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Abstract
Coastal ecosystems such as mangroves, salt marshes, and seagrasses sequester large amounts of carbon per unit area due to 
their high productivity and sediment accumulation rates. However, only a handful of studies have examined carbon seques-
tration in coastal dunes, which are shaped by biophysical feedback between aeolian sediment transport and burial-tolerant 
vegetation. The goal of this study was to measure carbon storage and identify the factors that influence its variability along 
the foredunes of the US Outer Banks barrier islands of North Carolina. Specifically, differences in carbon stocks (above- and 
belowground biomass and sand), dune grass abundance, and sand supply were measured among islands, cross-shore dune 
profile locations, and dune grass species. Carbon varied among aboveground grass biomass (0.1 ± 0.1 kg C m−2), belowground 
grass biomass (1.1 ± 1.6 kg C m−3), and sand (0.9 ± 0.6 kg C m−3), with the largest amount in belowground grass stocks. 
Aboveground grass carbon stocks were comparable to those in eelgrass beds and salt marshes on a per-area basis, while 
sediment carbon values in our study system were lower than those in other coastal systems, including other dune locations. 
Additionally, sand carbon density was positively related to patterns in dune sand supply and grass abundance, reflecting a 
self-reinforcing vegetation-sediment feedback at both high and low sand accumulation rates.

Keywords  Carbon stocks · Coastal dunes · Ecosystem services · Beach and dune morphology · Ammophila breviligulata · 
Uniola paniculata

Introduction

As global atmospheric carbon dioxide concentrations 
increase due to human activities, carbon sequestration (i.e., 
the process of capturing and storing atmospheric carbon 
dioxide) by ecosystems has become an increasingly valuable 
service in mitigating climate change (Sarmiento & Gruber, 
2002; Chmura et al., 2003; Potter, 2003; Luyssaert et al., 
2008; Reay et al., 2008; Intergovernmental Panel on Climate 
Change, 2014; Howard et al., 2017). Most research on car-
bon sequestration has focused on open ocean and terrestrial 
ecosystems, with fewer studies in coastal ecosystems despite 
their role in global carbon cycling, carbon budgets, and cli-
mate regulation (Nellemann et al., 2009; Donato et al., 2011; 
Mcleod et al., 2011; Beaumont et al., 2014; Howard et al., 
2017; Macreadie et al., 2019). The majority of coastal car-
bon sequestration measurements have been made in man-
groves, seagrass beds, and salt marshes (Chmura et al., 2003; 
Steven Bouillon et al., 2008; Duarte et al., 2010; Kennedy 
et al., 2010; Breithaupt et al., 2012; Hopkinson et al., 2012; 
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Greiner et al., 2013), where rates of carbon sequestration 
are relatively high, averaging 1380–2260 kg C ha−1 year−1 
compared to 40–51 kg C ha−1 year−1 in temperate, tropical, 
and boreal forests and 540 kg C ha−1 year−1 in grasslands 
(Conant et al., 2001; M. B. Jones & Donnelly, 2004; R. Lal, 
2005; Mcleod et al., 2011; Duarte, 2017; Rattan Lal et al., 
2018). Although the rates of carbon sequestration in coastal 
habitats are often high per unit area, their overall global car-
bon storage is modest given their smaller geographic area 
compared to that of forest and open ocean ecosystems (Cao 
& Woodward, 1998; Howard et al., 2017; Mcleod et al., 
2011).

Carbon sequestration rates in coastal ecosystems are 
largely a product of high vegetation productivity and high 
sediment and marine carbon imported from coastal waters 
(Mcleod et al., 2011), often keeping pace with sea level 
changes (Chmura et al., 2003). Research in salt marshes, 
mangroves, and seagrass meadows shows that the origin of 
carbon stocks can vary from locally produced to imported 
depending on local biotic characteristics and environmen-
tal factors such as tidal range and sediment transport rates 
(Bouillon et al., 2003; Kristensen et al., 2008; Middelburg 
et al., 1997).

One coastal ecosystem that has received relatively little 
attention for its potential to store carbon is coastal dunes, a 
widespread ecosystem that occurs worldwide (recent esti-
mates indicate that 31% of ice-free coastlines are sandy 
beaches and dunes; Luijendijk et al., 2018). Although eco-
system services such as coastal protection and recreation 
have been widely recognized as important in dunes (Barbier 
et al., 2011), less is known about their ability to sequester 
carbon, even though they have vegetation densities and sedi-
mentation rates similar to marshes (Drius et al., 2016; Jones 
et al., 2008; Olff et al., 1993). Where carbon sequestration 
has been measured in coastal dunes (Table 1), the values 
are lower than those in other coastal ecosystems. From the 
limited number of observations available, average sediment 
carbon sequestration rates for dunes range from 56 to 730 kg 
C ha−1 year−1 (Table 1). These values are low compared 
to mangroves, salt marshes, and eelgrass meadows, which 
have values ranging from 1380 to 2260 kg C ha−1 year−1 
(Mcleod et al., 2011). However, given the geographic extent 
of sandy beaches, dunes (Luijendijk et al., 2018) may have 
the potential to capture and store substantial carbon globally. 
In addition, most measurements in dunes have not consid-
ered how carbon sequestration varies with depth, dune cross-
shore profile location, or dune plant community (Table 1; 
Barbier et al., 2011; Kristensen et al., 2008; Middleton & 
McKee, 2001).

Foredunes, or the seaward-most dune ridge parallel to the 
ocean, are dynamic ecosystems shaped by sea level, wind 
and wave conditions, sediment supply, beach morphology, 
and vegetation (Bauer & Davidson-Arnott, 2002; Cohn et al., 

2019; Duran & Moore, 2013; Hesp, 1989, 2002; Hesp & 
Walker, 2013; Jay et al., 2022a; Keijsers et al., 2016; Moore 
et al., 2016; Ruggiero et al., 2016; Sherman & Bauer, 1993; 
Short & Hesp, 1982; Zarnetske et al., 2015). Dunes form via 
biophysical interactions in which burial-tolerant vegetation, 
such as dune grasses, slows sand-laden wind, leading to sand 
deposition and subsequent plant growth; this process contin-
ues as a positive feedback between vegetation and sand accu-
mulation, potentially leading to fully formed foredunes (Biel 
et al., 2019; Brown & Zinnert, 2018; Charbonneau et al., 
2021; Hacker et al., 2012; Keijsers et al., 2015; Mullins 
et al., 2019; Zarnetske et al., 2012). Early research demon-
strated relationships between dune shape and grass species 
(Godfrey & Godfrey, 1973; Van der Valk, 1975; Woodhouse 
et al., 1977), while more recent studies have shown that plant 
density, morphology, and belowground growth patterns all 
contribute to a range of different dune morphologies (P. Biel 
et al., 2019; Goldstein et al., 2017; Hacker et al., 2012, 2019; 
Hesp, 2002; Jay et al., 2022a, 2022b; Laporte-Fauret et al., 
2021; Zarnetske et al., 2012).

The combination of physical and ecological factors that 
shape beach and dune morphology could play an impor-
tant role in carbon sequestration. For example, vegetation 
density and biomass can influence standing carbon stocks 
and the amount of organic matter available for burial (Beau-
mont et al., 2014). In turn, the amount of sand deposited 
on the dune might dictate how much organic matter is bur-
ied. Marine-derived carbon contained in macroalgal wrack 
and beach sand may be an additional source of carbon for 
dunes (Barreiro et al., 2013; Dugan et al., 2011). Finally, at 
a larger scale, the physical processes that shape beaches and 
dunes—including dune scarping and erosion, storm over-
wash, aeolian sand transport, and inlet dynamics (for bar-
rier systems)—may influence carbon sequestration, as these 
processes can rapidly bury or expose organic matter and 
vegetation following major depositional or erosional events 
(Rossi & Rabenhorst, 2019), such as those occurring during 
extreme storms (Macreadie et al., 2019).

