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Abstract 20 

We present a new 300-year sea-level reconstruction from a salt marsh on the Isle of Wight (central 21 

English Channel, UK) that we compare to other salt-marsh and long tide-gauge records to examine 22 

spatial and temporal variability in sea-level change in the North Atlantic.  Our new reconstruction 23 

identifies an overall rise in relative sea level (RSL) of c. 0.30 m since the start of the eighteenth 24 

century at a rate of 0.9 ± 0.3 mm yr-1.  Error-in-variables changepoint analysis indicates that there is 25 

no statistically significant deviation from a constant rate within the dataset.  The reconstruction is 26 

broadly comparable to other tide-gauge and salt-marsh records from the European Atlantic, 27 

demonstrating coherence in sea level in this region over the last 150-300 years.  In contrast, we 28 

identify significant differences in the rate and timing of RSL with records from the east coast of 29 

North America.  The absence of a strong late 19th / early 20th century RSL acceleration contrasts with 30 

that recorded in salt marsh sediments along the eastern USA coastline, in particular in a well-dated 31 

and precise sea-level reconstruction from North Carolina.   This suggests that this part of the North 32 

Carolina sea level record represents a regionally specific sea level acceleration.  This is significant 33 

because the North Carolina record has been used as if it were globally representative within semi-34 

empirical parameterisations of past and future sea-level change. We conclude that regional-scale 35 

differences of sea-level change highlight the value of using several, regionally representative RSL 36 

records when calibrating and testing semi-empirical models of sea level against palaeorecords.  This 37 

is because by using records that potentially over-estimate sea-level rise in the past such models risk 38 

over-estimating sea-level rise in the future.   39 

 40 

 41 
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1. Introduction 43 

Salt-marsh sea-level reconstructions can extend tide-gauge measurements back in time to create 44 

multi-century or millennia time series that may be compared with various forcing mechanisms, such 45 

as climate, ocean dynamics and ice sheet history.   A key way to assess the reliability of these long-46 

term records is to compare periods of overlapping salt-marsh data with tide-gauge measurements.  47 

Often the data agree (e.g. Gehrels et al., 2005) but in some instances they do not; for example, a 48 

study of 20th century sea-level rise using salt-marsh foraminifera from New Zealand’s North Island 49 

reconstructed rates of sea-level rise that are about double that recorded at the nearby Auckland tide 50 

gauge (Grenfell et al., 2012). 51 

 52 

On the east coast of the USA, where several late Holocene salt-marsh records exist (e.g. Donnelly et 53 

al., 2004; Gehrels et al., 2005; Kemp et al., 2009b; van de Plassche, 2000), comparisons with tide-54 

gauge data are typically restricted to less than 100 years, with the longest tide-gauge record, that 55 

from New York, starting in AD 1856.  Some of these salt-marsh records suggest a sea-level 56 

acceleration dated to the late 19th/early 20th century, several decades before the start of reliable 57 

tide-gauge data from the region.   In the best dated and most precise reconstruction, from North 58 

Carolina, this acceleration is dated from a salt-marsh study as having taken place in the period AD 59 

1865-1892 when the detrended (i.e. corrected for background glacio-isostatic adjustment (GIA)) rate 60 

of sea level increased by 2.2 mm yr-1, from -0.1 mm yr-1 to +2.1 mm yr-1 (Kemp et al., 2011).   61 

 62 

The five longest tide-gauge records in the world exist in northwest Europe (Liverpool, Brest, 63 

Amsterdam, Stockholm and Swinoujscie) with record lengths of between 200 and 300 years (Figures 64 

1 and 2).  Compared with the American salt-marsh records referred to above, these European tide 65 

gauges record a more gradual long-term acceleration in sea-level of about 0.01 mm yr–2 (Gehrels and 66 

Woodworth, 2013; Woodworth et al., 2011a; Woodworth et al., 2009; Woodworth et al., 2011b).  67 

Two European salt-marsh studies reconstruct RSL trends over the last 150 years and provide 68 
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evidence for this acceleration (Leorri et al., 2008; Rossi et al., 2011), but well-dated records over the 69 

last 300 years are lacking.  70 

 71 

Gehrels and Woodworth (2013) re-analysed the salt-marsh RSL records referred to above, focusing 72 

on when sea-level first deviated from a background linear trend.  Using only directly dated sea-level 73 

index points, they argued that the onset of modern RSL rise in the northwest Atlantic happened 74 

between AD 1925 and 1940.  Inflexions around AD 1920-1930 (Woodworth, 1990) and AD 1960 have 75 

been identified in some of the longest European tide-gauge records, but these are not clear in a 76 

compilation of European records by Jevrejeva et al. (2006), perhaps reflecting the use of short record 77 

lengths in the latter analysis (Gehrels and Woodworth, 2013).  There are therefore important 78 

differences in the timing and pattern of RSL change in the last several centuries in the North Atlantic 79 

that need addressing.  Data archaeology is recovering some new long tide-gauge data (e.g. Haigh et 80 

al., 2009; Woodworth, 1999) but this is unlikely to generate multi-century records that are not 81 

already known.  For this reason, salt-marsh archives provide an important source from which longer 82 

records can be reconstructed, especially from the northeast Atlantic coastline. 83 

 84 

Here we develop a new 300-year sea-level reconstruction from a salt marsh on the Isle of Wight 85 

(central English Channel) that we compare with long European tide-gauge records and other salt-86 

marsh reconstructions from the North Atlantic.  We show that salt-marsh records are able to 87 

replicate the long-term sea-level rise observed by the northwest European tide-gauge records, 88 

confirming a strong spatial coherence in sea level over the last 150-300 years in this region. We 89 

obtain a long-term rate of sea-level rise since the start of the eighteenth century of 0.9 ± 0.3 mm yr-90 

1.  Error-in-variables changepoint analysis does not identify statistically significant inflexions in this 91 

reconstruction. The absence of an inflexion in our Isle of Wight record differs from  the pronounced 92 

inflexion observed in North American salt marsh reconstructions, particularly that from the North 93 

Carolina reported by Kemp et al. (2011). This raises some important issues, not least since the latter 94 
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has been used recently as if they were a quasi-global average time series in combination with semi-95 

empirical global models of climate-driven sea-level change (Kemp et al., 2011).  The contrast 96 

emphasises the need for multiple, geographically distributed salt-marsh RSL records from across the 97 

North Atlantic to determine forcing mechanisms.   98 

 99 

2. Study site 100 

Newtown Estuary is located on the north side of the Isle of Wight.  It is divided into six “lakes”, a 101 

term derived from Old English that means “stream” or “tidal creek”, that each supports extensive 102 

salt marshes and tidal flats (Figure 3).  We chose to study a salt marsh on the south bank of 103 

Clamerkin Lake, to the east of Newtown village, because: i) the study area has one of the lowest tidal 104 

ranges in the English Channel (2.6 m at Spring Tide) which helps to reduce vertical uncertainties in 105 

sea-level reconstruction; ii) Newtown Estuary escaped the invasion of Spartina alterniflora that 106 

affected sedimentation rates in many English salt marshes in the 20th century (Hubbard and 107 

Stebbings, 1967), and iii) historic maps suggest little change in salt-marsh morphology since at least 108 

AD 1840 (the first series Ordnance Survey map), and; iv) there are several European tide gauges with 109 

long records in reasonable close proximity, notably Brest (AD 1758-present) and Newlyn (AD 1915-110 

present) (Figure 1).  111 

 112 

3. Methods 113 

We collected surface sediment samples for foraminifera and organic content analyses from 2 cm 114 

vertical intervals in two transects across the marsh (Figure 4), surveying all elevations with respect to 115 

Ordnance Datum (OD) using Global Positioning System (GPS) equipment.  Fossil diatoms are not 116 

preserved in the salt marsh deposits and so our sea level reconstructions are based on foraminifera 117 

and pollen that are interpreted alongside the core stratigraphies.  We mapped the salt-marsh 118 

stratigraphy with seven transects (two shown here, Figure 3) using hand augers and collected 119 

sample cores from two high marsh locations (NM-6 and NM-16) using a hand-operated 8 cm-wide 120 
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corer. Organic content is expressed as percentage loss on ignition (LOI) determined by combustion 121 

of material at 550oC for a minimum of four hours.   122 

We develop a chronology for our samples using Accelerator Mass Spectrometer (AMS) 14C of plant 123 

macrofossils, 210Pb, 137Cs, 206Pb/207Pb, pollen markers (Figures S3 and S4) and Spherical Carbonaceous 124 

Particles (SCPs) modelled using the Bayesian age-depth BACON function in R (Blaauw and Andres 125 

Christen, 2011) (Table 1, Table S1, Figures S1 and S2).  Sample preparation for measurement of 210Pb, 126 

137Cs and 206Pb/207Pb followed standard laboratory methods, where 1 cm thick slices of fossil 127 

sediment are freeze-dried at -80oC and ball-milled.  210Pb and 137Cs samples are then compacted into 128 

a standardised plastic gamma tubes and sealed with a rubber cap and wax.  After leaving the 129 

samples undisturbed for a minimum of 21 days to allow 226Ra and 214Pb to achieve equilibrium the 130 

samples are placed in Ortec p-type Series Germanium gamma ray spectrometers to measure the 131 

gamma ray energies of each isotope.  We relate the peak in 137Cs to the peak in nuclear weapon 132 

testing in AD 1963.  We construct a ‘simple’ 210Pb age-depth model.  Following ball milling, 133 

206Pb/207Pb samples undergo microwave digestion prior to measurement of elemental 134 

concentrations by Inductively Coupled Plasma Mass Spectrometer (ICP-MS).  The concentrations are 135 

then converted from ppb to ppm and reported as isotopic ratios.   136 

 137 

Because our interest is in identifying changes in the rate of RSL change over multi-decadal to century 138 

timescales, we do not correct our records for long-term GIA which is essentially linear over these 139 

timescales.  We are explicit where we compare our data with others as to whether we are 140 

comparing like-with-like or GIA-corrected rates.  We calculate our rates of RSL change using 141 

weighted ordinary least squares fits, assuming a one sigma uncertainty in the vertical term and 142 

ignoring uncertainty in the age term.  We also use error-in-variables Bayesian changepoint 143 

regression modelling (EIV-CP; Carlin et al., 1992; Spiegelhalter et al., 2002) to characterise the sea-144 

level datasets in terms of rates of change and to determine the existence of inflexions 145 
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(‘changepoints’), if present and statistically valid. The EIV-CP approach considers both age and 146 

altitude uncertainties that are inherent characteristics of salt-marsh proxy records of sea level. We 147 

analyse three datasets using EIV-CP: the non-GIA-corrected North Carolina reconstruction (Kemp et 148 

al., 2011) and our two reconstructions from Newtown Estuary.  Each dataset is analysed using five 149 

EIV-CP models in which the number of changepoints considered differs from zero to four.  150 

