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15 Abstract

16 Reconstructing Holocene relative sea-level change from salt-marsh sediment requires a modern 

17 training set that captures the observable relationship between proxies and local tidal elevation. 

18 We collected 143 surface sediment samples from four salt marshes in Prince Edward Island (PEI, 

19 Canada) to develop a modern training set of foraminifera and bulk-sediment δ13C and δ15N 

20 values. Two sites have semi-diurnal tidal regimes, one has a mixed regime, and one has a diurnal 

21 regime. Combining and standardizing datasets from different tidal regimes fails to adequately 

22 characterize the relationship between elevation and inundation. Our principal results are from the 

23 semi-diurnal sites. Salt-marsh foraminifera in PEI form low-diversity, elevation-dependent zones 

24 that are replicated within sites, among sites, and between two studies conducted 44 years apart. 

25 Botanical zonation of PEI salt marshes often includes a platform with C4 plants and an adjacent, 

26 higher transitional community of C3 plants. Bulk-sediment δ13C values mirror the dominant 

27 vegetation. Isotopic results from PEI are combined with datasets from Delaware to 

28 Massachusetts to explore how elevation thresholds and δ13C cut-off values can recognize 

29 environments of deposition. We propose that δ13C values more negative than –20.0‰ indicate 

30 formation above an elevation threshold placed slightly below mean higher high water, while δ13C 

31 values less negative than –17.0‰ characterize environments lower than an elevation threshold 

32 slightly above mean higher high water. Bulk-sediment δ15N values display a correlation with 

33 tidal elevation and botanical zone, but may be subject to anthropogenic and post-depositional 

34 modification limiting their utility as a sea-level proxy. The dataset of modern foraminifera is 

35 suitable for reconstructing relative sea level and could be combined with informative δ13C values 

36 in a multi-proxy approach.

37 Keywords: Foraminifera, δ13C, δ15N, tidal regime, tidal range
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38 1. Introduction

39 Low-energy coasts in eastern North America are characterized by the presence of salt marshes at 

40 intertidal elevations. Height-dependent differences in the frequency and duration of (primarily) 

41 tidal submergence give rise to a pronounced biogeochemical gradient across the elevational 

42 range of the salt marsh. The most visible expression of this gradient is the vertical zonation of 

43 botanical sub-communities (Bertness 1991; Johnson and York 1915), but assemblages of 

44 microorganisms (e.g., foraminifera; Scott and Medioli 1978), and sediment composition (e.g., 

45 organic content, isotopic ratios, and grain size; Chmura and Aharon 1995; Plater et al. 2015) can 

46 also exhibit systematic relationships to tidal elevation, indicating that they are potential sea-level 

47 proxies. Under conditions of sustained relative sea-level (RSL) rise, sediment accumulates on the 

48 salt-marsh surface and thickens through time into a stratigraphic archive. Proxies preserved in 

49 this buried sediment are used to reconstruct paleomarsh elevation (and subsequently RSL) 

50 through reasoning by analogy (Shennan 2015). This approach is predicated on using 

51 observations from modern salt marshes to establish the relationship between each sea-level proxy 

52 and tidal elevation. Therefore, constructing a modern training set of appropriate spatial and 

53 ecological scope to quantitatively test and demonstrate the utility of potential sea-level proxies is 

54 a necessary early step in reconstructing RSL (Horton and Edwards 2006; Williams et al. 2021).

55

56 Efforts to reconstruct subtle (relatively small and short-lived) changes in late Holocene RSL rely 

57 on quantitative analysis of sea-level proxies with a precise relationship to tidal elevation (Gehrels 

58 et al. 2020). Salt-marsh foraminifera are well-established and widely-used sea-level proxies 

59 because they form elevation-dependent assemblages comprised of several taxa and many 

60 individuals (Edwards and Wright 2015). Transfer functions formalize taxon-elevation 
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61 relationships and when applied to assemblages preserved in buried (and dated) sediment yield 

62 quantitative RSL reconstructions. This approach treats tidal elevation as a continuous variable 

63 and is therefore advantageous for examining Holocene RSL compared to approaches (e.g., 

64 qualitative recognition of high salt-marsh sediment) that recognize only discrete elevation zones 

65 (Kemp and Telford 2015; Vacchi et al. 2018). Bayesian transfer functions (BTF) offer a further 

66 development in the pursuit of accurate and precise RSL reconstructions by accommodating 

67 results from proxies in addition to foraminifera through adopting informative priors (Cahill et al. 

68 2016; Kemp et al. 2024; Kemp et al. 2018; Stearns et al. 2023). In this capacity, proxies that 

69 resolve discrete tidal elevation when examined in isolation can help to refine near-continuous 

70 RSL records when applied in the multi-proxy framework of a BTF. Furthermore, discrete sea-

71 level proxies even with relatively low precision may improve the vertical resolution of RSL 

72 reconstructions if they occupy different, but overlapping, ranges with complementary proxies 

73 (Kemp et al. 2018; Walker et al. 2023). 

74

75 On some parts of the Atlantic coast of North America, δ13C provides valuable prior information 

76 for BTFs because high salt-marsh platforms (occupying a discrete range between approximately 

77 mean tide level, MTL, and mean higher high water, MHHW) are natively vegetated by plants 

78 utilizing the C4 photosynthetic pathway (Johnson et al. 2007; Kemp et al. 2012; Middleburg et al. 

79 1997). These C4 plants discriminate less strongly against 13CO2 during photosynthesis than the 

80 C3 plants that live above MHHW (Lamb et al. 2006). The resulting isotopic difference between 

81 these two zones is large and well preserved in bulk sediment (Chmura and Aharon 1995; Ember 

82 et al. 1987; Fogel et al. 1989; Lamb et al. 2006), which facilitates recognition of sediment that 

83 likely accumulated above/below the ~MHHW threshold. Simultaneous measurement of multiple 
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84 elements on modern instruments offers an opportunity to evaluate the utility of other isotope 

85 systems as sea-level proxies in salt-marsh environments. Salt-marsh plants at sites around the 

86 world are characterized by elevated δ15N values compared to upland plants (Cloern et al. 2002; 

87 Peterson et al. 1985), which has been exploited to trace organic matter in coastal food webs 

88 (Kwak and Zedler 1997), including grazing of domesticated herbivores on salt-marsh grasses 

89 (Britton et al. 2008; Guiry et al. 2021). Similarly, δ15N values may have utility in recognizing 

90 bulk sediment preserved in the coastal stratigraphic record that accumulated in a salt marsh (or 

91 salt-marsh sub-zone) and can therefore be employed as a sea-level proxy (Engelhart and Horton 

92 2012).

93

94 Salt marshes on Prince Edward Island (PEI), Canada (Figure 1) likely preserve a detailed history 

95 of RSL change (Scott et al. 1981; Vacchi et al. 2018), which would contribute to ongoing efforts 

96 to better understand the spatio-temporal pattern and causes of Holocene RSL variability. As an 

97 early step in reconstructing RSL on PEI, we aim to: (1) develop a modern training set of salt-

98 marsh foraminifera using new and existing (Scott et al. 1981) observations; (2) test if bulk 

99 sediment 13C can help inform RSL reconstructions by establishing appropriate elevation 

100 thresholds and cut-off values for PEI; and (3) evaluate the possible use of bulk-sediment δ15N as 

101 a sea-level proxy. Our new data, comprises seven surface transects from four sites (143 total 

102 samples). We show that common approaches to combine sites with different tidal ranges are 

103 inappropriate for merging observations from different tidal regimes (e.g., mixed or diurnal vs 

104 semi-diurnal). Within- and among-site variability of foraminiferal assemblages is modest and 

105 two investigations conducted 44 years apart document consistent zonation of foraminifera. An 

106 expanded and standardized dataset of 13C values differentiates between bulk sediment that 
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107 accumulated above (13C more negative than –20.0‰) and below (13C less negative than –

108 17.0‰) approximately MHHW. Through sensitivity testing, we propose adopting an elevation 

109 threshold between these two botanical zones that is transitional (rather than a singular plane) 

110 around MHHW. This result is likely representative of sites between approximately Delaware and 

111 the Canadian Maritimes where salt marshes are natively dominated by C4 plants (Wilson et al. 

112 2024). Surface bulk-sediment δ15N displays a relationship to vertically-ordered botanical zones, 

113 but its utility as a sea-level proxy may be limited by anthropogenic modification and post-

114 depositional fractionation.

115

116 2. Study Area and Previous Work

117 On PEI (Figure 1) salt marshes occur within estuaries, low-energy bays, and behind the 

118 protection of sand bars and spits. Typically, unvegetated tidal flats meet the salt-marsh platform 

119 at a steep cliff or creek bank that displays visible evidence of slumping and erosion. A narrow 

120 band of Spartina alterniflora (C4 plant) characterizes the edge of the cliff or creek bank levees. 

