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Abstract 31 

Sea-level rise is leading to the migration of marshes into coastal forests throughout North 32 

America. Marsh migration represents a primary mechanism for marsh survival in the face of sea-33 

level rise and leads to a fundamental reorganization of vegetation communities. Yet, the 34 

ecological implications of these changes remain unknown. To evaluate the effect of marsh 35 

migration on ecosystem function, we compared habitat, primary production, vertical accretion, 36 

nutrient cycling, and carbon accumulation between new and old salt marsh on Goodwin Island 37 

(Virginia, USA) where salt marsh is migrating landward into rapidly retreating coastal forest. 38 

Using historical imagery and radioisotopic dating of sediment cores, we determined marsh age 39 

(<3 to approximately 616 years) across the landscape. We found that salt marsh functions 40 

generally depended more on elevation and/or landscape position than marsh age. Primary 41 

production and nutrient cycling (% C and % N soil content) did not vary significantly with marsh 42 

age. Accretion and carbon accumulation rates varied predictably with elevation in old marsh but 43 

not in new marsh. Instead, trends in soil formation were controlled by the colonization of 44 

Phragmites australis, a dominant plant in migrating marsh-forest boundaries along the Atlantic 45 

Coast. Vegetation zonation patterns were more clearly defined in old marsh, indicating that 46 

habitat types take time to develop. However, these vegetation differences did not translate to 47 

consistently different ecological functions. These observations suggest that marsh migration does 48 

not lead to permanent differences in ecological functions between new and old marsh, rather 49 

ecological functions will converge as new marsh ages. 50 
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Introduction 51 

Sea-level rise is transforming coastal regions around the world as increased flooding and 52 

salinization lead to land submergence, landward migration of ecosystems, and ecosystem 53 

replacement (Scavia and others 2002; Harley and others 2006; IPCC 2013; Gabler and others 54 

2017; Schuerch and others 2018). The extent to which coastal regions will change largely 55 

depends on the resilience of coastal ecosystems to the effects of sea-level rise. For example, 56 

freshwater and brackish systems like freshwater wetlands and tidal swamps are especially 57 

vulnerable to saltwater intrusion, whereas increased flooding and salinity threaten upland coastal 58 

forests, and erosion and migration create lateral instability for beaches and coastal dunes 59 

(Williams and others 1999; Zhang and others 2004; Feagin and others 2005; Shaffer and others 60 

2009; White and Kaplan 2017; Kirwan and Gedan 2019). Other systems, like salt marshes, can 61 

be more resilient to the effects of sea-level rise. Salt marshes can maintain vertical stability via 62 

feedbacks between sediment deposition, organic matter accumulation, and sea level, and they 63 

can also respond laterally via landward migration. (Kirwan and Megonigal 2013; Kirwan and 64 

others 2016a; Schuerch and others 2018).  65 

Marsh migration can be a primary mechanism for marsh survival in the face of sea-level 66 

rise (Reed 1995; Donnelly and Bertness 2001; Kirwan and Megonigal 2013; Kirwan and others 67 

2016b; Borchert and others 2018; Fagherazzi and others 2019). Tidal flooding of adjacent 68 

uplands creates growing conditions that support salt marsh vegetation and delivers mineral 69 

sediments that help build up marsh soil. Where landward migration is not restricted by 70 

anthropogenic or topographic barriers (i.e., steep slopes, infrastructure, shoreline protection 71 

structures), marshes can preserve or even expand their spatial extent under accelerated rates of 72 

sea-level rise, offsetting areal loss from edge erosion (Kirwan and Megonigal 2013; Enwright 73 
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and others 2016; Kirwan and others 2016b, 2016a). For marshes that are subject to high rates of 74 

erosion or are unable to maintain vertical stability (e.g., due to limited sediment inputs or effects 75 

on vegetation that limit their productivity), landward migration is critical for their survival. 76 

Changes in the composition of coastal landscapes due to the varied resilience of 77 

ecosystems to sea-level rise will likely have large-scale ecological repercussions. Anticipated 78 

consequences include habitat loss, decreases in biodiversity, and potentially altered or 79 

diminished ecosystem functions (Craft and others 2009; Gedan and others 2011; Pecl and others 80 

2017). Marsh migration into vulnerable upland forests, for example, leads to a fundamental 81 

reorganization of vegetation communities; this phenomenon has become one of the most 82 

pronounced transformations in low-lying coastal regions of North America (Williams and others 83 

1999; Raabe and Stumpf 2016; Langston and others 2017; Kirwan and Gedan 2019; Schieder 84 

and Kirwan 2019). Sea-level rise creates flooding conditions that prevent forest regeneration and 85 

over time, leads to a turnover of plant communities in which trees give way to more salt tolerant 86 

shrubs, that are replaced by herbaceous salt marsh species via landward migration (Langston and 87 

others 2017). This reorganization, or community reassembly, results not only in a change of 88 

species composition to species more adapted to flooded, saline conditions, but fundamental 89 

changes in the growth forms represented by plants and overall habitat structure. 90 

Though previous work has investigated transitions from upland and freshwater coastal 91 

communities to salt marsh, the ecological implications of these changes remain largely unknown. 92 

Moreover, the quality of new marsh replacing coastal forest has been called into question, as it 93 

often supports high densities of Phragmites australis, a non-native species prevalent along the 94 

Atlantic Coast of North America in high elevations of marsh and in transition zones between 95 

marsh and adjacent uplands (Chambers and others 1999; Orson 1999; Rice and others 2000; 96 
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Silliman and Bertness 2004). Here we evaluate the effect of landward marsh migration on 97 

ecosystem function by comparing habitat, primary production, vertical accretion, nutrient 98 

cycling, and carbon accumulation between new and old salt marsh in a coastal landscape where 99 

salt marsh is migrating rapidly into retreating coastal forest. We expected marsh age to be the 100 

predominant influence on ecological functions; however, our findings demonstrated that 101 

ecological functions were driven by vegetation and soil characteristics across gradients of age 102 

and elevation.  103 

Methods 104 

Study site 105 

To determine how ecological functions change with marsh age in a transgressing system, 106 

we evaluated habitat, productivity, vertical accretion, nutrient cycling, and carbon accumulation 107 

across elevation gradients of new and old marsh on Goodwin Island, which is located near the 108 

mouth of the York River in the Chesapeake Bay (Virginia, USA). Goodwin Island (0.8 km2) is 109 

located in a sea-level rise hot spot that has a long-term (1950-2019) mean rate of relative sea-110 

level rise of 4.86 mm y-1 (Yorktown, Virginia US Coast Guard tide station #8637689), which 111 

exceeds the current global mean rate of sea-level rise (3.2 mm y-1 since 1993; IPCC 2013). In 112 

response to sea-level rise, new salt marsh on Goodwin Island is rapidly migrating into upland 113 

coastal forest dominated by Pinus taeda at a long-term rate of 0.5 m y-1 (1937-2011; Kirwan and 114 

others 2016b). Marsh migration is accelerating with the rate of sea-level rise, and is occurring at 115 

roughly twice the rate of edge erosion, resulting in an overall increase in marsh area and a loss of 116 

coastal forest through time (Kirwan and others 2016b; Schieder and Kirwan 2019). In general, 117 

low marsh on Goodwin Island is dominated by Spartina alterniflora and high marsh is 118 

dominated by S. patens and Distichlis spicata. Phragmites australis is common in the highest 119 



