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Abstract
Coastal wetlands experience acute and chronic disturbances which can affect rates of surface elevation change and vertical 
accretion of surface sediments. Disturbance can either amplify or impair the ability of wetlands to maintain their position 
within the tidal frame, with implications for their long-term persistence. Using an 8-year dataset collected from coupled 
surface elevation table-marker horizon (SET-MH) stations spanning riverine, bayside, and barrier island settings in the 
Apalachicola Bay region of north Florida, USA, this study investigated decadal-scale surface elevation change and verti-
cal accretion rates to assess wetland vulnerability to acute (Hurricane Michael) and chronic (relative sea-level rise; RSLR) 
disturbance in different geomorphic settings. All sites had long-term accretion rates that exceeded rates of surface elevation 
change (pre-Michael), indicating that surface accretion was not a good indicator of changes in surface elevation for any of 
these coastal geomorphic settings. Hurricane Michael increased surface elevation change rates at bayside and riverine sites; 
barrier island sites consistently displayed the lowest surface elevation change rates, which did not differ between pre- and 
post-Michael periods. Accretion rates were greatest in the riverine sites, which were characterized by highly organic soils. 
Barrier island and bayside sites demonstrated elevation and accretion deficits relative to the rate of RSLR for Apalachicola 
Bay between 2010 and 2022, indicating high vulnerability of these sites to chronic increases in sea level. These estimates of 
marsh resilience relied exclusively on rates of vertical change and neglecting to account for lateral erosion failed to predict 
that each of the three barrier island sites experienced rapid loss of the seaward SET-MH stations during the observation 
period. These results provide evidence of different vertical change responses among coastal wetlands of three geomorphic 
settings exposed to hurricanes and RSLR in the same region and suggest different timelines for long-term persistence of 
these sites.
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Introduction

Elevation in coastal wetlands is a function of both surface 
and subsurface hydrologic and biologic processes that work 
interactively to control material input and output as well as 
soil volume changes (Cahoon et al. 2006). Material input 
can occur through sediment deposition (Morris et al. 2002; 
Stone and Walling 1997; Cahoon et al. 2006), accumulation 
of organic material at the soil surface (Cahoon et al. 2006), 
and subsurface root production (McKee et al. 2007). These 
inputs are counterbalanced by scouring and erosion, root 
mortality, decomposition, and potential export of degrada-
tion products (Morris et al. 2002; Cahoon et al. 2006, McKee 
et al. 2007). Soil volume changes, which include autocom-
paction and dilation, can also alter the elevation of coastal 
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wetlands (Kaye and Barghoorn 1964; Nuttle et al. 1990; 
Whelan et al. 2005). Quantification of changes to surface 
elevation requires either direct quantification of individual 
biological, hydrological, and geological processes, or the 
measurement of the cumulative effects of these processes 
over long timescales (5+ years) (Cahoon et al. 2002; Webb 
et al. 2013). The coupled surface elevation table-marker 
horizon (SET-MH) method provides the ability to conduct 
long-term measurements of cumulative surface elevation 
change in coastal wetlands and has been utilized globally to 
compare trends and drivers of change in surface elevation 
(Cahoon et al. 2002; Callaway et al. 2013; Stagg et al. 2013; 
Raposa et al. 2016; Osland et al. 2017; Cahoon et al. 2020).

Globally, the acceleration of sea-level rise (SLR) threat-
ens the extent of coastal wetlands (Church and White 2006; 
Dangendorf et al. 2019). Coastal wetland systems respond to 
this chronic disturbance by developing vertically via surface 
accretion or sub-surface root-zone expansion, transgressing 
landwards to track changes in the physicochemical environ-
ment that constrain productivity, or through submergence and 
conversion to open water (Reed 1995). These three scenarios 
are regulated by a variety of site-specific factors, the most 
important of which are the rate of sea-level rise (SLR) rela-
tive to the tidal frame, available space for wetlands to trans-
gress landwards, and sediment supply (Spencer et al. 2016). 
With only an estimated 37% of global coastal wetlands hav-
ing available space to transgress landwards (Schuerch et al. 
2018), vertical development of the soil surface becomes a key 
element for determining the vulnerability of wetlands to SLR 
(Morris et al. 2002; Cahoon et al. 2006; Webb et al. 2013).