121 The broad, low-relief, salt-marsh platform is vegetated by Spartina patens and Distichlis spicata 

122 (C4 plants), although small patches of stunted Spartina alterniflora occur in depressions and 

123 other poorly drained locations. A more diverse community of C3 plants occurs at the brackish 

124 transition from salt-marsh platform to freshwater upland and this zone includes Carex palaeacea, 

125 Juncus gerardii, Apium graveolens, Typha augustifolia, Atriplex patula, and Potentilla sp. We 

126 qualitatively observed PEI salt marshes to have a higher density of ponds than other regions on 

127 the Atlantic coast of North America and we noted patches of draped sediment on the salt-marsh 

128 surface in the vicinity of creek margins at some sites. We tentatively attribute this pattern to ice 

129 rafting of frozen creek-bed sediments (Argow et al. 2011; FitzGerald et al. 2020).
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130

131 Tidal regimes and ranges vary markedly around the coast of PEI. This variability arises from the 

132 interaction of the North Atlantic semi-diurnal tidal wave (which enters the Gulf of St. Lawrence 

133 through the Cabot Strait) with an amphidromic system close to the Magdalen Islands and a 

134 secondary amphidrome in Northumberland Strait (Lu et al. 2001; Pugh and Woodworth 2014; 

135 Figure 1A). Consequently, the sum of the principal lunar (M2) and solar (S2) semi-diurnal 

136 components increases from ~0.15 m at West Point to ~0.92 m at Charlottetown. In contrast, the 

137 sum of the principal diurnal components (O1 + K1) changes from ~0.45 m to ~0.47 m over the 

138 same distance. The form factor (FF) describes tidal regime and is calculated as (O1 + K1) / (M2 

139 + S2). A FF>3 describes a diurnal regime (e.g., West Point where FF=3.05 and great diurnal tidal 

140 range is 0.71 m; Figure 1), FF 3.0–1.5 is a mixed, but mainly diurnal regime (e.g., Cape Egmont 

141 where FF=1.57 and great diurnal tidal range is 0.96 m Figure 1), FF 1.5–0.25 is a mixed, but 

142 mainly semi-diurnal regime, and FF<0.25 is a semi-diurnal regime. For simplicity, we describe 

143 Cape Egmont (for the site at Haldimand River) as a mixed regime and Victoria (FF=0.48 and 

144 great diurnal tidal range of 1.86 m; for the Tryon and Augustine sites) and Charlottetown 

145 (FF=0.51) as semi-diurnal.

146

147 A compilation of sea-level index points suggests that RSL in PEI rose at approximately 1 mm/yr 

148 during the past 2000 to 3000 years as a consequence of ongoing glacio-isostatic adjustment 

149 (GIA; Vacchi et al. 2018). This sustained rate of rise enabled thick sequences of salt-marsh 

150 sediment to accumulate at sites, particularly along the coast of Northumberland Strait (Scott et al. 

151 1981; Figure 1). Since 1911, the (linear, centennial-scale) rate of RSL rise measured by the 

152 Charlottetown tide gauge was 3.3 mm/yr (Figure 1).
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153

154 During summer 2022 CE, we sampled four salt marshes (Figure 1) in contrasting geomorphic 

155 settings to investigate within- and among-site variability of sea-level proxies. The Tryon 

156 saltmarsh is located ~2 km from the open coast along the Tryon River, which has an open 

157 connection to Northumberland Strait (Figure 1D). We selected this site because Scott et al. 

158 (1981) described modern foraminifera and reported up to 5 m of salt-marsh peat in the 

159 underlying stratigraphy, which radiocarbon dating suggests accumulated at ~1 mm/yr. This is the 

160 thickest and oldest sequence of salt-marsh peat reported by Scott et al. (1981) across the 45 sites 

161 around PEI that they investigated. Tidal flats in the Tryon River are unvegetated mud and meet 

162 the high salt-marsh platform (Spartina patens and Distichlis spicata) at a steep creek bank. 

163 Augustine was chosen to investigate among-site variability because of its proximity (~5 km) to 

164 Tryon. The tidal channel at Augustine is narrow and characterized by a dynamic flood tide delta 

165 at its connection to Northumberland Strait (Figure 1G). The sediment comprising this delta and 

166 seaward tidal flats is coarse, inorganic sand. A community of Spartina patens and Distichlis 

167 spicata characterizes the salt-marsh platform. At the transition from salt marsh to upland there 

168 are some parts of the site with Typha augustifolia and others where Carex palaeacea is more 

169 prevalent. The tide gauge at Victoria (Figure 1) is the closest available for both Tryon and 

170 Augustine.

171

172 We selected the Wolfe Inlet site because Scott et al. (1981) described modern foraminifera from 

173 this location and reported up to 1.2 m of salt-marsh peat in the stratigraphic record. The 

174 saltmarsh is protected from Egmont Bay by a dynamic sand barrier (Fig. 1B, 1E). A small cliff 

175 separates the salt marsh from the sandy tidal flats of the inlet, while extensive pond holes and 
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176 uneven topography characterise the marsh platform. The plant community on the salt-marsh 

177 platform is notable because it includes an unusually high abundance (compared to the other sites) 

178 of Carex palaeacea and Juncus geradii with a correspondingly low abundance of Spartina spp. 

179 and Distichlis spicata. Through conversations with experienced fishermen at the site, we learned 

180 that the salt marsh likely experienced pronounced geomorphic change including loss of salt-

181 marsh area between the sampling by Scott in summer 1978 CE and our sampling in summer 

182 2022 CE. Aerial images available through Google Earth indicate that an inlet opened in the 

183 barrier at Wolfe Inlet some time between 1986 and 2006. During reconnaissance coring at Wolfe 

184 Inlet, we found no more than ~0.8 m of salt-marsh peat and propose that the thicker sequences 

185 were eroded during the recent geomorphic evolution of the site. The West Point tide gauge is the 

186 closest to Wolfe Inlet (Figure 1).

187

188 The Haldimand River site is situated in an open estuary and was chosen because Scott et al. 

189 (1981) reported up to 1.5 m of salt-marsh peat underlying the nearby Jacques River site (but did 

190 not collect modern samples of foraminifera). This site lacks tidal flats and there is a pronounced 

191 step between the river and salt-marsh platform (vegetated by Spartina patens and Distichlis 

192 spicata). Several large parts of the marsh are degraded and characterised by extensive pond holes 

193 and irregular, low elevation, partially-vegetated surfaces. The Cape Egmont tide gauge is the 

194 closest to Haldimand River (Figure 1).

195

196 In addition to Tryon and Wolfe Inlet, Scott et al. (1981) reported counts of modern salt-marsh 

197 foraminifera at two other sites (Percival River and Mt. Stewart; Figure 1) that we did not 

198 resample because: (1) no elevation data are available (both sites); (2) the location of Mt. Stewart 
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199 in the upper reaches of the Hillsborough River suggests a high likelihood that local tides are 

200 distorted compared to those at the coast; and (3) there is a lack of nearby tide gauges to reliably 

201 establish local tidal datums.

202

203 3. Materials and Methods

204 3.1 Sampling regime

205 We selected four sites in PEI with contrasting geomorphologies and tidal characteristics (range 

206 and regime) to construct a multi-proxy modern training set in support of efforts to reconstruct 

207 Holocene RSL. By revisiting two sites (Tryon and Wolfe Inlet) where Scott et al. (1981) sampled 

208 surface foraminifera in 1978 CE we are able to evaluate if changes in assemblage occurred over 

209 a period of 44 years. The proximity of Tryon and Augustine offers an opportunity to evaluate 

210 among-site variability, while collection of samples along two transects within three of the four 

211 sites is the basis for evaluating within-site variability in sea-level proxies.

212

213 Surface samples were collected in June 2022 CE along transects extending from tidal flats to 

214 above the apparent limit of marine influence. At each sampling station, two samples of surface 

215 (0–1 cm) sediment were collected. A sample for foraminiferal analysis was placed into a vial of 

216 buffered, ~30% ethanol and stained with rose Bengal to differentiate between individuals that 

217 were living or dead at the time of collection (Walton 1952). A sample for bulk sediment analysis 

218 was placed into a sealed plastic bag. All samples were stored in refrigerated darkness until 

219 analysis.

220
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221 3.2 Tidal datums and levelling

222 At each site, we installed an automated logger at low tide to measure water-level variability at 

223 six-minute time intervals. An additional logger simultaneously measured air pressure variability 

224 that was subsequently used to correct the water-level data for atmospheric effects. Water levels 

225 measured by the loggers were correlated with observations from nearby tide gauges to establish 

226 elevations relative to local tidal datums. The water loggers served as temporary benchmarks for 

227 levelling (Woodroffe and Barlow 2015). We used a total station to measure the elevation of the 

228 surface samples to the water loggers (and by extension local tidal datums).