 7 

elevations of marsh as well as in the transition zone from high marsh to forest, where it co-occurs 120 

with native high marsh species and shrubs (Iva frutescens and Morella cerifera). 121 

In a transgressing marsh, marsh age generally increases with distance from the current 122 

marsh-upland boundary. However, the rate of migration depends on upland slope; migration 123 

occurs slowly or not at all near steeper slopes and faster near gentler slopes (Kirwan and others 124 

2016b; Schieder and others 2018). These differences in upland slope result in marsh on Goodwin 125 

Island that is more than centuries old immediately adjacent to marsh that is only decades old. 126 

Thus, our comparisons between new and old marsh account for both elevation and landscape 127 

position. 128 

Imagery analysis and elevation transects 129 

 To determine the age of the marsh at different positions across Goodwin Island, we used 130 

historical maps, aerial imagery, and radioisotopic dating. We manually delineated the marsh-131 

forest boundary between the years 1853-1906 using 1:20,000 scale US Coast Survey topographic 132 

maps (T-sheets;(NOAA 2016). The T-sheets were previously georeferenced to modern aerial 133 

imagery with a root mean square error (RMSE) of approximately 5 m (Schieder and others 134 

2018). We also delineated the marsh-forest boundary in orthorectified aerial mosaics from 1937, 135 

1953, 1960, and 1994 (VIMS Shoreline Studies Program), in aerial imagery from 1982 and 2005 136 

with 0.5 m resolution (USGS 2016), and in orthoimagery from 2013 (ArcGIS server 137 

gismaps.vita.virginia.gov). All images were adjusted to match the scale of the T-sheets. We 138 

estimated marsh age by subtracting the marsh extent in each image from the previous image, in 139 

descending order, and grouped marsh extent into age classes. Thus, marsh ages inferred from 140 

historical maps and photographs refer to the period of time since marsh, rather than forest, was 141 

first visible.  142 
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Based on the imagery analysis, we established four elevation transects on Goodwin 143 

Island from which we collected field data on marsh age, vegetation composition and biomass, 144 

vertical accretion, nutrient cycling, and carbon accumulation. Transects extended from the 145 

seaward edge of the marsh to the marsh-forest boundary. Elevations were measured along each 146 

transect using an RTK GPS and were converted from NAVD88 to MHW using a conversion 147 

factor derived from the Yorktown US Coast Guard tide station. Three transects (T1, T2, T3) 148 

were placed in “new marsh” and one transect was established as a reference transect and placed 149 

entirely within an area of old marsh (“old marsh”). Transects in new marsh spanned age classes 150 

identified from the imagery analysis. The reference transect of old marsh was located in the 151 

oldest marsh identified from the imagery analysis.  152 

Vegetation composition and biomass 153 

We compared habitat and productivity between new and old marsh across elevation 154 

gradients by identifying plant species composition and measuring aboveground biomass. We 155 

mapped vegetation on Goodwin Island manually in ArcGIS based on aerial and drone imagery. 156 

We did not differentiate between tall and short form S. alterniflora, nor did we differentiate 157 

between S. patens and D. spicata, which are co-occurring species that occupy the same elevation 158 

range. All other plants identified in the GIS analysis were described to species level. We layered 159 

marsh age zones over the vegetation layer to determine marsh age across vegetation types. To 160 

determine whether vegetation type was a function of marsh age, we calculated the area of each 161 

vegetation type in each age class.  162 

We used aboveground biomass as an estimate of aboveground productivity in new and 163 

old marsh. We measured aboveground biomass in five 0.0625-m2 quadrats positioned along the 164 

four marsh elevation transects in Summer 2016. Live and dead vegetation were clipped at the 165 
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marsh surface from each quadrat, washed and separated by species, then dried at 60 °C to 166 

constant mass (~48 hours) before weighing. Biomass of S. patens and D. spicata were not 167 

separated because they are co-occurring high marsh species. We used a multiple linear regression 168 

to test the effects of age and elevation on aboveground biomass. We also applied a logistic 169 

regression to compare vegetation type across marsh age and elevation. We estimated the 170 

elevation at which vegetation type shifted by calculating the inflection point of each logistic 171 

curve. For this analysis, marshes were categorized as new (<110 years old) and old (>110 years 172 

old), based on the imagery analysis.  173 

Vertical accretion and radioisotopic dating 174 

 To compare accretion rates in new and old marsh, we estimated vertical accretion by 175 

measuring the thickness of organic rich sediment in sediment cores collected along the four 176 

marsh transects and using 210Pb geochronology. Sediment cores were collected in 2016 from 177 

different age classes along T1, T2, and T3 and along the transect of old reference marsh in 178 

locations of similar elevation and vegetation type as those along the new marsh transects. Six 179 

cores were taken along T1, seven along T2, and five cores each were taken along T3 and the 180 

reference transect of old marsh. Cores were collected using a 5-cm diameter Russian Peat Corer. 181 

Depths of cores varied depending on the depth of organic matter. The position and elevation of 182 

each core location were recorded using an RTK GPS; elevations were converted from NAVD88 183 

to MHW. We estimated organic matter thickness in the field by identifying the transition from 184 

pre-marsh, upland sediment to marsh sediment within each core based on visual and tactile cues: 185 

pre-marsh sediment on Goodwin Island is gray, lacks fibrous organic content, and has higher 186 

bulk density; marsh sediment is brown, has visible organic matter, and lower bulk density 187 

(Schieder and Kirwan 2019). Organic matter thickness was measured as the length from the top 188 
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of the core to the depth of the pre-marsh-to-marsh transition. Accretion rates were then 189 

calculated as organic matter thickness divided by marsh age estimated from the imagery analysis. 190 