 151 

4. Results 152 

Our microfossil reconstructions are based on foraminifera and pollen.  We counted 56 foraminiferal 153 

surface samples across a height range of 0.80 m from Newtown Marsh (Figure 4).  The assemblage is 154 

dominated by a combination of Jadammina macrescens and Trochammina inflata, with lesser 155 

frequencies of Quinqueloculina sp. and Miliamina fusca in the low and mid marsh respectively.  A 156 

low frequency assemblage of J. macrescens occurs above c. +1.30 m OD.  The overall distribution of 157 

foraminifera is broadly comparable to that recorded on other salt marshes in the central English 158 

Channel (Horton and Edwards, 2006) (Figure S5).  However, the low species diversity and turnover, 159 

and the distribution of the main taxa, notably T. inflata and M. fusca that peak in the mid marsh, 160 

mean that these data are not suitable for analysis using transfer function or matching analogue 161 

techniques due to poor model performance (r2 <0.5) with both our local Newtown dataset (as 162 

presented in Figure 4), and when combining it with a modern British training set (Horton and 163 

Edwards, (2006) (Figure S6).  Quantitative palaeoenvironmental reconstruction methods operate 164 

best with more diverse assemblages and more clearly defined optima across a range of elevations 165 

(Barlow et al., 2013; Kemp et al., 2009a; Long et al., 2010).  For these reasons we focus on 166 

establishing an indicative range for each fossil sample based upon a combination of litho- and 167 

biostratigraphic information. 168 

    169 
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The lithostratigraphy comprises a pre-Holocene surface that in Transect A descends below the marsh 170 

to c. -1.50 m OD (Figure 3).  An organic silt in the base of the seaward cores in Transect A is overlain 171 

by silts and clays that become increasingly organic-rich up-core.  At the landward end of both 172 

transects the sediments are shallower and also become more organic.  Above +0.6 m OD there is 173 

often a dark organic rich silt immediately above bedrock that is overlain by iron-stained silts that 174 

grade upwards into organic-rich silt.  There is no evidence for tidal channel migration or erosion.   175 

 176 

Each sample core was analysed for their fossil foraminifera and pollen (Figure 5).  In NM-16, the 177 

higher of our sample cores, there are occasional specimens of J. macrescens above 54 cm that 178 

increase in abundance above 34 cm and indicate deposition in a high salt marsh.  We do not place 179 

particular weight on these very low foraminiferal counts from a sea level perspective, other than to 180 

note that they suggest sedimentation between 54 cm and 34 cm occurred above the reach of 181 

normal high tides.  Above 16 cm M. fusca appears for the first time and increases in frequency 182 

compared to the lower levels whilst those of J. macrescens fall.  This suggests the establishment and 183 

slight lowering of the palaeomarsh surface relative to tide level, as does the occurrence of low 184 

frequencies of Haplophragmoides wilberti above 7 cm. 185 

 186 

The pollen in the lower parts of NM-16 adds important information to the foraminifera data.  Pollen 187 

in the base of the core (56-50 cm) indicates that a freshwater heathland developed above the pre-188 

Holocene surface.  The high frequencies of angular charcoal at this depth show that burning 189 

occurred on or close to the site, either as part of the heathland management or associated with salt 190 

making, an industry that was common in western parts of Newtown Harbour from the Medieval 191 

period onwards (Currie, 2000).   The slowly-increasing up-core trend in LOI values indicate a 192 

relatively dry environment that became progressively waterlogged.  This lead to the increased 193 

preservation of organic matter, likely the result of an elevation of the local freshwater table as the 194 

proximity of marine conditions to the core site increased.  As tidal flooding became more common, 195 
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salt marsh conditions developed.  The latter is marked at 34 cm by a pronounced increase in the 196 

frequencies of halophytic pollen types, notably Plantago maritima, a plant that is common on high 197 

or mid marsh environments in the UK (Mossman et al., 2012), and also by low occurrences of 198 

Armeria A and B lines.  The pollen data above this level suggests a slight lowering of the palaeomarsh 199 

surface with, for example, a subtle increase in frequencies of Triglochin maritima above 24 cm and, 200 

above 16 cm, a gradual increase in frequencies of Chenopodiaceae.  The upper part of the profile is 201 

marked by an increase in tree pollen above 18 cm, notably the rise in Pinus and Quercus, which 202 

record the establishment of plantations in the region.      203 

 204 

Loss on ignition data for core NM-16 records an increase in organic content up-core, from c. 20% at 205 

the core base to c. 45% at 8 cm, before levelling off slightly. This trend is broadly mirrored by a 206 

gradual reduction in gamma density and by an increase in the plant macrofossil content visible in the 207 

sample core.  Taken together, the data described above from NM-16 record an initial phase of 208 

freshwater sedimentation above the high marsh (>+1.40 m OD between core depths 54 to 34 cm), 209 

followed by the on-site establishment of salt marsh conditions and then a slight lowering of the 210 

palaeomarsh surface from c. +1.40 m OD at 34 cm core depth to the present core top elevation of 211 

+1.32 m OD.   212 

 213 

We analysed core NM-6 at lower resolution to assess spatial variability in RSL reconstructions from 214 

the same marsh.  Core NM-6 records a broadly similar sequence to that in NM-16, although the 215 

palaeomarsh surface was lower and the rate of sedimentation higher throughout.   The basal part of 216 

the core (54 to 22 cm) contains low frequencies of J. macrescens and T. inflata, indicating deposition 217 

at the highest levels of the intertidal zone.  This is confirmed by low frequencies of Chenopodiaceae 218 

and P. maritima, together with an abundance of Poacea pollen.  Above 22 cm frequencies of 219 

foraminifera increase and a mixed assemblage of J. macrescens, T. inflata and M. fusca is recorded 220 

and, above 16 cm, H. wilberti.  Frequencies of T. maritima and then Brassicaceae pollen increase 221 
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above 16 cm, confirming a lowering of the marsh surface that continues to the core top.  A similar 222 

rise in Pinus and Quercus tree pollen to that observed in NM-16 occurs above 26 cm. 223 

 224 

Age constraints for the two cores are provided by AMS 14C of plant macrofossils, 210Pb, 137Cs, 225 

206Pb/207Pb, pollen markers and spherical carbonaceous particles (SCPs) with our most detailed 226 

dating from our main core, NM-16 (Tables 1 and S1, Figures 5 and S1).  All radiocarbon dates from 227 

NM-16, except SUERC-31979 and SUERC-31991, yielded a modern age, indicating contamination by 228 

plant roots from the present surface. We do not use the modern dates in our age models.  The rise 229 

in Pinus pollen provides a useful biostratigraphic marker in the region, dated from historical records 230 

to AD 1775 ± 25 (Long et al., 1999).  SCPs in NM-16 rise above 16 cm, suggesting a date of AD 1850 ± 231 

25 (Rose and Appleby, 2005) for this level.   SCP concentrations in NM-6 were too low to count 232 

although scanning of pollen slides showed an increase above 24 cm.  The 210Pb profiles from both 233 

cores yield broadly linear accumulation rates and agree with peaks in 137Cs (AD 1963), with an 234 

increase in metals pollution in NM-16 from the early AD 1970s attributed to discharge from the 235 

Winfrith power station (AEA, 1993; Cundy et al., 1997), and with ages inferred from stable lead 236 

isotopic ratios (Figure 5).   237 

 238 

To develop a RSL record we compare the fossil and modern foraminifera, together with the pollen 239 

data, to define indicative meanings for samples from each core.  Based on the agglutinated 240 

foraminiferal data, we are confident that the deposits in NM-16 above 34 cm, and all of those in NM-241 

6, formed under salt marsh conditions.  This is confirmed by the pollen data.  The present-day salt 242 

marsh extends between +1.40 m and +0.75 m OD, which yields an initial indicative range of 1.08 ± 243 

0.32 m.  However, the reconstructions described above strongly suggest deposition occurred within 244 

a narrower vertical range located towards the upper part of the salt marsh.   In particular, we note 245 

that the fossil foraminifera in both cores contain no Quinqueloculina sp. which in the present-day 246 

environment at Newtown Marsh (Figure 4), and elsewhere in the Solent region (Horton and 247 
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Edwards, 2006) (Figure S5), only occurs below c. +1.11 m OD.  On this basis, we ascribe a narrower 248 

indicative meaning for both sediment sequences of between +1.11 m and +1.40 m OD (+1.26 ± 249 

0.15 m), which is the highest occurrence of salt marsh at Newtown today.  This is a conservative 250 

range because our pollen and microfossil data provide no evidence that either site experienced a 251 

palaeomarsh surface elevation that was ever lower than the current core top (+1.32 m OD, NM-16; 252 

+1.27 m OD, NM-6).  We note that the contemporary and fossil assemblages contain few calcareous 253 

foraminifera and that this may imply some dissolution, but our reconstructions rely on the 254 

agglutinated forms and so are not affected by this. 255 

 256 

5. Relative sea-level reconstruction 257 

We convert our palaeomarsh surface reconstructions into RSL by using the equation: 258 

RSL (m) = Depth (m OD) – Reconstructed palaeomarsh surface elevation (m OD) 259 

We plot the resulting values against sample ages based on the age model for each core (Figure 6) 260 

and restrict our reconstruction in our main core (NM-16) to the last 300 years and NM-6 for the last 261 

100 years which is the sensible limit to our age models (NM-6 has only one pre-20th century age 262 

control provided by the rise in Pinus pollen frequencies).   263 

 264 

We estimate post-depositional lowering (PDL) due to compaction by applying the conceptual and 265 

numerical decompaction model developed by Brain et al. (2011; 2012) that applies a UK database of 266 

compression properties to core NM-16 (see Supplementary Information).  Model results show that 267 

PDL is negligible downcore (Figure S7), peaking at 0.003 ± 0.001 m at a depth of 37 cm, and does not 268 

affect our reconstruction of sea level. The negligible PDL reflects the core stratigraphy, comprising 269 

organic, low density sediments that overly higher density sediments of lower organic content. This 270 

generates very low effective stresses (≈ 1.66 kPa at the base of the core) that cause negligible 271 

compression of sediments, which remain in their low compressibility (‘over-consolidated’) condition 272 

throughout. 273 



Long et al. (2014) EPSL pre-print copy 
 

 274 

Linear regression through the NM-16 sea-level data indicates a rate of RSL rise of 0.9 ± 0.3 mm yr-1 275 

since the start of the eighteenth century (AD 1706-2011).  Visual inspection of the record (Figure 6) 276 

suggests a possible acceleration in the late 19th / early 20th century.  This coincides with a 277 

foraminiferal assemblage change that sees the replacement of a J. macrescens dominated 278 

assemblage by one comprising J. macrescens and M. fusca.  As noted above, this indicates a slight 279 

lowering of the palaeomarsh surface relative to tide level and so this may suggest a real sea-level 280 

acceleration that occurs independently of the age-depth model. However, EIV-CP analysis shows 281 

that only the zero changepoint model converged for the NM-16 reconstruction, indicating that no 282 

statistically valid changepoints exist in this dataset. The reconstruction from NM-6 yields a RSL rise 283 

based on linear regression of 2.3 ± 1.3 mm yr-1 for the period since AD 1920.  This compares to a rate 284 

of 1.5 ± 1.6 mm yr-1 over a similar period in NM-16. The higher rate of RSL from NM-6 reflects its 285 

lower position in the tidal frame which makes it less reliable for RSL reconstruction (Gehrels, 2000).  286 