229

230 3.3 Foraminiferal analysis

231 On return to the laboratory, samples for foraminiferal analysis were sieved under running water 

232 to retain the 63–500 μm fraction. Foraminifera were examined in suspension beneath a binocular 

233 microscope with a target count size of 100 dead tests (Kemp et al. 2020; Walker and Cahill 

234 2024). We adopted a minimum count of 30 dead tests as the threshold for the presence of 

235 foraminifera (Anisfeld et al. 2019; Garrett et al. 2022). Our taxonomy follows Edwards and 

236 Wright (2015), but notably we combined counts of Jadammina macrescens and Balticammina 

237 pseudomacrescens into a single taxon (JmBp). We retain use of Jadammina macrescens rather 

238 than Entzia macrescens (Filipescu and Kaminski 2008) because of its ubiquity in the salt-marsh 

239 and sea-level literature. We combined species into genus-level taxon for Haplophragmoides spp. 

240 and also for Ammobaculites spp. All calcareous tests were placed into a single taxon.

241
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242 Scott et al. (1981) tabulated the abundance of foraminifera as percentages of live and total 

243 assemblages and density of tests. In replicated samples test density frequently varies by a factor 

244 of two and can reach an order of magnitude. We estimated dead counts for each taxon by 

245 assuming that a standard volume of 1 cm3 was counted (and rounding to the nearest whole 

246 individual). To facilitate direct comparison with our new dataset of modern salt-marsh 

247 foraminifera we also standardized the taxonomy used by Scott et al. (1981), notably counts of 

248 testate amoebae were removed and Trochammina macrescens was assigned to JmBp. 

249 Trochammina inflata and Siphotrochammina lobata were merged (TiSl) in the combined dataset 

250 since it is unclear if they were distinguished by Scott et al. (1981). Elevations in Scott et al. 

251 (1981) were measured by levelling to a physical benchmark (which specific ones is unclear) with 

252 a reported height relative to mean sea level (MSL) and these values are tabulated in the original 

253 publication. However, Scott et al. (1981) provided a site-specific correction (+0.33 m at Tryon 

254 and –0.30 m at Wolfe Inlet) to restate “benchmark MSL” relative to “tidal gauge MSL”. We 

255 apply this correction under the assumption that “tidal gauge MSL” adequately characterizes sea 

256 level at the time of sample collection in 1978 CE. Conversion among tidal datums used the same 

257 tide gauges as we employed for the samples collected in 2022. The counts and elevations 

258 estimated from Scott et al. (1981) are tabulated in the supplementary information. Hierarchical 

259 cluster analysis was performed using the pheatmap package for R (Raivo 2018).

260

261 3.4 Bulk sediment isotopic analysis

262 In preparation for isotopic analysis, bulk sediment was freeze dried and then milled to a fine, 

263 homogenized powder. Samples were not acidified given the scarcity of carbonate that we 

264 observed in modern PEI salt marshes. Sample analysis was performed on a commercial basis by 
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265 the Yale Analytical and Stable Isotope Center where carbon and nitrogen isotope abundances 

266 were measured simultaneously on the same sample material and instrument (Thermo DeltaQ 

267 with elemental analyser). Repeated measurement of internal standards indicates uncertainty of 

268 ±0.1‰ for δ13C and ±0.2‰ for δ15N. The exception is one sample (Haldimand River, transect 1, 

269 station 16) that was measured at the University of North Carolina Wilmington.

270

271 Carbon isotope ratios are expressed relative to the Vienna Pee Dee Belemnite standard (δ13C; ‰ 

272 VPDB). In salt marshes along the Atlantic coast of North America, the principal source of 

273 organic carbon to bulk sediment is from in-situ plants (Chmura and Aharon 1995). Today these 

274 plants utilize atmospheric CO2 that was enriched in 12C through combustion of fossil fuels (the 

275 Suess effect; Keeling 1979). This process changed the isotopic composition of the atmosphere 

276 from –6.4‰ in 1845 CE (Francey et al. 1999) to –8.6‰ in 2017 CE (at Mauna Loa; Keeling et 

277 al. 2001). To facilitate comparison between carbon isotope ratios in modern and fossil bulk 

278 sediment it is prudent to correct for the Suess effect (Wilson 2017). We added 2.06‰ to 

279 measured δ13C values, which is the average annual value in the decade preceding sample 

280 collection (Kwon et al. 2022) and is likely to approximate the magnitude of time represented by 

281 a surface sample. The adjusted values are referred to as δ13Cadj. Nitrogen isotope values are 

282 expressed relative to the ratio of 14N and 15N in air (δ15N; ‰ AIR).

283

284 4. Results

285 We collected a total of 143 samples, of which 99 contained at least 30 dead tests. There were 14 

286 taxa in these samples, of which nine/five exceeded a relative abundance of 5/10% in at least one 
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287 sample. The majority (91%) of individuals were Miliammina fusca, TiSl, or BpJm and only these 

288 taxa had a mean abundance greater than 6%. Given the limited influence of rare taxa on RSL 

289 reconstructions (Kemp et al. 2018; Walker et al. 2020), we focus on these three principal taxa in 

290 the text and figures. However, raw counts and elevation for all samples and taxa are provided in 

291 a supplementary file. In each modern sample we measured the concentration of total organic 

292 carbon (TOC) and total nitrogen (TN) and their isotopic composition (δ13C and δ15N). These 

293 results are tabulated in a supplementary file.

294

295 4.1 Tryon

296 Two transects established at Tryon extend from unvegetated creek beds with near-vertical and 

297 slumping banks, across the salt-marsh platform that is vegetated by Spartina patens and 

298 Distichlis spicata with patches of stunted Spartina alterniflora in depressions, and into a 

299 soil-forming, supratidal zone of upland forest with Lupinus sp. (Figure 2). Samples below MTL 

300 included BpJm with a mean abundance of 39% (range 7–59%). This assemblage likely reflects 

301 the slumping of bank sediment to lower elevations and downward erosion of the tidal flat into 

302 older, underlying high salt-marsh sediment. A lack of live tests prevents testing this hypothesis 

303 by comparing live and dead assemblages. At 0–0.6 m MTL, Miliammina fusca has a mean 

304 abundance of 51% (range 24–83%) across the two transects. From 0.65 m MTL to the highest 

305 occurrence of foraminifera (at 1.03 m MTL), the mean abundance of BpJm was 50% (range 8–

306 96%). Trochammina inflata is present across the vegetated marsh with a mean abundance of 

307 21%.

308
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309 The six samples collected below MTL at Tryon had a mean TOC composition of 3.2%, mean 

310 δ13Cadj of –18.4‰, and mean δ15N of 2.7‰ (Figure 3). Samples from the Spartina alterniflora-

311 dominated low marsh are characterized by mean TOC of 7.9%, mean δ13Cadj of –17.2‰, and 

312 mean δ15N of 6.0‰. The high salt-marsh platform vegetated largely by Spartina patens and 

313 Distichlis spicata yielded a mean TOC value of 11.4%, mean δ13Cadj of –17.4‰, and mean δ15N 

314 of 6.4‰. The similarity in carbon isotopic composition between samples below MTL and those 

315 on the adjacent salt marsh further (beyond geomorphic observations) suggest that tidal flat at 

316 Tryon likely receives a significant contribution of allochthonous carbon from slumping of creek 

317 banks and remobilization of older high salt-marsh sediment through erosion. In contrast, the 

318 nitrogen isotopic composition of samples below MTL is systematically less than from those on 

319 the salt marsh. Bulk surface sediment from locations in the transitional marsh vegetated by 

320 Carex sp. have elevated TOC (mean 22.7%), more negative δ13Cadj values (mean –25.3‰) and 

321 lower δ15N (mean 4.9‰) than the neighbouring salt marsh occupied by C4 plants, but are similar 

322 in composition to sediment in the surrounding upland (mean TOC of 17.8%, δ13Cadj of –26.9‰, 

323 and δ15N of 1.7‰).