We also estimated accretion rates using 210Pb geochronology. 210Pb accretion rates were 191 

calculated for sediment samples collected from five push cores (16-cm diameter, 21-60 cm deep) 192 

in new and old marsh. Three cores were taken along T3 in new marsh and two cores were taken 193 

from the reference transect in old marsh. Cores were sectioned into 1-cm intervals and oven-194 

dried at 60 °C until a constant weight was achieved. Sediment was then homogenized, weighed, 195 

packed in 25 mL petri dishes and sealed to retain radon gas for 226Ra isotopic measurements. The 196 

samples were equilibrated for ≥ 30 days and measured for 137Cs and 210Pb gamma emissions on a 197 

Canberra Low Energy Germanium gamma detector for 24 hours. Unsupported 210Pb (210Pbex) 198 

was determined by subtracting estimated 226Ra radioactivity (calculated as the mean activities of 199 

214Bi and 214Pb) from total 210Pb radioactivity. Accretion rates were calculated using the CIC 200 

model (Goldberg 1963). Accretion rates based on organic matter thickness and 210Pb analysis 201 

were summarized as mean rates (± standard deviation) for new and old marsh.  202 

We also used the 210Pb sediment samples for radioisotopic dating. We estimated marsh 203 

age along T3 and along the reference transect of old marsh by dividing the depths of organic 204 

matter by accretion rates estimated from 210Pb profiles.  205 

Nutrient cycling and carbon accumulation 206 

 To compare soil nutrient characteristics in new and old marsh, we analyzed weight 207 

percent carbon (% C) and percent nitrogen (% N) from sediment cores collected along the four 208 

elevation transects. Cores were taken from the same locations as cores used for measuring 209 

accretion rates based on organic matter thickness (six cores from T1, seven cores from T2, and 210 

five cores each from T3 and the reference transect of old marsh). Cores were divided by depth 211 
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into the following sections: 0-5 cm, 5-10 cm, 10-20 cm, and 20-30 cm. Samples from each 212 

section were dried at 60 °C, then ground with a mortar and pestle. Subsamples were then 213 

analyzed from each core for C and N content using a Perkin-Elmer 2400 CHN elemental 214 

analyzer. We calculated means and standard deviations of % C and % N by age class and across 215 

elevation. 216 

We evaluated carbon storage capacity as a function of marsh age by calculating carbon 217 

accumulation rates from each sediment core. To get a consistent depth across age zones of the 218 

marsh, including in newer marsh with shallow organic soils, we measured C accumulation to 219 

depths of 10 cm. Carbon accumulation was calculated as the product of the carbon content of the 220 

sample, accretion rate, and bulk density. Bulk density was calculated by dividing the mass of 221 

oven-dried sediment by sediment sample volume. We summarized C accumulation as a mean 222 

rate (± standard deviation) for each age class. 223 

Results 224 

Marsh age 225 

 We identified 8 age classes from historical maps and aerial imagery: <3 years, 3-11 years, 226 

11-22 years, 22-34 years, 34-56 years, 56-79 years, 79-110 years, and >110 years (Fig. 1a). The 227 

oldest age range was not confined by a maximum age because the T-sheets revealed the presence 228 

of marsh in 1906 but not the year it formed. The three transects across new marsh spanned an 229 

age range > 110 years old at the seaward edge to < 3 years old at the marsh-forest boundary. 230 

Marsh along the old transect was also present in the 1906 T-sheet, confirming it was also >110 231 

years old. 232 

Marsh age was estimated using radioisotopic dating for two of the three cores along T3. 233 

Sediment from core 1 was estimated as 109 years old and occurred in marsh identified in the 234 
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historical imagery analysis as >110 years old. Sediment from core 2 was estimated as 204 years 235 

old and occurred in marsh identified in the historical imagery analysis as 56-79 years old. 236 

Sediment from core 3, which was collected from marsh in the 22-34 age class, showed two 237 

periods of accretion based on its 210Pb profile and could not give a reliable age estimate. We 238 

determined that results from radioisotopic dating in new marsh were not useful and instead used 239 

the age classes identified from imagery analysis for evaluating ecological functions in new 240 

marsh. Marsh along the reference transect of old marsh was estimated as 616 years old based on 241 

radioisotopic dating of one sediment core. No age estimate was estimated from the second core 242 

because an accretion rate could not be determined from the 210Pb profile. 243 

Marsh age was correlated with elevation, with the newest marsh occurring at higher 244 

elevations than older new marsh, which occurred at subsequently lower elevations (Fig. 1b).  245 

Vegetation composition and biomass 246 

Vegetation composition varied with marsh age. Phragmites australis made up >90% of 247 

plant cover in the newest marsh and rapidly declined with marsh age (Fig. 2). Spartina patens 248 

and D. spicata cover quickly increased with time in marsh < 50 years old and replaced P. 249 

australis as the dominant species in marsh aged 56 to 110 years old. Spartina alterniflora cover 250 

increased over time. It was the dominant species in marsh >110 years old, and made up >70% of 251 

plant cover in the oldest marsh.  252 

 In new marsh, S. alterniflora co-occurred with J. roemarianus, S. patens, D. spicata and 253 

Salicornia virginica along elevations ranging from 0.2 to 0.6 m (Fig. 3a). Phragmites australis 254 

co-occurred with S. alterniflora, S. patens and D. spicata from 0.5-0.6 m. In old marsh, sharp 255 

transitions in vegetation composition occurred across an elevation gradient. Spartina alterniflora 256 

exclusively occupied lower elevations of old marsh (0.1-0.3 m). From 0.3 to 0.4 m, species 257 
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composition included S. alterniflora, J. roemarianus, S. patens, D. spicata, and S. virginica. 258 

These marsh species were replaced by P. australis at elevations above 0.4 m.  259 

In new marsh, the transition from low to high marsh species occurred gradually (Fig. 3b). 260 

In old marsh, the transition from low marsh dominated by S. alterniflora to high marsh 261 

dominated by S. patens and D. spicata occurred sharply at 0.3 m. The elevation at which native 262 

high marsh plants transitioned to P. australis was higher in new marsh than old marsh (0.53 m 263 

compared to 0.4 m). 264 

Aboveground biomass significantly increased with elevation in both new and old marsh 265 

(p-value < 0.0001; Fig 4a). For a given elevation, biomass was similar in new and old marsh (p-266 

value = 0.43), though a significant interaction between elevation and age effects (p-value = 267 

0.009) showed that biomass increased with elevation more quickly in old marsh than in new 268 

marsh (Fig. 4a). Biomass in the newest (< 3 years) and oldest marsh (616 years) was primarily 269 

composed of P. australis (1187 g m-2 and 1519 g m-2, respectively; Fig. 4b). In marsh between 270 