In this study, we measure carbon storage (i.e., the amount 
of carbon stored in sand and vegetation) in foredunes along 
the Outer Banks of the US Central Atlantic coast, a ~ 300-
km string of vegetated barrier islands—extending from the 
border between Virginia and North Carolina (NC) in the 
north to Cape Lookout, NC in the south—that are highly 
vulnerable to coastal erosion from sea-level rise and extreme 
storms (Hovenga et al., 2021; Paerl et al., 2019; Sallenger 
et al., 2012). This region has widespread dunes exhibiting 
dramatic variation in beach and dune morphology, sand sup-
ply, and vegetation abundance and composition, making it an 
ideal system for studying dune carbon sequestration (Gold-
stein et al., 2018; Hacker et al., 2019; Hovenga et al., 2019, 
2021; Jay et al., 2022a; Kratzmann et al., 2017; Stockdon 
et al., 2007; Van der Valk, 1975). Sand supply and beach 
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geomorphology vary widely along the NC coast, where 
some sites have wider beaches with gently sloping dunes, 
while others have narrower, steeper beaches associated with 
taller, narrower dunes. From 1997 to 2016, the majority of 
beaches along the southern Outer Banks (from Shackleford 
Banks, SHB, to North Core Banks (NCB) have eroded, with 
negative multidecadal shoreline change rates (SCR; meas-
ured as average annual change in shoreline position), while 
beaches from Ocracoke Island northward have prograded 
(Hovenga et al., 2021; Jay et al., 2022a). Foredune height 
across the region increased by 0.01–0.02 m year−1 on aver-
age over this period, while foredune toe position retreated 
landward (see Hovenga et al., 2021 for details).

Two native kinds of grass dominate Central Atlantic bar-
rier islands: Uniola paniculata, a drought-tolerant warm-
season grass extending from Virginia to Florida (Seneca, 
1969), and Ammophila breviligulata, a temperate cool-sea-
son grass extending from NC to Canada (Goldstein et al., 
2018; Hacker et al., 2019; Jay et al., 2022a). The two species 
overlap on the Outer Banks, where A. breviligulata creates 
more continuous, linear dunes compared to the steeper, more 
hummocky dunes of U. paniculata (Woodhouse et al., 1977). 
Two less abundant grasses, Panicum amarum and Spartina 
patens, are similar to U. paniculata in their distributions 
(Hacker et al., 2019). A study examining the functional 
morphology of all four grass species found that A. brev-
iligulata was correlated with higher sand accretion, likely 
due to its dense, clumped growth form, while U. paniculata 
was associated with less sand accretion and fewer, larger, 
more evenly spaced shoots (Hacker et al., 2019). Thus, it 
may be that dunes vary in their ability to sequester carbon 
because of differences in grass biomass, growth form, and 
sand capture ability.

We measured how the carbon stored in dune vegetation 
and sand varies across spatial scales, including depth, dune 
cross-shore profile location, and barrier island location 
along a 225-km stretch of the Outer Banks barrier islands 
(Fig. 1A). We ask the following questions: (1) Does the 
amount of carbon in dunes vary with core depth, carbon 
stock type, island, and/or foredune profile location, and if 
so, how? and (2) If carbon storage varies, what geomorpho-
logical and ecological factors might explain this variability?

Methods

Field Sample and Data Collection

This study was conducted on the foredunes along 225 km of 
the NC Outer Banks from Bodie Island (BOD) in the north 
to South Core Banks (SCB) in the south (Fig. 1A; Table S1). 
This stretch of sandy barrier islands varies spatially in veg-
etation species and density (Hacker et al., 2019; Jay et al., 

2022a, 2022b), beach geomorphology and shoreline orienta-
tion (Hovenga et al., 2019, 2021; Jay et al., 2022a, 2022b), 
and wave energy and underlying stratigraphy (Lazarus & 
Murray, 2011). Apart from hurricanes, which occur in the 
summer and fall, and nor’easters, which occur in the win-
ter and spring, the region experiences a moderately ener-
getic seasonal wind and wave climate (including average 
annual significant wave heights of ~ 1.2 m and wind speeds 
of ~ 6.8 m s−1; Bryant et al., 2016). The Outer Banks region 
also exhibits significant alongshore variability in beach geo-
morphology and shoreline erosion (Hovenga et al., 2021). 
Foredune height and beach width can range from 1.5 to 
5.5 m and ~ 30 to 55 m, respectively, along the southern 
extent of the region (including SCB and NCB; Hovenga 
et al., 2021). Foredune heights ranging from 3 to 11 m are 
typical father north (from Cape Hatteras northward; Woolard 
& Colby, 2002).

From 2017 to 2019, we surveyed vegetation communi-
ties and topography annually at 112 transects that ranged 
from 0.4 to 20.4  km apart (most were 1–5  km apart), 
depending on the island and beach access (see Hacker 
et al., 2019; Hovenga et al., 2019, 2021; Jay et al., 2022a, 
2022b). Transects were shore-perpendicular, extending 
from mean lower low water (MLLW) through the dune toe 
(the seaward-most dune extent, marked by the topographic 
inflection point between the backshore and the foredune, 
and often also denoted by the vegetation line), crest (the 
highest point of foredune elevation), and heel (the lowest 
point on the landward side of the foredune) (see Fig. 1B). 
In June 2019, we resurveyed a subset of these transects 
(n = 11) for vegetation and topography and collected sedi-
ment cores and dune grasses at the toe, crest, and heel of 
the foredune for carbon measurements (see Table S1; Fig. 2 
for transect and core collection locations). We selected this 
subset of transects to capture spatial variability in domi-
nant grass species and sand supply across the five islands 
and the dune profile. For two of the three SCB transects 
(SCB_6 and SCB_9), the morphology of the foredune 
was substantially altered due to erosion from Hurricane 
Florence, which occurred nine months (September 2018) 
before our collections (Fig. 2). This erosion resulted in 
the removal of the toe and crest foredune profile locations 
from the original 2017/2018 transects (Fig. 2). The loss 
of the toe and crest profile locations was unknown to us at 
the time of sampling, so instead of coring at these profile 
locations, we collected all three cores at the heel location 
prior to September 2018 (see Fig. 2). Once the data were 
processed, we determined that topographic and vegetation 
data corroborated that these samples were more character-
istic of the heel profile location than the toe or crest loca-
tions. Thus, for transects SCB_6 and SCB_9, we decided 
to classify all the cores and associated vegetation as “heel” 
samples in our data analysis and statistics.
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Along each of the 11 transects, vegetation surveys 
involved counting shoots of each grass species in 0.25 
m2 quadrats every 5 m using the methods in Hacker et al. 
(2019) and Jay et al. (2022a). Sediment cores (1-m depth) 
were collected at the toe, crest, and heel (three cores/tran-
sect), roughly 1 m away (but at the same elevation) from the 
transect to avoid disruption (Table S1; Fig. 2). At the core 
location, shoot densities of all grass species in a 0.25-m2 
quadrat were also counted, and individual plants (all shoots 

attached to one rhizome) of each species were collected. 
The topography of the transect and elevation of each quadrat 
and sediment core location were measured using a Network 
Real Time Kinematic (RTK) Differential Global Positioning 
System (R7 unit, Trimble, Sunnyvale, CA, USA) (Fig. 2).