In addition to the chronic disturbance of SLR, coastal 
wetlands are also subject to periodic acute disturbances, such 
as hurricanes. These high-intensity, low-frequency events 
can cause extensive effects on ecosystem processes and char-
acteristics that persist over variable timescales (Paerl et al. 
2001; Danielson et al. 2017; Cahoon et al. 2003). Hurricanes 
can cause extensive vegetation dieback (Stagg et al. 2021; 
Osland et al. 2020) and defoliation (Danielson et al. 2017), 
as well as catalyze abrupt changes in vertical development 
of the soil surface. Elevation loss can occur through hurri-
cane-associated erosion and root zone collapse, while eleva-
tion gain occurs through deposition (Breithaupt et al. 2019; 
Baustian and Mendelssohn 2015; Cahoon et al. 2006; Feher 
et al. 2020; McKee and Cherry 2009; Moon et al. 2022; 
Yeates et al. 2020). The impacts of hurricanes on vertical 
development of the soil surface are critical to understand in 
the face of increasing frequency of intense hurricanes and 
increased rainfall associated with hurricanes as a result of 
climate change (Seneviratne et al. 2021), with implications 
for forecasting and characterizing marsh vulnerability.

Classification of coastal wetland types allows for differentia-
tion of complex environmental factors that constrain ecologi-
cal processes (Lugo and Snedaker 1974; Thom 1982; Brinson 

1993; Woodroffe 1993; Selvam 2003; Cahoon et al. 2006; Dürr 
et al. 2011). Specifically, coastal wetlands can be classified by 
geomorphic setting, which has previously been demonstrated 
as a predictor for various wetland functions and characteristics, 
including soil stoichiometry, soil carbon stocks, soil organic 
matter accumulation, sedimentation rates, and marsh eleva-
tion dynamics (Adame et al. 2010; Haaf et al. 2022; Rovai 
et al. 2018; Twilley et al. 2018). The goal of this study was to 
determine how marsh elevation dynamics of coastal wetlands 
in three geomorphic settings differ in response to regional-
scale disturbances. Specifically, we investigated decadal-scale 
surface elevation change and vertical accretion rates to assess 
vulnerability of bayside, riverine, and barrier island wetlands 
to acute (hurricane incidence) and chronic (SLR) disturbance. 
These three geomorphic settings span a gradient of estuarine 
position, tidal regime, and sediment supply (Light et al. 1998; 
Edmiston 2008). We hypothesized that the riverine wetlands 
would have the greatest rates of elevation change and accretion 
and would be most resilient to relative SLR, due to their closer 
proximity to sediment sources and freshwater inputs (Haaf et al. 
2022). Bayside and barrier island wetlands were expected to 
demonstrate surface elevation change and accretion rates simi-
lar to each other and to RSLR rates (Cahoon et al. 2006), as 
we expected vertical processes at these sites to be dominated 
more by RSLR and accommodation space than riverine pro-
cesses (Cahoon et al. 2006; Breithaupt et al. 2018; Kirwan 
and Megonigal 2013). We expected an increase in elevation 
and accretion rates associated with the landfall of Hurricane 
Michael, though the magnitude and persistence of this increase 
was expected to differ between geomorphic settings.

Methods

Site Description

The Apalachicola Bay estuary, located in the northeastern 
panhandle of Florida, contains coastal wetlands of multiple 
geomorphic settings and provides a unique setting to com-
pare the effects of acute and chronic disturbance on wetland 
surface elevation (Fig. 1). The Apalachicola River is highly 
managed by a series of reservoirs and dams in Georgia and 
Alabama, which have contributed to a decline in water lev-
els over the last 50 years (Light et al. 1998; Mossa et al. 
2017). The combination of local erosion of the river chan-
nel and decreased spring and summer flows have caused 
an increased incidence of severe drought conditions, which 
generally occur between April and August (Darst and Light 
2008). These drought conditions have resulted in a desic-
cation of floodplain forests (Darst and Light 2008), altered 
species compositions in forested wetlands (Light et al. 1998; 
Darst and Light 2008; Stallins et al. 2010; Smith 2013), and 
decreases in sediment supply to estuarine wetlands located 
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downstream (Williams and Wolman 1984). Furthermore, the 
Apalachicola Bay estuary has been frequently affected by 
tropical storms and hurricanes (Edmiston 2008). Regional 
relative SLR has averaged 2.70 ± 0.61 mm  year−1 between 
1967 and 2021  (RSLRhistorical; NOAA Tides and Currents, 
Station 8728690). In the last decade (2010–2021), the estu-
ary has seen an acceleration to 11.46 ± 0.57 mm  year−1 
 (RSLRrecent; NOAA Tides and Currents).