11 and 110 years old, biomass was primarily composed of S. alterniflora, S. patens and D. 271 

spicata. 272 

Vertical accretion 273 

 Vertical accretion in old marsh decreased with elevation but increased with elevation in 274 

new marsh (Fig. 5). Mean vertical accretion in new marsh based on organic matter thickness was 275 

5.6 ± 6.3 mm y-1, and was 1.01 ± 0.83 mm y-1 in old marsh. The mean 210Pb accretion rate in new 276 

marsh was 2.0 ± 1.4 mm y-1. 210Pb accretion rates in cores 1 and 2 along T3 were 1.92 mm y-1 277 

and 1.13 mm y-1, respectively (Fig. 6). Two periods of accretion were identified in core 3, shown 278 

by two distinct slopes of excess 210Pb activity. The 210Pb accretion rate of core 1 along the old 279 
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marsh reference transect was 1.15 mm y-1. A 210Pb accretion rate could not be calculated for core 280 

2 because the excess 210Pb values fell below the supported values for all samples below 2 cm.  281 

Nutrient cycling and carbon accumulation 282 

 Neither C nor N content in marsh soil was correlated with marsh age or elevation (Fig. 7). 283 

Percent C and % N followed similar patterns; both were highest in marsh aged 3-11 years (% C: 284 

7.8±6.1; % N: 0.49±0.39) and lowest in marsh aged 79-110 years (% C: 3.6±0.7; % N: 285 

0.29±0.06; Fig. 7a). In the newest marsh (> 3 years), % C was 6.9±1.3 and % N was 0.49±0.07. 286 

Both % C and % N were higher in the oldest region of new marsh (>110 years old; % C: 7.0±5.4; 287 

% N: 0.45±0.33) than in old marsh dated 616 years old (% C: 4.2±4.9; % N: 0.30±0.28). Percent 288 

C varied more within elevations than across elevations and ranged from 1.3±0.2 to 10.3±5.4 289 

(Fig. 7b). Percent N did not change with elevation and ranged from 0.13±0.02 to 0.68±0.40. 290 

Carbon accumulation rate was highest at high elevations of new marsh (965 g C m-2 y-1) 291 

and decreased with marsh age (Fig. 8). Carbon accumulation rate was lowest in marsh dated 79-292 

110 years old (10 ± 0.4 g C m-2 y-1), which was only slightly lower than the rate of carbon 293 

accumulation in old reference marsh (13 ± 16 g C m-2 y-1). 294 

Bulk densities ranged from 0.04 to 0.33 g cm-3 in new marsh and from 0.16 to 0.33 g cm-3 295 

in old marsh. Mean bulk density across both new and old marsh was 0.20 ± 0.08 g cm-3. 296 

Discussion 297 

Habitat and productivity 298 

In general, newly formed marsh on Goodwin Island inhabited high elevations towards the 299 

interior of the island and subsequently older marsh generally occupied lower elevations nearer 300 

the seaward edge (Fig. 1). However, old marsh also occurred at high elevations adjacent to 301 

newly-formed marsh at the marsh-forest boundary due to differences in upland slope. Vegetation 302 
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composition among age classes of marsh varied with elevation and landscape position, reflecting 303 

differences in environmental, edaphic, and biotic factors that influence the distributions of marsh 304 

plants (Bertness 1991; Pennings and Callaway 1992; Edwards and Proffitt 2003; Silvestri and 305 

others 2005). For example, new marsh at the marsh-forest boundary that formed within the past 306 

34 years and occupied the highest elevations of the marsh (~0.45-0.6 m) was dominated by P. 307 

australis (Fig. 2). This region most likely has lower concentrations of toxic soil sulfides and 308 

greater rhizosphere oxidation that promote P. australis establishment compared to lower 309 

elevations (Chambers and others 2003). Marsh in older age classes (35-110 years) occupied mid 310 

elevations (~0.3-0.5 m) dominated by high marsh species, Spartina patens and D. spicata, which 311 

are more flood and salt tolerant than P. australis (Smith 2013). Marsh > 110 years old, which 312 

supported S. alterniflora in more frequently flooded regions and P. australis near the marsh-313 

forest boundary, most clearly demonstrated that plant composition on Goodwin Island was a 314 

function of growing conditions influenced by factors other than marsh age.  315 

Distinct vegetation zonation between low and high marsh plants, as observed in the old 316 

marsh, is a prevailing characteristic of salt marsh landscapes (Adams 1963; Bertness and Ellison 317 

1987; Bertness 1991; Pennings and Callaway 1992; Pennings and others 2005; Smith 2014). 318 

Spartina alterniflora routinely dominates low elevations of marsh because it is better adapted 319 

than other marsh plants to anoxic soils and high salinity in frequently flooded marsh. In high 320 

marsh elevations, where less flooding and lower salinity create less stressful growing conditions, 321 

S. alterniflora is outcompeted by S. patens and other marsh plants (Bertness 1991). In new marsh 322 

on Goodwin Island, S. alterniflora and high marsh plants overlapped across most of the 323 

elevational profile and a gradual shift from S. alterniflora to S. patens/D. spicata-dominated 324 

marsh blurred the transition from low to high marsh zones (Fig. 3). This suggests it takes time 325 
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for vegetation zonation patterns to develop in a marsh, which likely depends on how quickly 326 

wetland soils develop (Hill and Anisfeld 2015), and the role different plant species play in 327 

engineering their physical environment (Marani and others 2013). Consistent with previous work 328 

(Marani and others 2013), our findings suggest that it takes centuries for vegetation zonation to 329 

fully develop. 330 

Phragmites australis played a prominent role in several ecological functions in the 331 

highest elevations of marsh on Goodwin Island, including primary production. Phragmites 332 

australis was introduced to Goodwin Island in the 1990s (Perry and Atkinson 1997); less than 30 333 

years later, we found it accounted for most of the aboveground biomass in both new and old 334 

marsh near the marsh-forest boundary (Fig. 4). A prevalent species in transition zones between 335 

marsh and upland, P. australis relies on clonal integration to quickly colonize upper elevations of 336 

adjacent marsh (Chambers and others 1999; Orson 1999; Amsberry and others 2000; Rice and 337 

others 2000; Silliman and Bertness 2004). Clonal integration allows P. australis growing at the 338 

marsh-forest boundary to send rhizomes into adjacent marsh and share water, oxygen, nutrients, 339 

and photosynthates with new shoots, enabling P. australis to colonize upper elevations of both 340 

new and old marsh (Amsberry and others 2000). 341 

Though P. australis occurred in both new and old marsh, it transitioned to S. patens and 342 