Sediment core collection involved driving a 10-cm diam-
eter PVC pipe into the toe, crest, and heel of the foredune 
using a sledgehammer and custom “core head” placed over 
the top of the core tube and inserting a test plug within the 

Fig. 1   A Map of transect and 
sediment carbon core sampling 
locations (see Table S1 for 
latitude and longitude) for the 
foredunes of the Outer Banks 
barrier islands, North Carolina, 
USA. B Beach and dune mor-
phology parameters were calcu-
lated using data from real-time 
kinematic GPS surveys and fol-
lowing the methods of Mull and 
Ruggiero (2014). Mean high 
water (MHW) was extracted 
using the 0.4-m MHW contour 
(NAVD88). Foredune morphol-
ogy measurements included the 
position and elevation of the 
foredune toe (the seaward extent 
of the foredune), the foredune 
crest (the highest point on the 
foredune), and the foredune 
heel (the landward extent of 
the foredune, determined by an 
elevation minimum). Foredune 
height and toe elevation were 
calculated as the differences 
between MHW and the fore-
dune crest and toe elevations, 
respectively. Foredune width 
was calculated as one-half dune 
width (the horizontal distance 
between the foredune toe and 
crest) to capture changes in the 
width of the foredune face. The 
backshore slope was calculated 
as the slope between MHW 
and the dune toe. Beach width 
was calculated as the horizontal 
distance between MHW and the 
foredune toe. Figure adapted 
from Jay et al., (2022a, 2022b)
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tube to prevent sediment loss upon removal (Fig. S1). Due 
to the difficulty of extruding a 1-m-long core of sand, two 
0.5 m core tubes, one for the top 0.5 m and one for the bot-
tom 0.5 m, were used for each core collection. The first tube 
was pounded into the top half of the 1 m core depth and dug 
out with a shovel, and the second tube was then inserted in 
the same location without disturbing the sediment to collect 
the remaining 0.5 m core. We extracted the sand and below-
ground plant material from the core in alternating depth 
intervals using a custom-built sediment extruder that slowly 
extruded sediment in 2-cm increments for subsampling (see 
Figs. S2 and S3). We haphazardly subsampled roughly a 
quarter of each layer (~ 30 ml) of sand and belowground 
plant material and discarded the remainder of the sample. 
Samples were collected every 2-cm increment, and the sam-
ples in between those increments were discarded.

Core Sample Processing and Sand Carbon Density 
Measurements

To determine sand carbon content in our cores, we calculated 
sand carbon density (g C m−3 sand), which is a product of 
bulk density (g cm−3 sand) and percent carbon content (% C) 
of our core samples. The bulk density of the sand was esti-
mated by measuring the wet and dry weight (dried at 60 °C 
for 24 h) of a subset of samples that were representative of 
foredune profile locations and sites to obtain their percent 
moisture content. Bulk density was then calculated for each 
sample as a weighted average between dry sand density and 
freshwater density based on the average percent moisture 
using the following equation: Bulk density (g cm−3) = Dry 
sand density × (1 − moisture proportion) + Freshwater den-
sity × Moisture proportion. The remaining core samples were 

Fig. 2   Dune elevation profile plots from 2017 to 2019 for each tran-
sect surveyed on the Outer Banks barrier islands, North Carolina, 
USA, arranged from north to south (see Fig. 1A; Table S1 for profile 
locations and abbreviations). Colored lines represent the elevations 

from each year, while dots denote the locations where the cores were 
collected. All plots share the same y-axis scale. Note that the x-axis 
for HAT_4 is in northing (m) rather than easting due to the orienta-
tion of the transect
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also dried (60 °C for 24 h), and then the roots and rhizomes, 
any other plant matter, and shells were removed from all sam-
ples using a 2-mm sieve and each was weighed separately.

We then used a subset of the sieved sand samples to 
determine percent organic matter (using loss on ignition 
or LOI) and percent organic carbon content (via elemental 
analysis) at different core depths, profile locations, and 
transects across islands (see Table S2 for a list of core 
sample measurements). For each core, all samples in the 
top 40 cm, and every third sample from the remainder of 
the core, were used for organic matter measurements. In 
addition, three samples per core per profile location (total-
ing 9 samples/transect = 96 samples total) were used to 
measure the percent total organic carbon content. Organic 
carbon samples were chosen using their percent organic 
matter values to ensure that a wide range of carbon values 
were measured (i.e., the highest, median, and lowest val-
ues were included for each core).

The loss on ignition (LOI) technique (see Heiri et al., 
2001) involved burning 2.000 ± 0.002 g of each dried sand 
sample at 550 °C for 4 h and reweighing it once cooled. 
Burning the samples at 550 °C allows organic matter to 
combust without dissociating CO2 from carbonates in the 
sand (Dean, 1974). Percent LOI was determined using the 
proportion of mass lost relative to the starting mass. Total 
organic carbon content was measured via elemental analy-
sis using an ECS 4010 CHNSO Analyzer at the Oregon 
State University Elemental Analysis Facility, Corvallis, 
USA. Prior to elemental analysis, dried sand samples were 
homogenized using a Spex Sigma Prep 8000D Mixer/Mill 
followed by acidification with 1 M HCl to remove carbon-
ates. Percent total organic carbon was calculated from the 
mass of organic carbon out of the total sample mass.

After measuring the percent organic matter and per-
cent organic carbon content (for a subset of samples), we 
then established a relationship between these two meas-
urements that could be applied to all samples to derive 
their percent total organic carbon (% TOC). Specifically, 
we established two regression relationships between per-
cent organic matter (% LOI) and percent total organic car-
bon (% TOC). The first regression analysis included all 
samples except those from transect SCB_9, which had a 
higher ratio of % LOI to % TOC than the other samples 
(% TOC = 0.310 * % LOI – 0.015, R2 = 0.66, p < 2.2E-16; 
see Fig. S4A). The second relationship was established for 
transect SCB_9 samples alone (% TOC = 0.509 * % LOI 
– 0.016, R2 = 0.45, p = 0.049; see Fig. S4B). Note that five 
samples had % TOC values equal to or greater than % LOI 
values and were excluded from the analyses. Finally, to 
calculate sand carbon density (kg C m−3) for each sample, 
we multiplied bulk density estimates by % TOC (converted 
to a proportion) using the equation: Sand carbon density (g 
C cm−3) = Bulk density (g cm−3) × Proportion TOC.

Dune Grass Sample Processing and Carbon 
Measurements

We estimated the aboveground and belowground dune 
grass carbon density for the two most abundant species 
(U. paniculata and A. breviligulata) at each transect. All 
belowground measurements from a given core were classi-
fied as either U. paniculata or A. breviligulata based on the 
dominant species present above each core. Carbon density 
was measured as the product of grass percent carbon multi-
plied by the average biomass of each species. Note that here 
we use the general convention of expressing aboveground 
grass carbon density in area units (kg C per m2 area) and the 
belowground grass carbon density in volumetric units (kg C 
per m3) but the two measurements can be directly compared 
given that they consider the same 1 m2 dune area.

The organic carbon content of the grasses was obtained 
using the following methods. For the aboveground grass 
samples, we measured carbon content in the tissues of each 
grass species collected near each core. For the belowground 
grass samples, we measured the organic carbon content of 
the root and rhizome tissues obtained from the cores. For 
both sets of samples, grass tissues were first homogenized 
in a Spex Sigma Prep 8000D Mixer/Mill, and organic car-
bon content was measured via elemental analysis using an 
Elementar Vario Macro Cube at the Oregon State University 
Soil Health Laboratory, Corvallis, OR, USA.

To estimate aboveground grass carbon density, we dried 
and weighed each dune grass shoot sample. We then cal-
culated the aboveground grass biomass (g m−2) for each 
species as the product of the average shoot weight and aver-
age shoot density (shoots/0.25 m2 in the field from 2017 to 
2019, converted to m2) at each transect and profile location. 
Aboveground grass carbon density (kg C m−2) was then cal-
culated for each quadrat as the product of species-specific 
aboveground biomass and average species-specific percent 
organic carbon content.