Again, EIV-CP analysis indicated that the NM-6 dataset has no changepoints. 287 

 288 

6. Discussion 289 

6.1. Sea-level changes in the central English Channel during the last 300 years 290 

We compare our Newtown salt-marsh RSL reconstruction with near-by tide-gauge data from 291 

Southampton and Portsmouth, based upon the recent analyses of 20th century mean sea-level 292 

trends in the English Channel (uncorrected for GIA) by Haigh et al. (2009).  The Southampton (AD 293 

1935-2005) and Portsmouth (AD 1962-2007) tide gauges record rates of mean sea-level rise of 1.2 ± 294 

0.2 mm yr-1 and 1.7 ± 0.3 mm yr-1 respectively (Figure 6).  There is significant interdecadal and 295 

decadal variability in these records that can bias estimates of long-term sea-level change.  Haigh et 296 

al. (2009) developed a sea-level index that represents this variability, derived from the six longest UK 297 

tide-gauge records.  The index-corrected rates of Southampton and Portsmouth are 1.3 ± 0.2 mm yr-298 

1 and 1.2 ± 0.3 mm yr-1 respectively.   Both the original and index-corrected mean sea-level rates 299 
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from these gauges are slightly lower than the rates inferred from our Newtown salt-marsh record 300 

(1.5 ± 1.9 and 1.5 ± 3.4 mm yr-1 for the respective periods for NM-16), but are consistent within the 301 

uncertainties (Figure 6).  302 

 303 

The rate of 20th century RSL rise of 1.3 ± 1.2 mm yr-1 (AD 1897-2011) reconstructed from our Isle of 304 

Wight salt-marsh data is lower than the non-GIA corrected rates that are typical of the east US coast 305 

tide gauges where the effects of forebulge collapse associated with the former Laurentide Ice Sheet 306 

are significant (e.g. New York 2.7 mm yr-1, Charleston 3.2 mm yr-1, Halifax 3.5 mm yr-1 (Miller and 307 

Douglas, 2006)) (Figure 2).   There are no comparably detailed salt-marsh RSL records that cover the 308 

last 300 years from elsewhere in the English Channel, but the linear rate of 0.9 ± 0.3 mm yr-1 since 309 

the start of the eighteenth century is consistent with that inferred over the last 2000 cal. years by 310 

Long and Tooley (1995) using late Holocene sea-level data of +1 to 1.5 mm yr-1, and that inferred 311 

from historically-dated beaches in the Solent of c. +1.5 mm yr-1 during the last ~400 years (Nicholls 312 

and Webber, 1987) (both of the latter rates are not corrected for GIA).      313 

 314 

6.2 Relative sea-level changes in northwest Europe during the last 300 years  315 

The Newtown RSL record compares well with the century-scale trends recorded by the longest 316 

northwest European tide gauges (Figure 7), confirming that such records, especially if derived from a 317 

high salt-marsh setting (e.g. NM-16), can provide robust reconstructions of century-scale trends in 318 

RSL from northwest Europe.   We now compare the Newtown record with the Brest tide gauge 319 

record and two other salt-marsh studies completed from northwest Europe, one from northern 320 

France (Rossi et al., 2011) and a second from northern Spain (Leorri et al., 2008) (Figure 7).  We use, 321 

as a basis to aid for comparison between records, the global sea-level reconstruction based on tide-322 

gauge data provided by Church and White (2011).  323 

 324 
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The Brest tide gauge record (Wöppelmann et al., 2008) provides a regional, long-term 325 

alternative observational record to our Newtown reconstructions and the shorter duration 326 

tide gauge records of Southampton and Portsmouth.  Standard linear regression analysis for 327 

the 19th and 20th century parts of the Brest record are 0.4 ± 0.2 mm yr-1 and 1.1 ± 0.2 mm yr-
328 

1 respectively (Wöppelmann et al., 2008).  In the Morbihan Gulf, Rossi et al. (2011) reconstruct  a 329 

rate of RSL over the last 150 years of 1.6 ± 0.5 mm yr-1 that they suggest agrees with the Brest tide-330 

gauge record but which does not replicate the long-term acceleration recorded by this tide gauge.  331 

The Spanish record from the Plentzia Estuary (Leorri et al., 2008) shows a good agreement to the 332 

linear rates of sea-level rise obtained from the tide gauge records from Santander and Brest.  Their 333 

record starts in AD 1820 ± 20, chronologically tied to an increase from background levels in Pb 334 

pollution that has been dated elsewhere to AD 1800-1850 (Renberg et al., 2002).   Leorri et al. (2008) 335 

propose a sea-level acceleration at c. AD 1900 but there are only three points between AD 1800 and 336 

1920 and more data are needed to be confident in this conclusion, especially given the relatively 337 

large age and height uncertainties in the data.  García-Artola et al. (2009) extend this record back to 338 

AD 1700 (see also Figure 3 in Kemp et al. (2011)) but without new dating control. We therefore do 339 

not consider this undated part of their record here.  340 

 341 

The sites mentioned above are within 1000 km of each other on the northwest European coastline 342 

so one might expect the observed sea-level variability to be similar at each location. We can test for 343 

this by using tide-gauge and ocean-model information. For example, annual mean sea-level 344 

variability at Newlyn in Cornwall and that at Brest are almost identical throughout the 20th century, 345 

apart from a small difference in secular trend (Douglas, 2008; Haigh et al., 2009; Woodworth et al., 346 

2009), and positive correlation exists at interannual and decadal timescales from North Sea stations 347 

to Spain (Woodworth et al., 2009; Woodworth, 1987). 348 

 349 
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We also assess spatial variability by using time series of sea level from an ocean model based on the 350 

Massachusetts Institute of Technology (MIT) general circulation model (Marshall et al., 1997a; 351 

Marshall et al., 1997b) forced by National Center for Environmental Prediction (NCEP) monthly mean 352 

wind stresses and constrained by hydrographic fields provided by the UK Meteorological Office 353 

(Smith and Murphy, 2007). This model was implemented by the University of Liverpool and National 354 

Oceanography Centre, Liverpool, and run initially for 60 years (1950–2009) at a resolution of 1/6 deg 355 

lat x 1/5 deg long.  The model suggests high (zero-lag) correlation between annual mean sea-level 356 

values between southern England and Spain of approximately 0.7 (time series detrended to leave 357 

interannual and decadal signals only) or 0.8 with a 7-year filter to approximate the resolution of our 358 

salt-marsh sampling (Figure 8).  A similar conclusion can be drawn from the correlation map in Figure 359 

6 of Calafat et al. (2012) which uses a similar length time series from a different ocean model. 360 

 361 

It is harder to assess correlation along the European coastline at longer (e.g. century) timescales 362 

using tide-gauge data, given the limitations of the available dataset. Nevertheless, the longest 363 

records from northwest Europe do suggest similar low frequency behaviour throughout the 19th and 364 

20th centuries (Woodworth et al., 2011a), adding weight to the probability that the Atlantic coast 365 

might display similar century-timescale changes.  Model runs of an Atmosphere-Ocean General 366 

Circulation Model (HadCM3) that uses anthropogenic climate forcings (the ALL250 run of Gregory et 367 

al. (2006)) gives essentially complete coherence of sea level along the European coastline 368 

(correlation coefficient of 0.95 using all annual mean values from detrended time series from 369 

southern England and northern Spain, and 0.98 with a 7 year filter applied to both series). However, 370 

given the limited spatial resolution of such AOGCMs, we are cautious regarding model ability to 371 

resolve the narrow shelves in the southern part of the coastline and thereby to represent its sea-372 

level response to the local ocean dynamics. 373 

 374 

6.3 Relative sea-level changes in the North Atlantic during the last 300 years 375 
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A defining feature of the late Holocene RSL record from several salt marshes in the northwest 376 

Atlantic is an abrupt acceleration (or inflexion) in the late 19th or early 20th century that is observed 377 

against a long-term upwards trend in RSL caused by long term glacio-isostatic subsidence due largely 378 

to the collapse of the Laurentide Ice Sheet forebulge.  This is different to the records described 379 

above from the northeast Atlantic.  Although RSL trends along each basin margin are broadly similar, 380 

the overall rise in RSL is larger in the west and the biggest contributor to these differences is the late 381 

19th / early 20th century sea-level acceleration (Figure 7).  The reconstruction from North Carolina by 382 

Kemp et al. (2011) is the best dated and most precise sea-level reconstruction from the North 383 

Atlantic, and has been used by these authors to infer climate-sea-level forcing during the last 1000 384 

years or so.  The site has a low tidal range that helps keep vertical errors of the reconstruction small, 385 

and excellent dating control developed using a range of methods similar to those applied to the 386 

Newtown sequence.   The acceleration reported by Kemp et al. (2011) in North Carolina between AD 387 

1865 and AD 1892 saw the rate of detrended (GIA corrected) sea-level increase from -0.1 mm yr-1 to 388 

+2.1 mm yr-1, a change of +2.2 mm yr-1.  Our new record from Newtown does not record such an 389 

acceleration on the basis of the same analytical technique (EIV-CP). Similarly, simple linear 390 

regression change point analysis (Carlin et al., 1992) does not identify a synchronous acceleration in 391 

the Brest tide gauge record (data not shown).  The different manifestation of this acceleration across 392 

the Atlantic cannot be explained by glacio-isostasy, which is essentially linear over these timescales, 393 

and implicates other, regionally-specific processes.   394 

 395 

There are good reasons to expect contrasts in sea-level change across the North Atlantic, given the 396 

region’s complex and linked atmospheric and oceanographic circulation.  For example, variations in 397 

air-pressure and wind stress resulting in spin-up/down of the North Atlantic sub-tropical gyre (Miller 398 

and Douglas, 2007; Woodworth et al., 2010) or as changes in longshore wind forcing (Sturges and 399 

Douglas, 2011; Sturges and Hong, 1995) have been suggested as correlating with multi-decadal 400 

changes in coastal sea-level observed by North Atlantic tide gauges on both ocean margins.  As sea-401 
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level pressure increases (decreases) at the centre of the subtropical atmospheric gyre, the 402 

atmospheric gyre spins up (down) and water is re-distributed such that the rate of sea-level rise 403 

along the eastern margin of the North Atlantic falls (rises) (Miller and Douglas, 2007). If ocean gyres 404 

change in strengths on centennial timescales, which has not yet been established, then this re-405 

distribution mechanism provides one hypothesis for the faster 20th century sea-level rise in the 406 

western Atlantic. 407 

 408 

Dynamic processes are in addition to any spatially variable signal, or “sea-level fingerprint” 409 

associated with mass exchange between the land-based ice and the oceans. Such mass changes 410 

provide a second hypothesis to explain the contrasts we observe in RSL across the North Atlantic.  411 