D. spicata-dominated marsh at a higher elevation in new marsh than in old marsh. The presence 343 

of P. australis in old marsh demonstrated that new marsh was no more susceptible to 344 

colonization by P. australis than old marsh near the marsh-forest boundary and indicates that P. 345 

australis will continue migrating into lower elevations of new marsh over time. However, 346 

sensitivity to flooding, salinity and soil sulfide will likely limit the spread P. australis (Chambers 347 

and others 2003; Smith 2013). Over time, as sea-level rise increases flooding frequency in 348 
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elevations currently supporting P. australis, P. australis may be replaced by marsh species better 349 

adapted to anoxic, saline soils (Wijte and Gallagher 1996b, 1996a).   350 

Vertical accretion 351 

Despite P. australis dominating high elevations and overall plant biomass increasing with 352 

elevation across Goodwin Island, vertical accretion rates were much different in new and old 353 

marsh (Fig. 5). Accretion steadily decreased with elevation in old marsh, consistent with the 354 

typical pattern of soil build up in marshes. Generally, accretion rates decrease with increased 355 

elevation because higher elevations of marsh are flooded less frequently and receive less 356 

sediment than lower elevations of marsh (Friedrichs and Perry 2001; Morris and others 2002; 357 

Kirwan and Megonigal 2013). However, accretion rates in old marsh may be underestimated due 358 

to the lack of clear 210Pb profiles that could not be confirmed by 137Cs profiles (Fig. 6). Depleted 359 

sediments at the top of the profile suggest a well-mixed sediment column possibly from 360 

bioturbation or other physical mixing. Nonetheless, all measures of accretion rates (organic 361 

matter thickness, 210Pb profiles, and 137Cs profiles) were similar in old marsh, and were 362 

consistently lower than accretion rates in new marsh. 363 

In new marsh, accretion rates dramatically increased in elevations above 0.4 m, 364 

suggesting that contributions of organic material from P. australis outweighed potentially low 365 

rates of sediment deposition. Previous studies have found that P. australis biomass not only 366 

contributes to high rates of organic accretion, but also traps more sediment than marsh plants 367 

such as Spartina spp. (Harrison and Bloom 1977; Rooth and Stevenson 2000; Rooth and others 368 

2003). Contributions of P. australis to vertical accretion in recent decades have a much greater 369 

influence on new marsh formed since the 1990s, where P. australis has been the dominant plant 370 

species during new marsh formation, than on long-term accretion rates in old marsh on Goodwin 371 
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Island. A spike of increased sedimentation from P. australis in old marsh would be muted 372 

against centuries of slower accretion rates in high marsh dominated by native plant species. 373 

Nutrient cycling and carbon accumulation 374 

Our findings indicated no clear relationship between soil nutrient content and marsh age 375 

or elevation on Goodwin Island (Fig. 7), which is inconsistent with other studies. We would 376 

expect C and N content to be higher in older marsh compared to new marsh because soil 377 

nutrients build up as organic matter decomposes and is buried over time. For example, C and N 378 

concentrations were lower in new naturally-formed sandbar marshes than in more mature 379 

marshes in Georgia, USA (Krull and Craft 2009). Similarly, it was estimated it would take an 380 

average of 24 years for soil % C and 13 years for soil % N in newly constructed marshes around 381 

the Chesapeake Bay to reach % C and % N levels found in paired old marsh (Chambers and 382 

others 2021). A long-term study comparing two sets of constructed and natural marshes in North 383 

Carolina, USA, also found C and N concentrations were lower in a constructed marsh compared 384 

to a natural marsh that had formed 2500 years prior (Craft and others 1999). However, unlike 385 

constructed marshes built using low-nutrient, sand-dominated substrates, new marsh on Goodwin 386 

Island formed on forest soils already containing carbon and nitrogen. Soil nutrient content is also 387 

typically greater in low elevation marsh compared to high marsh, because low marsh is flooded 388 

more frequently. This trend has been observed previously in created marshes in North Carolina 389 

and Texas, USA (Lindau and Hossner 1981; Craft and others 2002). On Goodwin Island, 390 

however, newly formed marsh (<3 and 3-11 years) occupying high elevations had the highest % 391 

C and % N content, potentially corresponding with high aboveground biomass and high 392 

accretion rates from P. australis. 393 
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Carbon accumulation rates on Goodwin Island were much faster in the youngest marsh ( 394 

< 3 and 3 to 11 years old; Fig. 8) than in older marsh, and also exceeded the global mean rate 395 

(245 g C m-2 y-1) and the mean rate along the Atlantic Coast (172 g C m-2 y-1;(Ouyang and Lee 396 

2014). Short-term measures of carbon accumulation tend to be higher than long-term measures 397 

because over time, decomposition, compaction, and increased inundation from sea-level rise 398 

slow carbon accumulation rates. Indeed, similar trends were observed in a restored English 399 

marsh where new marsh less than 20 years old supported much higher rates of carbon 400 

accumulation compared to low, consistent rates in older marsh (Burden and others 2019), in 401 

created and natural marshes in Louisiana (Abbott and others 2019), where short-term rates of 402 

carbon accumulation were higher than long-term rates, and in a natural marsh in North Carolina, 403 

USA, where the 11-year carbon accumulation rate was higher than the long-term (100 y) rate 404 

(Craft and others 1999). However, carbon accumulation is also a function of the accretion rate, 405 

soil carbon content, and soil bulk density. Given that soil bulk density was relatively low in new 406 

and old marsh, carbon accumulation in newer marsh may also be explained by high rates of 407 

organic accretion and soil organic carbon from P. australis.  408 

Maturation of a transgressing marsh 409 

Trends observed on Goodwin Island, where new, high elevation marsh is forming via 410 

transgression, differ somewhat from trends observed in newly restored and constructed marshes, 411 

which generally occupy low elevations near the seaward edge (Craft and others 1999, 2002). In 412 

those marshes, vertical accretion is driven by mineral deposition from frequent tidal inundation. 413 

Over time, they become more influenced by organic processes as community structure develops 414 

and biomass increases.  Nutrient reservoirs grow and carbon accumulates as the marshes mature. 415 

Similar trends occur via primary succession in natural marshes that have developed from 416 
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intertidal sand flats (Osgood and Zieman 1993; Osgood and others 1995). On Goodwin Island, 417 

transgressing marsh is driven by organic processes largely influenced by P. australis and 418 

ecological functions and attributes are typical of high marsh rather than low elevation new 419 

marsh. Over time, as new marsh becomes increasingly flooded and farther removed from the 420 

marsh-forest boundary, it becomes more influenced by mineral processes. Just as successfully 421 

restored and created marshes become increasingly similar to natural reference marshes as they 422 

mature, our results suggest new marsh on Goodwin Island will eventually resemble lower 423 

elevations of old reference marsh.  424 

This study evaluated the ecological attributes and functions of salt marsh migrating into 425 

upland coastal forest. The primary difference between new and old marsh on Goodwin Island 426 

was related to habitat: sharp transitions between vegetation zones observed in old marsh had not 427 

yet developed in new marsh. Differences in accretion rates (decreasing with elevation in old 428 

marsh, increasing in new marsh) and carbon accumulation (low in old marsh, high in new marsh) 429 

as well as similarities in primary production and nutrient cycling appear to be driven more by 430 

vegetation and soil characteristics influenced by landscape position and elevation rather than 431 

marsh age. These findings potentially contrast with work in other ecosystems showing a tight 432 

relationship between ecosystem age and function (Odum 1969; Ballantine and Schneider 2009; 433 