To estimate belowground grass carbon density, we used 
three methods for different scales of measurement. The first 
method was used to estimate belowground grass carbon 
density with depth in the core. To do this, the belowground 
grass biomass sifted out of individual core samples was 
multiplied by the average belowground grass organic car-
bon content and converted to kg C m−3. The second method 
involved extrapolating the proportion of belowground bio-
mass sifted out of each core sample (i.e., belowground bio-
mass per weight of sand) to the volume of the entire core. 
Belowground grass carbon density for each core was then 
calculated as the product of belowground biomass multi-
plied by the average belowground organic carbon content 
and converted to kg C m−3. The third method was used to 
estimate spatial variability in belowground grass carbon 
density along each transect using aboveground biomass as 
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a proxy. We calculated the ratio between aboveground (in 
quadrats directly above each core) and belowground grass 
carbon density for each core (based on the second method 
above) and applied that ratio to the remaining quadrats along 
each transect in order to obtain an estimate of the variability 
in belowground grass carbon density in areas where we were 
unable to measure it directly.

Beach and Foredune Morphometrics, Shoreline 
Change Rate, and Sand Supply

To assess potential drivers of variation in dune carbon den-
sity, we obtained beach and foredune morphometrics and 
SCRs at each transect from Jay et al., (2022a, 2022b). Mor-
phometric measurements included beach width (distance 
from mean high water, or MHW, to foredune toe), back-
shore slope (slope from MHW to foredune toe), foredune 
height (vertical distance from MHW to dune crest eleva-
tion), foredune width (horizontal distance between foredune 
toe and crest), and foredune aspect ratio (foredune height 
divided by width). We extracted MHW using the 0.4-m con-
tour referenced to the North American Vertical Datum 1988 
(NAVD88; see Hovenga et al., 2021). To estimate vertical 
sand supply or loss at each core collection site, we calculated 
sand deposition or erosion along the transects as the vertical 
change in the elevation (m; representing a net gain or loss 
of sand) of the foredune toe, crest, and heel for each year 
(locations of each feature were chosen in 2017, and the same 
cross-shore location was used in following years to assess 
vertical change from 2017 to 2019) and then calculated the 
total and annual sand deposition (or erosion) between years.

Statistical Analyses

We used R v.3.6.1 (R Development Core Team, 2019) for 
all statistical analyses. Residual and normal quantile plots 
were used to assess whether response variables conformed 
to the assumptions of the analyses, and natural log transfor-
mations of response variables were appled when necessary 
(see Table 2).

To assess spatial patterns of carbon density on Outer 
Banks foredunes, we used two-way ANOVAs and Tukey 
HSD post hoc tests. If significant interactions were found, 
we performed one-way ANOVAs and Tukey HSD post hoc 
tests to compare between levels of each factor (Underwood, 
1997). We first conducted two-way ANOVAs separately for 
each transect to test for differences in sand carbon density 
and belowground grass carbon density among core depths 
and profile locations. Additional two-way ANOVAs were 
then run across all transects for (1) total carbon density by 
carbon stock type (aboveground and belowground grass and 
sand) and island, and (2) aboveground grass carbon density, 
belowground grass carbon density, and sand carbon density 

by island and dune profile location. All three cores from the 
two heavily eroded SCB transects (Fig. 2I, J) were catego-
rized as dune heel sites in all analyses.

To investigate potential factors influencing variability 
in dune carbon density, we used multiple linear regres-
sion analyses to evaluate the relative importance of 
geomorphic and ecological factors associated with the 
response variables of aboveground grass carbon density, 
belowground grass carbon density, sand carbon density, 
and total carbon density (aboveground grass + below-
ground grass + sand). For the grass carbon density 
response variables, we tested for a relationship with 
explanatory metrics of annual sand deposition or erosion 
(2017–2019; calculated as the vertical change in eleva-
tion as described above), multidecadal SCR, beach width, 
backshore slope, foredune height, foredune width, and 
foredune aspect ratio. For sand carbon density, explana-
tory metrics included annual sand deposition to the dune 
(2017–2019), multidecadal SCR, grass biomass, grass 
tiller density, beach width, backshore slope, foredune 
height, foredune width, and foredune aspect ratio. Top 
models were selected from these linear regression analy-
ses using sample size-corrected Akaike’s Information 
Criterion (AICc). To determine the relative contribution 
of individual predictors in the top models, we used the R 
package “heplots” and the function “etasq” to calculate 
multivariate eta-squared (or R2) (Fox et al., 2018).

To calculate the dune grass density values, the tiller den-
sity of all three species in quadrats (converted to m2) from 
the 2019 surveys was summed and averaged for each transect 
and dune profile location. For the two eroded SCB sites, 
grass tiller density values from 2017 were used to repre-
sent the pre-hurricane vegetation community. To calculate 
the dune grass biomass values, the densities of each spe-
cies from 2019 were multiplied by their mean tiller weights 
and summed and then averaged for each transect and profile 
location.

Results

Patterns in Geomorphology, Sand Supply, and Dune 
Grasses

Beach and foredune morphology, SCRs, sand supply, 
and dune grass metrics varied across the study region 
(Fig. 3; Jay et al., 2022a). At most transects, multidec-
adal SCR values ranged from either slightly positive to 
negative, indicating mild accretion or erosion at these 
locations, but exceptions include the BOD_1 transect (the 
only BOD transect; Table S1), which had > 10 m year−1 
of beach erosion, and HAT_4, OCR_1, and SCB_4 with 
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4–10 m  year−1 of beach progradation (Fig. 3A). Most 
transects also had relatively narrow beaches (50 m or 
less) and steep backshore slopes (> 0.02; Fig. 3B, C). 
Two of the transects with positive multidecadal SCR val-
ues (SCB_4 and OCR_1) also had wide beaches (nearly 
175 m wide) and shallow backshore slopes (Fig. 3A–C). 
Foredune height generally decreased from north to south, 
with the tallest dunes (> 8  m) occurring on Hatteras 
Island (HAT) and the shortest dunes (~ 4 m) occurring 
on SCB (Fig. 3D). Foredune width varied from ~ 10 to 
30 m and did not follow a trend that was dependent on 
the island (Fig. 3E).

Sand deposition (or erosion) rate at the core locations 
(calculated from 2017 to 2019) tended to be unrelated 
(based on visual comparison) to multidecadal SCR (cal-
culated from 1997 to 2016), beach width, or backshore 
slope (Fig. 3F). For example, the BOD transect located 
on a highly eroding beach had the greatest sand depo-
sition across all profile locations (~ 0.75–1.0 m year−1), 
followed by two HAT transects (HAT_12 and HAT_7), 
which had slightly negative SCRs. Moreover, transects 
with the most positive SCRs and widest beaches had pat-
terns of sand deposition (or erosion) across the foredune 

Table 2   Top model results (∆AIC < 2) from multiple regression 
analyses of the response variables: sand carbon density (kg C m−3), 
aboveground (AG) grass carbon density (kg C m−2), and total carbon 
density (AG grass, belowground grass (BG), and sand combined) as a 

function of the explanatory variables of sand supply, beach and fore-
dune morphometrics, and dune grass biomass and density (see Fig. 3) 
at the core level

Explanatory variables included in the models were uncorrelated with Pearson correlation coefficient <|0.6|. Significance codes for explanatory 
variables are as follows: ***p < 0.001; **p < 0.01; *p < 0.05, ^p < 0.1. Explanatory variables with significant p values are in bold. Response vari-
able transformations were applied following Shapiro–Wilk tests for normality and residual analysis