The exact pattern of any mass-driven sea-level fingerprint depends on the source of the mass 412 

change.   Sea-level fingerprints from a uniform Greenland melt create small, mainly north-south sea-413 

level gradients across the North Atlantic, with the UK located on the zero-isobase contour and north 414 

to south gradients along the northeast coast of the USA of c. 0.6 mm between Newfoundland and 415 

Cape Hatteras (Mitrovica et al., 2001).   Uniform melt of Antarctica and mountain glaciers generate 416 

no significant sea-level gradients across the North Atlantic (Mitrovica et al., 2001).  However, more 417 

spatially complex melt histories do have the potential to create spatially complex sea-level finger-418 

prints in the North Atlantic.   West Antarctic focused melt generates several “hot spots” of sea-level 419 

rise, one of which is centred on the north and central east coast of North America where rates of 420 

sea-level rise are predicted to be 25-30% higher than the global average (Mitrovica et al., 2009).  421 

Melt from Arctic and Alaskan glaciers can also produce east-west gradients across the North Atlantic 422 

Ocean (Bamber and Riva, 2010), but observational records supporting spatially variable melt 423 

histories are limited in their duration and resolution.  Records from the Arctic glaciers suggest that 424 

these only reached their maxima in the 1920s and 1930s; 19th century regional observations are not 425 

available (Marzeion et al., 2012).   Century-scale melt histories from different parts of Antarctica are 426 

also currently lacking (e.g. Nakada et al., 2013).  Greenland has one of the longest melt histories but 427 
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it seems unlikely that any late 19th century acceleration contains a significant Greenland component, 428 

with modelling by Box and Colgan (2013) suggesting a zero contribution from this source (0.0 mm yr-429 

1 sea-level equivalent between AD 1845-1893), compared to the 2.2 mm yr-1 detrended (GIA 430 

corrected) acceleration proposed in North Carolina at this time (Kemp et al., 2011).  Moreover, any 431 

modest Greenland contribution, or indeed that from other land-based ice sources, would potentially 432 

be overprinted by dynamic sea-level variability caused by atmospheric and oceanographic processes;  433 

Kopp et al. (2010) show that with a theoretical network of 150 tide gauges, a 0.2 mm yr-1 equivalent 434 

sea-level melt from Greenland would only be detectable above the dynamic sea-level variability 435 

after 50 years of observation (95% confidence).   436 

 437 

Interestingly, Kopp et al. (2010) also show that the east US coast is sensitive to changes in the speed 438 

of the Atlantic meridional overturning circulation (AMOC), citing the model predictions of Bingham 439 

and Hughes (2009) that predict a 2 cm rise in sea-level for every 1 Sv slow-down in AMOC.  This 440 

mechanism provides a third hypothesis to explain the faster rates of sea-level rise in the north-west 441 

Atlantic.  Indeed, slowdown of AMOC is suggested by Sallenger et al. (2012) as an explanation for 442 

rapid rates of sea-level rise along the North American east coast between AD 1950-1979 and AD 443 

1980-2009, although Kopp (2013) shows that this ‘hot spot’ anomaly is within the range of past 444 

variability and is correlated with Atlantic Multidecadal Oscillation, North Atlantic Oscillation and Gulf 445 

Stream North Wall indices.  Were changes in the AMOC the main driver of the North Carolina sea-446 

level acceleration of ~2 mm yr-1 it would require a sustained AMOC slow-down starting in the late 447 

19th / early 20th century.  Well-dated records of AMOC speed are limited, but Lund et al. (2006) show 448 

that for the Florida Current, which is one component of the North Atlantic circulation, the opposite 449 

occurred with a sustained acceleration in the current after the end of the Little Ice Age (dated to c. 450 

AD 1800).   451 

 452 
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Much of this discussion is based on the assumption that the salt-marsh reconstructions from the 453 

east USA coast faithfully capture the timing and magnitude of the late 19th / early 20th century sea-454 

level acceleration.  However, the US east coast lacks copious and continuous tide-gauge data 455 

spanning this key time interval (Figure 2).  There is only one gauge that spans the period of interest 456 

(New York (The Battery), AD 1856-present)) which exhibits an acceleration of approximately 0.008 457 

mm yr-2 which is less than that found at European sites (Woodworth et al., 2011b).  Moreover, it 458 

does not record the strong acceleration seen in the North Carolina salt-marsh study between AD 459 

1865-1892 (Kemp et al., 2011).  Notwithstanding this, the New York record has been compared with 460 

proxy data from a Connecticut salt marsh (Donnelly et al., 2004) to argue for a sharp acceleration 461 

between AD 1850 and 1900.  However, the proxy reconstruction in this study was based on low-462 

resolution basal peats and did not significantly overlap with the instrumental data. Moreover, 463 

Gehrels and Woodworth (2013) suggest that the Connecticut record starts departing from the 464 

millennial-scale late Holocene background trend between AD 1920 and 1930 and the North Carolina 465 

record between AD 1925 and 1935. 466 

 467 

In summary, RSL records from both sides of the North Atlantic do not record a synchronous 468 

acceleration in RSL during the late 19th / early 20th century (Figure 7).  Whilst variations in timing and 469 

rate can be due to dating resolution and uncertainties, the variability is important.  The acceleration 470 

in the North Carolina record is much faster and larger than that seen in other salt-marsh records and 471 

tide gauges from North America and northwest Europe.  Indeed, mindful that this is a subsiding 472 

coast on late Holocene timescales, the presence of such a strong sea-level acceleration signal is all 473 

the more notable.   474 

 475 

These differences are of interest because reliable, long sea-level records that span several centuries 476 

or more are being used as if they were quasi-global within semi-empirical model parameterisations 477 

that seek to predict future sea-level rise using global average temperatures.  Presently the North 478 



Long et al. (2014) EPSL pre-print copy 
 

Carolina RSL curve is the only such proxy sea-level record used by these models (Kemp et al., 2011; 479 

Rahmstorf et al., 2012; Schaeffer et al., 2012), and predicts a ‘global’ sea-level rise of ~ 1 m for a 480 

1.8°C warming by AD 2100.   Its usage is justified on the basis that the GIA corrected record is 481 

thought to be a reliable measure of global sea-level change (within ± 0.10 cm, equal to more than 482 

half the 0.24 m 20th century sea-level rise at this site) (Kemp et al., 2011).   Our study suggests that 483 

the RSL records from the northeast and northwest Atlantic differ to that from North Carolina, 484 

particularly with regard to the magnitude of the sea-level changes during the late 19th and early 20th 485 

century.  We propose that this part of the North Carolina record records a regionally specific 486 

amplification of more muted changes observed elsewhere in the North Atlantic.  The cause of this 487 

difference is not obvious but three potential hypotheses are that it records changes in the spin-488 

up/down of the North Atlantic sub-tropical gyre, changes in land-based ice mass, or variations in 489 

AMOC strength.  Moreover, these regional-scale differences highlight the value of using several, 490 

regionally representative RSL records when calibrating and testing semi-empirical models of sea-491 

level against palaeo-records.  When using records that over-estimate sea-level rise in the past the 492 

models will also over-estimate sea-level rise in the future. 493 

 494 

6. Conclusions 495 

A defining feature of most tide-gauge records that contain over ~100 years of data is a gradual 496 

acceleration in sea-level that is dated to the late 19th / early 20th century.   In the northwest Atlantic, 497 

only one such gauge exists (New York (The Battery)) and this is incomplete across this interval, yet 498 

several salt-marsh sea-level reconstructions from the region record a pronounced RSL acceleration 499 

at this time. The most detailed of these is from North Carolina, where detrended (GIA corrected) 500 

sea-level accelerated by c. 2.2 mm yr-1 between AD 1865-1892 (Kemp et al., 2011).  This record is 501 

important since it has been used to identify strong climate-sea-level forcing at this time and to 502 

calibrate a semi-empirical model of global climate and sea-level (e.g. Kemp et al., 2011; Rahmstorf et 503 

al., 2012).   504 
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 505 

Prior to this study there were only two salt marsh-based RSL reconstructions from the northeast 506 

Atlantic margin.   Here we develop a longer and more precise record, from Newtown marsh (Isle of 507 

Wight), that we compare with other RSL records from both sides of the North Atlantic.   Our key 508 

conclusions are: 509 

 510 

1. The rate of RSL rise for the whole record (not GIA corrected) from our best-dated core (NM-511 

16) is 0.9 ± 0.3 mm yr-1 since the start of the eighteenth century (AD 1706-2011).  Error-in-512 

variables changepoints analysis does not identify a statistically significant inflexion in the 513 

rate of sea-level rise within this record. 514 

2. The Newtown record broadly agrees with trends recorded by tide gauges and two other salt-515 

marsh records from the northwest European coastline, confirming that salt-marsh records 516 

derived from a high marsh setting can provide robust reconstructions of century-scale trends 517 

in RSL from this region.   518 

3. Compared to the northwest Atlantic salt-marsh records, a late 19th / early 20th century sea-519 

level acceleration is muted or absent in the northeast Atlantic.  In particular, the abrupt 520 

acceleration in late 19th century RSL recorded in North Carolina by Kemp et al. (2011) 521 

appears to record a locally-amplified sea-level signal.  Demonstrating this regional variation 522 

in North Atlantic sea-level change is important as it shows that no single site is 523 

representative of ocean-wide trends.    524 
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Figure captions 691 

 692 

Figure 1 Location map showing key tide-gauge and salt-marsh study sites mentioned in the 693 

text.  The approximate configuration of the Gulf Stream and direction of the ocean 694 

gyres is shown for illustrative purposes. 695 

 696 

Figure 2 Selected tide-gauge records from the North Atlantic.  Data are sourced from the 697 

Permanent Service for Mean Sea-level (http://www.psmsl.org/), with the 698 

Southampton record by Haigh et al. (2009).  The salt-marsh RSL reconstruction of 699 

Kemp et al. (2011) from North Carolina is also shown.  None of the records are 700 

corrected for vertical land motions (GIA).  The vertical shaded bar denotes the 701 

period of sea-level acceleration identified in North Carolina salt-marsh sediments by 702 

Kemp et al. (2011).    703 

 704 

Figure 3 The study site showing: (A) the Isle of Wight, (B) Newtown Estuary, (C) Newtown 705 

