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Abstract
Threats to coastal wetlands, including sea-level rise and subsidence, led the National Wildlife Refuge (NWR) System to protect 
over 500,000 hectares of coastal wetlands during the twentieth century, with approximately 20% occurring in the South Atlantic 
geography. This effort has involved systematic long-term monitoring of changes in marsh elevation using surface elevation tables 
and marker horizons at 20 sites across 19 NWRs in the southeastern coastal USA. From 2012 to 2021, the rates of change in surface 
elevation (−9.3 to 7.1 mm/year), accretion (−0.3 to 17.5 mm/year), and net vertical elevation change (−14.3 to 3.1 mm/year) were 
highly variable among monitoring sites and varied with coastal wetland type (oligohaline marsh, salt marsh, pocosin, or forested 
wetland), land surface elevation, and estuarine salinity and geomorphology (i.e., tidally influenced or embayed). Of 20 sites included 
in our study, only six were gaining elevation at a rate that was equal to or greater than the long-term rates of sea-level rise and 
therefore considered resilient. Only Waccamaw and Currituck NWRs, both located in oligohaline marshes, were gaining eleva-
tion at a rate that exceeded sea-level rise by 1 mm/year. These results support the mounting evidence that many coastal wetlands, 
particularly in the South Atlantic geography of the USA, will undergo ecological transformations in the next several decades. The 
NWR System and other coastal management entities will need to use strategic decision-making frameworks to identify management 
actions that can mitigate the loss of coastal wetlands to support the conservation of coastal wetland–dependent and obligate species.

Keywords Coastal · Elevation · Marsh · National Wildlife Refuge · Oligohaline · Pocosin · Sea-level rise · SET-MH · 
Subsidence · Wetlands

Introduction

Coastal wetland ecosystems absorb the energy of storms, 
improve water quality in bays and estuaries, supply nutrients to 
marine food webs, provide critical habitat for birds and wildlife, 

and act as a nursery for many commercially important spe-
cies of fish and shellfish (Daily et al. 1997; Barbier et al. 2011; 
Costanza et al. 2014; ACJV 2019). Wildlife species that depend 
on coastal wetlands, such as secretive marsh birds, fish, and 
waterfowl, are some of the U.S. Fish and Wildlife Service’s 
(USFWS) highest conservation priorities (ACJV 2019).
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The future of our coastal wetlands and the wildlife that 
depend on these habitats is uncertain. Two recognized 
threats to coastal wetland stability are the projected increas-
ing rates of relative sea-level rise (SLR) and subsidence, a 
subsurface process that often results in the loss or sinking of 
land surface elevation (Kirwan and Megonigal 2013; Kirwan 
et al. 2016; Osland et al. 2022a; Saintilan et al. 2022; Sweet 
et al. 2022). In the USA, recent climate models suggest an 
increase of SLR along the Mid-Atlantic coast that is greater 
than the global average due to glacial isostatic adjustment, 
which is the ongoing movement of land from glacial melting 
and groundwater depletion (Sallenger et al. 2012; Karegar 
et al. 2016; Krasting et al. 2016; Saba et al. 2016; Sweet 
et al. 2017, 2022).

The uncertainty of the future of our coastal wetlands 
motivated the USFWS National Wildlife Refuge (NWR) 
System to undertake systematic long-term monitoring of 
coastal wetlands on NWRs across the South Atlantic geogra-
phy to estimate vertical resilience to SLR (Covington 2020). 
Over 500,000 of the 40 million hectares of coastal wetlands 
nationwide (approximately 1.25% of all coastal wetlands 
nationwide) are protected by NWRs, and approximately one-
fifth (100,000 hectares) of all coastal estuarine and fresh-
water wetlands of NWRs are located in the South Atlantic 
geography (NOAA 2016).

As part of a national effort, the NWR System in the 
southeastern USA designed and implemented a Coastal 
Wetland Elevation Monitoring (CWEM) program to moni-
tor the potential resiliency of coastal wetlands on NWRs to 
SLR across the South Atlantic geography (Moorman and 
Rankin 2020). Here, we define coastal wetland resiliency as 
coastal wetlands with positive net vertical elevation change, 
i.e., the wetland gained elevation at a rate equal to or greater 
than the published long-term rate of SLR from NOAA dur-
ing the period of 2012–2021 (Kamrath et al. 2019). Some 
types of coastal wetlands have demonstrated resilience 
through positive biophysical feedback loops that occur 
between wetlands and rising water levels (Vogel et al. 1996; 
Kirwan et al. 2016). Within the southeast Atlantic, the Marsh 
Equilibrium Model from Morris et al. (2002) suggests that 
high sediment loading promotes the long-term stability of 
coastal wetlands as long as sea-level rise remains below 
12 mm/year.

Coastal wetlands occur in a transgressive landscape 
where transformations between ecosystems are based on 
elevation and salinity gradients, with salt marshes occurring 
on the seaward end of this gradient (Osland et al. 2022a). 
Ecological transformation can occur if enough pressures act 
on the ecosystem such that a new state is achieved. SLR and 
subsidence will likely result in ecological transformations 
in coastal wetlands. For instance, current salt marshes may 
be inundated by rising seas and transgress or move upslope 
and upriver into other wetland systems (Osland et al. 2022b). 