324

325 4.1.2 Augustine

326 The first transect at Augustine extends from an unvegetated tidal flat of coarse sand, across a 

327 high marsh zone of Spartina patens with Distichlis spicata and then a transitional zone of Carex 

328 paleacea, before ending in a forested upland (Figure 2). The concentration of foraminifera in the 

329 sandy tidal-flat sediment was too low to generate a viable count. On the vegetated salt marsh, 

330 Miliammina fusca is most abundant in a depression, reaching 80% at 0.48 m MTL. From 0.6 m 

331 MTL to the highest occurrence of foraminifera on transect 1 (at 0.85 m MTL), the most abundant 
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332 taxa were BpJm (mean 44%; range 29–58%) and T. inflata (mean 13%; range 8–26%). The 

333 second transect at Augustine was positioned to sample a contrasting brackish, transitional zone 

334 vegetated by Typha augustifolia rather than Carex paleacea (Figure 2). At locations vegetated by 

335 Spartina patens and Distichlis spicata (0.57–0.73 m MTL), Miliammina fusca was the most 

336 common taxa (mean 40%; range 20–74%). In the transitional zone (0.77 m MTL to the highest 

337 occurrence of foraminifera at 1.00 m MTL), BpJm had a mean abundance of 76% (range 62–

338 88%). Despite differences in vegetation, both transects at Augustine display a similar pattern of 

339 Miliammina fusca characterizing lower elevations (including depressions within the high marsh 

340 where ponding likely occurs) and BpJm being more prevalent at higher elevations. However, the 

341 highest occurrence of foraminifera is markedly higher on transect 2 than on transect 1, which 

342 may reflect localized retention of tide water (the substrate in the Typha augustifolia zone on 

343 transect 2 was notably wetter than in the corresponding zone of Carex paleacea on transect 1). 

344 The highest occurrence of foraminifera at Augustine (1.00 m MTL) is consistent with Tryon 

345 (1.03 m MTL); the difference between sites is smaller than the vertical spacing of samples 

346 through transitional vegetation zones.

347

348 The tidal flat of coarse sand on transect 1 at Augustine is distinctive because it has low TOC 

349 (mean 0.42%) and mean δ13Cadj of –11.8‰ (Figure 3), which may reflect some input from 

350 carbonate given the low organic content and lack of acidification during sample processing. 

351 These samples did not contain sufficient nitrogen to measure δ15N. Across the two transects 

352 samples in the high salt-marsh community of Spartina patens and Distichlis spicata are 

353 characterized by mean TOC of 21.9%, mean δ13Cadj of –15.3‰, and mean δ15N of 6.2‰. The 

354 transition between high salt-marsh platform and the upland is occupied by either Carex paleacea 
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355 (transect 1) or Typha augustifolia (transect 2). These settings have similar organic content (mean 

356 TOC of 31.4% and 29.6% respectively), but different stable isotopic composition. Three samples 

357 from the Carex paleacea-dominated transition had less negative δ13Cadj values (mean –18.0‰) 

358 than the nine samples from the Typha augustifolia-dominated transition (mean –23.7‰). This 

359 pattern could reflect recent expansion of Carex paleacea into locations previously occupied by a 

360 community of C4 plants or mixing of carbon sources. The nitrogen isotopic composition of these 

361 two botanical zones is similar (mean δ15N of 1.5‰ in Carex paleacea and 1.6‰ in Typha 

362 augustifolia). Upland sediment at Augustine has mean TOC of 29.6%, although this environment 

363 on transect 1 was often characterized by higher TOC (three out of four samples exceeded 37%) 

364 than transect 2 (8–30.7%). Similarly, the mean δ13Cadj value (–24.9‰) includes two (of four) 

365 samples on transect 1 with measured values less negative than –20.7‰, while each of the five 

366 upland samples on transect 2 were more negative than –26.1‰. The mean bulk-sediment δ15N 

367 value for upland samples at Augustine is 1.6‰ and there is no notable difference between the 

368 two transects.

369

370 4.1.3 Wolfe Inlet

371 The transect at Wolfe extended from a sandy tidal flat, across a pronounced step in elevation, to 

372 a salt-marsh platform vegetated by a mixed community of Carex paleacea with Spartina patens, 

373 into a brackish, transitional zone of Typha augustifolia, and ended in a densely thicketed 

374 supratidal upland (Figure 2).  The salt-marsh platform at this site was irregular and we noted that 

375 the sediment surface often lay beneath a mat of fresh plant material. The step on this salt-marsh 

376 platform is erosive; therefore the three samples below MTL likely include a high proportion of 

377 allochthonous tests. At elevations from 0.61 m MTL to the highest occurrence of foraminifera at 
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378 0.83 m MTL, all samples were characterized by high abundances of BpJm (mean 74%; range 

379 54–100%). Notably, the entire vegetated salt marsh on this (representative) transect exists more 

380 than 0.3 m above MHHW, which is a large elevation in the context of a 0.71 m great diurnal tidal 

381 range. Furthermore, much of the salt marsh is higher than the upland located further inland along 

382 the transect, which further shows that the site has an unusual eco-geomorphology. The lack of 

383 foraminifera in the samples vegetated by Typha augustifolia suggests that despite being lower 

384 than much of the salt marsh it is not sufficiently inundated to sustain a population of 

385 foraminifera.

386

387 Bulk sediment in the three samples below MTL is characterized by mean TOC of 3.2%, mean 

388 δ13Cadj value of –18.8‰, and mean δ15N of 0.1‰ (Figure 3). The irregular platform vegetated by 

389 Carex paleacea is represented by 16 samples that show a systematic change in TOC; the five 

390 samples closest to the marsh front had mean TOC of 15.6%, compared to 26.1% for the other 11 

391 samples collected further into the marsh and at higher elevation. There was no discernible 

392 corresponding trend in δ13Cadj values (mean –23.1‰) suggesting that while the amount of 

393 organic input varied its source likely did not. Samples from the zone vegetated by Typha 

394 augustifolia had relatively high organic content (mean TOC of 35.5%), but variable δ13Cadj value 

395 (mean of –18.9‰ but ranging from –16.2‰ to –22.1‰). The three upland samples were 

396 similarly rich in organic carbon (mean TOC of 38.9%) with variable δ13Cadj values (–15.6‰, –

397 15.3‰, and –26.1‰). These measurements suggest that the upland and Typha augustifolia zones 

398 at Wolfe Inlet include organic carbon with different sources on small spatial scales (meters). This 

399 likely reflects the difficulty of locating a marsh sediment surface in these zones; TOC measured 

400 on the samples (33.0–39.9%) is similar to the value for plants which suggests that little sediment 
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401 was included in the sample. The lack of sediment likely reflects erosion of the site as evidenced 

402 by the irregular marsh surface with a retreating marsh front and extensive ponding. Notably, 

403 some of the samples had measured δ13Cadj values that are typical of sediment with input of 

404 organic carbon from C4 plants (Lamb et al. 2006) despite there being few living C4 plants at the 

405 site in 2022 CE. However, Scott et al. (1981) described plant communities at Wolfe Inlet in 1978 

406 CE with plentiful C4 plants including a marsh platform dominated by Spartina patens and 

407 transitional zone of Spartina cynosuroides. This change in vegetation suggests that surface 

408 sediment samples could include organic carbon of mixed (C3 and C4 plants) sources either 

409 through plant material redistributed by erosion or by sample thicknesses capturing the temporal 

410 evolution of plant communities. Across the vegetated salt marsh at Wolfe Inlet there is little 

411 variability in δ15N values (means of 1.3‰, 1.9‰, and 2.0‰ in the Carex paleacea, Typha 

412 augustifolia, and upland zones respectively).

413

414 4.1.4 Haldimand River

415 Two transects at Haldimand River extended from unvegetated tidal flats, across the vegetated 

416 salt-marsh platform (Spartina patens and Distichlis spicata with occasional Juncus sp.) and up to 

417 either side of an upland ‘island’ that is skirted by a narrow band of Carex paleacea (Figures 1 

418 and 2). Although the transition from tidal flat to salt marsh is less pronounced at Haldimand 

419 River than the other sites, we observed evidence of the platform edge being actively eroded (e.g., 

420 sub-tidal sediment comprised disaggregated peat) at the time of sample collection. Therefore, the 

421 relatively high abundances of BpJm (up to 64%) and T. inflata (up to 46%) in tidal-flat sediment, 

422 likely reflect remobilization of older, high-marsh tests by erosion rather than an in-situ 

423 assemblage. The distribution of foraminifera is similar on both transects. At 0–0.35 m MTL, 
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424 assemblages are co-dominated by BpJm (mean 44%; range 21–63%), Miliammina fusca (mean 

425 27%; range 5–52%), and T. inflata (mean 24%; range7–46%). Above approximately MHHW 

426 (0.38 m MTL at this site), there is a reduction in the abundance of Miliammina fusca (less than 

427 9%), resulting in BpJm being the dominant species (mean 73%; range 54–86%). The highest 

428 occurrence of foraminifera is at 0.65 m MTL on transect 1 and 0.62 m MTL on transect 2. This 

429 difference is less than the vertical spacing of samples along the transects.

430

431 Five samples collected below MTL on the unvegetated channel bottom are characterized by a 

432 mean TOC of 8.8% and a mean δ13Cadj value of –12.3‰ (Figure 3). One of these samples yielded 

433 an anomalous δ15N value of –3.3‰, while the remaining four were in the range 2.8–4.2‰.  

