in the 

sedimentary record, most frequently referred to as fossil DNA can also be used to reconstruct 

past ecosystems (e.g., ref. 22, 24, 61, 63, 64). Past eukaryotic phytoplankton and zooplankton 

species are mainly reconstructed based on preserved ribosomal RNA encoding gene 

sequences (e.g., 18S rRNA genes). The 18S rRNA gene is also the most frequently used 

phylogenetic marker to study eukaryotic diversity in modern samples and large public 

databases (e.g., GenBank; National Center for Biotechnology Information, NCBI; 

www.ncbi.nlm.nih.gov) are available for sequence similarity comparison. 

As the first step in our paleophylogenetic survey, total DNA was extracted from 48 

selected MC19 and Holocene GGC18 sediment intervals, which were used for previous 

paleogenetic studies22,24,56. These fossil DNA samples then served as template for PCR and 

subsequent pyrotag sequencing.  

Partial (563 bp-long) environmental eukaryotic 18S rDNA (V1 to V3 region) was PCR-

amplified using 2.5 units of the PicoMaxx™ high fidelity PCR system (Stratagene), 0.2 µM 

of HLPC-purified primers (Thermo-Fisher, Ulm, Germany; Supplementary Table SI-5), 10 

ng of DNA template and additional standard PCR ingredients20. Pipetting of the initial PCR 

mixtures were performed inside our ancient DNA-dedicated clean lab with all necessary 

precautions to prevent contamination of the reactions with foreign DNA as described 

recently20. All PCR reactions also involved controls for contamination during pipetting of the 

reactions and for contamination during extraction and purification of DNA20.  

PCR reactions were performed in a separate lab and involved initial denaturing, followed by 

32 cycles including denaturing (30 s at 94°C), primer annealing (60 s at 58°C), and primer 

extension (60 s at 72°C). A final extension was set to 10 min at 72°C. Approximately 107 



copies formed during the initial round of PCR were subjected to a second round of PCR with 

only 12 cycles and with barcoded fusion primers (Supplementary Table SI-5). The 

concentration of each barcoded amplicon was determined fluorescently using picogreen, and 

total of 3 µg of gel-purified template DNA (i.e., comprising a mixture of 15 barcoded 

amplicons at 200 ng per barcoded amplicon) was subjected to 454 GS-FLX Titanium 

pyrosequencing (e.g., ref. 65) using the facilities of Engencore (Columbia, SC). By physically 

dividing the picotiterplate into 8 sections, a total of 120 samples (8x15) were simultaneously 

pyrosequenced: 44 selected samples from cores MC19 and GGC18 spanning the last 9.5 kyr 

of the Black Sea’s history with the remainder of samples from environments unrelated to this 

study. The corresponding fna and qual files from the 454 pyrosequencing run and associated 

mapping files that contained the names and corresponding barcode-primer sequences of the 

multiplexed samples were uploaded via the PyroTagger pipeline (http://pyrotagger.jgi-

psf.org/)66. Using Pyrotagger, reads were removed that, at a given read length, had >3% of 

bases with Phred values <27 (0.2% per-base error probability) to ensure that 97% clustering 

absorbed all erroneous reads. The user-defined length was in our case set to 360 bp (i.e., 

length-trimming), and shorter sequences were discarded (yielding between 500 and 6000 high 

quality pyrotags per sample), followed by dereplication and clustering at 97% sequence 

identity threshold with the most abundant unique sequence serving as a cluster representative. 

The current version of PyroTagger uses BlastN67 to identify the top hit and its associated 

taxonomy for each 97% cluster representative. Classified reads were separated into their 

respective samples using the barcodes provided in the original mapping file. The output file 

“cluster-classification-percent.xls” was mined for clusters (i.e., OTUs) representing 

dinoflagellates and diatoms as relevant ecosystem proxies (Supplementary Table SI-6).  

  



Supplementary Table SI-3. Radiocarbon dates for cores MC19 and GGC18 and their 
calibrated ages. 
 