Marsh with contemporary sampling and stratigraphic survey transects, (D) simplified 706 

lithostratigraphy of the two stratigraphic survey transects. 707 

 708 

Figure 4 Modern vertical distribution of foraminifera across the Newtown Marsh. The shaded 709 

bar on the left hand of the diagram is the range of the indicative meanings used to 710 

reconstruct RSL from the fossil foraminfera.  711 

 712 

Figure 5 Lithology, biostratigraphy and chronology from NM-16 and NM-6.  The 713 

lithostratratigraphic symbols are as in Figure 3.  Full pollen data are available in 714 

supplementary information. 715 

 716 

http://www.psmsl.org/


Long et al. (2014) EPSL pre-print copy 
 

Figure 6 Newtown relative sea-level reconstructions: reconstruction from NM-16 (dark grey) 717 

and NM-6 (light grey) compared with tide-gauge data from Brest (blue), Portsmouth 718 

(yellow) and Southampton (red) (data are smoothed using a 7-year moving average, 719 

and are sourced from the Permanent Service for Mean Sea-level 720 

(http://www.psmsl.org/).  The width of the boxes in (A) equals the 2 sigma age 721 

range of each sample and the box height the indicative range as detailed in the text.  722 

None of the data are corrected for vertical land motions. 723 

 724 

Figure 7 A comparison of sea-level records from the west and east Atlantic during the last 725 

300 years.  Tide-gauge data in (B) and (F) are sourced from the Permanent Service 726 

for Mean Sea-level (http://www.psmsl.org/) and are smoothed with a seven year 727 

moving average to approximate the sampling resolution of the salt-marsh data.  The 728 

colours correspond to the tide gauge location markers on the map.  Salt marsh 729 

relative sea-level reconstructions are from: Chezzetcook (Gehrels et al., 2005), Barn 730 

Island, Connecticut (Donnelly et al., 2004), North Carolina (Kemp et al., 2011), 731 

Newtown, Isle of Wight (this study), Morbihan Gulf (Rossi et al., 2011) and Plentizia 732 

Estuary (Leorri et al. 2009).  All data series are plotted against the Church and White 733 

(2011) global mean sea level reconstruction (in red) for ease of comparison between 734 

datasets. 735 

 736 

Figure 8 Correlation coefficients in time series of annual mean sea level between a point in 737 

southern England (Newlyn) and each point in the grid of an ocean model developed 738 

by Liverpool University based on the Massachusetts Institute of Technology (MIT) 739 

general circulation model. Time series span the period 1950-2009 and have been 740 

low-pass filtered with a 7-year filter to approximate the resolution of marsh 741 

sampling.   742 
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Table 1 Dating control for the Newtown Marsh sample cores.   743 

Depth (cm) 14C yr BP (± 1σ) Age (yr AD) Error Chronological control 

NM-16 

0.0 - 2010.0 0.5 Core top 

0.5 ± 0.5 - 2004.3 0.4 210Pb simple age model 

1.5 ± 0.5 - 1998.0 0.9 210Pb simple age model 

2.5 ± 0.5 - 1990.4 1.5 210Pb simple age model 

3.5 ± 0.5 - 1982.5 2.2 210Pb simple age model 
4.5 ± 0.5 - 1980.0 5.0 Increase in 

206
Pb/

207
Pb 

4.5 ± 0.5 - 1976.6 2.6 210Pb simple age model 

4.5 ± 0.5 - 1975.0 5.0 Winfrith pollutant increase 

5.5 ± 0.5 - 1971.7 3.0 210Pb simple age model 

6.5 ± 0.5 - 1966.8 3.4 210Pb simple age model 

7.5 ± 0.5 - 1963.0 5.0 137Cs peak 

7.5 ± 0.5 - 1961.7 3.8 210Pb simple age model 

8.5 ± 0.5 - 1955.5 4.3 210Pb simple age model 

9.5 ± 0.5 - 1947.6 4.9 210Pb simple age model 

10.5 ± 0.5 - 1940.2 5.5 210Pb simple age model 

11.5 ± 0.5 - 1927.7 6.5 210Pb simple age model 

12.5 ± 0.5 - 1915.1 7.5 210Pb simple age model 

13.5 ± 0.5 - 1902.6 8.5 210Pb simple age model 

14.0 ± 2.0 - 1850.0 25.0 Onset of SCP’s  

14.5 ± 0.5 - 1890.3 9.4 210Pb simple age model 

16.5 ± 0.5  1825.0 25.0 Decrease in 206Pb/207Pb 

16.5 ± 0.5 - 1820.0 20.0 Rise in total lead 

22.0 ± 2.0 - 1775.0 25.0 Rise in pine pollen frequencies 

29.5 ± 0.5 105.0 ± 17 
1806.5* 

111.5 
Radiocarbon date on unidentified 
plant macrofossil (SUERC-31979) 

29.5 ± 0.5 105.0 ± 16 
1806.5* 

111.5 
Radiocarbon date on unidentified 
plant macrofossil (SUERC-31991) 

NM-6 

0.0 - 2009.0 0.5 Core top 

1.5 ± 0.5 - 2005.6 0.4 210Pb simple age model 

2.5 ± 0.5 - 2001.5 0.8 210Pb simple age model 

3.5 ± 0.5 - 1996.7 1.4 210Pb simple age model 

4.5 ± 0.5 - 1991.9 1.9 210Pb simple age model 

5.5 ± 0.5 - 1987.3 2.4 210Pb simple age model 

6.5 ± 0.5 - 1983.4 2.8 210Pb simple age model 

7.5 ± 0.5 - 1979.2 3.3 210Pb simple age model 

8.5 ± 0.5 - 1975.6 3.7 210Pb simple age model 

9.5 ± 0.5 - 1972.1 4.1 210Pb simple age model 

10.5 ± 0.5 - 1968.2 4.5 210Pb simple age model 

11.5 ± 0.5 - 1963.0 5.0 137Cs peak 

11.5 ± 0.5 - 1964.0 5.0 210Pb simple age model 

12.5 ± 0.5 - 1958.7 5.6 210Pb simple age model 

13.5 ± 0.5 - 1954.3 6.0 210Pb simple age model 

14.5 ± 0.5 - 1950.0 6.5 210Pb simple age model 

15.5 ± 0.5 - 1946.0 7.0 210Pb simple age model 
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Figure S1  BACON age model for core NM-16 developed with chronostratigraphic controls 
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aluminium.  Final graph shows ratio of isotopic 206Pb to 207Pb. 

 
Figure S3 Full pollen data for core NM-16 (parts A and B).  Analyst: Prof R.G. Scaife. 
 
Figure S4 Full pollen data for core NM-6.  Analyst: Prof R.G. Scaife. 
 
Figure S5 Modern foraminifera from Newtown (black) and Horton and Edwards (2006) 

regional southern England dataset (red). 
 
Figure S6 Observed versus predicted WA-PLS transfer function results for A) Newtown (local 

dataset) and B) Horton and Edwards (2006) regional southern England dataset with 
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Figure S7 Predicted post-depositional lowering (PDL) with depth for core NM-16.  
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Figure S5



 

Figure S6 



Alloc  Material ID Depth (cm)  AMS Lab number % MC % MC Error  online online   14C 14C 
Number code        d13C* d13C error* Age Age error 
1490.081 NM05.5  5.5 SUERC-31974 110.18  0.23    -28.4 0.5     
1490.081 NM09.5  9.5 SUERC-32115 169.36 0.94  -27.9 0.6   
1490.081 NM15.5  15.5 SUERC-31975 126.42  0.28    -28.0 0.5     
1490.081 NM21.5  21.5 SUERC-31976 106.89  0.22    -27.5 0.5     
1490.081 NM25.5  25.5 SUERC-31977 102.97  0.21    -26.9 0.5     
1490.081 NM25.5  25.5 SUERC-31978 103.41  0.21    -26.9 0.5     
1490.081 NM29.5  29.5 SUERC-31979 98.7  0.21    -26.2 0.5    105 17 
1490.081 NM29.5  29.5 SUERC-31991 98.69  0.19    -26.2 0.5    106 16 
1490.081 NM33.5  33.5 SUERC-31992 103.54  0.19    -27.3 0.5     
1490.081 NM36.5  36.5 SUERC-31993 101.49  0.21    -27.3 0.5     
1490.081 NM46.5  46.5 SUERC-31994 113.47  0.23    -27.3 0.5     
                   
Material dated: unidentified plant macrofossil             
                   
Samples SUERC‐31974 to SUERC‐32012 underwent high precision AMS analysis at low current. 13C/12C ratios for these samples were measured on the 
SUERC AMS during 14C determination and were used to model δ13C values by comparison to the Craig (1957) 13C/12C value for PDB. These values are 
shown outside the brackets and were considered the most appropriate to normalise 14C data to δ13CVPDB‰ = ‐25, but are not necessarily representative 
of the δ13C in the original sample material. The δ13C values inside brackets (values given in table above) were measured on a dual inlet stable isotope mass 
spectrometer (VG OPTIMA) and are representative of δ13C in the original, pre‐treated sample material. The expertise and effort of M Currie (NRCF 
Environment) and P Ascough (SUERC) in preparing and analysing these samples are acknowledged. Online δ13C by AMS was not undertaken on the 
remaining samples (SUERC‐32502 and SUERC‐32503). 
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Compaction modelling and estimating Post-Depositional Lowering 

Summary 

No site-specific geotechnical data were available for our study site in the Newtown Estuary and no 

samples were collected for laboratory geotechnical testing. Post-Depositional Lowering (PDL) in Core 

NM-16 was instead estimated using a UK database of the compression properties of low energy 

intertidal sediments and the compression and decompaction models developed by Brain et al. 

(2011; 2012).  

The model uses the same approach and algorithms as Brain et al. (2012), with exceptions detailed 

below. However, in contrast, the model is run here using loss on ignition (LOI) values measured in 

core NM-16 (Figure 5) to estimate downcore bulk density and compression properties. We use a 

layer thickness of 0.01 m and assume a groundwater table at the ground surface, as seems 

reasonable from the hydrological conditions observed at our study site.  

To explore and estimate uncertainty in model outputs resulting from regression model error and the 

inherent uncertainty of some of our assumptions regarding compression properties, we use a 

repeat-iteration, stochastic (Monte-Carlo) approach to propagate uncertainty through the model 

into predicted PDL. We run the model 1000 times and calculate the mean and standard deviation of 

PDL in each layer. The PDL profile is displayed in Figure S6. 

 

Figure S7. Predicted post-depositional lowering (PDL) with depth for core NM-16. Black line indicates 

the mean of 1000 model runs and dashed grey lines represent the standard deviation thereof.  

UK compression database 

The database comprises results of oedometer compression tests undertaken on sediment samples 

obtained from four UK low energy intertidal sites:  

 Cowpen Marsh, Tees Estuary, NE England, n = 30, LOI, range = 7 – 40 % (Brain et al., 2011; 

2012);  

 Roudsea Marsh, Leven Estuary, Cumbria, England, n = 6, LOI range = 3 – 14 % (Brain et al., 

2012);  



 Thornham Marsh, North Norfolk, England, n = 6, LOI range = 1 – 30 %  (Brain et al., 2012); 

and  

 Loch Laxford, NW Scotland, n = 17, LOI range = 40 – 86 % (Cullen, 2012). 