434 Samples on the marsh at the edge of the channel vegetated by Spartina alterniflora had mean 

435 TOC of 7.0% and a mean δ13Cadj value of –13.4‰. The three samples had δ15N values of 0.3–

436 0.8‰.  Both transects include a broad high salt-marsh platform dominated by Spartina patens. 

437 Samples from this botanical zone show a notable trend in TOC δ13Cadj values. On transect 1 three 

438 samples at 0.15–0.24 m MTL had TOC of 4.1–15.5% and δ13Cadj values (–15.5‰ to –13.4‰) 

439 that are typical of C4 plants. In contrast, the four adjacent samples (0.33–0.44 m MTL) were 

440 more organic (TOC of 14.6–25.1%) and yielded more negative δ13Cadj values (–22.7‰ to –

441 19.0‰). On transect 2 samples at 0.17–0.33 m MTL had δ13Cadj values of –14.1‰ to –12.9‰, 

442 compared to two adjacent samples (0.37 and 0.62 m MTL) with the same surface vegetation, but 

443 δ13Cadj values of –24.7‰ and –24.3‰. This pattern could reflect recent colonization of higher 

444 elevations by Spartina patens in response to RSL rise, with the result that 1-cm thick surface 

445 samples capture an older botanical zone. In the Spartina patens zone the mean δ15N value was 
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446 1.1‰ Samples from the zone of Carex paleacea have mean TOC of 8.4%, δ13Cadj values (mean –

447 19.6‰) that straddle the ranges associated with C3 and C4 plants, and mean δ15N of 3.0‰.

448

449 5. Discussion

450 5.1 Relationship between elevation and inundation under different tidal regimes

451 The relationship between sea-level proxies and tidal elevation is one of correlation rather than 

452 direct causation (Gehrels, 2000). Vertical zonation of foraminiferal assemblages (and other 

453 biological proxies such as plants) arises from the interaction of environmental variables, which 

454 are themselves controlled principally by the balance between submergence and subaerial 

455 exposure. Consequently, efforts to reconstruct RSL are underpinned by an assumption that 

456 elevation adequately describes the gradient of inundation and, by extension, ecologically-

457 significant environmental variables. Where efforts to document the modern distribution of sea-

458 level proxies utilize data from multiple sites, it is common to express elevation as a standardized 

459 water level index (SWLI) because the inundation characteristics at an absolute height (expressed 

460 for example as m MTL) vary among sites with different tidal ranges (Horton and Edwards 2006; 

461 Kemp et al. 2022). Gehrels (2000) termed this approach “height normalization” and it is widely 

462 used for its simplicity in ensuring comparability of observations drawn from sites with differing 

463 tidal ranges (Hawkes et al. 2010; Horton and Edwards 2006; Rush et al. 2021; Williams et al. 

464 2021; Zong and Horton 1999). Less consideration has been given to differences in tidal regime 

465 (diurnal, mixed, or semi-diurnal) because it rarely varies among sites in one study region. 

466
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467 Our four study sites on PEI are unusual because they experience diurnal, mixed, and 

468 semi-diurnal regimes. We evaluate the degree to which data from these four sites can (or cannot) 

469 be combined into a unified training set by examining the relationship between salt-marsh 

470 elevation (expressed as a SWLI) and inundation under different tidal regimes (Figure 4). For 

471 three tide gauges in PEI, we predicted water levels at 15-minute intervals for 2018–2036 CE 

472 using a tidal model. These predictions do not include non-astronomical (e.g., storms, prevailing 

473 winds) forcing of water levels. The Victoria tide gauge has a semi-diurnal regime and is 

474 appropriate for the Tryon and Augustine sites. The West Point tide gauge has a diurnal regime 

475 and is located close to our study site at Wolfe Inlet. The Cape Egmont tide gauge has a mixed 

476 regime and is located close to our study site at Haldimand River. At Victoria, the proportion of 

477 time submerged during 2018–2036 CE at the elevation of MLW (SWLI=0) is 0.87, which 

478 decreases to 0.52 at 0.5 SWLI (approximately MTL) and 0.09 at MHW (SWLI =1; Figure 4). 

479 This relationship between elevation of predicted tides and flood duration is similar to tide gauges 

480 on the U.S. Atlantic coast with semi-diurnal regimes (Kemp et al. 2022). At 43 tide gauge sites 

481 between Florida and Maine (with median FF=0.20) the 95% confidence interval for flood 

482 duration (during the 1983–2001 CE national tidal datum epoch) at MLW is 0.88–0.92, which is 

483 slightly greater than Victoria. However, at elevations above ~0.6 SWLI the 50th percentile of the 

484 U.S. tide-gauge dataset is virtually indistinguishable from Victoria (Figure 4). This similarity in 

485 the upper part of the intertidal zone is important because most RSL reconstructions target high 

486 salt-marsh sediment, which indicates that expressing elevation as a SWLI captures its 

487 relationship to flood duration even across a wide range of tidal ranges (0.30–5.87 m). We note 

488 that this relationship is derived for predicted tides, but where great diurnal range is less than ~0.5 

489 m actual flood durations can be markedly distorted by non-tidal water-level variability (Kemp et 
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490 al. 2022). However, where great diurnal tidal range is greater than ~1.0 m (e.g., Tryon and 

491 Augustine) these non-tidal effects on inundation are relatively small over a 19-year epoch. In 

492 contrast, the relationship between elevation and flood duration varies considerably among the 

493 two locations with diurnal or mixed tidal regimes (West Point and Cape Egmont; Figure 4) and 

494 compared to locations with semi-diurnal regimes such as Victoria and the U.S. Atlantic coast. 

495 For example, the duration of inundation at MHW is two times greater at West Point (0.18) than 

496 at Victoria (0.09) and at higher elevations the difference grows further to more than three times 

497 (0.04 compared to 0.13 respectively at 1.09 SWLI).  Similarly, the differences in flood duration 

498 between Cape Egmont and West Point can be large (up to 0.08 at 0.58 SWLI). We propose that 

499 use of a SWLI does not adequately capture the relationship between elevation and inundation 

500 among sites with different tidal regimes.

501

502  Gehrels (2000) proposed an alternative approach (“flooding duration normalization”) to SWLIs 

503 where elevations are expressed as the proportion of time submerged by water (or inversely time 

504 exposed to air), which was described as more ecologically plausible than height normalization 

505 because flood duration (not elevation) exerts a first-order control on foraminifera and other 

506 ecological variables. Transfer functions that employ a modern training set where elevation is 

507 expressed as a flood duration will return estimates of time submerged, which is converted back 

508 to an absolute height under an assumption that the relationship between flood duration and 

509 elevation is unchanged through time (and therefore implicitly also assumes a stationary tidal 

510 range). Gehrels (2000) evaluated this approach to normalization at four sites in Maine with a 

511 shared (semi-diurnal) tidal regime and showed that the pattern of RSL change reconstructed was 

512 the same as with height normalization, but that flooding duration normalization yielded smaller 
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513 uncertainties than height normalization. The flooding duration normalization approach could 

514 facilitate combining modern datasets from our four sites in PEI. However, our remaining 

515 discussion of sea-level proxies focuses primarily on a combined dataset of observations from the 

516 semi-diurnal sites Tryon and Augustine because these sites preserve the thickest sequences of 

517 salt-marsh sediment and the Wolfe Inlet site appears to be actively degrading and is unlikely in 

518 equilibrium with modern sea level.

519

520 Space-for-time substitution dictates that the pronounced variability in tidal regime observed over 

521 a relatively short distance of PEI’s coastline today could be mirrored by shifts in regime through 

522 time at a single site. Modelling indicate that the lunar, semi-diurnal (M2) tidal component can 

523 decrease sharply when nearby ice streams retreat (Velay-Vitow et al. 2020), which would 

524 increase the form factor (see section 2). However, ice volume changes of this magnitude do not 

525 characterize the past ~5000 years, which is likely the maximum time period preserved in the 

526 salt-marsh sedimentary record preserved beneath PEI salt marshes (Scott et al. 1981; Vacchi et 

527 al. 2018). Therefore, tidal regimes are likely unchanged in PEI during the late Holocene, 

528 although changes in tidal range are possible through evolving bathymetry, as they are at study 

529 sites along the Altantic coast of North America (Hill et al. 2011). During the past ~7000 years 

530 these changes in tidal range are estimated to have been modest (Griffiths and Hill 2015; Uehara 

531 et al. 2006).