Lab Number1 
Radiocarbon 

Age  
Age 
Error Depth 

Corr. 
Depth 

Cal. 
Age 

Cal. Age 
Error 

  years years cm cm 
years 

BP years 
OS-58589 1020 25 10.5 10.5 505 29 
OS-58590 1380 25 20.5 20.5 711 35 
OS-58604 1980 30 30.5 30.5 1310 37 
OS-58560 1060 30 2.5 10.5 519 21 
OS-58602 1910 30 22.5 30.5 1243 107 
OS-58501 2390 30 34.5 42.5 1760 102 
OS-58502 2450 25 36.5 44.5 1804 126 
OS-58498 2890 30 40.5 48.5 2338 26 
OS-58503 2890 30 43.5 51.5 2338 26 
OS-58559 3120 35 44 52 2642 201 
OS-58499 3150 35 46 54 2685 134 
OS-65559 3700 30 59 67 3328 109 
OS-65560 4200 30 69 77 3934 81 
OS-58592 4600 35 83 91 4480 86 
OS-58587 6420 30 107 115 6646 146 
OS-58500 6840 40 114 122 7202 82 
OS-58556 6910 30 116 124 7244 127 
OS-58504 8650 40 121.5 129.5 8944 272 

1in italics MC19 dates  
      



Supplementary Table SI-4. Hydrogen isotopic composition for combined C37:2 and C37:3 
methyl ketones (mK) and for the “Black Sea alkenone” C36:2 ethyl ketone (eK)57. Notations: 
nd – not determined; low – low concentration. Values for C37:2 and C37:3 methyl ketones 
below 84 cm were spurious due to presence of multiple haptophyte sources for these 
alkenones20.   
 

Depth Age δDC37:2+3 mK δDC36:2 eK 
cm years ‰ ‰ 
2.5 470 -223.3 low 
8.5 721 -224.2 low 
12.5 896 nd -131.7 
18.5 1168 -226.4 low 
22.5 1356 -221.5 low 
23 1404 -224.7 low 

27.5 1600 -217.4 -120.6 
32.5 1852 -196.7 low 
36.5 2059 -206.5 -112.3 
40.5 2273 nd -118.3 
44 2464 nd -115.1 
48 2688 -181.9 low 
59 3331 -196.1 -127.5 
60 3392 nd -133.3 
62 3514 -213.4 low 
70 4017 nd -135.8 
80 4677 -224.5 low 
84 4951 

 
-142.1 

89 5301 
 

-150.4 
92 5515 

 
-150.3 

99 6026 
 

-159.6 
102 6251 

 
-159.1 

107 6632 
 

-161.6 
 



Supplementary Table SI-5. Barcoded fusion primers used during the second round of PCR. 
The resulting barcoded amplicons served as template for pyrosequencing of the 
environmental 18S rRNA genes. The underlined general eukaryote forward EukA primer68 
carried 10 bp-long Multiplex Identifier sequences (bold) for automated software recognition 
of samples as well as the GS FLX Titanium Primer A linker sequence (5’-end). The general 
eukaryote reverse primer Euk516r (in italic)68 carried the Titanium Primer B linker sequence 
(5’-end). 

 
 Primer name Primer sequences 
fpA_MID1_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGACGAGTGCGTACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID2_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGACGCTCGACAACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID3_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGAGACGCACTCACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID4_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGAGCACTGTAGACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID5_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGATCAGACACGACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID6_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGATATCGCGAGACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID7_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGCGTGTCTCTAACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID8_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGCTCGCGTGTCACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID10_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGTCTCTATGCGACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID11_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGTGATACGTCTACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID13_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGCATAGTAGTGACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID14_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGCGAGAGATACACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID15_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGATACGACGTAACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID16_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGTCACGTACTAACCTGGTTGATCCTGCCAGT-3’ 

fpA_MID17_EukA 5’-CGTATCGCCTCCCTCGCGCCATCAGCGTCTAGTACACCTGGTTGATCCTGCCAGT-3’ 
fpB_Euk516r 5’-CTATGCGCCTTGCCAGCCCGCTCAGACCAGACTTGCCCTCC-3’ 

  



Supplementary Table SI-6. Percentage of 18S rDNA pyrotags of dinoflagellates and 
diatoms core MC19/GGC18. 
 