One measurable variable that can help predict coastal wet-
land vulnerability to ecological transformation is net verti-
cal elevation change, which can be predicted by subtracting 
estimated rates of SLR from rates of coastal wetland sur-
face elevation change (Craft et al. 2009; Kirwan et al. 2010; 
Stagg et al. 2016).

The ongoing goal of CWEM is to estimate rates of sur-
face elevation change, accretion, and net vertical elevation 
change for priority coastal wetland habitats on NWRs across 
the South Atlantic geography. This effort has improved our 
understanding of coastal wetland resilience to SLR and the 
processes contributing to the resilience, or lack thereof, at 
each site and by coastal wetland type. Results from these 
monitoring efforts will also help managers make ecologi-
cally informed decisions with respect to conservation and 
management, such as if restoration or transformative actions 
should be considered or continued. Here, we examine four 
questions relevant to coastal wetland dynamics and man-
agement: (1) What are the rates of elevation change meas-
ured on each refuge within the CWEM network; (2) how 
do surface elevation change rates compare to SLR rates; 
(3) do trends in elevation change vary among habitat types; 
and (4) what roles do sub-surface processes and surface 
accretion play in surface elevation change in each of these 
habitat types?

Methods

Study Area

Oligohaline marshes, salt marshes, forested wetlands, and 
pocosins were initially selected as the priority habitats to be 
monitored on 18 coastal NWRs in the South Atlantic geog-
raphy (Fig. 1). The South Atlantic geography was defined 
by the South Atlantic Landscape Conservation Coopera-
tive and spans watersheds along the Atlantic coast from the 
Albemarle-Pamlico Sound in North Carolina and Virginia 
to part of the St. John River watershed in Florida (Fig. 1). It 
also includes the Apalachicola-Chattahoochee-Flint River 
basin on the pan handle of Florida. The focal region has 
a temperate climate with a mean annual precipitation and 
temperature range from 112 cm and 15 °C, respectively in 
Danville, Virginia to 147 cm and 20 °C, respectively, in Tal-
lahassee, FL (Pickens et al. 2017).

We established CWEM monitoring sites (N = 20) in 2012 
within the previously defined priority habitats using a spa-
tially balanced random sampling design that selected a 0.5 ha 
unit (Moorman and Rankin 2020). These selected sites 
were accessible, had uniform vegetation cover with little 
disturbance, and were located at least 25 m away from water  
bodies and human structures (Moorman and Rankin 2020). 
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Within each randomly selected site, three stations (experi-
mental replicates) were established where marker horizon 
and surface elevation table (SET) measurements were made. 
In 2016, two additional sites located at Cape Romain NWR 
that had been sampled following the same protocol since 
2010 were incorporated into the project. Ultimately, this 
monitoring effort included 19 NWRs, 22 sites, and 65 SET 
benchmarks in four states: North Carolina, South Carolina, 
Georgia, and Florida (Fig. 1). From 2012 to 2022, all sites 
were sampled following the USFWS regional protocol 
framework (Moorman and Rankin 2020), which is based on 
the protocol of Lynch et al. (2015). We measured plots quar-
terly for the first 2 years, semi-annually for the third year, 
and then annually thereafter (Moorman and Rankin 2020). 
Not all sites were measured during every sample period due 
to logistical and staffing constraints; only sites with a mini-
mum of 5 years of data over the 10-year time period were 
used in our regional analysis (Fig. S1).

Sites were distributed along a gradient of coastal wetland 
types from the lowlands to the uplands: salt marsh (N = 13), 
oligohaline marsh (N = 6), forested wetland (N = 1), and 
pocosin (N = 2) and can be further classified as one of eight 

of NatureServe’s Ecological systems (Comer et al. 2003; 
Table 1, Fig. 1). Salt marsh sites included either embayed 
brackish marshes (N = 4) regularly flooded by storm surge 
and dominated by Juncus roemerianus in North Carolina, 
or tidal salt marshes with semidiurnal flooding dominated 
by Sporobolus alterniflora in South Carolina and Georgia 
(N = 7) or Juncus roemerianus in north Florida (N = 2). 
Oligohaline sites included both freshwater (N = 2) and oli-
gohaline marshes (N = 4) with salinities generally less than 
five parts per thousand. Embayed oligohaline marshes in 
northeastern North Carolina were generally influenced by 
wind and tides and were dominated by Juncus roemerianus 
(N = 2). Tidally influenced oligohaline marshes of South 
Carolina, Georgia, and Florida were flooded daily and 
received additional pulses of water from storm surges and 
upstream flooding (Table S1). These oligohaline systems 
were dominated by Zizaniopsis millacea (Savannah and Ace 
Basin NWRs) or Cladium mariscus spp. jamaicense (Lower 
Suwannee NWR), and the freshwater site at Waccamaw 
NWR was dominated by Zizania aquatica. The forested wet-
land site at Roanoke River NWR was a blackwater swamp 
forest (Taxodium distichum—Nyssa aquatica—Nyssa biflora 

Fig. 1  Surface elevation table 
(SET) monitoring site loca-
tions in coastal wetlands along 
South Atlantic geography (gray 
polygon) within the USA. 
Four wetland habitat types are 
designated by colors showing 
oligohaline (yellow), pocosin 
(purple), salt marsh (green), and 
forested (blue). The locations 
of corresponding NOAA tide 
gauges are labeled as letters 
A-I and indicated as light blue 
triangles
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/ Fraxinus caroliniana / Itea virginica) association that was 
flooded for extended durations following heavy rainfalls. 
Pocosin sites occurred on peat domes and were found in low-
lying pond pine forest at Alligator River NWR and within 
scrub-shrub pocosin at Pocosin Lakes NWR. Pocosin sites 
were poorly drained but were upslope from tidal influences 
(Boyle et al. 2015; Cook et al. 2016).