532

533 5.2 Distribution of modern salt-marsh foraminifera

534 The modern foraminifera from Tryon and Augustine were combined with results reported by 
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535 Scott et al. (1981) from an additional transect at Tryon (Figure 1E; see section 3.3). The 

536 standardized and combined dataset includes 104 samples with a minimum count size of 30 dead 

537 tests collected above MTL (Figure 5). Diversity is low with 60/79/89 of the samples being 

538 comprised more than 90/80/70% BpJm, TiSl, or Miliammina fusca. Although low diversity is 

539 influenced by the need to standardize taxonomy between studies by combining taxa (e.g., 

540 Balticammina pseudomacrescens, Jadammina macrescens, and Trochammina macrescens into 

541 BpJm), assemblages in nearby regions display similarly low diversity (Gehrels et al. 2020). 

542 Elevations between approximately MHHW and the highest occurrence of foraminifera (at 1.03m 

543 MTL; HOF) are dominated by BpJm (Figure 5a) and notably seven samples with almost mono-

544 specific assemblages of BpJm occur close to HOF (Figure 5b). These assemblages are typical of 

545 the upper reaches of salt marshes in Maritime Canada (Barnett et al. 2016; Kemp et al. 2017; 

546 Patterson et al. 2004; Scott and Medioli 1980) and northern New England (Gehrels 1994; 

547 Gehrels 2000; Kemp et al. 2024). The HOF corresponds to an inundation level of 1.0% (Figure 

548 4), which mirrors results from Connecticut and North Carolina where foraminiferal assemblages 

549 were present to the elevation of 0.7% and 1.0% inundation respectively (Kemp et al. 2022; 

550 Wright et al. 2011). Elevations below approximately MHW are characterized by assemblages 

551 with high proportions of Miliammina fusca at both sites and along each transect. Along the 

552 Atlantic coast of North America, this assemblage is consistently recognized in low marsh and 

553 tidal flat sediment (Edwards and Wright 2015; Wright et al. 2011). These presence of these two 

554 assemblages at both sites, on each transect and in two studies conducted more than 40 years apart 

555 indicates a high degree of spatial replication in foraminiferal assemblages, and by extension that 

556 transitions between these assemblages in core samples represent changes in paleomarsh elevation 

557 (Figure 5b).
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558

559 Cluster analysis recognizes an assemblage with high relative abundance of TiSl (Figure 5b). Of 

560 the 18 samples in this group, 14 were from Tryon (on each of the three transects), while four 

561 were from Augustine (three on transect 1 and one on transect 2). Similarly, Tiphotrocha 

562 comprimata is more common at Tryon (mean 10%, up to 34%) than at Augustine (mean 1%, up 

563 to 4%). These results indicate that assemblages of foraminifera can display among-site 

564 variability even at small spatial scales. Efforts to quantify the relationship between foraminifera 

565 and tidal elevation for reconstructing RSL aim to provide a modern training set with sufficient 

566 diversity of assemblages to provide analogues for assemblages preserved in core sediment. The 

567 modern distribution of foraminifera at Tryon and Augustine indicates that efforts to provide a 

568 suite of modern analogue assemblages should aim to capture among- rather than within-site 

569 variability.

570

571 5.3 Utility of carbon isotopes in bulk sediment to establish informative priors

572 During photosynthesis plants preferentially use 12CO2 and discriminate against 13CO2, resulting 

573 in a strong fractionation of stable carbon isotopes between the atmosphere and plant tissue. The 

574 degree of fractionation is more pronounced in plants using the C3 photosynthetic pathway than it 

575 is in C4 plants. Consequently, C3 plant tissue is characterized by δ13C values of approximately –

576 32‰ to –22‰, while the tissue of C4 plants is greater than approximately –18‰ (Lamb et al. 

577 2006; Wilson et al. 2024). Along a large proportion of the North American Atlantic coast, C4 

578 plants (Spartina alterniflora, Spartina patens, and Distichlis spicata) are native and dominate 

579 high salt-marsh platforms below approximately MHHW (Eleuterius 1976; Sage et al. 1999; Scott 

580 et al. 1981). Above MHHW is a botanical transition to brackish and terrestrial communities of C3 
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581 plants. Since in-situ deposition of plant material is the principal source of organic carbon 

582 accumulating on the salt-marsh surface, bulk sediment δ13C values reflect the dominant plant 

583 community (e.g., Chmura and Aharon 1995; Middleburg et al. 1997; Tanner et al. 2010). Post-

584 depositional changes to bulk-sediment δ13C values are smaller than the difference between 

585 modern depositional environments dominated by C3 and C4 plants (Benner et al. 1991; Benner et 

586 al. 1987; Fogel et al. 1989; Gebrehiwet et al. 2008; Johnson et al. 2007). Consequently, bulk-

587 sediment δ13C values have been used to differentiate between sediment that likely formed above 

588 or below MHHW and to constrain RSL reconstructions by providing an informative prior for 

589 Bayesian transfer functions (Cahill et al. 2016; Stearns et al. 2023). Threshold δ13C values for 

590 identifying botanical (and subsequently elevation) zones requires a modern dataset of sediment 

591 samples that are likely to be analogous to those in core material.

592

593 We standardized measurements of bulk surface sediment δ13C values from salt marshes in 

594 Delaware (see Kemp et al. 2024), southern New Jersey (Kemp et al. 2012), northern New Jersey 

595 (Walker et al. 2021), Rhode Island (Stearns et al. 2023), Massachusetts (Kemp et al. 2024), and 

596 PEI (this study). Since sampling spanned almost 15 years, measured δ13C values were adjusted 

597 for the Suess effect (mean annual values from Kwon et al. 2022), while sample elevations were 

598 expressed relative to MHHW calculated from water levels measured at nearby tide gauges and 

599 converted to a SWLI (MHHW=1 and MLLW=0) because tidal range varies among the study 

600 areas. Samples from Wolfe Inlet and Haldimand River were excluded because they have diurnal 

601 and mixed tidal regimes respectively (see section 5.1); all other sites have a semi-diurnal regime. 

602 Adjustments for the Suess effect and tidal elevation used observations from the ten years 

603 preceding sample collection since this window likely approximates the amount of time 
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604 represented by a 1-cm thick surface sediment sample. The resulting dataset includes 301 

605 observations (Figure 6). In previous studies (e.g., Kemp et al. 2024) the MHHW datum was 

606 adopted as an elevation threshold between the high salt-marsh platform (with a cut-off value of 

607 less negative than –17‰) and adjacent brackish transitional zone (samples more negative than a 

608 cut-off value set at –20‰, but with foraminifera present). 

609

610 In the newly compiled dataset, there are 108 samples with δ13C values more negative than –

611 20.0‰, of which 84 (78%) lie above MHHW, while 148 (93%) of the samples less negative than 

612 –17.0‰ accumulated below MHHW (Figure 6). This pattern is consistent across the study sites 

613 from Delaware to PEI, which suggests that choices of threshold height and δ13C cut-off values 

614 are likely unchanged through the late Holocene in response to (for example) climate variability, 

615 including salinity changes from drought (Malamud-Roam and Ingram 2004). The coast line from 

616 Delaware to the Canadian Maritimes is likely the spatial limit of adopting this approach because 

617 salt marshes further south (Eleuterius 1976) and north (Gehrels et al. 2020) are more commonly 

618 vegetated by C3 grasses, which serves to remove the isoptic contrast between intertidal and 

619 supratidal environments (Kemp et al. 2017). We explored how adopting alternative thresholds 

620 and cut-off values might improve confidence in recognizing elevation zones within salt marshes 

621 that are subsequently employed as informative priors in BTFs (Figure 7). For the lower boundary 

622 of the brackish transitional zone, the proportion of samples being accurately assigned increases 

623 to ≥0.95 by lowering the elevation threshold from 1 SWLI (i.e., MHHW) to 0.93 SWLI (i.e., 

624 0.12 m below MHHW at Tryon and Augustine), or by adjusting the δ13C cut-off value from –

625 20.0‰ to –24.5‰. Smaller changes are needed to increase confidence in recognizing the upper 

626 limit of the high salt-marsh platform to ≥0.95. Increasing the elevation threshold from 1 SWLI 
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627 (i.e., MHHW) to 1.04 SWLI (i.e., 0.07 m above MHHW at Tryon and Augustine) increases 

628 confidence to 0.956. Adjusting the cut-off value from –17.0‰, while maintaining the MHHW 

629 threshold does not markedly increase confidence. Figure 7 shows that in both cases the 

630 contoured confidence levels parallel (approximately) the x-axis representing cut-off values, 

631 which suggests that a smaller/larger change to the elevation threshold/cut-off values would be 

632 necessary to improve confidence.

633

634 Adopting bulk-sediment δ13C values as informative priors for BTFs does not require that the 

635 threshold elevation be a singular plane between adjacent and vertically-discrete ecological zones. 