 

Depth Age Dinoflagellates Diatoms 
cm1 cal years BP % DNA reads % DNA reads 
0.5 19 27.26 8.24 
1.5 56 39.67 6.31 
2.5 94 22.63 8.43 
3.5 132 27.82 3.47 
4.5 171 22.48 2.75 
5.5 210 27.11 4.78 
6.5 249 36.09 6.36 
7.5 289 27.89 13.83 
8.5 329 13.67 11.3 
9.5 369 32.76 11.93 
2.5 410 15.95 0.25 
7.5 618 19.5 0.51 

15.5 970 4.88 0.91 
22.5 1296 4.79 0.15 
28.5 1589 4.57 0.21 
34.5 1895 5.07 0.04 
40.5 2213 5.24 0.04 
44 2404 5.72 0 
46 2515 1.92 0.06 
49 2684 6.49 5.31 
53 2915 5.82 0.42 
59 3271 5.79 4.1 
65 3640 11.28 0.41 
76 4349 4.92 0 
80 4617 7.51 0 
85 4960 4.77 2.21 
88 5170 8.6 0.51 
92 5455 35.89 1.11 
96 5745 33.19 0.56 

108 6649 45.69 0.03 
114 7120 27.12 0.2 
115 7199 28.12 0.37 
116 7279 34.71 0 
117 7360 30.42 0.09 
118 7441 22.2 0.17 
119 7522 6.73 1.62 
120 7603 11.87 2.92 
121 7685 6.94 0.21 
122 7767 0.23 0.03 
123 7849 10.26 3.48 
124 7932 1.83 0 
125 8015 1.98 0.18 
129 8351 10.37 0.09 

1in italics samples from MC19   
 
  



3. RIVER INFLUX AND EVAPORATION CONTROLS ON SALINITY 

The aim of the model was to simulate the changes in Black Sea water salinity that occurred 

during the Holocene assuming that they are a result of changes in river inflow volume or 

changes in evaporation. Accurate simulation of the pycnocline between surface water and 

deep water and the detailed flow regime within the Bosporus strait were not considered as our 

understanding of these phenomena is incomplete. However, it was considered important that 

the model reproduced accurately the volumetric water flow between the Black Sea and the 

Sea of Marmara.  

The water of the Black Sea was assumed to consist of two discrete volumes: a lower 

relatively saline water mass and an upper relatively fresh water mass. An annual exchange of 

water was assumed to occur. The depth of the boundary between water masses and the 

magnitude of the water exchange were considered as variables that could be used to calibrate 

the model. The bi-directional flow regime within the Bosporus was reduced to two distinct 

phenomena. The upper southward flow was considered as a conventional river flow, for 

which the Manning equation would typically be used, as follows: 

 Flow velocity  =  R2/3.S1/2 / n  

where:  R = wetted perimeter (≈ channel width) 

S = slope (i.e. head loss / distance) 

n = Manning coefficient 

The lower northward flow was considered as pipe flow, for which the Poiseuille equation has 

been used, as follows: 

  Flow velocity  =  g.D2.S / 32ν 

Where: g = acceleration due to gravity (9.81 m/sec2) 

  D = pipe diameter (taken as height of northward flowing water column) 

  S = head loss / distance 



  ν = kinematic viscosity of water (1.14 mm2/sec) 

For the southward flow the head loss was taken to be the difference in level between the 

Black Sea and the Sea of Marmara, while for the northward flow it was derived from the 

pressure difference at the level of the boundary between the two flows due to the density 

difference between Black Sea surface water and Marmara water. The velocities in the above 

equations were taken as relative to their respective boundaries. Thus if v1 represents the 

southward velocity while v2 represents the northward velocity, then the Manning equation is 

assumed to give v1+v2 while the Poiseuille equation gives v2+v1/2 (since the flow is 

sandwiched between static and moving boundaries). 

Using these simplified equations various combinations of the two flow velocities and the 

depth to the boundary between the flows can be explored. We constrained the solution by 

assuming that the two flow velocities were of equal magnitude. With this constraint, and for a 

given net outflow from the Black Sea together with the depth and width of the Bosporus 

channel (here assumed to be 35 m and 1.2 km), a unique solution is found. The overall model 

then used time steps of 10 years. Salinity changes were calculated from the balance of salts 

gained and lost by each water mass. In the case of the surface water in the Black Sea, salt was 

lost through outflow to the Bosporus and gained through mixing of deep water; in the case of 

deep water, salt was gained through inflow from the Bosporus but lost through mixing with 

surface water. 

The model has been calibrated against modern conditions to determine suitable values for 

three parameters, namely the depth to the Black Sea pycnocline, the annual mixing volume 

between surface and deep water in the Black Sea, and the Manning coefficient describing 

outflow through the Bosporus. 