Two hurricanes affected the area within 60 km of the 
study sites between 2013 and 2020: Hurricanes Hermine 
(2016; Category 1) and Michael (2018, Category 5; NOAA 
Historical Hurricane Tracks). Hurricane Hermine passed 
east of the study site and provided less than 1 m of storm 
surge recorded at the same tide gauge, and less than 7.5 cm 
of rainfall (Berg 2016). Hurricane Michael passed west of 
the study site, providing 2.35 m of storm surge at the tide 
gauge in Apalachicola and 7.6–12.5 cm of rainfall, as well 
as causing an estimated $25 billion in damage to the area 
(Beven et al. 2019). As a result of the low impact of Hurri-
cane Hermine on the sites used in this study, we exclusively 
considered the effect of Hurricane Michael on our study 
sites.

Coastal wetlands in three geomorphic settings were 
selected in the Apalachicola Bay National Estuarine 
Research Reserve for monitoring of surface elevation and 
accretion using rSET-MH methods. Riverine sites were 
located along the coastal edge of three distributaries of the 
Apalachicola River: East River (ER), St. Marks River (SM), 
and Little St. Marks River (LSM, Fig. 1). Each riverine site 
contained two SET stations: one located within a monocul-
ture of Cladium jamaicense (sawgrass; LSM-J, SM-J, ER-K) 
and one located farther from the river’s edge within Taxo-
dium distichum (cypress; LSM-W; SM-B; ER-W). These 
sites receive freshwater inflow from the distributaries of the 
Apalachicola River, and surface water salinities range from 0 
to 3 ppt (Edmiston 2008). Tidal fluctuations at these riverine 
sites are less than 0.15 m (Light et al. 1998).

Bayside sites were located along the coastal edge of East 
Bay, a 45  km2 bay located north and east of the Apalachic-
ola River delta with an average depth of 0.70 m (Edmiston 
2008). East Bay receives freshwater inflow from both the 
Apalachicola River and its distributaries, as well as Tate’s 
Hell Swamp. Salinities range between 3 and 6 ppt (Edmiston 
2008) and marshes within these sites are dominated by Juncus 

Fig. 1  Location of SET stations along the northern coast of Florida 
(panel a) and within the Apalachicola Bay complex (panel b). Sites 
denoted by a circle indicate stations at bayside sites, while crosses 

show stations at riverine sites and squares are stations on barrier 
islands. Color corresponds to station names. Two SETs are located at 
each station
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roemerianus (black needlerush). The three bayside sites were 
East Bay S (EBS), East Bay N (EBN), and East Bay M (EBM; 
Fig. 1). Both SET stations at each bayside site were within 2 
m of the shoreline edge, with both SET stations at each site 
equidistant from the shoreline.

The barrier island sites were located along the interior, 
back-barrier coastal margins of Little St. George Island 
(Pilot’s Cove, PC) and St. George Island (Unit 4, U4; Nick’s 
Hole, NH; Fig. 1). Vegetation at NH is predominantly J. 
roemerianus. Pilot’s Cove and U4 vegetation is a mix of 
J. roemerianus and Spartina alterniflora, though U4 also 
contains encroaching red mangroves (Rhizophora mangle; 
Snyder et al. 2021; Steinmuller et al. 2022). At each of the 
barrier island sites, SET stations were originally constructed 
so that one station occupied low elevation marsh (Spartina 
alterniflora), and the other occupied high elevation marsh 
(Juncus roemerianus).