Surface Elevation Monitoring

At each site, we installed three replicate SET benchmarks 
(i.e., stations) within the randomly selected 0.5-hectare 
sampling unit. Each benchmark was contained within 
a 3-m2 CWEM plot that was not disturbed by humans 
when sampling the site. A leveled SET arm was attached 
to the benchmark, and nine pins were placed in the arm 
that provide measurements of surface elevation (Fig. 2). 
These pin measurements were made in the same loca-
tions through time to estimate the rate of elevation 
change. Although 36 individual pin measurements (i.e., 
nine measurements in four cardinal directions) of eleva-
tion change were made around each SET station, they all 
were measuring the one station (the sampling unit) and 
are not considered independent replicates. However, rep-
licates were represented by the three CWEM plots each 
containing a SET station within each site. More detailed 
information about the sampling protocol can be found 
in Moorman and Rankin (2020) and Lynch et al. (2015).

We converted relative elevation measures to true sur-
face elevation using the benchmark elevations measured 
at each SET station (Moorman et al. 2019), vertical offset 
from each SET apparatus, individual pin lengths, and pin 
height measurements using the following equation from 
Cain and Hensel (2018):

The true surface elevation (mm) for 2013 was com-
puted for all sites to provide an estimate of the wetland 
elevation surface in the North American Vertical Datum 
(NAVD88). An estimate of a site’s surface elevation was 
then calculated for each subsequent sampling event.

We converted SET measurements of wetland surface 
elevation (mm) to the rate of change in surface elevation 
(mm/year) from the initial measurement at a time (t0), 
following methods described in Lynch et al. (2015). To 
calculate mean and variance estimates, slopes of regres-
sion models for each pin were calculated and then aver-
aged for the four SET arm positions, the SET station, and 
the site (Lynch et al. 2015). Linear regression models 
were used to evaluate SET trends. We then computed an 
average rate of elevation change at the regional scale for 
the priority habitat types.

Benchmark Elevations

We surveyed SET benchmarks from 2015 to 2019 with Global 
Positioning System (Trimble 5700/5800 GPS Receiver, 
Westminster, CO, USA) equipment, which provided eleva-
tion measurements to 5-mm accuracy (Moorman et al. 2019). 
Benchmark elevation was assumed to be static to allow us to 
back-calculate the starting elevation of each station in 2013. 
GPS data were then processed using Online Positioning User 
Service (OPUS) Projects (Moorman et al. 2019). During 
OPUS sessions, a benchmark elevation was measured relative 
to the North American Vertical Datum of 1988 (NAVD88) 

True Surface Elevation = SET Station Elevation

+ Vertical Offset

− (Pin length − Pin height)

Table 1  List of NatureServe’s Ecological Systems, wetland type, the number of study sites, and site location for each Ecological System (Comer 
et al. 2003)

NatureServe ecological systems Wetland type No. sites Site location

Atlantic Coastal Plain Embayed Region Tidal Freshwater 
Marsh

Oligohaline 2 Currituck NWR, Mackay Island NWR

Atlantic Coastal Plain Embayed Region Tidal Salt and 
Brackish Marsh

Salt marsh 4 Alligator River NWR — salt marsh, Cedar Island NWR, 
Pea Island NWR, Swanquarter NWR

Atlantic Coastal Plain Peatland Pocosin and Canebrake Pocosin 2 Alligator River NWR — Pocosin, Pocosin Lakes NWR
Florida Big Bend Salt and Brackish Tidal Marsh Salt marsh 2 Lower Suwannee NWR — salt marsh, St. Marks NWR
Florida River Floodplain Marsh Oligohaline 1 Lower Suwannee NWR — oligohaline marsh
Southern Atlantic Coastal Plain Fresh and Oligohaline 

Tidal Marsh
Oligohaline 3 ACE Basin NWR, Savannah NWR, Waccamaw NWR

Southern Atlantic Coastal Plain Large River Floodplain 
Forest

Forested 1 Roanoke River NWR

Southern Atlantic Coastal Plain Salt and Brackish Tidal 
Marsh

Salt marsh 7 Blackbeard Island NWR, Cape Romain NWR (Raccoon 
Key and Horsehead Creek), Harris Neck NWR, Pinck-
ney Island NWR, Wassaw NWR, Wolf Island NWR
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using two consecutive static surveys of at least 2-h duration 
and post processed using Geoid 12a (Moorman et al. 2019). 
The estimated root mean squared error from OPUS sessions 
ranged from 13 to 304 mm. With these calculations, it should 
be noted that determining accurate elevations (sub-centimeter 
resolution) using GPS survey techniques was very difficult to 
achieve, and replicate surveys indicate that there is more error 
in the OPUS Projects network than previously reported. As 
such, benchmark elevations may have confidence intervals 
greater than 10–20 mm (Moorman et al. 2019).