Whilst these sites vary in geomorphic setting, hydrographic conditions and eco-sedimentological 

characteristics, statistically significant predictive relationships have been observed between key 

physical properties (notably LOI) and compression properties (Brain et al., 2012; Cullen, 2012). 

Hence, whilst we have not obtained site-specific compression properties for input into 

compression/decompaction models from the Isle of Wight, we were able to estimate e1 (voids ratio 

at 1 kPa), Cr (compressibility at effective stresses less than the yield stress) and Cc (compressibility at 

effective stresses greater than the yield stress) from their relationships with LOI, as observed at 

other UK sites. In addition, to permit estimation of downcore bulk density, Gs (specific gravity) was 

also predicted from LOI.  

Regression model equations and error estimation 

Where appropriate, we used the standard error of the estimate as our regression model error. 

However, following Brain et al. (2012), where the form of the residuals deviates from a normal 

distribution (i.e. if the residuals failed a Shapiro-Wilk normality test), we used a uniformly distributed 

error term (± half the range of the modelled residuals). Predictive relationships and regression 

model error estimations are provided in Tables S2 and S3 respectively.  

 

Table S2. Predictive equations used to estimate key compression and physical properties using 

measured downcore loss on ignition values.  

Equation r2
adj p 
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0.96 

 

<0.0001 
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)

 

 

0.94 

 

<0.0001 

 

   
      

     ( 
           

      )
 

 

 

 

0.90 

 

 

<0.0001 

 

   (          )         

 

0.92 

 

<0.0001 

Table S3. Summary of error terms for regression models used in compression and decompaction 
modelling. 
 



Predicted (predictor) variable 
Residuals passed 

Shapiro-Wilk 
normality test? 

Regression model 
error distribution 

± error term 

Specific gravity (loss on ignition) Yes Normal 0.0689 

e1 (loss on ignition) Yes Normal 0.7584 

Cr (loss on ignition) No Uniform 0.40 

Cc (loss on ignition) No Uniform 1.38 

 

Brain et al. (2012) noted that compressive yield stress is controlled by local factors that do not 

necessarily transcend site boundaries, such as tidal setting (flooding frequency and duration) and 

eco-sedimentary conditions (the presence or absence of surface biomass), both of which control the 

potential for desiccation and overconsolidation at the depositional surface. Hence, ‘universal’ 

empirical relationships with LOI do not exist, though relationships can be observed on a site-by-site 

basis. In the absence of site-specific data, we were unable to define predictive relationships between 

compressive yield stress and elevation within the intertidal zone (cf. Brain et al., 2012). We therefore 

estimate yield stress based on the lithologies and flooding characteristics of similar contemporary 

surface materials in the compression database for which we have observed sediment yield stresses.  

For the more organic salt marsh sediments observed in the upper 0.3 m of the core, we assign a 

uniform distribution of yield stress values to the sediments based on the minimum (3kPa, Cowpen 

Marsh) and maximum (10 kPa, Loch Laxford) values observed in our database for high marsh 

lithologies displaying similar values (LOI > 20 %).  To consider the potential presence of fully normally 

consolidated sediments in the organic high marsh, we extended the lower bound of this distribution 

to 0.5 kPa. For the organic silts encountered at depths > 0.3 m below ground level that typically 

display greater yield stresses in our database, we defined a uniform distribution of 6 to 14 kPa. Due 

to the extremely low effective stresses experienced within the core, estimations of PDL demonstrate 

no sensitivity to yield stress, since no yield stress less than this effective stress value are observed in 

our database.  
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RSL 
(m) 

RSL Error 
(m) 

Age 
(yr AD) 

Plus age 
error (yr) 

Minus age 
error (yr) Core 

0.065 0.145 2011 0.5 0.5 NM-16 

0.055 0.145 1998.3 1.3 1.3 NM-16 

0.045 0.145 1994.9 5.1 4.9 NM-16 

0.035 0.145 1986.5 4.5 0.5 NM-16 

0.025 0.145 1979.7 0.7 0.7 NM-16 

0.015 0.145 1974.5 2.5 2.5 NM-16 

0.005 0.145 1969.1 4.9 0.1 NM-16 

-0.005 0.145 1963.8 0.2 4.8 NM-16 

-0.015 0.145 1958.3 4.7 0.3 NM-16 

-0.025 0.145 1951.6 0.4 4.6 NM-16 

-0.035 0.145 1943.6 5.4 4.6 NM-16 

-0.045 0.145 1934.4 9.6 5.4 NM-16 

-0.055 0.145 1923.4 9.6 5.4 NM-16 

-0.065 0.145 1910.2 9.8 5.2 NM-16 

-0.075 0.145 1896.2 10.8 14.2 NM-16 

-0.095 0.145 1859.7 18.3 26.7 NM-16 

-0.115 0.145 1831.3 25.7 29.3 NM-16 

-0.135 0.145 1808.3 30.7 29.3 NM-16 

-0.155 0.145 1787.3 25.7 29.3 NM-16 

-0.175 0.145 1766.9 30.1 24.9 NM-16 

-0.195 0.145 1747 30 25 NM-16 

-0.215 0.145 1726.9 27.1 22.9 NM-16 

-0.235 0.145 1706.3 15.7 19.3 NM-16 

      0.01 0.145 2009 0.5 0.5 NM-6 

0 0.145 2005.57 0.38 0.38 NM-6 

-0.01 0.145 2001.5 0.83 0.83 NM-6 

-0.02 0.145 1996.73 1.35 1.35 NM-6 

-0.03 0.145 1991.92 1.88 1.88 NM-6 

-0.04 0.145 1987.33 2.39 2.39 NM-6 

-0.05 0.145 1983.38 2.83 2.83 NM-6 

-0.06 0.145 1979.17 3.29 3.29 NM-6 

-0.07 0.145 1975.62 3.68 3.68 NM-6 

-0.08 0.145 1972.14 4.07 4.07 NM-6 

-0.09 0.145 1968.21 4.5 4.5 NM-6 

-0.1 0.145 1963.99 4.97 4.97 NM-6 

-0.11 0.145 1958.72 5.55 5.55 NM-6 

-0.12 0.145 1954.31 6.04 6.04 NM-6 

-0.13 0.145 1949.98 6.51 6.51 NM-6 

-0.14 0.145 1945.98 6.95 6.95 NM-6 

-0.15 0.145 1940.93 7.51 7.51 NM-6 

-0.16 0.145 1935.38 8.12 8.12 NM-6 

-0.17 0.145 1929.92 25.35 25.35 NM-6 

-0.18 0.145 1920.48 28.38 28.38 NM-6 
 

Table S4 



Table S5 - Newtown modern foraminifera 
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1 NM09-s69 1.395 14 1 
             

15 

2 NM09-s68 1.383 4 
              

4 

3 NM09-s37 1.371 28 
       

1 
      

29 

4 NM09-s67 1.348 31 
 

2 
            

33 

5 NM09-s36 1.343 55 1 1 
      

1 
     

58 

6 NM09-s38 1.339 14 4 2 
 

2 
          

22 

7 NM09-s66 1.323 108 5 
             

113 

8 NM09-s35 1.317 55 14 
             

69 

9 NM09-s65 1.283 67 4 2 
           

1 74 

10 NM09-s34 1.278 74 35 2 
            

111 

11 NM09-s64 1.256 245 4 49 
            

298 

12 NM09-s62 1.237 361 1 290 
            

652 

13 NM09-s33 1.232 388 114 123 
            

625 

14 NM09-s63 1.226 270 3 315 
 

4 
         

1 593 

15 NM09-s32 1.208 75 134 17 
            

226 

16 NM09-s61 1.207 83 2 123 
            

208 

17 NM09-s26 1.192 244 61 9 
            

314 

18 NM09-s59 1.178 55 25 14 
 

2 
          

96 

19 NM09-s25 1.173 57 51 4 
            

112 

20 NM09-s30 1.168 69 39 1 
            

109 

21 NM09-s56 1.147 72 41 22 
            

135 

22 NM09-s24 1.143 324 35 7 
       

1 
   

1 368 

23 NM09-s57 1.142 62 55 2 
            

119 

24 NM09-s55 1.127 120 73 10 
       

1 
    

204 

25 NM09-s27 1.112 56 24 3 
       

1 1 
   

85 

26 NM09-s23 1.112 71 40 1 1 
           

113 

27 NM09-s60 1.111 42 6 23 
            

71 

28 NM09-s29 1.100 94 21 4 
            

119 

29 NM09-s53 1.096 155 106 31 2 
           

294 

30 NM09-s22 1.092 377 114 6 28 
   

23 
    

2 
 

2 552 

31 NM09-s52 1.069 57 28 8 7 
          

1 101 

32 NM09-s21 1.051 60 14 
 

8 
   

3 1 
      

86 

33 NM09-s51 1.042 117 20 8 
 

1 
          

146 

34 NM09-s14 1.030 61 21 6 
            

88 

35 NM09-s50 1.018 74 19 3 
            

96 

36 NM09-s28 1.005 61 4 66 
   

15 
   

2 
   

3 151 

37 NM09-s20 0.983 113 25 2 13 
          

1 154 

38 NM09-s49 0.982 80 8 2 12 
   

1 
       

103 

39 NM09-s58 0.974 85 15 10 
   

12 
 

4 
 

1 
   

3 130 



Table S5 - Newtown modern foraminifera 
 

40 NM09-s13 0.953 419 67 1 6 
   

4 
      

1 498 

41 NM09-s48 0.945 45 12 1 4 
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42 NM09-s47 0.933 114 27 
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44 NM09-s46 0.899 118 31 1 
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9 
           

80 
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1 
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47 NM09-s41 0.836 59 20 5 5 
   

2 1 
 

1 
    

93 

48 NM09-s44 0.829 67 10 2 1 
           

80 

49 NM09-s11 0.816 137 30 1 16 
   

1 
       

185 

50 NM09-s42 0.807 99 40 7 27 
   

3 
    

1 
  

177 

51 NM09-s10 0.799 157 25 3 2 
           

187 

52 NM09-s40 0.797 58 17 1 5 
      

8 
   

2 91 

53 NM09-s39 0.756 82 11 2 1 
          

1 97 

54 NM09-s18 0.756 71 12 4 4 
      

1 
   

1 93 

55 NM09-s31 0.712 227 104 4 
   

6 1 2 
 

3 
  

1 1 349 

56 NM09-s43 0.599 63 13 4 1 
 

1 
    

1 
    

83 

 



Table S6 - NM-16 fossil foraminifera 
 

D
ep

th
 (

cm
) 

Ja
d

am
m

in
a 

m
ac

re
sc

en
s 

Tr
o

ch
am

m
in

a 
in

fl
at

a 

M
ili

am
m

in
a 

fu
sc

a 

H
ap

lo
p

h
ra

gm
o

id
es

 w
ilb

er
ti

 