Surface Elevation and Accretion

Each site contained two stations that each contained a rod-
surface elevation table co-located with three feldspar marker 
horizons, deployed during 2011 and 2012 by the Apalachic-
ola National Estuarine Research Reserve. Metal rods were 
driven until refusal and leveled relative to the US geodetic 
network (sensu Cahoon et al. 2002; Callaway et al. 2013; 
Lynch et al. 2015). Permanent boardwalk structures were 
installed around the SET-MH footprint to minimize distur-
bance of the measurement area. Surface elevation tables 
were measured with varying frequency, with a minimum 
of 2 measurements per year, spaced 6 months apart. During 
sampling, an extendable platform was deployed across the 
station to access the rod, upon which a SET arm consisting 
of a stainless steel coupler and arm fitted with 9 holes was 
attached (Cahoon et al. 2002). Using a compass and level, 
the SET arm was oriented to each cardinal direction and lev-
eled. At each cardinal direction, fiberglass pins were placed 
into each of the 9 holes on the SET arm and lowered to 
the marsh surface. Pin heights were recorded to the nearest 
millimeter at each cardinal direction for a total of 36 indi-
vidual measurements of surface elevation per SET station 
per sampling.

Measurements of accretion were conducted simultane-
ously with measurements of surface elevation. Feldspar was 
evenly spread within three 50 cm by 50 cm areas on the mar-
gins of the SET footprint. Initial MH plots were established 
during SET installation. During sampling, MH samples were 
taken via trowel from each of the three plots and a mini-
mum of 1 observation (and a maximum of 4 observations) 
were made of the distance between the top of the feldspar 
layer and the soil surface (Lynch et al. 2015). Following 
measurement, samples were returned to plots and flagged to 
prevent re-sampling and to minimize disturbance to the plot. 

Feldspar horizons were re-deployed in a different area after 
the marker horizon could no longer be located.

Soil Sampling

During October 2021, soils adjacent to each SET station 
were sampled by pushcore (all barrier island sites, East Bay 
D, East Bay S) and/or Russian peat corer (all river sites, 
East Bay M, East Bay N) in triplicate. Different collection 
methods were used depending on substrate type, with obvi-
ously organic soils sampled by Russian peat corer and sandy 
sites sampled via pushcore. Soils sampled by pushcore were 
extruded into a single 15 cm interval, while soils sampled 
by the Russian peat corer were sectioned to keep the top 15 
cm of soil. Both were transported back to the laboratory on 
ice. Field-moist soils were weighed and homogenized, and 
subsamples (approximately 20 g) were dried at 60 °C for 72 
h or until a constant weight was achieved. The subsample 
dry weights were used to determine bulk density and sub-
sequently homogenized using a mortar and pestle. Dried, 
ground subsamples were analyzed for percent organic matter 
(OM) via the loss-on-ignition method (Dean 1974), where 
subsamples were combusted for 3 h at 550 °C in a muf-
fle furnace. Loss-on-ignition was calculated as the initial 
weight of the sample minus the weight of sample following 
combustion.

Statistical Analysis

Data analysis was performed in R (Version 4.1.0; R Insti-
tute for Statistical Computing, Vienna, Austria) with R Stu-
dio RStudio (Version 1.4.1717; RStudio Inc., Boston, MA, 
USA). Relative elevation (mm) for each individual pin at 
each sampling station at each time point was calculated as 
the observed pin height (mm) minus the initial pin height 
(mm). In order to compare elevations across geomorphic 
settings, relative elevation was used in the model rather than 
absolute elevation, which includes the orthoheight of the 
SETs. To test for differences in relative surface elevation 
change, a mixed-effect linear model (lme, package “nlme”) 
was run, where fixed effects were elapsed years, geomor-
phic setting, and time period (pre- or post-Michael). Random 
effects included the effect of individual pins, nested within 
bearing/SET arm, which was nested within the individual 
SET stations.

Vertical accretion rates were calculated as the average 
height of the soil surface above the feldspar marker horizon 
during each sampling, divided by the elapsed time since the 
marker was placed (in years). If a feldspar horizon had been 
replaced since the initial horizon deployment, vertical accre-
tion rates were calculated as the average height above the 
soil surface above the current feldspar marker horizon plus 
the last recorded average height of the previously deployed 
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horizon, divided by the cumulative elapsed time of both 
horizons (i.e., Feher et al. 2020). These rates were calcu-
lated for each individual feldspar plot and then averaged at 
the SET station level. Because of difficulty associated with 
recovering feldspar at many of the stations, vertical accre-
tion measurements lacked the temporal resolution required 
to test for differences associated with Hurricane Michael. A 
one-way ANOVA was used to identify differences in mean 
cumulative vertical accretion rates associated with geomor-
phic setting. No accretion was measured in the drowned SET 
stations (PC1, NH2).