636 The BTF of Cahill et al. (2016) does not treat informative priors as hard bounds on paleomarsh 

637 elevation reconstructions. For example, in a core of salt-marsh sediment at Leeds Point in New 

638 Jersey (Cahill et al. 2016), δ13C values in 18 basal samples indicated accumulation above 

639 MHHW. Paleomarsh elevations reconstructed by a BTF without informative priors reached 

640 above MHHW for 17 of the samples, while reconstructions for all samples included MHHW 

641 when informative priors were introduced. We propose that the MHHW threshold be revised 

642 slightly upward for the high salt-marsh platform and slightly downward for the brackish 

643 transitional zone. At Tryon and Augustine this would result in a ~0.19 m overlap (0.93–1.04 

644 SWLI) between zones of C3 and C4 plants. This gradational relationship is ecologically 

645 reasonable and may represent micro-scale differences in inundation regime, post-mortem mixing 

646 of plant litter, surviving stands of C4 plants despite RSL rise leaving them below MHHW, or the 

647 ten-year period used to adjust measured δ13C values and elevations being an imperfect time 

648 window for ecological response and representing sample thickness.

649
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650 5.4 Nitrogen isotopes in bulk sediment as sea-level proxies

651 The utility of stable carbon isotopes as sea-level proxies (section 5.3) is premised on recognizing 

652 discrete botanical zones (or the boundary between them) rather than a statistical relationship 

653 between δ13C values and tidal elevation (Wilson et al. 2024). Other isotope systems could 

654 similarly be employed to reconstruct paleomarsh elevation by identifying sediment that formed 

655 in coastal environments with observable relationships to tidal datums. We evaluated the possible 

656 use of nitrogen isotopes as a sea-level proxy because salt-marsh plants are widely reported to 

657 have elevated δ15N values. For example, measurements on Spartina alterniflora tissue yielded 

658 high δ15N values (6.0 ± 2.1‰ in the southeast United States and 3.8 ± 2.6‰ in the northeast 

659 United States) compared to adjacent upland plants (0.4 ± 0.9‰ and –0.6 ± 1.2‰, respectively) 

660 (Peterson and Howarth 1987; Peterson et al. 1985). A more recent compilation of measurements 

661 from Spartina alterniflora estimated δ15N of 6.16 ± 0.14‰ from 316 samples distributed from 

662 the Gulf of Mexico to the Canadian Maritimes in North America and sites in China (Zhang et al. 

663 2024). These results suggest that δ15N values may have utility in differentiating between samples 

664 that formed in a salt marsh, or in a supra-tidal upland if the nitrogen isotopic composition of bulk 

665 sediment reflects the dominant vegetation and is preserved in buried sediment.

666

667 At Tryon and Augustine, low-marsh environments occupied by Spartina alterniflora and high-

668 marsh communities of Spartina patens and Distichlis spicata had slightly higher bulk-sediment 

669 δ15N values (mean 6.2‰, standard deviation 0.97‰, n=30; Figure 6b) than the brackish, 

670 transitional zones characterized by Carex paleacea and Typha augustifolia (mean 5.1‰, 

671 standard deviation 1.8‰, n=22). The adjacent uplands however, had markedly lower δ15N values 

672 (mean 1.7‰, standard deviation 1.0‰, n=18). Surface data collected along two transects at Belle 
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673 Isle, Massachusetts display a very similar pattern to the results from PEI (Kemp et al. 2024; 

674 Figure 6b). At Belle Isle mean δ15N values were 6.9‰ for samples on the salt-marsh platform, 

675 compared to 2.1‰ in samples of Phragmites australis with forbes (such as Limonium nashi and 

676 Solidago sempervirens) collected above the highest occurrence of foraminifera. These results 

677 suggest that surface bulk-sediment δ15N values reflect the overlying vegetation and therefore 

678 may have utility as a sea-level proxy by differentiating upland sediment that formed above the 

679 influence of tides from sediment that accumulated on a salt marsh or transitional brackish zone 

680 with a relationship to tidal datums. The difference between salt-marsh and upland plant δ15N 

681 values persists across a wide geographic range of sites (Cloern et al. 2002; Peterson et al. 1985), 

682 which suggests that bulk-sediment δ15N values may have correspondingly widespread utility as a 

683 sea-level indicator. This contrasts with bulk-sediment δ13C values that are most useful in the 

684 limited geographic region in eastern North America where salt marshes are natively occupied by 

685 C4 plants (Wilson et al. 2024).

686

687 Employing bulk-sediment δ15N values as a sea-level indicator requires that surface sediment 

688 samples be analogues for their counterparts preserved in the sedimentary record. Sediment cores 

689 from salt marshes in New Jersey (Velinsky et al. 2017) and New York City (Peteet et al. 2018) 

690 show elevated δ15N values in surface and shallow sediment (approximately 6–8‰) that decrease 

691 downcore (abruptly in some cases) and stabilize at low values (~2‰). This change is not 

692 accompanied by an inference that salt-marsh sediment overlies upland sediment, in which case 

693 the trend would be interpreted as a change in depositional environment. Rather the trend may 

694 reflect either a change in the source of nitrogen, or post-depositional fractionation of nitrogen 

695 isotopes during burial of sediment under increasingly anoxic conditions. The downcore trend in 

Page 31 of 54 Canadian Journal of Earth Sciences (Author Accepted Manuscript)

© The Author(s) or their Institution(s)



32

696 δ15N values in New Jersey and New York City was interpreted as a change in nitrogen source 

697 caused by release of wastewater from nearby treatment plants or run-off of agricultural fertilizer 

698 (Church et al. 2006; Peteet et al. 2018; Velinsky et al. 2017). This interpretation is supported by 

699 a change through time from positive to negative correlation between δ15N and total nitrogen 

700 values (Peteet et al. 2018). PEI has a small population (~160,000) of which approximately half 

701 are serviced by central wastewater systems, therefore the discharge of treated water with high 

702 δ15N values is likely modest (compared for example to New York City), although modern δ15N 

703 values could be influenced by agricultural runoff (Jiang et al. 2015). If temporal δ15N trends in 

704 salt-marsh sediment are the result of historic increases in wastewater treatment and agricultural 

705 runoff then δ15N values measured in surface sediment may not be appropriate analogues for 

706 older, downcore sediment. To some degree this is also the case for δ13C values which are 

707 corrected for the Suess effect (section 3.4), although any correction to δ15N values would likely 

708 have considerable spatial variability and is currently unquantified, which prevents use of δ15N 

709 values as a sea-level proxy. Furthermore, if modern salt-marsh values have artificially high δ15N 

710 because of human activities, then corrected values are likely to obscure the difference between 

711 salt marsh and upland sediment.

712

713 Alternatively, downcore reduction of δ15N values in salt-marsh stratigraphies may be caused by 

714 post-depositional change during burial under anoxic conditions, with the consequence that 

715 upland and salt-marsh environments have convergent δ15N values and cannot be readily 

716 distinguished. The compiled data presented by Zhang et al. (2024) suggests that Spartina 

717 alterniflora tissue experiences a rapid post-mortem reduction in δ15N (δ13C values were 

718 unchanged). Living specimens had δ15N of 6.55 ± 2.23‰ (n=272) compared to 2.76 ± 2.72‰ 
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719 (n=29) for dead stands. The direction of this change suggests that differentiating salt-marsh and 

720 upland environments may be become more difficult after deposition, although the surface bulk-

721 sediment values we measured likely reflect input from dead plants and therefore capture short-

722 term post-mortem changes in tissue isotopic composition. The cause of elevated δ15N values in 

723 salt-marsh plants is poorly understood, but Guiry et al. (2021) proposed that coupled 

724 nitrification-denitrification by microbes causes high δ15N in surface and shallow salt-marsh 

725 sediment. Specifically, they propose that downward transport of oxygen by the roots of salt-

726 marsh plants to depths that would otherwise be anoxic (due to saturation by tidal inundation and 

727 the poorly drained nature of fine-grained sediment with relatively high organic content) creates 

728 conditions conducive to coupled nitrification-denitrification. As sediment is buried below the 

729 rhizosphere it becomes anoxic and the remaining nitrogen is subject to microbial activity which 

730 may reduce δ15N values (Gälman et al. 2009). In PEI, site geomorphology (slumping and erosive 

731 creek banks), foraminifera, and δ13C values support the interpretation that surface sediment 

732 collected below MTL on the tidal flat includes older high-marsh sediment. Notably this sediment 

733 has lower δ15N values (mean 2.7‰; Figure 6b), than surface sediment on the adjacent C4 salt 

734 marsh (mean 6.2‰). This pattern is consistent with δ15N values in older sediment having been 

735 systematically lowered by post-depositional fractionation. Consequently, differences in bulk-

736 sediment δ15N values between botanical zones that are readily-identifiable in modern sediment 

737 are erased during burial, which diminishes the utility of nitrogen isotopes as a sea-level proxy.