Response variable Model Model results

Sand carbon density [ln(Sand C)] =  − 1.91 [Sand dep rate]*** – 15.82 [Back-
shore slope]*** + 0.005 [Grass density]^ + 0.27*

AICc = 30.21; ∆AIC = 0; df = 29; Adj. R2 = 0.70
Variance explained: sand dep rate = 0.50, backshore 

slope = 0.26, grass density = 0.04
[ln(Sand C)] =  − 1.79 [sand dep rate]*** − 15.85 [back-

shore slope]*** + 0.001 [grass biomass]^ + 0.26
AICc = 30.70; ∆AIC = 0.49; df = 29; Adj. R2 = 0.70
Variance explained: sand dep rate = 0.46, backshore 

slope = 0.25, grass biomass = 0.03
[ln(Sand C)] =  − 1.81 [sand dep rate]*** − 14.76 [back-

shore slope]*** + 0.37**
AICc = 31.56; ∆AIC = 1.35; df = 30; Adj. R2 = 0.67
Variance explained: sand dep rate = 0.47, backshore 

slope = 0.23
AG grass carbon density [AG grass C] = 0.01 [Foredune height]^ + 0.02 AICc =  − 91.97; ∆AIC = 0; df = 31; Adj. R2 = 0.06

Variance explained: foredune height = 0.09
[AG grass C] = 0.01 [foredune height]^ − 0.003 

[SCR] + 0.02
AICc =  − 91.36; ∆AIC = 0.61; df = 30; Adj. R2 = 0.09
Variance explained: foredune height = 0.10, SCR = 0.05

[AG grass C] = 0.01[Foredune height]^ + 0.04[Sand dep 
rate] + 0.02

AICc =  − 90.45; ∆AIC = 1.52; df = 30; Adj. R2 = 0.06
Variance explained: foredune height = 0.07, sand dep 

rate = 0.03
[AG grass C] = 0.01 [foredune height]^ − 0.0002 [beach 

width] + 0.03
AICc =  − 90.26; ∆AIC = 1.71; df = 30; Adj. R2 = 0.05
Variance explained: foredune height = 0.09, beach 

width = 0.02
Total carbon density 

(AG + BG + sand)
[ln(Total C)] = 0.07 [SCR]* + 0.55*** AICc = 74.59; ∆AIC = 0; df = 31; Adj. R2 = 0.17

Variance explained: SCR = 0.19
[ln(Total C)] =  − 1.20 [sand dep rate]* − 12.90 [backshore 

slope]* + 1.34 [foredune aspect ratio] + 0.63
AICc = 75.65; ∆AIC = 1.06; df = 30; Adj. R2 = 0.22
Variance explained: sand dep rate = 0.14, backshore 

slope = 0.11, foredune aspect ratio = 0.06
[ln(Total C)] =  − 1.18 [sand dep rate]* − 11.92 [backshore 

slope]^ + 1.06***
AICc = 75.69; ∆AIC = 1.10; df = 30; Adj. R2 = 0.18
Variance explained: sand dep rate = 0.13, backshore 

slope = 0.10
[ln(Total C)] = 0.06 [SCR]* + 6.10 [foredune aspect 

ratio] + 0.23
AICc = 75.97; ∆AIC = 1.38; df = 30; Adj. R2 = 0.17
Variance explained: SCR = 0.18, foredune aspect 

ratio = 0.03
[ln(Total C)] = 0.05 [SCR]^ − 0.61 [sand dep 

rate] + 0.63***
AICc = 76.10; ∆AIC = 1.51; df = 30; Adj. R2 = 0.17
Variance explained: SCR = 0.09, sand dep rate = 0.03

[ln(Total C)] = 0.06 [SCR]* − 6.10 [backshore 
slope] + 0.74***

AICc = 76.30; ∆AIC = 1.71; df = 30; Adj. R2 = 0.16
Variance explained: SCR = 0.12, backshore slope = 0.02
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that were similar to those of beaches with more neutral 
or slightly negative SCRs.

Grass species abundance (density and biomass) and dis-
tribution also varied across the study site and across fore-
dune profile locations (Fig. 3G–I; Fig. S6; see Hacker et al., 
2019 for detailed vegetation patterns). In general, Uniola 
paniculata was more widespread and had greater abundance 
than A. breviligulata, but this pattern also depended on the 
island and profile location. Specifically, the northern islands 
and the foredune toe locations generally had more A. brev-
iligulata compared to the southern islands and foredune 
heel locations, which tended to have more U. paniculata.

Patterns of Sand and Belowground Grass Carbon 
Density with Core Depth

There was no consistent pattern in sand and belowground 
grass carbon metrics with core depth (Fig. S6; Table S3). 
Two-way ANOVAs between depth and profile location at 
each site showed that sand and belowground grass car-
bon metrics rarely differed by depth, though some profile 
location effects and depth-by-profile location interactions 
were observed (see Table S4 for details). A few notable 
depth patterns were seen at the heel of the dune: OCR_1, 
SCB_4, and HAT_4 had lower belowground grass and 

Fig. 3   Sand supply, beach 
morphology, and dune grass 
metrics for the foredunes of the 
Outer Banks barrier islands, 
North Carolina, USA, organized 
by transect from north to south 
(see Fig. 1A; Table S1 for island 
and transect abbreviations and 
locations). A Multidecadal 
shoreline change rate (SCR) 
from 1997 to 2016 (southern 
Outer Banks transects) and from 
1997 to 2010 (northern Outer 
Banks transects) (m year−1). B 
Beach width (m). C Backshore 
slope. D Foredune height (m). E 
Foredune width (m). F Annual 
sand deposition rate at the dune 
toe, crest, and heel from 2017 to 
2019 (m year−1). Note: All dep-
osition values from SCB_6 and 
SCB_9 (across the toe, crest, 
and heel sites) were treated as 
heel sites in our analyses. G 
Mean combined grass biomass 
at the toe, crest, and heel of the 
dune in 2019 (g m−2). H Mean 
combined grass density at the 
toe, crest, and heel of the dune 
in 2019 (tillers m−2). I Mean 
combined grass biomass (2019, 
g m−.2) of the dominant grasses, 
averaged across the dune profile 
and categorized by species: 
(Uniola paniculata (UNPA) 
and Ammophila breviligulata 
(AMBR))
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sand carbon values at the top of the core, while NCB_20 
had lower belowground grass and sand carbon values at 
the bottom of the core.

Patterns in Carbon Density Among Stock Types, 
Islands, and Foredune Profile Locations

The mean total carbon density (combining dune grasses 
and sand) across all stock types, islands, and foredune 
profile locations was 2.1 ± 1.8  kg C m−3 (mean ± SD) 
(Table S5). Belowground grass carbon density was the larg-
est and most variable component of total carbon density 
(mean ± SD: 1.1 ± 1.6 kg C m−3), followed by sand carbon 
density (0.9 ± 0.6 kg C m−3) and aboveground grass carbon 
density (0.1 ± 0.1 kg C m−2). A two-way ANOVA compar-
ing carbon stock type and dune profile location showed a 
significant interaction between carbon stock type and pro-
file location (Fig. 4; Table S6). Post hoc tests revealed that 
aboveground grass carbon density was significantly lower 
than both belowground grass and sand carbon density at the 
toe, crest, and heel (see Fig. 4). Additionally, belowground 
grass and sand carbon densities were not significantly dif-
ferent at the crest and heel (Table S6). The dune toe was an 
exception to this pattern, with higher sand carbon density 
than belowground grass carbon density (Fig. 4). Further-
more, the dune toe exhibited the lowest values for both 
aboveground and belowground grass carbon density, and 

both the toe and crest had lower values of sand carbon 
density than the heel. Total carbon stocks also varied by 
profile location, ranging from 1.0 ± 0.1 (toe; mean ± SE) to 
2.8 ± 0.3 (heel) kg C m−2.