Differences in soil physicochemical characteristics (bulk 
density, organic matter content) among geomorphic settings 
were determined via a one-way ANOVA. Pearson product-
moment correlations were used to correlate soil physico-
chemical characteristics and vertical accretion rates.

Results

Differences Among Geomorphic Settings

Average cumulative accretion rates were significantly dif-
ferent between geomorphic settings (p = 0.003, F value = 
9.505), with lower rates in the bayside sites, 5.16 ± 0.75 
mm  year−1, compared to rates in riverine, 12.58 ± 1.24 mm 
 year−1, and barrier island sites, 10.47 ± 2.15 mm  year−1. 
Lowest station-level accretion rates averaged 2.76 ± 0.43 
mm  year−1, observed at East Bay S (EBS-B), and greatest 
accretion rates averaged 16.87 ± 2.08 mm  year−1 at Nick’s 
Hole (NH1; Table 1, Fig. 2). Accretion rates were correlated 
to surface elevation change (across the entire timescale; r 
= 0.478).

Bulk density was different among geomorphic settings 
(p < 0.001), with barrier islands significantly different 
from bayside and riverine sites, which did not differ from 
each other. Bulk density increased from averages of 0.032 
± 0.003 g  cm−3 and 0.053 ± 0.004 g  cm−3 at the riverine 
and bayside sites, respectively, to an average of 0.420 ± 
0.059 g  cm−3 at barrier island sites. Organic matter con-
tent differed significantly between geomorphic settings 
(p < 0.001), with barrier islands containing the lowest % 
OM (5.59 ± 1.25%), followed by bayside (44.2 ± 2.86%) 
and riverine sites (52.5 ± 2.64%), which were not dif-
ferent from each other (Fig. 2). Organic matter content 
was negatively correlated to bulk density (r = −0.90). 
Within the riverine sites, there was a positive relation-
ship between average accretion rates and OM content (r 
= 0.84; Fig. 3). Bayside sites showed significant negative 
relationships between average accretion rates and soil OM 

(r = 0.84) and average accretion rates and bulk density (r 
= 0.74, Fig. 3). Barrier island sites showed no significant 
relationship between either average accretion rates or soil 
OM (Fig. 3).

Response to Acute and Chronic Disturbance Among 
Geomorphic Settings

Rates of elevation change differed with the interaction 
between geomorphic setting and time period (pre- vs. 
post-Michael, p < 0.001; Fig. 4). During the pre-Michael 
period, there were no differences among geomorphic 
setting surface elevation change rates (Fig. 4). Between 
pre- and post-Michael time periods, barrier island surface 
elevation change rates did not differ (Fig. 4). At the bay-
side and riverine sites, the trajectory of surface elevation 
change steepened from pre- to post-Michael periods, with 
riverine surface elevation change rates being the highest 
(Fig. 4, Table 1). Rates of surface elevation change at indi-
vidual SET stations ranged from −13.07 ± 0.74 mm  year−1 
at PC1 in the pre-Michael period to 17.21 ± 3.47 at LSM-J 
in the post-Michael period (Fig. 2, Table 1). Post-Michael 
rates of surface elevation change were positively corre-
lated with average accretion rates (r = 0.73).