Osland and others 2020). The presence of P. australis had potentially large influences on all 434 

ecological functions, particularly in new marsh. Concerns have arisen that migrating marsh 435 

facilitates the expansion of non-native species like P. australis and consequently, that new marsh 436 

provides diminished ecological functions compared to old marsh (Smith 2013). However, we 437 

found P. australis was a function of elevation and landscape position rather than a defining 438 

characteristic of new marsh replacing coastal forest. As high marsh on Goodwin experiences 439 
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more flooding, contributions of P. australis to biomass, accretion rates, and soil nutrients may 440 

facilitate the eventual transition to native marsh species. We expect the ecological functions in 441 

newly formed marsh eventually to resemble those of older, lower elevation marsh on Goodwin 442 

Island as increased tidal flooding creates conditions more suitable for marsh species such as S. 443 

patens, D. spicata, and S. alterniflora. Hence, our observations suggest that marsh migration 444 

does not lead to permanent differences in ecological functions of the marsh, rather ecological 445 

functions converge as the marsh ages. 446 
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Acknowledgments 448 

We thank Scott Lerberg for his input on project development and the Chesapeake Bay National 449 

Ecological Research Reserve for access to Goodwin Island. We thank Tyler Messerschmidt for 450 

field assistance, and Jenn Connell for processing sediment core samples. This work was 451 

supported by NSF CAREER (EAR-1654374) and NSF LTER (DEB-1832221) and the Dominion 452 

Energy Charitable Foundation (Richmond, VA). This is contribution 4013 of the Virginia 453 

Institute of Marine Science, William & Mary. 454 

 455 

Conflict of interest: The authors declare that they have no conflict of interest. 456 

 457 



 22 

References 458 

Abbott KM, Elsey-Quirk T, DeLaune RD. 2019. Factors influencing blue carbon accumulation 459 

across a 32-year chronosequence of created coastal marshes. Ecosphere 10:e02828. 460 

Adams DA. 1963. Factors influencing vascular plant zonation in North Carolina salt marshes. 461 

Ecology 44:445–56. 462 

Amsberry L, Baker MA, Ewanchuk PJ, Bertness MD. 2000. Clonal integration and the 463 

expansion of Phragmites australis. Ecological Applications 10:1110–8. 464 

Ballantine K, Schneider R. 2009. Fifty-five years of soil development in restored freshwater 465 

depressional wetlands. Ecological Applications 19:1467–80. 466 

Bertness MD. 1991. Zonation of Spartina patens and Spartina alterniflora in New England salt 467 

marsh. Ecology 72:138–48. 468 

Bertness MD, Ellison AM. 1987. Determinants of pattern in a New England salt marsh plant 469 

community. Ecological Monographs 57:129–47. 470 

Borchert SM, Osland MJ, Enwright NM, Griffith KT. 2018. Coastal wetland adaptation to sea 471 

level rise: Quantifying potential for landward migration and coastal squeeze. Journal of 472 

Applied Ecology 55:2876–87. 473 

Burden A, Garbutt A, Evans CD. 2019. Effect of restoration on saltmarsh carbon accumulation 474 

in Eastern England. Biology Letters 15:20180773. 475 

Chambers RM, Gorsky AL, Isdell RE, Mitchell MM, Bilkovic DM. 2021. Comparison of 476 

nutrient accrual in constructed living shoreline and natural fringing marshes. Ocean and 477 

Coastal Management 199:105401. 478 

Chambers RM, Meyerson LA, Saltonstall K. 1999. Expansion of Phragmites australis into tidal 479 

wetlands of North America. Aquatic Botany 64:261–73. 480 



 23 

Chambers RM, Osgood DT, Bart DJ, Montalto F. 2003. Phragmites australis invasion and 481 

expansion in tidal wetlands: Interactions among salinity, sulfide, and hydrology. In: 482 

Estuaries. Vol. 26. Estaurine Research Federation. pp 398–406. 483 

Craft C, Broome S, Campbell C. 2002. Fifteen years of vegetation and soil development after 484 

brackish-water marsh creation. Restoration Ecology 10:248–58. 485 

Craft C, Clough J, Ehman J, Joye S, Park R, Pennings S, Guo H, Machmuller M. 2009. 486 

Forecasting the effects of accelerated sea-level rise on tidal marsh ecosystem services. 487 

Frontiers in Ecology and the Environment 7:73–8. 488 

Craft C, Reader J, Sacco JN, Broome SW. 1999. Twenty‐five years of ecosystem development of 489 

constructed Spartina alterniflora (Loisel) marshes. Ecological Applications 9:1405–19. 490 

Donnelly JP, Bertness MD. 2001. Rapid shoreward encroachment of salt marsh cordgrass in 491 

response to accelerated sea-level rise. Proceedings of the National Academy of Sciences of 492 

the United States of America 98:14218–23. 493 

Edwards KR, Proffitt CE. 2003. Comparison of wetland structural characteristics between 494 

created and natural salt marshes in southwest Louisiana, USA. Wetlands 23:344–56. 495 

Enwright NM, Griffith KT, Osland MJ. 2016. Barriers to and opportunities for landward 496 

migration of coastal wetlands with sea-level rise. Frontiers in Ecology and the Environment 497 

14:307–16. 498 

Fagherazzi S, Anisfeld SC, Blum LK, Long E V., Feagin RA, Fernandes A, Kearney WS, 499 

Williams K. 2019. Sea level rise and the dynamics of the marsh-upland boundary. Frontiers 500 

in Environmental Science 7:25. 501 

Feagin RA, Sherman DJ, Grant WE. 2005. Coastal erosion, global sea-level rise, and the loss of 502 

sand dune plant habitats. Frontiers in Ecology and the Environment 3:359–64. 503 



 24 

Friedrichs CT, Perry JE. 2001. Tidal salt marsh morphodynamics: a synthesis. Journal of Coastal 504 

Research 27:7–37. 505 

Gabler CA, Osland MJ, Grace JB, Stagg CL, Day RH, Hartley SB, Enwright NM, From AS, 506 