Net Vertical Elevation Change

For reproducibility purposes, relative SLR rates as of 2021 
were obtained from nearby National Oceanic and Atmos-
pheric Association (NOAA) tide gauges (NOAA  2022; 
Table 2). Rates were calculated across all published NOAA 
tide gauge data, which date back to when the station was 
established (ranging from 1897 to 1978; Table S2). Consid-
ering SLR has been known to be accelerating over the past 

decades, our calculated rates of SLR were likely conserva-
tive (Dangendorf et al. 2019; Yin 2023). We compared these 
rates of relative SLR based on NOAA tide gauge data to 
rates of net vertical elevation change at each SET site. All 
NOAA tide gauges were located between 17 and 91 km from 
the closest corresponding SET site, which was calculated 
using the shortest geodesic distance between two points on 
an WGS84 ellipsoid (Table S2). We recognize that these 
SLR rates, due to their geographic location, may be different 
from the actual site.

Marsh surface elevation was compared with mean sea 
level to determine the elevation capital of a site (i.e., vertical 
distance between marsh surface and mean sea level). In addi-
tion to elevation capital, the net vertical elevation change, 
i.e., the difference between SET and SLR trends (mm/year), 
was computed to investigate whether coastal wetlands were 
keeping pace with SLR. Positive values of net vertical eleva-
tion change indicate a site was gaining elevation at a rate 
greater than the rate of SLR and could be considered resil-
ient. Negative values of net vertical elevation change indi-
cated a site was gaining elevation at a rate less than the rate 
of SLR. In other words, even if a site was gaining elevation, 
if it was doing so at a rate slower than SLR, it was at an 
elevation deficit relative to the long-term rate of SLR.

To test for differences in the relationship between SET to 
SLR elevation change among coastal wetland types, we fit 
a generalized mixed-effects linear model using the “lmerT-
est” package in program R (version 3.1–3; Kuznetsova 
et al. 2017). We included the net vertical elevation change 
as the response variable and coastal wetland habitat type 
as the fixed-effect predictor variable, with the site as a ran-
dom effect. Where significant differences among habitat 
types were detected, we tested for pair-wise differences with 
Tukey’s post-hoc test using the “emmeans” package (version 
1.7.5; Lenth 2022).

Accretion Monitoring

To measure accretion, we established three marker horizon 
plots within each of the three CWEM stations at each site, 
for a total of nine marker horizon plots per site. To estab-
lish marker horizon plots, feldspar layers were deployed 
following methods in Moorman et al. (2019) which fol-
lows methods from Lynch et al. (2015). Each time the SET 
benchmark was measured, up to three soil cores were taken 
from each of the three independently maintained marker 
horizon plots around that benchmark until the feldspar 
marker was retrieved in the core. If a marker was found, 
three measurements of soil depth (mm) above the feldspar 
layer were recorded for each core. While the McCauley 
corer was primarily used at the beginning of sampling, some 
sites transitioned to cryogenic coring due to difficulties 

Fig. 2  Surface elevation table (SET) monitoring apparatus. The level 
SET arm extends above the benchmark and nine equally spaced pins 
are placed through holes in the arm. The height of the pins above the 
SET arm are measured for long-term trends in elevation. Photo cour-
tesy of Michelle Moorman, USFWS
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obtaining a solid core using the original method. The cor-
ing method is documented within the USFWS SET database 
(USFWS 2022). If the feldspar layer was never recovered, 
no measurement was obtained (N = 7 sites; Fig. S1). The 
marker horizon plots needed to be re-laid after the marker 
had degraded to a point that it was no longer detectable, 
which usually occurred in 2-to-3-year intervals (Lynch 
et al. 2015; Moorman and Rankin 2020). Marker horizon 
plots were re-laid in a location that was distinct from the 
previous one, except at Cedar Island NWR where the plot 
was accidentally re-laid over the previous plot.

Marker horizon data were analyzed following methods 
described in Lynch et al. (2015) by first averaging meas-
ured distances (mm) from the top of soil core samples to the 
marker horizon to get plot-level means. Annual linear accre-
tion trends (mm/year) and 95% confidence intervals for the 
three marker horizon plots were computed and then averaged 
together to estimate a mean accretion trend for each CWEM 
station and for each site. An estimate of subsidence was 
obtained by subtracting the SET trend from the accretion 
trend. Positive estimated subsidence values indicated that 
subsidence was the primary contributor to the overall SET 
trend, while negative estimated subsidence values indicated 
that belowground expansion was the primary contributor to 
the overall SET trend (Lynch et al. 2015). These data could 
then be used to make inferences about above and below-
ground processes driving SET trends and vertical elevation 
change at each sampling site among coastal wetland types. 
All data used within this manuscript are available in a public 
database and analyzed in program R (version 4.2.0; Ladin 
and Moorman 2021; R Core Team 2022; USFWS 2022).

Results

Trends and associated uncertainty could be calculated for 
20 sites for surface elevation, and 13 sites for accretion. The 
surface elevation of SET sites was measured for 6–9 years 
during the period of 2012–2022 (Table 2; Fig. S1). We esti-
mated the mean annual surface elevation trend, associated 
standard error, and 95% confidence intervals and compiled 
NOAA relative SLR trends with 95% confidence intervals 
for 20 CWEM sites (Table 2, Fig. 3). SET elevation trends 
were negative at the two pocosin sites at Alligator River 
NWR and Pocosin Lakes NWR. Mean SET trends did not 
differ from zero at three of the 13 salt marsh sites: Cape 
Romain — Horsehead Key, Cape Romain — Raccoon Key, 
and Blackbeard Island NWRs. Mean SET trends at all other 
sites were positive and ranged between 0.6 mm/year at St. 
Marks NWR and 7.1 mm/year at Waccamaw NWR (Table 2, 
Fig. 3).