Depth to pycnocline: In reality this variable has negligible effect on predicted salinity 

changes; 150 m is assumed. 



Annual mixing volume:  This effectively controls the salinity of the deep water mass in 

the Black Sea; a value of 900 km3/year has been adopted, giving 

a steady state deep water salinity of 22.0 ‰ under modern river 

inflow conditions (425 km3/year) and an assumed difference 

between evaporation and precipitation of 0.293 m (123 

km3/year), following ref. 69. 

Manning coefficient: This was chosen to give outflow and inflow volumes through 

the Bosporus of 600 and 300 km3/year respectively, 

approximately matching modern conditions. The predicted level 

difference between the Black Sea and the Sea of Marmara is 

then 0.36 m and the steady state salinity of Black Sea surface 

water is 17.5 ‰, both approximately correct. The resulting 

value of the Manning coefficient was 0.024, at the low end of 

the range applicable to rivers, but this is readily explicable since 

the river bed has been replaced by the interface between the 

upper and lower water flows. 

Once the model was calibrated against modern conditions, it has then been used to determine 

the necessary change in river inflow to the Black Sea to cause the estimated decrease in 

salinity. In the example shown in Figure SI-1, a steady increase in river inflow has been 

computed between 3000 and 1000 cal BP, sufficient to reduce the surface salinity from 30‰ 

to 18‰ over the 2000-year period. The difference between evaporation and precipitation has 

been taken as 0.399 m prior to 3000 cal BP following ref. 69. The change in evaporation-

precipitation in the last 3000 years as inferred by ref. 69 could not have been responsible on 

its own for the estimated reduction in salinity but could have contributed substantially to it 



(Fig. SI-2); the model was then run with a steady river inflow of 200 km3/year. The result 

was a predicted fall in surface salinity from 30‰ to 26.9‰. 

  



Supplementary Figure SI-1. Model scenario for the necessary increase in river inflow to 
reproduce the late Holocene salinity changes in the Black Sea. 
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Supplementary Figure SI-1. Late Holocene salinity changes in the Black Sea attributable to 
changes in evaporation precipitation.51  
 

 
 

  



4.  PAST LAND USE CHANGES IN THE DANUBE BASIN  

Reconstructions of anthropogenic land cover change for our analyses come from a new 

global scenario for the preindustrial period17 extended to the beginning of the 21st century (ref. 

41; hereafter scenario KK11). Similar to other preindustrial land cover reconstructions70,71, 

anthropogenic land cover change in KK11 is estimated as a function of regional estimates of 

human population size and geographic distribution. However, the KK11 scenario differs from 

other land cover reconstructions in the way that per capita land use is estimated. In contrast to 

other approaches, KK11 uses a nonlinear relationship between population density and land 

use40 that results in high levels of per-capita land use around the origins of agriculture and 

decreasing per capita land use with time. In Europe, per capita land use decreases from ca. 8 

ha to less than 2 ha over the course of the preindustrial Holocene. The nonlinear relationship 

between population density and land use is based on the idea that advances over time in 

agricultural technology (e.g., tools, irrigation, fertilizer, etc.) allow for more intensive land 

use in situ, reducing the per capita agricultural footprint on the landscape72. These differences 

result in generally much more extensive estimates of cropland and pasture extent for the last 

2000 years, relative to other reconstructions. 

Temporal variability in the land cover reconstruction is dependent on temporal variability 

in the population estimates used to drive the reconstruction. For Europe, the population 

estimates are well resolved after 1000 BC, before this time period population estimates are 

more conjectural and based on a combination of modelling and demographer’s estimates17. 

From 8 ka BP to 3 ka, population in the Danube basin increases steadily. Reconstructed 

anthropogenic land cover change in KK11 follows this continuous population increase with a 

similar linear increase over time. Following 3 ka (1000 BC) population, and therefore land 

use, fluctuate in response to historical events, including, e.g., the mid-Iron Age migration 

period, the rise and fall of the Roman Empire, the Black Death, and the religious wars of the 



16th century AD. For physiographic reasons, including the heavy grassland soils of the 

Wallachian Plain, the lower Danube basin develops population centres and intensive land use 

later than the upper basin, with large areas persisting as natural vegetation until late 

preindustrial time (Fig. 3 in main text). In contrast, the upper basin is heavily impacted by 

medieval times, especially in the Bavarian Plateau, Austria, and Serbia. 
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