McCoy ML, McLeod JL. 2017. Macroclimatic change expected to transform coastal 507 

wetland ecosystems this century. Nature Climate Change 7:142–7. 508 

Gedan KB, Kirwan ML, Wolanski E, Barbier EB, Silliman BR. 2011. The present and future 509 

role of coastal wetland vegetation in protecting shorelines: answering recent challenges to 510 

the paradigm. Climatic Change 106:7–29. 511 

Goldberg ED. 1963. Geochronology with 210Pb. In: Radioactive Dating. VIenna: International 512 

Atomic Energy Agency. pp 121–31. 513 

Harley CDG, Hughes AR, Hultgren KM, Miner BG, Sorte CJB, Thornber CS, Rodriguez LF, 514 

Tomanek L, Williams SL. 2006. The impacts of climate change in coastal marine systems. 515 

Ecology Letters 9:228–41. 516 

Harrison EZ, Bloom AL. 1977. Sedimentation rates on tidal salt marshes in Connecticut. Journal 517 

of Sedimentary Research Vol. 47:1484–90. 518 

Hill TD, Anisfeld SC. 2015. Coastal wetland response to sea level rise in Connecticut and New 519 

York. Estuarine, Coastal and Shelf Science 163:185–93. 520 

IPCC. 2013. Climate Change 2013: The Physical Science Basis. Contribution of Working Group 521 

I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 522 

Stocker TF, Qi D, Plattne G-K, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, 523 

Midgley PM, editors. 524 

Kirwan ML, Gedan KB. 2019. Sea-level driven land conversion and the formation of ghost 525 

forests. Nature Climate Change 9:450–7. 526 



 25 

Kirwan ML, Megonigal JP. 2013. Tidal wetland stability in the face of human impacts and sea-527 

level rise. Nature 504:53–60. 528 

Kirwan ML, Temmerman S, Skeehan EE, Guntenspergen GR, Fagherazzi S. 2016a. 529 

Overestimation of marsh vulnerability to sea level rise. Nature Climate Change 6:253–60. 530 

Kirwan ML, Walters DC, Reay WG, Carr JA. 2016b. Sea level driven marsh expansion in a 531 

coupled model of marsh erosion and migration. Geophysical Research Letters 43:4366–73. 532 

Krull K, Craft C. 2009. Ecosystem development of a sandbar emergent tidal marsh, Altamaha 533 

River Estuary, Georgia, USA. Wetlands 29:314–22. 534 

Langston AK, Kaplan DA, Putz FE. 2017. A casualty of climate change? Loss of freshwater 535 

forest islands on Florida’s Gulf Coast. Global Change Biology 23:5383–97. 536 

Lindau CW, Hossner LR. 1981. Substrate characterization of an experimental marsh and three 537 

natural marshes. Soil Science Society of America Journal 45:1171–6. 538 

Marani M, Da Lio C, D’Alpaos A. 2013. Vegetation engineers marsh morphology through 539 

multiple competing stable states. Proceedings of the National Academy of Sciences of the 540 

United States of America 110:3259–63. 541 

Morris JT, Sundareshwar P V., Nietch CT, Kjerfve B, Cahoon DR. 2002. Responses of coastal 542 

wetlands to rising sea level. Ecology 83:2869–77. 543 

NOAA. 2016. NOAA Shoreline Website: NOAA Historical Surveys (T-Sheets). 544 

Odum EP. 1969. The strategy of ecosystem development. Science 164:262 LP – 270. 545 

Orson RA. 1999. A paleoecological assessment of Phragmites australis in New England tidal 546 

marshes: Changes in plant community structure during the last few millennia. Biological 547 

Invasions 1:149–58. 548 

Osgood D, Santos M, Zieman J. 1995. Sediment physico-chemistry associated with natural 549 



 26 

marsh development on a storm-deposited sand flat. Marine Ecology Progress Series 550 

120:271–83. 551 

Osgood DT, Zieman JC. 1993. Spatial and temporal patterns of substrate physicochemical 552 

parameters in different-aged barrier island marshes. Estuarine, Coastal and Shelf Science 553 

37:421–36. 554 

Osland MJ, Feher LC, Spivak AC, Nestlerode JA, Almario AE, Cormier N, From AS, Krauss 555 

KW, Russell MJ, Alvarez F, Dantin DD, Harvey JE, Stagg CL. 2020. Rapid peat 556 

development beneath created, maturing mangrove forests: ecosystem changes across a 25-yr 557 

chronosequence. Ecological Applications 30:e02085. 558 

Ouyang X, Lee SY. 2014. Updated estimates of carbon accumulation rates in coastal marsh 559 

sediments. Biogeosciences 11:5057–71. 560 

Pecl GT, Araújo MB, Bell JD, Blanchard J, Bonebrake TC, Chen I-C, Clark TD, Colwell RK, 561 

Danielsen F, Evengård B, Falconi L, Ferrier S, Frusher S, Garcia RA, Griffis RB, Hobday 562 

AJ, Janion-Scheepers C, Jarzyna MA, Jennings S, Lenoir J, Linnetved HI, Martin VY, 563 

McCormack PC, McDonald J, Mitchell NJ, Mustonen T, Pandolfi JM, Pettorelli N, Popova 564 

E, Robinson SA, Scheffers BR, Shaw JD, Sorte CJB, Strugnell JM, Sunday JM, Tuanmu 565 

M-N, Vergés A, Villanueva C, Wernberg T, Wapstra E, Williams SE. 2017. Biodiversity 566 

redistribution under climate change: Impacts on ecosystems and human well-being. Science 567 

355:eaai9214. 568 

Pennings SC, Callaway RM. 1992. Salt marsh plant zonation: the relative importance of 569 

competition and physical factors. Ecology 73:681–90. 570 

Pennings SC, Grant M-B, Bertness MD. 2005. Plant zonation in low-latitude salt marshes: 571 

disentangling the roles of flooding, salinity and competition. Journal of Ecology 93:159–67. 572 



 27 

Perry JE, Atkinson RB. 1997. Plant diversity along a salinity gradient of four marshes on the 573 

York and Pamunkey Rivers in Virginia. Castanea 62:112–8. 574 

Raabe EA, Stumpf RP. 2016. Expansion of Tidal Marsh in Response to Sea-Level Rise: Gulf 575 

Coast of Florida, USA. Estuaries and Coasts 39:145–57. 576 

Reed DJ. 1995. The response of coastal marshes to sea-level rise: survival or submergence? 577 