The mean surface elevation (NAVD88) for each site in 
2013 varied from −11 mm at Swanquarter NWR to 3164 mm Ta
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at Pocosin Lakes NWR. Sites with low elevation capital at 
the start of the study (i.e., sites with less than 300 mm of 
elevation capital; Ganju, personal communication; Ganju 
et al. 2023) included the salt marsh sites at Alligator River, 
Swanquarter, Pea Island, and Cedar Island NWRs, the oli-
gohaline marsh sites at Currituck and Mackay Island NWRs, 
and the forested wetland site at Roanoke River NWR (Fig. 4, 
Table  2). All sites were in the embayed estuary of the  
Albemarle-Pamlico sound of North Carolina. By the end of 
the study, the wetland surface elevation of all salt marsh sites 
with low elevation capital except the site at Cedar Island was 
equal to or below the estimated elevation of mean sea level 
suggesting these sites are likely experiencing present-day 

ecological transformations. Conversely, both oligohaline 
sites maintained their elevation capital, although minimal 
throughout the study (Fig. 4).

Long-term SLR rates spanned a gradient from 2.2 to 
5.1 mm/year across the region of study. Net vertical eleva-
tion change, i.e., the difference between surface elevation 
gains and sea level rise, was computed for all sites and 
ranged from −4.3 to 3.1 mm/year (Table 2). Six of the 20 
CWEM sites gained elevation at a rate greater than or equal 
to the long-term rates of relative SLR, indicating these sites 
had positive net vertical elevation change and could be con-
sidered resilient. These sites included three oligohaline 
marshes at Savannah, Waccamaw, and Currituck NWRs 

Fig. 3  Surface elevation trends (mm/year) across sites in the Coastal 
Wetland Elevation Monitoring network. Boxes show median (colored 
bars) and interquartile ranges with whiskers showing 1.5 times the 

interquartile range. Site colors denote wetland type: oligohaline (yel-
low), salt marsh (green), forested (blue), pocosin (purple). The range 
of sea-level rise rates is shown as a gray ribbon
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and three salt marsh sites at Alligator River — Salt Marsh, 
Swanquarter, and Cedar Island NWRs. The sites at Wac-
camaw and Currituck had net vertical elevation change that 
was more than double all other resilient sites.

We found differences in mean net vertical elevation 
change among coastal wetland types (F-value = 47.8, 
numerator df = 3, denominator df = 15.9, P < 0.0001), as 
well as pair-wise differences in mean net vertical eleva-
tion change using Tukey’s post-hoc test between poco-
sin habitats and each of the other coastal wetland types 
(−14.5 ± 1.1  mm/year, P < 0.0001 in all cases). Oli-
gohaline marsh surface net vertical elevation change 
(0.6 ± 0.7  mm/year) was marginally greater than salt 

marshes (−1.7 ± 0.5 mm/year, P = 0.058) and similar to 
forested wetland trends (−1.3 ± 1.6 mm/year, P = 0.64). Of 
the four coastal wetland types, only oligohaline wetlands 
within our study had a mean surface elevation trend greater 
than the corresponding rate of SLR (Fig. 5).

We analyzed data from marker horizon plots at 13 
sites (Table 3; Fig S1). Seven sites were excluded from 
the analysis because they either contained data that were 
likely measured incorrectly, or the feldspar plate was never 
recovered. Accretion rates at the sites included in our 
study were highly variable, ranging from −0.3 to 17.5 mm/
year (Table 3). Estimates of shallow subsidence ranged 
from −3.7 to 15.0 mm/year (Table 3).

Fig. 4  Site-level benchmark-adjusted surface elevation (mm) over 
time (years) in comparison with mean yearly sea levels from the near-
est NOAA tide gauge (mm). Simple linear models with ± 95% con-

fidence interval bands are overlaid with benchmark-adjusted surface 
elevation data showing oligohaline (yellow), salt marsh (green), for-
ested (blue), pocosin (purple) wetland types, and sea level (blue)
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Discussion

Aside from the pocosin sites, most sites within our study 
gained or maintained surface elevation. When comparing 
surface elevation trends with rates of SLR, the net vertical 
changes at most sites were either negative or neutral sug-
gesting that these coastal wetland systems are not resilient 

to SLR and will be unable to keep pace with long-term, 
short-term, and projected future rates of SLR. Siegert et al. 
(2020) recently suggested the Intergovernmental Panel on 
Climate Change’s projected increase in SLR of 0.61–1.10 m 
by 2100 (if global temperatures increase by 4 °C) may be 
conservative if the mass lost from glacial ice sheets was 
underestimated. As SLR occurs, we can expect increased 

Fig. 5  Net vertical elevation 
change (i.e., difference between 
the rate of surface elevation 
change and sea-level rise; mm/
year) where positive values 
indicate the rate of surface 
elevation change is increasing 
faster than long-term rates of 
sea-level rise, and conversely, 
negative values indicate the rate 
of sea-level rise is increasing 
faster than surface elevation 
change. Box-and-whisker plots 
show median and inter-quartile 
ranges with station-level means 
(N = 59) overlaid. Whiskers 
indicate 1.5 times the inter-
quartile range. Coastal wetland 
types are shown for oligohaline 
(yellow; squares are embayed 
sites and triangles denote tidal), 
salt marsh (green; squares are 
embayed sites, and triangles 
denote tidal), forested (blue), 
and pocosin (purple), and pair-
wise significant differences are 
shown by letters A–C