Le
p

id
o

th
ro

ch
am

m
in

a 
h

ay
n

es
i 

 

0 180 2 26 13 1 
 1 126 
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  2 246 2 73 5 
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   7 134 
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Table S7 - NM-6 fossil foraminifera 
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2 

1 71 58 92 6 1 1 
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5 51 9 26 
    6 60 9 58 2 

   7 54 13 45 3 1 2 1 

8 161 46 133 18 1 
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9 39 24 39 1 
 

1 1 

10 49 11 20 
    11 164 38 56 1 

   12 101 43 39 1 
 

1 
 13 96 26 22 3 
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14 55 19 28 
    15 64 17 20 1 

   17 236 426 76 2 1 
  19 93 120 22 

    21 11 298 
     27 6 177 
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Table S8 - NM-16 pollen (percentages) 
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0.5 0.34 0.34 27.74 0.68 1.03 0.00 20.21 0.00 0.00 0.68 0.00 0.34 0.00 0.34 0.00 1.03 0.00 0.00 0.00 

4.5 2.86 0.00 20.76 0.00 0.00 1.91 23.87 0.00 0.00 0.00 0.24 0.24 0.00 0.72 0.00 1.19 0.24 0.00 0.00 

8.5 1.75 0.25 23.31 0.25 0.25 2.76 13.80 0.00 0.00 0.00 0.00 0.00 0.30 0.75 0.25 2.20 0.00 0.00 0.00 

12.5 0.00 0.25 22.36 0.25 0.00 0.25 18.18 0.00 0.00 0.25 0.00 0.00 0.00 0.74 0.00 4.42 0.00 0.00 1.23 

16.5 0.75 0.00 5.28 0.25 0.00 0.75 10.30 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 3.52 0.00 0.00 0.25 

20.5 1.27 0.00 1.52 0.00 0.00 0.00 5.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.76 0.00 0.00 0.25 

24.5 0.63 0.00 0.42 0.00 0.00 0.42 4.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.84 0.00 0.21 0.00 

28.5 0.00 0.00 0.27 0.00 0.00 0.00 3.01 0.27 0.00 0.00 0.00 0.00 0.00 0.82 0.00 1.91 0.00 0.00 1.09 

32.5 1.23 0.00 0.49 0.00 0.00 0.00 2.96 0.00 0.00 0.00 0.00 0.00 0.00 0.74 0.00 1.48 0.00 0.49 0.74 

36.5 0.20 0.00 0.40 0.00 0.00 0.00 2.19 0.00 0.00 0.00 0.00 0.00 0.00 1.59 0.00 1.99 0.00 0.20 0.60 

40.5 1.25 0.00 0.00 0.00 0.00 0.50 9.48 0.00 0.00 0.00 0.00 0.25 0.00 2.74 0.00 3.49 0.00 0.00 0.00 

44.5 1.23 0.00 0.00 0.00 0.00 0.00 18.92 0.00 0.00 0.00 0.00 0.25 0.00 0.49 0.00 9.09 0.00 0.00 0.49 

48.5 1.72 0.00 0.00 0.00 0.00 0.00 8.37 0.00 0.00 0.25 0.00 0.00 0.00 2.46 0.00 11.82 0.00 0.00 1.48 

52.5 0.75 0.00 0.25 0.00 0.00 0.00 6.47 0.00 0.00 0.00 0.00 0.00 0.00 4.23 0.00 8.96 0.00 0.00 11.94 

56.5 0.47 0.00 0.71 0.00 0.00 0.00 5.21 0.24 0.24 0.00 0.00 0.00 0.00 0.71 0.00 0.00 0.00 0.95 23.46 
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0.5 0.00 0.00 0.00 0.00 0.34 0.34 0.00 0.00 0.00 0.00 0.34 24.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

4.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

8.5 0.25 0.00 0.25 0.75 0.00 1.75 0.00 0.00 0.00 0.00 3.26 10.78 0.00 0.00 0.00 0.25 0.00 0.25 0.00 

12.5 0.00 0.25 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.25 6.14 0.00 0.00 0.00 0.25 0.00 0.00 0.00 

16.5 0.00 0.00 0.00 0.25 0.00 0.75 0.25 0.00 0.00 0.00 0.00 2.26 0.25 0.00 0.00 0.00 0.00 0.25 0.00 

20.5 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00 0.25 0.00 0.25 1.77 0.25 0.25 0.00 0.00 0.00 0.00 0.00 

24.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.04 0.00 0.00 0.00 0.00 0.00 0.21 0.00 

28.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

32.5 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00 0.74 0.00 0.00 0.00 0.00 0.25 0.00 0.00 

36.5 0.00 0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

40.5 0.00 0.00 0.00 0.25 0.00 0.25 0.00 0.25 0.00 0.00 0.00 2.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

44.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.97 0.00 0.00 0.00 0.00 0.00 0.00 0.25 

48.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

52.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.00 0.00 0.25 0.00 0.00 0.25 0.00 

56.5 0.00 0.24 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.24 0.00 0.47 0.00 0.00 0.00 0.00 0.00 0.24 0.00 
 
 
 
 
 



Table S8 - NM-16 pollen (percentages) 
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0.5 0.00 0.00 0.00 0.00 0.34 0.00 0.00 0.00 0.00 0.00 0.00 0.34 0.00 0.00 0.00 0.00 0.00 0.34 0.00 

4.5 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.20 0.24 0.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

8.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 1.30 0.00 1.75 0.25 0.00 0.00 0.00 0.75 0.00 0.00 

12.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.60 0.25 2.21 0.25 0.25 0.00 0.00 0.25 0.00 0.00 

16.5 0.00 0.00 0.00 0.25 0.75 0.00 0.00 0.00 0.00 14.10 0.00 5.03 0.00 0.25 0.00 0.00 0.25 0.00 0.00 

20.5 0.00 0.00 0.00 0.25 0.25 0.00 0.25 0.00 0.00 37.00 0.25 2.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

24.5 0.00 0.21 0.00 0.00 0.21 0.00 0.00 0.00 0.00 25.30 0.84 11.48 0.21 0.00 0.00 0.00 0.63 0.00 0.00 

28.5 0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 51.10 3.83 9.02 0.55 0.27 0.00 0.00 0.00 0.00 0.27 

32.5 0.00 0.00 0.25 0.25 0.00 0.00 0.00 0.00 0.00 15.60 0.25 34.81 2.47 0.25 0.49 0.00 0.74 0.00 0.00 

36.5 0.00 0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.00 0.20 0.00 7.75 0.00 0.20 0.00 0.00 1.79 0.00 1.19 

40.5 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 6.23 0.00 0.00 0.00 0.00 0.00 0.00 3.49 

44.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.97 0.00 0.25 0.00 0.25 0.98 0.00 0.00 

48.5 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.20 0.00 7.88 0.25 0.00 0.00 0.00 2.46 0.00 0.25 

52.5 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00 1.24 0.00 0.25 0.00 0.00 1.74 0.00 0.75 

56.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.13 0.00 0.24 0.00 0.00 0.00 0.00 0.24 
 
 
 
 
 



Table S8 - NM-16 pollen (percentages) 
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0.5 0.00 0.00 0.00 0.00 0.00 16.44 0.34 4.11 0.00 1.66 0.00 1.66 0.34 1.35 0.00 0.00 0.00 0.00 0.00 

4.5 0.00 0.00 0.00 0.00 0.00 23.15 4.06 7.88 1.67 0.00 0.00 0.71 1.17 0.47 0.00 0.00 0.00 0.24 0.47 

8.5 0.00 0.25 0.00 0.25 0.00 28.07 0.25 3.51 0.00 2.54 0.00 5.31 1.47 0.49 0.00 0.00 0.00 0.00 0.00 

12.5 0.00 0.00 0.00 0.00 0.00 28.99 0.74 2.46 1.97 1.40 0.70 3.26 1.45 0.00 0.00 0.00 0.00 0.00 0.25 

16.5 0.25 0.00 0.00 0.00 1.01 43.22 3.77 4.77 1.01 2.87 0.00 1.91 0.74 0.74 0.00 0.00 0.00 0.74 0.74 

20.5 0.00 0.00 0.00 0.00 0.25 42.03 2.53 2.28 0.51 2.40 1.44 1.44 1.00 0.25 0.25 0.00 0.00 1.25 0.25 

24.5 0.00 0.00 0.21 0.00 0.21 42.38 0.84 9.39 0.21 0.00 0.00 1.44 0.00 0.00 0.00 0.00 0.00 0.00 0.42 

28.5 0.00 0.00 0.27 0.00 3.28 22.13 0.00 1.37 0.27 0.00 0.00 1.08 4.92 0.26 0.00 0.00 0.00 0.00 0.54 

32.5 0.00 0.25 0.00 0.00 7.90 26.17 0.49 0.74 0.00 0.00 0.00 2.17 2.63 0.00 0.72 0.00 0.00 0.25 0.00 

36.5 0.00 0.40 0.00 0.20 11.33 67.00 0.40 0.60 0.00 0.00 0.00 5.63 1.17 0.20 0.20 0.00 0.00 0.00 0.20 

40.5 0.00 0.50 0.00 0.00 9.48 54.86 2.49 1.00 0.50 0.00 0.00 1.72 2.42 0.48 0.00 0.24 0.00 0.00 0.00 

44.5 0.00 0.00 0.00 0.00 2.70 56.76 1.47 0.25 2.70 0.00 0.24 2.39 11.02 0.42 2.33 0.00 0.00 0.00 0.00 

48.5 0.00 0.74 0.74 0.00 5.91 51.72 0.25 0.00 2.46 0.00 0.00 3.10 7.99 0.43 3.89 0.00 0.00 0.00 0.00 

52.5 0.00 0.00 0.50 0.00 9.45 50.25 0.00 0.00 1.74 0.00 0.00 1.23 21.85 0.19 2.26 0.00 0.00 0.00 0.00 

56.5 0.00 0.00 0.47 0.00 3.08 59.72 0.00 0.00 0.71 0.00 0.00 0.24 7.76 0.21 3.35 0.00 0.21 0.00 0.00 
 
 
 
 
 



Table S8 - NM-16 pollen (percentages) 
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0.5 51.71 1.03 0.00 47.26 3.31 1.68 0.00 292 302 15381 3936 6560 