Earth Surface Processes and Landforms 20:39–48. 578 

Rice D, Rooth J, Stevenson JC. 2000. Colonization and expansion of Phragmites Australis in 579 

upper Chesapeake Bay tidal marshes. Wetlands 20:280–99. 580 

Rooth JE, Stevenson JC. 2000. Sediment deposition patterns in Phragmites australis 581 

communities: Implications for coastal areas threatened by rising sea-level. Wetlands 582 

Ecology and Management 8:173–83. 583 

Rooth JE, Stevenson JC, Cornwell JC. 2003. Increased sediment accretion rates following 584 

invasion by Phragmites australis: the role of litter. Estuaries 26:475–83. 585 

Scavia D, Field JC, Boesch DF, Buddemeier RW, Burkett V, Cayan DR, Fogarty M, Harwell 586 

MA, Howarth RW, Mason C, others. 2002. Climate change impacts on US coastal and 587 

marine ecosystems. Estuaries 25:149–64. 588 

Schieder NW, Kirwan ML. 2019. Sea-level driven acceleration in coastal forest retreat. Geology 589 

47:1151–5. 590 

Schieder NW, Walters DC, Kirwan ML. 2018. Massive upland to wetland conversion 591 

compensated for historical marsh loss in Chesapeake Bay, USA. Estuaries and Coasts 592 

41:940–51. 593 

Schuerch M, Spencer T, Temmerman S, Kirwan ML, Wolff C, Lincke D, McOwen CJ, 594 

Pickering MD, Reef R, Vafeidis AT, Hinkel J, Nicholls RJ, Brown S. 2018. Future response 595 



 28 

of global coastal wetlands to sea-level rise. Nature 561:231–4. 596 

Shaffer GP, Wood WB, Hoeppner SS, Perkins TE, Zoller J, Kandalepas D. 2009. Degradation of 597 

Baldcypress–Water Tupelo Swamp to Marsh and Open Water in Southeastern Louisiana, 598 

U.S.A.: An Irreversible Trajectory? Journal of Coastal Research 10054:152–65. 599 

Silliman BR, Bertness MD. 2004. Shoreline development drives invasion of Phragmites australis 600 

and the loss of plant diversity on New England salt marshes. Conservation Biology 601 

18:1424–34. 602 

Silvestri S, Defina A, Marani M. 2005. Tidal regime, salinity and salt marsh plant zonation. 603 

Estuarine, Coastal and Shelf Science 62:119–30. 604 

Smith JAM. 2013. The Role of Phragmites australis in Mediating Inland Salt Marsh Migration in 605 

a Mid-Atlantic Estuary. Davies A, editor. PLoS ONE 8:e65091. 606 

Smith SM. 2014. Vegetation change in salt marshes of Cape Cod National Seashore 607 

(Massachusetts, USA) between 1984 and 2013. Wetlands 35:127–36. 608 

USGS. 2016. USGS Earth Explorer. 609 

White E, Kaplan D. 2017. Restore or retreat? saltwater intrusion and water management in 610 

coastal wetlands. Ecosystem Health and Sustainability 3:e01258. 611 

Wijte AHBM, Gallagher JL. 1996a. Effect of oxygen availability and salinity on early life 612 

history stages of salt marsh plants. I. Different germination strategies of Spartina alterniflora 613 

and Phragmites australis (Poaceae). American Journal of Botany 83:1337–42. 614 

Wijte AHBM, Gallagher JL. 1996b. Effect of oxygen availability and salinity on early life 615 

history stages of salt marsh plants. II. Early seedling development advantage of Spartina 616 

alterniflora over Phragmites australis (Poaceae). American Journal of Botany 83:1343–50. 617 

Williams K, Ewel KC, Stumpf RP, Putz FE, Workman TW. 1999. Sea‐level rise and coastal 618 



 29 

forest retreat on the west coast of Florida, USA. Ecology 80:2045–63. 619 

Zhang K, Douglas BC, Leatherman SP. 2004. Global warming and coastal erosion. Climatic 620 

Change 64:41–58. 621 

 622 



 30 

 623 

Figure 1. Marsh age a) spatially distributed across Goodwin Island based on historical imagery 624 

analysis and the b) elevational distribution along new marsh (‘NM’; green) and old marsh (blue) 625 

transects. Transects located along new marsh (T1, T2, T3) span a marsh age gradient of  < 3 626 

years to > 110 years. The reference transect of old marsh was entirely within marsh > 110 years 627 

old. Note that the historical imagery analysis could only identify the oldest marsh on Goodwin as 628 

> 110 years; radioisotopic dating revealed marsh along the old marsh reference transect to be 629 

approximately 616 years old. 630 
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 633 

Figure 2. Relative percent cover of plant species occupying marsh over time based on GIS 634 

analysis for all of Goodwin Island. 635 
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 636 

Figure 3. Species composition across elevation based on biomass field data showing a) presence 637 

of marsh species across elevation in new marsh (green), old marsh (blue), or both (stippled) and 638 

b) transitions from dominant low and high marsh species in new (green) and old (blue) marsh. 639 
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 640 

Figure 4. Aboveground biomass across a) elevation in new (green) and old (blue) marsh, and b) 641 

marsh age. Biomass in b) is presented as average biomass of each species in each age class.  642 
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 643 

Figure 5. Marsh accretion rates based on peat depth and 210Pb analysis (CIC model). Green=new 644 

marsh; blue=old marsh; circles=peat depth method; triangles=210Pb analysis. *Note that the 645 

outlying accretion rate estimated for the newest marsh (< 3 years old; 113 mm y-1) is not shown 646 

here. 647 
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 648 

Figure 6. Accretion rates calculated from cores collected along new marsh transect T3 and along 649 

the transect of old reference marsh (OT) using 210Pb profiles (CIC model). The top row shows 650 

210Pb activity (Bq kg-1) across core depth for supported 210Pb (open circles) and excess 210Pb 651 

(closed circles). The bottom row shows the natural log of excess 210Pb activity from which 652 

accretion rates (AR) were determined (solid black circles). Excess 210Pb values that fell below 653 

supported values were omitted from accretion rate estimates (gray circles). Note that two 654 

accretion rates were estimated for T3, core 3 (AR1 , AR2) based on the presence of two distinct 655 

slopes of excess 210Pb.  656 
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 657 

Figure 7. Percent soil carbon and percent soil nitrogen content as measures of nutrient cycling 658 

across gradients of a) age and b) elevation for the top 30 cm of soil. Carbon and nutrient content 659 

were measured from sediment cores collected along transects in new and old marsh; values 660 

shown as means ± 1 SD within age classes and elevation. 661 
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 662 

Figure 8. Carbon accumulation across a gradient of marsh age within the top 10 cm of soil; 663 

values shown as means ± 1 SD. 664 
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