All bayside SET stations demonstrated an elevation def-
icit (both pre- and post-Michael) and an accretion deficit 
relative to the recent acceleration in  RSLRrecent (Table 1; 
Fig. 2). Bayside SET stations demonstrated higher accre-
tion rates than  RSLRhistorical, and generally higher trends 
in surface elevation change post-Michael (Table 1; Fig. 2). 
Pre-Michael surface elevation change rates were greater 
than  RSLRhistorical at 2 out of 6 SET stations (Fig. 2). 
With the exception of two stations, riverine SET stations 
demonstrated an accretion deficit compared to  RSLRrecent 
(Table 1; Fig. 2). Post-Michael trends in surface elevation 
were generally higher than either rate of RSLR, while pre-
Michael surface elevations were lower than  RSLRrecent at 
all stations, and greater than  RSLRhistorical at 2 out of 6 
stations (Fig. 2). The drowned barrier island SETs (PC1 
and NH2) showed extreme pre- and post-Michael surface 
elevation deficits relative to both RSLR rates (Fig. 2). 
Accretion at these drowned barrier island sites could 
not be quantified. The remaining barrier island SET sta-
tions demonstrated surface elevation change rates greater 
than or equal to  RSLRhistorical both pre- and post-Michael 
(Fig. 2). All surface elevation change rates were lower 
than  RSLRrecent. Nick’s Hole 1 displayed a higher rate of 
accretion than either RSLR rate, however was the only 
barrier island station to demonstrate such a trend (Fig. 2).
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Discussion

Surface elevation change rates (across the entire timescale) 
at all SET stations in all geomorphic settings were roughly 
25% lower than accretion rates, indicating that shallow 
subsidence is offsetting increases in marsh elevation due 
to accretion. Shallow subsidence is defined in the SET lit-
erature as subsidence occurring within the soil profile above 
the terminus of the SET rod and in this case can be attrib-
uted to subsurface compaction (Cahoon et al. 1995; Cahoon 
et al. 2006; Cahoon et al. 2020). In a survey of 11 tidal 
marshes across the USA, Raposa et al. (2016) reported a 
similar trend of accretion rates exceeding rates of surface 
elevation change in 45% of sites. Similarly, studies span-
ning the Delaware Estuary, Barnegat Bay, NJ (Haaf et al. 
2022), five National Wildlife Refuges along the Texas coast 
(Moon et al. 2022), and 9 sites along the Mississippi River 
in Louisiana (Lane et al. 2006) have reported accretion rates 
exceeding rates of surface elevation change in the majority 
(if not all) studied SET-MH stations. This general trend, 

across broad geographic regions and in Apalachicola Bay, 
suggests that surface accretion rates are not good proxies of 
surface elevation change; using surface accretion rates as 
a proxy for elevation would overestimate the resilience of 
these sites to relative SLR (Raposa et al. 2016). However, in 
the case of a storm event providing a sediment and/or wrack 
subsidy, surface elevation change rates can increase to equal 
(or exceed) accretion rates (i.e., all riverine stations, 3 of 6 
bayside stations) for some geomorphic settings. Though it 
is unclear over what timescale these high rates of surface 
elevation change will persist, this observed trend demon-
strates the importance of sediment and/or wrack input on 
maintaining vertical position within the tidal frame for some 
geomorphic settings.

Influence of Geomorphic Setting on Surface 
Elevation Trends

The relationship between high accretion rates and low rates 
of surface elevation change in this study agree with previous 

Fig. 2  Average accretion rates (mm  year−1; bars) colored by organic 
matter content (%) at each SET station, grouped by geomorphic set-
ting. Error on bars is ± standard error. Points indicate rates of surface 
elevation change (mm  year−1) at each SET station pre-Michael (green 
circles) and post-Michael (orange triangles). Horizontal dotted lines 

indicate calculated  RSLRrecent (red; 11.46 ± 0.57 mm  year−1) and 
 RSLRhistorical (yellow; 2.70 ± 0.61 mm  year−1). Associated shaded 
area denotes standard error on RSLR rates. No accretion rates were 
quantifiable for drowned SET stations (PC1 and NH2)
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observations from Gulf of Mexico coastal marshes (Cahoon 
et al. 2006), though both rate types are greater here than 
those reported elsewhere in the northern Gulf of Mexico. 
The lower accretion and elevation change rates (3 mm  year−1 
and 2.5 mm  year−1, respectively) reported by Cahoon et al. 
(2006) for sites comparable to our bayside sites are lower 
than average accretion and elevation change rates reported 
for our bayside sites, likely attributable to site-level differ-
ences in sediment supply. In comparing our barrier island 
rates of accretion and elevation to Cahoon et al. (2006), 
we see much greater accretion and much smaller elevation 
change at our sites, which is partly explained by our inclu-
sion of drowned SETs and relatively high sediment supply 
and/or redistribution at our sites.