4.5 50.60 1.43 0.00 47.97 0.71 1.64 0.71 419 422 19550 18696 9184 

8.5 43.36 2.51 0.25 53.88 7.85 1.97 0.00 399 433 17235 14760 29848 

12.5 42.26 4.42 1.23 52.09 5.35 1.45 0.25 407 430 11952 1312 6888 

16.5 17.59 3.52 0.25 78.64 4.78 1.49 1.49 398 418 76168 328 3280 

20.5 8.10 0.76 0.25 90.89 5.28 1.50 1.50 395 417 71375 656 3280 

24.5 5.64 0.84 0.21 93.32 1.44 0.00 0.42 479 486 104873 656 4920 

28.5 4.37 1.91 1.09 92.62 1.08 5.18 0.54 366 370 94812 0 3608 

32.5 5.43 1.48 1.23 91.85 2.17 3.34 0.25 405 414 141450 328 1968 

36.5 4.37 1.99 0.80 92.84 5.63 1.57 0.20 503 533 99331 656 10824 

40.5 14.21 3.49 0.00 82.29 1.72 3.14 0.00 401 408 94630 0 32472 

44.5 20.88 9.09 0.49 69.53 2.63 13.77 0.00 407 418 90200 328 41000 

48.5 12.81 11.82 1.48 73.89 3.10 12.31 0.00 406 419 29365 328 117533 

52.5 11.69 8.96 11.94 67.41 1.23 24.29 0.00 402 407 40699 0 164000 

56.5 7.58 0.00 24.41 68.01 0.24 11.53 0.00 422 423 82585 0 164000 
 



Table S9 - NM-6 pollen (percentages) 
 

D
ep

th
 

B
ET

U
LA

 

P
IN

U
S 

A
B

IE
S 

P
IC

EA
 

C
U

P
R

ES
SA

C
EA

E 

U
LM

U
S 

Q
U

ER
C

U
S 

P
O

P
U

LU
S 

JU
G

LA
N

S 

TI
LI

A
 (

d
eg

ra
d

ed
) 

A
LN

U
S 

G
LU

TI
N

O
SA

 

SO
R

B
U

S 
TY

P
E 

P
R

U
N

U
S 

TY
P

E 

C
O

R
YL

U
S 

A
V

EL
LA

N
A

 T
YP

E 

SA
LI

X
 

H
ED

ER
A

 H
EL

IX
 

ER
IC

A
 

R
A

N
U

N
C

U
LA

C
EA

E 
U

N
D

IF
F.

 

R
A

N
U

N
C

U
LU

S 
TY

P
E 

0 3.47 9.68 0.25 0.25 0.00 0.00 23.82 0.00 0.00 0.00 0.25 0.00 0.00 1.74 0.25 0.00 0.00 0.00 0.00 

4 1.68 16.50 0.00 0.00 1.01 0.00 12.46 0.00 0.00 0.00 1.01 0.00 0.00 0.34 0.34 0.00 0.00 0.00 0.00 

8 0.00 19.44 0.00 0.00 0.00 0.00 13.89 0.00 0.00 0.00 1.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 

12 0.00 24.39 0.00 0.00 0.00 0.00 14.63 0.00 0.00 0.00 1.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

16 0.33 4.98 0.00 0.00 0.33 1.33 7.31 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.33 0.00 0.00 0.00 0.00 

20 1.05 11.23 0.00 0.00 0.00 0.70 8.77 0.35 0.00 0.00 1.05 0.35 0.35 0.35 0.00 0.35 0.35 0.35 0.00 

24 0.00 13.76 0.00 0.00 0.00 0.00 1.83 0.00 0.00 0.00 0.00 0.00 0.00 0.92 0.00 0.00 0.00 0.00 0.00 

28 1.38 2.76 0.00 0.34 0.00 0.00 6.90 0.00 0.00 0.00 0.69 0.00 0.34 0.34 0.00 0.00 0.00 0.00 0.00 

32 0.00 0.00 0.00 0.00 0.00 0.98 6.86 0.00 0.00 0.00 0.00 0.00 0.00 0.98 0.00 0.00 0.00 0.00 0.00 

36 0.34 1.70 0.00 0.00 0.00 0.00 3.40 0.00 0.00 0.00 0.00 0.00 0.34 2.04 0.00 0.00 0.00 0.00 0.00 

40 0.00 3.16 0.00 0.00 0.00 0.00 5.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

44 0.00 0.98 0.00 0.00 0.00 0.00 8.14 0.00 0.33 0.00 0.98 0.00 0.00 0.33 0.00 0.00 0.00 0.00 0.00 

48 0.00 2.94 0.00 0.00 0.00 0.00 0.98 0.00 0.00 0.98 0.00 0.00 0.00 1.96 0.00 0.00 0.00 0.00 0.00 

56 0.00 2.97 0.00 0.00 0.00 0.00 7.92 0.00 0.00 0.00 0.00 0.00 0.00 0.99 0.00 0.00 0.00 0.00 0.99 

64 1.02 1.02 0.00 0.00 0.00 0.00 2.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.02 0.00 1.02 0.00 0.00 
 



Table S9 - NM-6 pollen (percentages) 
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0 0.99 0.00 0.74 0.00 0.00 0.00 0.00 0.74 22.83 0.00 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 3.72 

4 21.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 13.80 0.00 0.00 0.00 0.00 0.00 0.00 0.34 0.00 0.00 2.69 

8 22.22 0.00 1.39 0.00 0.00 0.00 0.00 1.39 1.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.94 

12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.22 4.88 0.00 2.44 1.22 0.00 2.44 0.00 0.00 0.00 1.22 1.22 

16 0.33 0.33 0.33 0.00 0.00 0.00 0.33 0.00 3.99 0.00 0.00 0.00 0.00 0.66 0.00 0.00 0.00 0.00 5.65 

20 0.35 0.00 0.00 0.00 0.35 0.35 0.00 0.35 3.51 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 1.05 1.05 

24 0.92 0.00 0.00 0.00 0.00 0.00 0.00 6.42 27.52 0.00 0.00 0.00 1.83 0.92 0.00 0.00 0.00 0.00 6.42 

28 0.34 0.00 0.00 0.00 1.72 0.00 0.00 0.34 2.41 0.00 0.00 0.34 1.72 2.07 0.00 0.34 0.00 0.34 5.17 

32 2.94 0.00 0.00 0.98 0.00 0.00 0.00 0.98 1.96 0.00 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.00 8.82 

36 1.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.70 0.00 0.00 0.00 0.00 1.02 0.00 0.00 0.34 2.38 5.10 

40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.05 0.00 0.00 0.00 0.00 0.00 1.05 0.00 0.00 3.16 7.37 

44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.28 0.00 0.00 0.00 0.00 0.98 0.00 0.00 0.33 3.26 5.54 

48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.86 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.98 6.86 1.96 

56 0.00 0.00 0.99 0.00 0.00 0.00 0.00 0.99 0.99 0.99 0.00 0.00 0.00 0.00 0.00 0.00 0.99 8.91 9.90 

64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 13.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.14 6.12 7.14 
 
 
 
 
 



Table S9 - NM-6 pollen (percentages) 
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0 0.25 0.00 0.50 0.00 0.25 0.25 0.00 0.00 0.00 21.34 1.24 0.00 5.96 1.24 8.16 0.23 0.23 4.50 0.00 

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 19.19 1.68 0.00 5.05 2.02 0.00 0.00 0.34 0.34 0.00 

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 23.61 0.00 0.00 1.39 4.17 11.11 0.00 0.00 1.37 0.00 

12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 41.46 0.00 0.00 3.66 0.00 17.65 0.00 1.96 2.38 0.00 

16 0.00 0.00 0.33 0.00 0.00 0.00 0.33 0.00 0.00 66.11 0.33 0.00 5.98 0.33 3.53 0.00 0.00 0.00 0.00 

20 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.35 0.00 59.30 0.35 0.00 7.02 0.00 0.34 1.35 2.36 0.35 0.35 

24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 37.61 0.00 0.00 1.83 0.00 0.00 0.00 2.68 0.00 0.00 

28 0.34 2.41 0.00 0.00 3.79 0.00 0.00 0.00 2.07 57.93 1.03 0.34 4.48 0.00 0.66 0.99 2.64 1.36 0.00 

32 0.98 0.98 0.00 0.00 0.00 0.00 0.00 0.00 0.98 56.86 0.00 0.00 14.71 0.00 0.00 0.00 4.67 5.50 0.00 

36 0.00 0.68 0.00 0.34 1.02 0.00 0.00 0.34 2.38 67.69 0.34 0.00 6.12 1.02 0.00 0.00 1.67 4.22 0.00 

40 0.00 0.00 1.05 1.05 0.00 0.00 0.00 0.00 1.05 58.95 0.00 0.00 13.68 3.16 0.00 0.00 6.86 7.62 0.95 

44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.28 66.45 0.33 0.00 5.86 1.95 0.00 0.96 0.32 3.43 0.93 

48 0.00 2.94 0.00 0.98 0.00 0.00 0.00 0.00 2.94 56.86 0.00 0.00 9.80 1.96 0.94 0.94 1.89 0.00 0.00 

56 0.00 0.99 0.00 0.00 0.00 0.00 0.00 0.00 2.97 50.50 0.00 0.00 4.95 3.96 0.00 0.00 0.00 4.67 0.00 

64 0.00 5.10 0.00 0.00 0.00 0.00 0.00 0.00 13.27 38.78 0.00 0.00 3.06 0.00 0.00 0.00 6.67 2.94 0.00 
 
 
 
 
 



Table S9 - NM-6 pollen (percentages) 
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0 0.00 0.00 0.00 0.00 0.00 0.00 37.72 1.99 60.30 8.62 4.50 0.00 403 

4 0.00 0.00 0.00 0.00 0.00 0.34 32.66 0.67 66.67 0.34 0.34 0.34 297 

8 0.00 0.00 0.00 0.00 0.00 0.00 34.72 0.00 65.28 11.11 1.37 0.00 72 

12 0.00 0.00 0.00 0.00 0.00 0.00 40.24 0.00 59.76 19.61 2.38 0.00 82 

16 0.00 0.33 0.00 0.33 0.00 0.33 14.29 0.66 85.05 3.53 0.00 0.99 301 

20 0.00 0.00 0.00 1.37 0.00 1.37 23.86 1.05 75.09 4.04 0.70 2.73 285 

24 0.00 0.00 0.00 1.77 0.00 1.77 15.60 0.92 83.49 2.68 0.00 3.54 109 

28 0.00 0.00 0.00 1.66 0.00 2.32 12.41 0.34 87.24 4.29 1.36 3.97 290 

32 0.92 0.00 0.00 0.96 0.00 0.96 7.84 0.98 91.18 4.67 6.42 1.92 102 

36 0.32 0.00 0.00 0.00 0.93 8.33 5.78 2.04 92.18 1.67 4.55 9.26 294 

40 0.95 0.00 0.00 5.00 0.00 0.00 8.42 0.00 91.58 6.86 9.52 5.00 95 

44 0.00 0.29 0.29 3.24 0.29 5.31 10.42 0.33 89.25 1.29 4.36 9.44 307 

48 0.97 0.00 0.00 0.93 0.00 3.74 4.90 1.96 93.14 3.77 0.97 4.67 102 

56 0.93 0.00 0.00 0.00 0.00 0.00 10.89 0.99 88.12 0.00 5.61 0.00 101 

64 0.98 0.00 0.00 0.00 0.00 0.00 4.08 2.04 93.88 6.67 3.92 0.00 98 
 
 
 
 
 