Table 3  Surface accretion 
trends (mean ± SE, mm/year) 
measured with marker horizon 
data, mean surface elevation 
table (SET) trends (mean ± SE, 
mm/year), years of sampling, 
and the estimated shallow 
subsidence rate (mm/year) 
for 13 sites within the Coastal 
Wetland Elevation Monitoring 
network

Site State Years Accretion trend SET trend Estimated 
subsidence

Waccamaw SC 2012–2017 17.5 ± 3.5 7.1 ± 0.9 10.4
Savannah GA 2012–2015 8.9 ± 3.2 3.9 ± 1.7 5.0
ACE Basin SC 2012–2017 6.9 ± 0.3 2.5 ± 0.9 4.4
Alligator River — Salt Marsh NC 2013–2019 6.4 ± 0.8 5.6 ± 0.2 0.8
Alligator River — Pocosin NC 2013–2019 6.1 ± 1.4 −9.0 ± 0.8 15.0
Swanquarter NC 2016–2018 5.7 ± 1.4 3.6 ± 0.5 2.1
Currituck NC 2013–2014 4.1 ± 4.1 6.3 ± 1.3 −2.2
Pea Island NC 2013–2019 2.7 ± 0.3 1.4 ± 0.4 1.3
St. Marks FL 2012–2021 2.3 ± 0.3 0.6 ± 0.2 1.7
Mackay Island NC 2013–2014 1.1 ± 1.1 3.5 ± 0.6 −2.5
Cedar Island NC 2013–2015 1.0 ± 1.0 3.7 ± 0.4 −2.7
Pocosin Lakes NC 2013–2018 0.3 ± 0.1 −9.3 ± 1.6 9.5
Roanoke River NC 2013–2017 −0.3 ± 0.1 3.4 ± 0.8 −3.7
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flooding and inundation of our coastal wetland habitats. 
For USFWS, management strategies aimed at increasing the 
elevation capital of any site could increase the resiliency of 
the habitat and resist the transformation of the wetland in 
the short term as new habitats and migration corridors are 
developed.

The rate of surface elevation change in our study differed 
among coastal wetland types and estuarine geomorphology, 
i.e., whether the system was tidally influenced or embayed. 
Oligohaline marsh sites gained more elevation and exhibited 
higher net vertical elevation change in comparison to the 
other coastal wetland types (Fig. 5). These rates are compa-
rable to those measured in other oligohaline and freshwater 
systems in the South Atlantic geography (Stagg et al. 2016). 
Surface elevation change can also be differentially affected 
by aboveground processes such as sediment erosion and dep-
osition and belowground processes such as soil compaction 
and plant dynamics (Cahoon et al. 1998; 2021). Estimates 
of the rate of belowground and aboveground processes from 
accretion data varied by site and helped parse out the sur-
face and subsurface processes that were affecting surface 
elevation dynamics. At sites where both the SET trend and 
estimated subsidence were positive, we posit that shallow 
subsidence was occurring and that accretion was driving 
the positive SET trends observed. We observed this phe-
nomenon at Waccamaw, Savannah, ACE Basin, Alligator 
River-Salt Marsh, Swanquarter, Pea Island, and St. Marks 
NWRs. If the SET trend was positive and estimated sub-
sidence was negative, we posit that shallow expansion was 
occurring and driving the positive SET trends. We observed 
this result at Currituck, Mackay Island, Cedar Island, and 
Roanoke River NWRs. If the SET trend was negative and the 
estimated subsidence was positive, we posit that subsidence 
was driving the negative SET trends. We only observed this 
result at the two pocosin sites at Alligator River-Pocosin and 
Pocosin Lakes NWRs (Table 3, Fig. 5). Sites undergoing 
submergence during our study period had negative or neutral 
vertical elevation change and little elevation capital.

Potential Processes Driving Vertical Migration 
in Tidally Influenced Oligohaline and Salt Marshes

At the tidally influenced oligohaline marshes of Waccamaw, 
Savannah, and ACE Basin NWRs, accretion (17.5, 8.9, and 
6.9 mm/year, respectively; Table 3) was the main contribut-
ing factor to positive SET trends. High rates of accretion 
were also found in previous studies at Savannah NWR, Wac-
camaw NWR, and at a tidally influenced freshwater marsh in 
Georgia (20, 12, and 14 mm/year, respectively; Craft 2007; 
Stagg et al. 2016). Results from a study of wetlands along 
the Chesapeake Bay in the Mid-Atlantic region, just north of 
our study area, suggested inundation positively contributed 
to accretion in that system through sedimentation. This may 

help explain a mechanism for increased accretion rates in the 
tidally influenced marshes that were flooded daily (Palinkas 
and Engelhardt 2019). Similar to Saintilan et al. (2022), we 
observed that as accretion rates increased, so did the rate of 
subsidence in tidally influenced oligohaline systems. For 
instance, the Waccamaw site had the highest accretion rates, 
averaging 17.5 mm/year, but also had high estimated rates 
of subsidence, averaging 10.4 mm/year (Table 3, Fig. 6).