Dominant vegetation type plays an important role in the 
dynamics that shape geomorphic settings (Fagherazzi et al. 
2004). Numerous studies have demonstrated the effects of 
vegetation type on surface elevation within coastal wetlands 
(Cahoon et al. 2000; Rooth and Stevenson 2000; Boumans 
et al. 2002; Rogers et al. 2005; Wallace et al. 2005; Rogers 
et al. 2006; Ibáñez et al. 1999; Lovelock et al. 2011), and we  

observed some variability between vegetation types at our 
riverine sites, with sawgrass stations (LSM-J; SM-J; ER-K) 
demonstrating higher rates of elevation gain than cypress-
dominated stations (LSM-W; SM-B; ER-W. However, saw-
grass-dominated stations occupied lower relative elevations 
and were located closer to the distributary river channels 
than cypress-dominated sites. The co-incidence of these 
variables does not allow for distinguishing whether eleva-
tion gains are attributable to differences between autochtho-
nous production within vegetation types, sediment trapping 
efficiencies of marsh versus swamp (Morris et al. 2002), 
relative proximity to freshwater inputs, relative elevation, or 
some combination thereof. Freshwater inputs can facilitate 
the deposition of sediment (evidenced through the compara-
tively lower OM content within sawgrass than cypress sites) 
preferentially at lower relative elevations or in areas with 
high sediment trapping efficiencies, flush soil pore spaces to 
remove soil anaerobiosis, and deliver nutrients to stimulate  
primary productivity (Cahoon et al. 2006).

Geomorphic setting and soil physicochemistry are fun-
damentally linked (Jackson et al. 2014), and our results 
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indicated differences in the relationship between soil 
physicochemical parameters and vertical change between 
geomorphic settings. Accretion at the riverine sites dem-
onstrated a positive relationship with soil OM content, in 
concordance with previous research that has suggested soil 
OM is a limiting factor controlling accretion within coastal 
mangrove and marshes (Morris et al. 2016; Breithaupt 
et al. 2017). It is not possible from the data at hand to 
determine whether this OM is derived from autochthonous 
(root production, litter deposition) or allochthonous inputs 
(organic inputs from riverine sources). Interestingly, bay-
side sites demonstrated the opposite trend, as the rate of 
accretion decreased with increasing soil OM content and 
bulk density. The volume, and thus the packing density, 
of OM structures in soil can vary widely (Morris et al. 
2016; Breithaupt et al. 2017); at the bayside sites, organic 
material is more tightly packed than at the riverine sites, 
which contributes to the two geomorphic settings having 

similar OM contents, but opposite relationships between 
soil OM and accretion rates.

Response to Acute Disturbance: Hurricane Michael

Hurricane Michael impacted all sites in October of 2018 
with an estimated maximum 29.5 cm of rainfall (Beven et al. 
2019) and up to 4.74 m of storm surge (Wang et al. 2020; 
J. Garwood, personal observation). With the exception of 
one bayside site (EBS-C), all SETs showed an increase in 
surface elevation immediately following landfall of Hur-
ricane Michael (Supplemental Fig. 1, Table 1). Sediment 
and/or wrack deposition could explain the increase in sur-
face elevation trends observed at the riverine and bayside 
sites (Cahoon et al. 2003; Cahoon et al. 2006; McKee and 
Cherry 2009; Whelan et al. 2009; Rogers et al. 2013; Moon 
et al. 2022). High energy storms mobilize marine sediments, 
which are then deposited via storm surge on the wetland soil 

Fig. 4  Average relative surface elevation trends regressed with date 
for each geomorphic setting, as denoted by color, for pre- and post- 
Hurricane Michael periods. Shaded area around lines illustrates  

standard error of conditional means. Gray shaded area denotes break 
in available data associated with Hurricane Michael. Lowercase let-
ters denote significant differences among rates
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surface (Whelan et al. 2009; Castañeda-Moya et al. 2010; 
Smoak et al. 2013; Breithaupt et al. 2019; Breithaupt et al. 
2020). The addition of storm-mobilized sediment subsidizes 
short-term vertical accretion, resulting in a net elevation gain 
(Cahoon 2006; Smoak et al. 2013; Feher et al. 2020). Storms 
can also resuspend and redistribute local sediments (Perez 
et al. 2000). Similarly, storm-deposited wrack can increase 
soil elevation temporarily (Cahoon et al. 2006). In the long 
term, wrack can either further promote elevation gains by 
providing nutrient subsidies to stimulate primary production 
or further decrease elevation through stimulation of hetero-
trophic mineralization of organic material (Kuzyakov 2010).