The response variables of aboveground grass, below-
ground grass, and sand carbon density all showed vari-
ability among islands and profile locations, with sig-
nificant island × profile location interactions (Fig.  5; 
Tables S5 and S7). For aboveground grass carbon den-
sity, the dune toe had lower values compared to the 
crest and heel (see Table S5), which did not differ, on 
all islands except BOD (toe = crest = heel) and HAT 
(crest > heel = toe) (Fig. 5A; Table S7). Within each pro-
file location, aboveground grass carbon generally did not 
vary among islands, except at HAT and BOD, where dune 
crest carbon was higher than at NCB (HAT only) and SCB 
(both islands; Fig. 5A). Belowground grass carbon den-
sity exhibited similar patterns to aboveground grass car-
bon stocks: lower values at the dune toe compared to the 
crest and heel, which did not differ (Fig. 5B; Table S7). 
There were no differences in belowground grass carbon 
density among islands at the dune toe and heel, but values 
at the dune crest were significantly higher at OCR com-
pared to other islands. Finally, sand carbon density varied 
among islands, with the southern Outer Bank islands (i.e., 
SCB and NCB) generally having higher values than the 
northern Outer Bank islands (i.e., BOD, HAT, and OCR; 
see Table S5 for values). However, this pattern depended 
on dune profile location (island × profile location interac-
tion; Fig. 5C; Table S7). A landward gradient in sand car-
bon density was observed, with the toe and crest having 
lower values compared to the heel on all islands except 
BOD (no differences with profile location) and NCB (no 
differences between heel and toe). Additionally, on most 
islands, there were no differences in sand carbon density 
between the dune toe and crest. The only exception was 
NCB, where toe values were greater than crest values 
(Tables S5, S7).

Patterns in Carbon Stocks of Dominant Dune Grass 
Species

There were no differences in tissue carbon content between 
the two dominant grass species (mean ± SD; U. panicu-
lata 46.88 ± 0.69% C, A. breviligulata 46.87 ± 0.74% C). 
Overall, dunes dominated by U. paniculata tended to have 
higher above and belowground carbon stocks compared 
to those dominated by A. breviligulata (Table S8). Note 
that BOD and HAT had the highest proportion of A. brev-
iligulata, whereas SCB had no A. breviligulata (Fig. 3I; 
Table S8). Of the four islands where both species occurred, 
areas dominated by U. paniculata had similar or higher 

Fig. 4   Mean carbon density in aboveground (AG) grass (kg C m−2), 
belowground (BG) grass (kg C m−3), and sand (kg C m−3) on the 
foredunes of the Outer Banks barrier islands, North Carolina, USA 
(see Fig.  1A; Table  S1 for island abbreviations and locations). See 
Table S3 for mean (± SD) AG grass, BG grass, and sand carbon values 
separated by island and profile location, and Table S6 for statistics
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sand carbon density than those dominated by A. brevilig-
ulata. However, this pattern coincides with variation in 
the occurrence of the two species across the dune profile 
(Table S8), with U. paniculata being dominant at the heel, 
where carbon density values were generally higher, and A. 
breviligulata occurring at the toe and crest, where carbon 
densities were lower (Figs. 2I and 4).

Factors Important to Carbon Stocks in Outer Banks 
Foredune Ecosystems

Our analyses revealed that patterns in sand carbon, above-
ground grass carbon, and total carbon response variables 
were correlated with sand deposition to the dune, SCR, 
foredune height, and grass density and biomass (Table 2). 
First, mean sand carbon density was negatively correlated 

with sand supply metrics (annual 2017–2019 sand dep-
osition rate at the core location and backshore slope, 
p < 0.0001 and n = 33 in both cases), while it was posi-
tively correlated with grass density and biomass (border-
ing on significant, p = 0.06 and p = 0.08, respectively, and 
n = 33 in both cases; Fig. 6; Table 2). In particular, the 
top model for sand carbon density indicated that the sand 
deposition rate at the core location explained the great-
est proportion of variability (50%), followed by backshore 
slope (26%) and grass density (4%; Table  2). Second, 
the best-supported models for aboveground grass carbon 
stocks showed both positive (foredune height, p = 0.09, and 
sand deposition rate, p = 0.33; n = 33 for both) and negative 
(SCR, p = 0.18 and beach width, p = 0.38; n = 33 for both) 
correlations with aboveground carbon. However, only fore-
dune height approached significance (p = 0.09, Table 2). 

Fig. 5   Mean (± SE) A above-
ground (AG) dune grass carbon 
density (kg C m−2), B below-
ground (BG) dune grass carbon 
density (kg C m−3), and C dune 
sand carbon (kg C m−3) at three 
foredune profile locations (toe, 
crest, and heel) on the Outer 
Banks barrier islands, North 
Carolina, USA (see Fig. 1A; 
Table S1 for island abbre-
viations and locations). See 
Table S7 for statistics
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In the top model, foredune was the only explanatory vari-
able (9% variance explained). Third, patterns for total 
carbon density (aboveground grass, belowground grass, 
and sand combined) were similar to those for sand car-
bon density alone. Total carbon was negatively correlated 
with sand deposition rate (p = 0.03, n = 33) and backshore 
slope (p = 0.04, n = 33), and positively correlated with 
SCR (p = 0.01, n = 33) and foredune aspect ratio (p = 0.12, 
n = 33; Table 2). In the top model for total carbon den-
sity, SCR was the only explanatory variable (19% variance 
explained). In the next best model, sand deposition rate, 
backshore slope, and foredune aspect ratio explained 14, 
11, and 6% of the variance, respectively (Table 2). Finally, 
no explanatory variables explained belowground grass car-
bon density.

Discussion

Contextualizing Dune Carbon Storage in Outer 
Banks Foredune Ecosystems

We found that sediment organic carbon density values on 
the Outer Banks were generally much lower than those 
reported for other dune ecosystems worldwide (see Table 1 
for comparisons). For example, depending on island and 
profile location, sand carbon density measurements were 
approximately 3–5 times higher in Italian mobile dunes 
(grass-dominated dunes most comparable to our sites) 
than in the Outer Banks region (Fig. 5; Table 1; Table S5; 
Drius et al., 2016). Likewise, measurements reported for 

grass-dominated UK Atlantic dunes were approximately 
6–8 times higher than those in our system (Table 1; Beau-
mont et al., 2014). However, when compared to dunes on 
other US Atlantic Coast barrier islands (e.g., Sapelo Island, 
Georgia; Tackett & Craft, 2010), our system had similar 
sand percent carbon values, suggesting that sand carbon 
content is relatively low and may vary little across the 
region (Table 1; Table S5).

The variation in carbon storage among dunes world-
wide is likely a consequence of factors including plant 
productivity, decomposition rates, and microbial pro-
cesses, which are shaped by factors such as climate, sand 
supply, and disturbance from extreme storms (Sevink, 
1991). For example, the UK coastal dunes in Beaumont 
et al. (2014) have much higher aboveground vegetation 
biomass, averaging 1375 and 1221 g m−2 in mobile dunes 
and fixed dunes, respectively, compared with averages 
of 100–350 g m−2 on the Outer Banks foredunes in this 
study. The Italian mobile dunes are largely dominated by 
A. arenaria (Drius et al., 2016), which typically grows 
more densely than U. paniculata and may have higher 
biomass (Hacker et al., 2019). Beyond differences in veg-
etation and climate among these sites, US Atlantic bar-
rier islands are also highly dynamic systems, subjected 
to frequent disturbance and overwash from extreme 
storms, which can erode dunes partially or completely, 
limiting soil development and vegetation growth (Rossi 
& Rabenhorst, 2019). For example, a study on French 
Atlantic dunes found higher decomposition rates associ-
ated with greater sand accumulation, but this relationship 
broke down when disturbance led to the erosion of dunes 
(Laporte-Fauret et al., 2021).