738

739 6. Conclusions

740 An early step in reconstructing relative sea level (RSL) from buried salt-marsh sediment is 

741 characterizing the modern, observable relationship between potential sea-level proxies and tidal 
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742 elevation. We collected 143 surface sediment samples along seven transects at four salt marshes 

743 in Prince Edward Island (PEI) to generate a modern training set of foraminifera and bulk-

744 sediment isotopic (δ13Cadj and δ15N) values. The four sites are unusual because they include 

745 semi-diurnal tidal regimes (at Tryon and Augustine), a diurnal regime at Wolfe Inlet and a mixed 

746 regime at Haldimand River despite their geographic proximity to one another. While sites with 

747 different tidal ranges can be combined by standardizing elevation, this approach does not 

748 accurately characterize the duration of tidal inundation among sites with different tidal regimes. 

749 An approach of standardizing by flood duration could be used to combine sites with differing 

750 tidal regimes. We therefore focused principally on results from the semi-diurnal sites. 

751 Foraminifera on PEI salt marshes form low-diversity assemblages that have similar relationships 

752 to tidal elevation to other regions on the Atlantic coast of North America. By sampling more than 

753 one transect at each site and combining our results with those from Scott et al. (1981), we show 

754 that assemblages are replicated within and among sites over more than 40 years. This regional-

755 scale training set captures inter-site variability and is appropriate for reconstructing relative sea 

756 level. Bulk-sediment δ13Cadj values reflect the dominant vegetation on the marsh surface and 

757 differentiate readily between the salt-marsh platform occupied by C4 plants (below 

758 approximately mean higher high water, MHHW) and the transitional salt marsh and surrounding 

759 upland environments where C3 plants are dominant (above approximately MHHW). After 

760 combining the new measurements from PEI with similar datasets from Delaware to 

761 Massachusetts we explored the sensitivity of threshold elevations and cut-off δ13Cadj values. We 

762 propose that the zone of C4 plants is recognized by δ13Cadj values less negative than –17.0‰ and 

763 extends to slightly above MHHW, while the zone of C3 plants is recognized by δ13Cadj values 

764 more negative than –20.0‰ and extends slightly below MHHW. Bulk sediment δ15N are 

Page 34 of 54Canadian Journal of Earth Sciences (Author Accepted Manuscript)

© The Author(s) or their Institution(s)



35

765 elevated in salt-marsh sediment compared to nearby upland sediment, but there is evidence that 

766 post-depositional modification of nitrogen isotopes during burial under increasingly anoxic 

767 conditions is likely to render the groups indistinguishable and prevent use of δ15N as a sea-level 

768 proxy.

769
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782 Figure Captions

783 Figure 1: (A,B) Location of study sites on Prince Edward Island (PEI), Canada. Location of 

784 amphidromic points discussed in text are shown. Surface sediment samples were collected from 

785 four salt marshes (C–F) in June 2022 to build a multi-proxy modern training set for 

786 reconstructing relative sea level. Locations of tide gauges and sites used by Scott et al. (1981) to 

787 describe the modern distribution of foraminifera are shown. NFLD = Newfoundland. 

788 Coordinates are expressed in decimal degrees of latitude and longitude.

789

790 Figure 2: Relative abundance of foraminifera (limited to three key taxa: Balticammina 

791 pseudomacrescens + Jadammina macrescens, Trochammina inflata, and Miliammina fusca) in 

792 seven modern transects collected at four sites in Prince Edward Island, Canada. Tidal regime and 

793 tidal range vary among sites, therefore absolute elevations should not be compared directly 

794 among panels from different sites. Samples lacking foraminifera are denoted by shaded region. 

795 MHHW = local mean higher high water. Note that y-axes (elevation and foraminiferal 

796 abundance) scales are standardized for each study site but vary among sites. The single sample 

797 marking the highest occurrence of foraminifera (HOF) on each transect is highlighted by a 

798 heavier margin and labelled.

799

800 Figure 3: Bulk-sediment geochemistry measured in samples collected along seven modern 

801 transects collected at four sites in Prince Edward Island, Canada. Tidal regime and tidal range 

802 vary among some sites. MHHW = local mean higher high water, HOF = highest occurrence of 

803 foraminifera (at Tryon and Augustine).
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804

805 Figure 4: (A) Relationship between tidal elevation and flood duration at three tide-gauge sites in 

806 Prince Edward Island Canada. Predictions of astronomical tides were generated by using a tidal 

807 model for 2018–2036 CE at 15-minute intervals. Since tidal range varies among sites, elevation 

808 is expressed as a standardized water level index (SWLI) where a value of 1 corresponds to local 

809 mean high water (MHW) and a value of 0 to local mean low water (MLW). Flood duration is the 

810 proportion of time during the 19-year tidal epoch that elevations are predicted to be submerged 

811 by astronomical tides. For comparison, the relationship between elevation of predicted tides and 

812 flood duration (1983–2001 CE) is shown for 43 tide gauges on the U.S. Atlantic Coast with 

813 semi-diurnal tides and great diurnal tidal ranges from 0.30 m to 5.87 m. (B) Difference in the 

814 duration of flooding at intervals of 0.01 SWLI between Victoria and the other locations. 

815 Positive/negative values indicate that Victoria experiences longer/shorter submergence by tides. 

816 (C) Difference in the elevation of flooding at intervals of 0.01 duration over the 19-year tidal 

817 epoch between Victoria and the other locations. Positive/negative values indicate that the 

818 elevation of a particular flood duration is lower/higher at Victoria.

819

820 Figure 5: Distribution of salt-marsh foraminifera at sites with semi-diurnal tidal regime (Tryon 

821 and Augustine) in Prince Edward Island. The standardized dataset uses four transects from the 

822 study (collected in 2022 CE) and a transect collected at Tryon in 1978 CE by Scott et al. (1981). 

823 (A) Relationship between assemblages of foraminifera and elevation. Only samples with dead 

824 count exceeding 30 individuals and above mean tide level (MTL) are shown. (B) Cluster analysis 

825 of the 104 samples constituting the modern training set. Four principal assemblages are identified 

826 by bold outline.
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827

828 Figure 6: (A) Compilation of bulk-sediment δ13C values from six study areas (symbol shape and 

829 fill) along the Atlantic coast of North America where high salt-marsh platforms are vegetated by 

830 plants using the C4 photosynthetic pathway. For each dataset, measured δ13C values were 

831 adjusted for the Suess effect using the observed change in atmospheric δ13C during the ten years 

832 prior to sample collection. Sample elevation is expressed relative to tidal datums calculated using 

833 measurements from nearby tide gauges during the ten years preceding sample collection. For 

834 Prince Edward Island, data from Wolfe Inlet and Haldimand River are excluded since they have 

835 diurnal and mixed tidal regimes respectively. The remaining data (Tryon and Augustine in Prince 

836 Edward Island) all have semi-diurnal tidal regimes, but different tidal ranges. Therefore, 

837 elevation is expressed as a standardized water level index (SWLI) where a value of 1 

838 corresponds to local mean higher high water (MHHW) and a value of 0 represents mean lower 

839 low water; HOF is the highest occurrence of foraminifera at Tryon or Augustine. Vertical dashed 

840 lines represent the thresholds (–20‰ and –17‰) that have typically been used to differentiate 

841 samples that likely accumulated above and below the MHHW datum. Shaded regions 

842 represented proposed updates to threshold values. (B) Bulk-sediment δ15N values from two study 

843 areas (δ15N was not measured or reported for the other four study areas).

844

845 Figure 7: Exploration of threshold δ13C values for establishing if a sample likely accumulated in 

846 the brackish transitional zone (top panel) or on the high salt-marsh platform (lower panel). 

847 Observational data are the results from six regions along the Atlantic coast of North America 

848 with semi-diurnal tidal regimes but different tidal ranges. Therefore, elevation is expressed as a 

849 standardized water level index (SWLI), where a value of 1 corresponds to local mean higher high 

Page 38 of 54Canadian Journal of Earth Sciences (Author Accepted Manuscript)

© The Author(s) or their Institution(s)



39

850 water (MHHW) and a value of 0 is local mean tide level. The original thresholds used values 

851 more negative than –20‰ to identify samples that accumulated above MHHW and less negative 

852 than –17‰ to characterize samples that formed below MHHW. Cell shading represents the 

853 proportion of observations (samples) that are assigned to the environment of deposition for 

854 combinations of elevation and δ13C thresholds (contours for 0.75, 0.85, and 0.95 are shown and 

855 labelled). Alternative thresholds can be set by adjusting the elevation away from MHHW and/or 

856 by selecting different δ13C values (red arrows and symbols).
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