After Hurricane Michael, two bayside stations (EBM-E and 
EBM-D) demonstrated short-term elevation gains that were 
eventually followed by elevation losses (Supplemental Fig. 1). 
Studies have demonstrated that increases in elevation following 
extreme weather events are often temporary, with soil eleva-
tion subsequently decreasing by compaction under the weight 
of mineral additions or through post-storm decomposition 
of organic components (Cahoon et al. 2006 and references 
therein; Moon et al. 2022). The impacts of storm events have 
been shown to persist for decades in some cases (Feher et al. 
2020; Cahoon et al. 2011), but Hurricane Michael occurred 

toward the end of our 8-year elevation record. While many of 
our sites demonstrated storm-related elevation gains, further 
monitoring sites is necessary to determine whether these eleva-
tion gains represent a temporary or long-term trend.

Response to Chronic Disturbance: Vulnerability 
to Sea‑Level Rise

The average rate of relative SLR at Apalachicola between 
1967 and 2021 was 2.70 ± 0.61 mm  year−1 (NOAA Tides 
and Currents, Station 8728690). However, in the decadal time 
period of our observations (between 2010 and 2021), RSLR at 
Apalachicola was 11.46 ± 0.57 mm  year−1. Compared to the 
contemporaneous rate of RSLR, all sites across all geomorphic 
settings in this study displayed elevation gain deficits prior to 
Hurricane Michael (Fig. 2). Accretion at bayside sites was the 
lowest of any geomorphic setting in this study, likely a facet 
of a decreased or insubstantial sediment supply. The combina-
tion of elevation and accretion deficits suggests that bayside 
sites are the most vulnerable geomorphic setting to RSLR in 
this region. Timelines estimated using coupled hydrodynamic 
(ADCIRC) and marsh equilibrium model (Hydro-MEM) simu-
lations anticipate submergence of these sites within 50 years 

Fig. 5  Aerial imagery from each of the barrier island sites (Pilot’s 
Cove, Nick’s Hole, and Unit 4) depicting the location of the SET sta-
tions (depicted by squares) relative to the shoreline immediately fol-
lowing station installation in 2013 (A1, B1, C1), in the most recently 

available imagery (A2 2019, B2 2019, C2 2021) and current photos 
of the seaward-neighboring SET station at each site (A3, B3, C3). 
Pilot’s Cove and Nick’s Hole have drowned SET stations, and Unit 4 
is occupied by a transgressing sand berm
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(Alizad et al. 2016). In contrast, riverine sites are less vulner-
able to  RSLRrecent, demonstrated by high accretion rates and 
high rates of surface elevation change post-Michael. If pre-
Michael surface elevation increases are the norm for riverine 
sites, and recent post-Michael rates are just a short-term excep-
tion, then riverine sites are more vulnerable to recent rates of 
RSLR. Alizad et al. (2016) estimated submergence of these 
sites within a similar timescale as bayside sites.

In addition to the vertical threat of RSLR, barrier island 
SET stations are also vulnerable to lateral erosion due to their 
location near the interior shoreline of the barrier islands. Two 
SET stations drowned over the course of the study, and a 
third that has since been inundated by overwash deposits of 
sand that seem likely to precede imminent erosion in the near 
future (Fig. 5). This vulnerability to lateral shoreline move-
ment was not identified in the SET-MH data until submer-
gence occurred. Over the course of this study (2013–2020), 
substantial lateral erosion occurred at each barrier island site 
(Fig. 5), representing shoreline loss on the order of meters. 
This component of lateral erosion is missing from estimates 
of submergence timelines and highlights the limitations of 
reliance on a single method for quantifying wetland vulner-
ability. The submergence of two SET stations, and the vulner-
ability of others via shoreline erosion, calls attention to the 
importance of coupling SET-MH measurements with meas-
ures of horizontal change to form a more accurate prediction 
of the vulnerability of these sites to relative SLR.
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