How do carbon stocks in dunes compare to those in 
other coastal and grassland ecosystems? On a carbon 
density basis, dune aboveground carbon stocks (0.004 
to 0.19 kg C m−2; Fig. 5; Table S5) were comparable 
to those in eelgrass meadows, salt marshes, and terres-
trial grasslands; for example, aboveground carbon stocks 
ranged from 0.03 to 2.30 kg C m−2 in New England eel-
grass meadows (Novak et al., 2020), averaged 0.10 kg 
C m−2 in Florida salt marshes (Dontis et al., 2020), and 
ranged from 0.05 to 0.60 kg C m−2 in grasslands world-
wide (e.g., Bradley et al., 2006; Cao & Woodward, 1998; 
Tanentzap & Coomes, 2012; Xia et al., 2014). Studies 
on dunes, including ours, show that sediment organic 
carbon values are substantially lower than those in other 
coastal and grassland systems. For example, soil carbon 
stocks in New England (2–6 kg C m−2; Novak et al., 2020) 
and Pacific Northwest (7–9 kg C m−3; Kauffman et al., 
2020) eelgrass meadows and terrestrial grasslands (i.e., 
2.5–17.5 kg C m−2; 0.5–8%C; Cao & Woodward, 1998; 
Conant et al., 2001) were up to 10 times greater than 

Fig. 6   Relationship between mean natural log (ln) sand carbon den-
sity (kg C m−3 at the core level) and annual sand deposition (or ero-
sion) rate to the dune from 2017 to 2019 (m year−1). Colors indicate 
cores collected at the toe, crest, and heel of the dune
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values in Outer Banks dunes (i.e., 0.25–1.9 kg C m−2; 
Fig.  5; Table S5). Sediment carbon stocks were even 
greater in marshes and mangroves, with averages of 10, 
46, and 28 kg C m−2 in salt marshes, freshwater marshes, 
and mangroves, respectively (Van Atwood et al., 2017; 
de Broek et al., 2016). A key factor controlling carbon 
sequestration in these wetland blue carbon systems is the 
absence of oxidation, as anaerobic conditions help make 
carbon stocks more resistant to decay (e.g., McLeod et al., 
2011). Unlike wetlands, dunes do not experience daily 
flooding and typically have higher sediment grain sizes, 
increasing the oxidation of stored carbon back into CO2 
and decreasing carbon storage.

While sand carbon density values in our study area were 
low than those in other coastal or grassland ecosystems, 
dunes are characterized by high sand and plant biomass 
burial rates (e.g., Hacker et al., 2012) in comparison to 
these systems. As result, dunes are likely to have much 
greater sediment volumes, with extensive underground 
rhizome networks that depend on vertical expansion to 
keep pace with sand deposition, which can exceed 0.3 m 
or more per year (Charbonneau et al., 2016; Hacker et al., 
2012, 2019). Considering that foredunes can reach heights 
of 15–20 m or more in certain systems (for example, see 
Hacker et al., 2012), contain extensive belowground rhi-
zome networks, and have a high proportion of carbon 
stored in belowground grass stocks (Fig. 4), we expect that 
total carbon storage in dunes is substantial at sites with 
high dune volumes.

Patterns in Sand and Belowground Grass Carbon 
Density with Depth

Surprisingly, we found no apparent differences in sand or 
belowground grass carbon density with depth (Fig. S6; 
Table S4; note that more of our samples were between 0 
and 60 cm deep within our 1 m cores, with lower sam-
pling density from 60 to 100 cm, see Table S2 for details). 
We expected that sand carbon density would be highest 
at the top of the core, where plant roots, rhizomes, and 
plant litter are most abundant, and decrease with depth 
as roots and rhizomes decline and/or decompose over 
time (as shown in other coastal ecosystems; e.g., Kauff-
man et  al., 2020; Stepanek, 2023). Instead, we found 
that little relationship between sand carbon density and 
belowground plant carbon density, and both rarely var-
ied with depth; when they did, they peaked in the mid-
dle (~ 30–50 cm) or near the bottom (~ 70–100 cm) of 
the core in some cases (Fig. S6; Table S3). This lack 
of relationship may be due to the frequent disturbance 
that these dunes experience (Hovenga et al., 2021), which 
may remove or deposit large amounts of sand and plant 

material, likely increasing spatial heterogeneity in organic 
matter with depth. In addition, sampling to greater depths 
than 1 m may be necessary to observe declines in carbon 
with depth.

Factors Important to Foredune Carbon Stocks

We observed spatial variability in carbon stocks along the 
dune profile and across the Outer Banks barrier islands, 
likely due to differences in beach and foredune geomor-
phology and ecology. Overall, aboveground vegetation 
carbon density increased landward along the dune profile, 
with the lowest values at the dune toe and the highest at 
the dune crest and heel (Fig. 5; Table S7). Similarly, sand 
carbon densities also showed a tendency to increase in the 
landward direction along the dune profile. Unsurprisingly, 
belowground grass carbon followed similar patterns to 
aboveground grass carbon along the dune profile. How-
ever, the significantly higher belowground carbon values 
observed at OCR (Fig. 5B) were an unexpected and may 
be related to foredune morphology. Dunes at this site were 
particularly tall and narrow (Fig. 2E), which could have 
led to a greater density of belowground plant biomass per 
volume of the dune.

We also observed variability in sand carbon density 
among the islands, with the highest values in the south 
(SCB) and the lowest values at BOD (Fig.  5C). We 
explored whether this spatial variability in sand carbon 
stocks was correlated with beach and foredune morphol-
ogy, sand supply, and grass abundance metrics. Overall, 
we found that sand supply at the core location, or foredune 
morphometrics influencing sand supply (i.e., backshore 
slope, foredune height; Fig. 3C, E), were the most impor-
tant factors contributing to variability in dune carbon 
stocks (Table 2). For example, both total foredune carbon 
(including vegetation and sand) and sand carbon stocks 
were negatively correlated with sand supply to the core 
location and backshore slope. This finding was somewhat 
unexpected, as high burial rates are often been associ-
ated with high carbon stocks in other coastal ecosystems 
(e.g., Breithaupt et al., 2019; Callaway et al., 2012; Love-
lock et al., 2014). In this system, however, high dune sand 
supply appears to “dilute” dune carbon with low-carbon-
content beach sand, reducing the carbon contribution from 
dune grasses and effectively lowering sand carbon density. 
Some of our sites received > 25 cm of sand annually over 
a 2-year period, with the greatest deposition occurring at 
BOD, where sand carbon density values were the lowest 
of our study sites (Figs. 2F, 4C, and 6).