Conversely, accretion was minimal at our tidally influ-
enced salt marsh site located on the upland edge of the marsh 
at St. Marks NWR in FL. Other studies of salt marshes in 
South Carolina and Georgia have found accretion rates to 
average 2.1 mm/year which is significantly less than the 
measured rate of accretion in the tidally influenced oligo-
haline marshes (11.1 mm/year; Crotty et al. 2020). Lower 
rates of accretion may provide the mechanism for reduced 
rates of elevation gains in tidally influenced salt marshes, 
suggesting there may be opportunities to enhance accretion 
in these marshes to increase the long-term resilience of these 
systems, particularly if elevation capital is high (Langston 
et al. 2021).

Potential Processes Driving Vertical Migration 
in Embayed Oligohaline and Salt Marshes

The rate of net vertical elevation change within the embayed 
oligohaline systems at Currituck and Mackay Island NWRs 
was similar to the tidally influenced oligohaline systems, 
but the rate of accretion was less than the rate of surface 
elevation change. This suggests that belowground expan-
sion, rather than accretion, is contributing to the net change 
in surface elevation at these embayed oligohaline sites. We 
found similar results in the embayed salt marsh systems of 
North Carolina, where accretion was also minimal. The geo-
morphology of the embayed North Carolina salt marsh and 
oligohaline sites was unique in that they were microtidal, 
wind-driven systems, which are conditions that have been 
found to slow the rate of accretion (Lagomasino et al. 2013).

Our findings support the results from other studies that 
have measured low accretion rates of 0.9 to 2.4 mm/year 
in the embayed Albemarle-Pamlico system (Craft 2007;  
Lagomasino et al. 2013; Gundersen et al. 2021). Our esti-
mates of accretion and subsidence suggest that belowground 
biomass, potentially because of enhanced vegetation growth, 
was augmenting elevation gains. There are several plausible 
reasons why vegetation growth was enhanced in embayed 
systems that need further investigation. Reed (2002) noted 
that landscape position and the starting elevation of the 
land surface are key factors in vertical elevation gains. As 
described previously, the embayed marsh sites in North Car-
olina had the lowest elevation capital of the sites within the 
study and simultaneously the highest rates of SLR (Table 2). 
Other studies have found that vegetation growth rates of salt 
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marshes were significantly enhanced in low elevation zones 
and during years of higher sea levels (Morris et al. 2002; 
Silvestri and Marani 2004; Wasson et al. 2019) and that 
tidal amplitude can correspond to an energy subsidy that 
enhances the productivity of plants (Odum et al. 1995).

In addition to having low elevation capital, another plau-
sible explanation is that many of the marshes within the 
embayed Albemarle-Pamlico system have been burned either 
through the application of prescribed fire or from lightning 
strikes. For instance, Mackay Island NWR, a site with pre-
scribed fire at 5-year intervals (i.e., 2005, 2010, 2015, 2019, 
Mike Hoff, personal communication), exhibited shallow 

expansion at approximately 2.5 mm/year. In comparison, 
Swanquarter NWR, a nearby site located in a designated 
wilderness area and thus prohibited from applying active 
management techniques such as prescribed burns, exhib-
ited shallow subsidence at 2.1 mm/year — the highest rate 
among the embayed marsh sites of the Albemarle-Pamlico 
system. Controlled burning of marshes has been shown to 
increase belowground biomass due to either increased root 
production or decreased soil decomposition processes and 
drive increases in elevation (Cahoon et al. 2004; McKee and 
Grace 2012). Collectively, these results suggest additional 
work should be undertaken to better understand the role 

Fig. 6  Mean marsh elevation trend (mm/year) for 13 U.S. Fish and 
Wildlife surface elevation table monitoring sites. Time periods for 
these data are shown in Table 3. Mean surface elevation trends and 
standard error are shown as red dots with error bars. Contributions 

of accretion as determined by the marker horizon trend (shown by 
the white bar graph) and subsurface processes (i.e., accretion trend 
subtracted by the SET trend; shown by the gray bar graph). Sites are 
grouped by habitat type
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of prescribed burns as a management strategy to increase 
belowground biomass and increase resiliency in coastal wet-
lands (Moon et al. 2022).

Potential Processes Driving Vertical Migration 
in Forested Wetlands and Pocosins

There were three non-marsh sites in our study that occurred 
in forested wetlands and pocosin habitats (Fig. 4). Our 
results from these sites were more limited in number, but 
they did provide insight into net vertical elevation pro-
cesses occurring in these upslope systems. These systems 
provide important ecosystem functions today and provide 
the future horizontal transgression space that will allow 
marshes to thrive and migrate upriver and upslope today 
and into the future (Kirwan et al. 2016; Stagg et al. 2016; 
Osland et al. 2022b). Horizontal transgression has already 
been observed in the low-elevation forests at Alligator River 
NWR in North Carolina where more than 19,000 hectares 
of forested wetlands have transitioned to marsh or shrubland 
habitat in the past 35 years, likely due to saltwater intrusion  
from storms and SLR (Table S1; Ury et al. 2021). The transi-
tion of forested wetlands and pocosins to scrub-shrub and 
marsh habitat has been documented across the coastal plain 
(Ury et al. 2021; White et al. 2022). This has implications 
for carbon storage, carbon cycling, and ecosystem function 
(Aguilos et al. 2021). Strategic acquisition and conservation 
of conservation corridors upstream and upslope of present-
day coastal wetlands is a critical component to conserv-
ing marshes, pocosins and forested wetlands in the future 
and has been recommended as a key conservation strategy 
(ACJV 2019).

Surface elevation at the forested wetland site at Roanoke 
River NWR, located at the mouth of the Roanoke River 
where it meets the Albemarle Sound, was gaining elevation 
at a highly variable rate (3.4 ± 0.8 mm/year; Table 3) that 
was less than the rate of SLR. Hence, this estuary is slowly 
inundating the islands at the lower end of the Roanoke River 
floodplain. This site had consistently wet soils that main-
tained integrity by supporting the anaerobic conditions that 
prevented the oxidation of peat soils and eliminated any 
detectable subsidence. Recent gains in surface elevation 
in this environment were likely attributed to belowground 
expansion, as no measurable accretion was observed at the 
site. Other studies of tidal freshwater forested wetlands in the 
South Atlantic geography have also found minimal accretion 
in these systems and have attributed wetland elevation gain 
to subsurface processes, such as root zone expansion (Noe 
et al. 2016; Stagg et al. 2021). Management strategies at 
Roanoke River NWR are now focusing on land acquisition 
to enable upslope wetland migration through the develop-
ment of a wetland habitat expansion plan.

The pocosin sites (Alligator River — Pocosin and Poco-
sin Lakes NWRs) were losing elevation at a rate of approxi-
mately 9.0 mm/year. Previous studies have estimated subsid-
ence to be as high as 20 mm/year in pocosin wetlands with 
altered hydrology (Richardson 1983). The subsidence rates 
we observed (15.0 mm/year at Alligator River and 9.5 mm/
year at Pocosin Lakes NWRs, respectively) were less than 
half of those previously published, which is likely because 
we intentionally selected sites with minimal alterations to 
hydrology. Much of the pocosin habitat on the Albemarle-
Pamlico Peninsula, North Carolina, was previously ditched 
and drained for conversion to agriculture. This has resulted 
in a lowering of the groundwater table, soil decomposition 
due to oxidation and saltwater intrusion, increased subsid-
ence and inundation, and increased frequency of large, cata-
strophic peat fires (Faustini et al. 2020). Because of these 
combined synergistic effects, the volume of peat on the 
Albemarle-Pamlico Peninsula is approximately less than half 
of its historic volume (Lilly 1981). Alligator River NWR 
has already exhibited transgression of marshes into upslope 
forested and pocosin wetlands (Ury et al. 2021). Consider-
ing the site at Pocosin Lakes NWR had greater elevation 
capital and is located more inland than the Alligator River 
NWR site, we can assume a longer timeframe before upslope 
migration of marshes occurs. In all, the results from our 
study support the idea that pocosin restoration implemented 
to rewet peat soils for the purpose of storing carbon, reduc-
ing the risk of catastrophic fires and maintaining pocosin 
habitat for wildlife, particularly in areas with high elevation 
capital, should be prioritized (Faustini et al. 2020).

Implications for Management

In response to concerns surrounding coastal wetland eco-
systems, USFWS has started to act through their Climate 
Change Action Program, which recommends the use of the 
resist-accept-direct (RAD) strategies for long-term adap-
tation planning associated with ecological transformation 
(Schuurman et al. 2020; USFWS 2021). This framework 
can be used to identify plausible future scenarios for a 
coastal wetland habitat, weigh the costs and benefits associ-
ated with various management strategies designed to resist, 
accept, or direct transformation, and then develop an overall 
portfolio of strategies to ensure the greatest conservation of 
coastal wetlands across the landscape. Considering one of 
the purposes of NWRs is to provide a place for learning, 
NWR coastal wetlands provide an ideal setting for applying 
RAD strategies to consider what management techniques 
will provide the best social, ecological, and economic 
outcomes. Blackwater NWR is an excellent example of a 
NWR using a mix of all three RAD strategies to develop 
their Blackwater 2100 plan (Schuurman et al. 2020).
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Outside of NWRs, these findings are also applicable in 
minimally disturbed coastal marshes and can assist in the 
construction of effective conservation portfolios for public 
and privately owned coastal wetlands. In coastal wetlands, 
conservation and preservation strategies should focus on 
building vertical elevation capital, protecting horizontal 
transgression spaces upslope and upriver, or creating new 
habitats inland (ACJV 2019). Conservation of transgres-
sion spaces is a key component of these strategies. More 
specifically, the conservation of oligohaline marshes is 
critical, as they represent one of the key upriver transgres-
sion spaces for salt marshes in the future, currently have 
the potential to keep pace with SLR, and are predicted to 
experience net losses due to these transgressions (Osland 
et al. 2022b). In addition to oligohaline marshes, the con-
servation of forested wetland and pocosins is important, 
as they represent both an important habitat today and the 
future transgression space for upslope migration of coastal 
marshes. Strategies aimed at effectively directing transgres-
sions that are already occurring and reducing subsidence 
will need to be considered as landscape conservation designs 
are developed and implemented (Faustini et al. 2020; Ury 
et al. 2021; Osland et al. 2022b). Finally, improving our 
understanding of the role of the tidal regime on the biophysi-
cal processes of coastal marshes and how each unique marsh 
system responds to restoration strategies, such as prescribed 
fire and thin-layer sediment deposition, will help us better 
restore and maintain habitats in the near term (McKee and 
Grace 2012; Powell et al. 2019; Faustini et al. 2020; Moon 
et al. 2022). An overall strategy that involves incorporating 
multiple RAD strategies across the NWR System and at the 
scale of an individual NWR will minimize the loss of coastal 
wetland habitats across the South Atlantic geography and the 
wildlife species dependent on them.
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