Our analyses allowed us to explore the interactive 
effects of sand deposition rate, grass density, and bio-
mass on sand carbon density across our study region. 
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Grass density (all species combined) was included in the 
top model (using ∆AIC) for sand carbon density, but it 
explained a small proportion of the variance compared to 
dune sand deposition rate and backshore slope (4% com-
pared to 50% for dune sand deposition rate and 26% for 
backshore slope). This finding contradicted our expecta-
tion that aboveground vegetation would be one of the most 
important factors determining sand carbon storage, as has 
been shown in some other coastal systems (e.g., Greiner 
et al., 2013; Kaviarasan et al., 2019; Rossi & Rabenhorst, 
2019). The lack of a strong relationship between dune 
grasses and sand carbon stocks could be result from the 
interaction between sand deposition and dune grass bio-
mass across islands and profile locations. For example, 
at locations with high sand deposition (for example, at 
BOD and OCR), dune grass biomass is also elevated, 
likely to the well-documented positive feedback between 
sand accretion and vegetative growth in dunes (e.g., Biel 
et al., 2019; Charbonneau et al., 2021; Hacker et al., 2012; 
Keijsers et al., 2015; Zarnetske et al., 2012). This positive 
feedback could indirectly contribute to the “dilution” of 
sand carbon through increased sand accretion. However, 
across the dune profile, gradients in sand deposition and 
grass density are negatively correlated. The dune toe and 
crest are characterized by high deposition (or erosion) 
and overall lower grass abundance, while the dune heel 
exhibits the opposite pattern, with low sand deposition (or 
erosion) and high grass abundance (Fig. 6). Under these 
conditions, we found that sand carbon varies from low 
at the dune toe and crest to high at the heel, where the 
effect of belowground roots and rhizomes, decomposition, 
and soil formation is likely greatest (e.g., Miller et al., 
2010). Thus, the feedback between dune sand deposition, 
grass density, and sand carbon density is self-reinforcing 
at both high and low sand deposition sites. At sites with 
high vegetation biomass, sand deposition is also high due 
to positive feedback, which ultimately dilutes sand carbon. 
Conversely, the profile location with the highest vegetation 
biomass and lowest sand deposition (foredune heel) shows 
the highest sand carbon density. This suggests that the role 
of vegetation to sand carbon stocks is complex and likely 
depends on its indirect effects on sand deposition and its 
direct effects on belowground carbon cycling.

Periodic declines in aboveground vegetation density fol-
lowing storm disturbance are also a critical consideration 
in dynamic foredune ecosystems, as previously shown in 
mangroves (Breithaupt et al., 2019). Hurricane Florence 
struck nine months prior to our coring campaign, over-
washing and removing much of the toe and crest at two 
SCB sites (SCB_6 and SCB_9; Fig. 2I, J). These transects 
exhibited unusually high and similar sand carbon values, 
likely because they were collected in the previous dune 

heel profile location, a later successional plant community 
that had not been eroded away. Therefore, storm events can 
wash away or redistribute dune carbon stocks by moving 
large volumes of sediment, disrupting vegetation productiv-
ity and succession, and ultimately affecting carbon storage 
both along the dune profile and with depth.

Our study suggests that carbon stocks in coastal foredunes 
are linked to geomorphic and vegetation processes, which 
vary spatially along coastlines. While other studies have 
made such linkages in coastal ecosystems including man-
groves, marshes, and barrier islands (e.g., Callaway et al., 
2012; Lovelock et al., 2014; Novak et al., 2020; Rossi & 
Rabenhorst, 2019; Twilley et al., 2018), our study is one 
of the first to make such connections in foredunes (also see 
Stepanek, 2023). For example, Novak et al. (2020) investi-
gated variability in eelgrass carbon stocks and found that 
sediment grain size, tidal range, shoot density, and wave 
energy were important factors. In marshes and mangroves, 
previous studies have shown that carbon sequestration varies 
according to plant community type, sediment characteristics, 
and sediment accretion rates (Callaway et al., 2012; Love-
lock et al., 2014).

Similar to standing carbon stocks, which we document 
here, rates of carbon accumulation can also be impacted 
by dynamic coastal processes. Although we report dif-
ferences in dune carbon stocks across the Outer Banks, 
carbon accumulation rates may not follow the same pat-
terns. Therefore, future work characterizing the temporal 
dynamics of this system may provide key insights into the 
processes controlling dune carbon storage. For example, 
Lovelock et al. (2014) reported large differences in sedi-
ment carbon density across a gradient of nutrient avail-
ability in mangrove forests, but carbon sequestration rates 
were similar across the same region due to differences 
in vertical sediment accumulation rates. This suggests 
that dune sites with low sand carbon density but higher 
sand deposition (e.g., BOD and OCR, which averaged 
0.25–0.32 kg C m−3 and 0.41–0.79 kg C m−3, respec-
tively, depending on profile location) could have similar 
carbon sequestration rates to those dune sites with higher 
sand carbon density but lower sand deposition (e.g., SCB, 
which averaged 0.89–1.86 kg C m−3, depending on profile 
location; Figs. 2 and 4).

Global Change Implications for Dune Ecosystem 
Services

Human activities and land-use change can lead to increased 
loss of dunes, shifts in plant communities, disruptions in 
nutrient cycling (Macreadie et al., 2019). Additionally, sea-
level rise and extreme storms can result in inundation and 
erosion (Enríquez et al., 2019; Fernández-Montblanc et al., 
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2020; Seabloom et al., 2013; Stockdon et al., 2007), all of 
which may interactively affect dune carbon storage. Carbon 
sequestration rates in dunes may increase if sediment accu-
mulation keeps pace with sea-level rise and dunes are able 
to migrate landward with erosion. However, this is likely 
to be accompanied by the redistribution or loss of carbon 
stocks during periods of erosion and overwash associated 
with migration. Modeling and field-based empirical efforts 
have demonstrated that rates of sea-level rise and vegeta-
tion growth can determine whether foredunes maintain their 
volume, migrate landward, or revegetate and recover to their 
previous height following disturbance (Feagin et al., 2015; 
Keijsers et al., 2016; van IJzendoorn et al., 2021). Some even 
suggested that global “greening” of ecosystems is occurring 
as a result of climate change (Zhu et al., 2016). In coastal 
dunes, Jackson et al. (2019) found global increases in veg-
etation cover over the past three decades, driven by the inter-
active effects of increased temperatures, precipitation, and 
nutrient availability. These climate change impacts could 
lead to complicated dynamics for dunes and their carbon 
storage services.

Dune grass range shifts may also have implications for 
carbon storage. Goldstein et al. (2018) documented poten-
tial range shifts of U. paniculata and A. breviligulata on 
the Atlantic coast using literature surveys. They found a 
northward increase in the range of U. paniculata over the 
past 60 years that may be associated with warming trends 
observed near the grass species’ northern range limit. Previ-
ous studies indicate that U. paniculata growth and germina-
tion are limited by low wintertime temperatures (Godfrey, 
1977; Seneca, 1969), preventing it from growing in more 
northern regions. This suggests that warming in these areas 
could release it from this range limitation. Combined with 
glasshouse study findings, where A. breviligulata growth 
declined when grown in a mixture with U. paniculata (Har-
ris et al., 2017), there is evidence that U. paniculata could 
outcompete A. breviligulata within areas of its range with 
future warming. Based on our measurements of grass mor-
phology (see Hacker et al., 2019) and field densities of each 
species in monoculture, we predict an approximately 35% 
increase in aboveground grass carbon stocks if a dune shift 
from A. breviligulata monoculture to U. paniculata mono-
culture. To determine how shifts in dominant dune vegeta-
tion may affect carbon storage ecosystem services, future 
work should quantify rates of carbon accumulation in dunes 
and investigate the relationships and feedbacks between 
vegetation and sand deposition that lead to variable carbon 
storage.

In this study, we present one of the first comprehensive 
regional inventories of coastal foredune carbon storage in 
North America (also see Stepanek, 2023). Our findings 
enhance the understanding of carbon storage ecosystem 

services in understudied dune systems and provide insights 
into the physical and ecological factors that may influence 
carbon storage in dynamic coastal settings. This improved 
understanding of dune carbon dynamics can inform efforts to 
predict future changes in dune carbon stocks due to height-
ened storm events and sea-level rise, offering insight into 
the future role of coastal dunes in mitigating climate change.
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