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Abstract
Benthic microalgal (BMA) communities contribute significantly to food webs, nutrient cycling, and carbon

flows in intertidal habitats. However, the contribution of BMA to saltmarsh carbon stocks (“blue carbon”) is
unclear. BMA and sediment total organic carbon (TOC) stocks were measured in an east coast American Atlantic
saltmarsh, revealing key relationships between biofilm biomass, carbohydrate, and carbon content. BMA biomass
(chlorophyll a) was highest in Sporobolus stands and mudflat habitats, with diatoms the dominant algal group,
and cyanobacteria more important in upper saltmarsh sites. Habitat-specific differences in biofilm properties (bio-
mass, carbohydrates, photopigments, near-infrared spectra) corresponded to differences in overall contributions to
sediment TOC. Carbohydrates contributed between 8% and 23% of sediment TOC, with the highest levels in
Sporobolus and mudflat habitats. BMA biomass and colloidal carbohydrate were significantly correlated, except on
lower shore sandflats. The greatest relative contribution of colloidal carbohydrate to %TOC was in upper marsh
and tidal channel habitats (1%). Mudflats had the highest %TOC (up to 5% dry weight), but TOC stocks (2000 g
C m�2 to a depth of 10 cm) were highest in Sporobolus habitats. A modeling approach, based on LIDAR and sedi-
ment measures, determined a BMA carbon contribution of 1.3–8% of sediment TOC, with the lowest values in
Sporobolus and mudflat habitats. Upscaling from m2, incorporating habitat heterogeneity, gave median values of
14–16 t TOC ha�1 for the North Inlet Estuary saltmarshes, of which BMA contributed 0.06–0.08 t C ha�1. This
approach could permit BMA contributions to blue carbon to be estimated across other saltmarshes.

Salt marshes are recognized as important “blue carbon” habi-
tats acting as long-term sinks for sequestered atmospheric CO2

at rates equivalent to seagrass beds, terrestrial forests, or the open
ocean (Adams 2020; Mason et al. 2023). Reported salt marsh sed-
iment organic carbon stocks and accumulation rates vary widely,
depending on location, type of marsh, and assumptions regard-
ing the distribution of carbon in the top 1 m of sediment (Chen
and Lee 2022; Mason et al. 2023; Mazarrasa et al. 2023). Salt
marshes also serve as receiver habitats for allochthonous organic

carbon imported from land and sea (Walden et al. 2024). Salt
marshes exist in a dynamic equilibrium with adjacent tidal flats
(Ladd et al. 2019; Redzuan and Underwood 2020), and
unvegetated tidal flats also contain significant stocks of organic
carbon with high potential annual accumulation rates (Chen
and Lee 2022; Mazarrasa et al. 2023; Mason et al. 2023). Areas of
unvegetated sediment within salt marshes are also a potentially
significant reservoir of organic carbon (Chen and Lee 2022).

Benthic microalgal biofilms (BMA), assemblages of autotro-
phic and heterotrophic protists, bacteria, archaea, and fungi,
are abundant in intertidal systems and contribute significantly
to ecosystem primary production, nutrient cycling, food webs,
and act as sediment stabilizers and ecosystem engineers
(Pinckney 2018; Cibic et al. 2019; Hope et al. 2020; Under-
wood et al. 2022). Though rates of BMA primary production
are well researched, the net contribution of BMA to sediment
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organic carbon stocks is less well understood. BMA make a
significant contribution to the overall carbon economy of salt
marsh environments (Hardison et al. 2013; Oakes and
Eyre 2014; Frankenbach et al. 2020). BMA biofilms are present
on sediment among vascular halophytes (e.g., Sporobolus sp.,
synonym Spartina) and on unvegetated sediments. BMA
annual net primary production typically ranges between
29 and 314 g C m�2 y�1 (Pinckney 2018; Kwon et al. 2020),
with the abundance and species composition of salt marsh
BMA exhibiting zonation patterns in relation to tidal
height, exposure, sediment composition, and nutrient load-
ing (Nedwell et al. 2016; Plante et al. 2020; Kwon
et al. 2020; Underwood et al. 2022). BMA biomass is also
correlated with sediment particle size, with particle size a
proxy for sediment carbon content and porewater nutrient
supply (Cibic et al. 2019; Redzuan and Underwood 2020;
Martins et al. 2022).

In the North Inlet Estuary, South Carolina, BMA provided
22–38% of the total ecosystem net primary production (NPP),
with contributions from phytoplankton and the halophyte
Sporobolus at 15–26% and 30–59%, respectively (Pinckney and
Zingmark 1993b). Similar high BMA NPP contributions have
been measured in other estuaries (Cahoon 1999; Frankenbach
et al. 2020; Haro et al. 2020), despite low standing stocks of
BMA biomass. Photosynthetic activity by BMA produces extra-
cellular polymeric substances (EPS), polysaccharide-rich mate-
rial that can be dissolved, colloidal, or relatively insoluble
(Bellinger et al. 2005, 2009; Underwood 2024). There are well-
described relationships between BMA biomass (Chlorophyll a)
and colloidal carbohydrate concentrations (Underwood and
Smith 1998; Thornton et al. 2010) and more refractory carbo-
hydrates (Bellinger et al. 2005; Hardison et al. 2013; Kim
et al. 2021) in intertidal biofilms. However, these relationships
vary in different intertidal habitats (sandy to muddy; temper-
ate to tropical) (Cook et al. 2007; Oakes et al. 2010, 2012) and
with biofilm type (Underwood and Smith 1998; Bellinger
et al. 2005; Thornton et al. 2010; Kim et al. 2021; Underwood
et al. 2022).

Carbohydrates are an important component of the carbon
stock in unvegetated sediments, and microalgal activity is a
significant factor in determining the concentrations of total
and colloidal carbohydrates. The turnover times of different
carbon stocks vary due to differential bacterial utilization of
low molecular weight, colloidal, and bound (insoluble) forms
(McKew et al. 2013; Boh�orquez et al. 2017; Underwood
et al. 2022). The potential for sequestration of BMA organic
carbon also depends on sediment characteristics, with finer
sediments enabling greater carbon preservation due to greater
surface areas providing more binding sites and slower
remineralization rates under anaerobic conditions (McKew
et al. 2013; Chen and Lee 2022; Walden et al. 2024). Infrared
spectroscopy has the potential to characterize BMA carbon, as
Near and Mid-infrared spectroscopy (NIR and MIR, respec-
tively) can identify unique spectral features linked to chemical

composition and stocks of organic material in soils, salt
marsh, mangrove, and seagrass sediment (Yang 2020; Song
et al. 2022; Walden et al. 2024).

Saltmarshes are currently the focus of extensive research in
determining their role as “blue carbon” habitats. In this study,
we investigated the contribution of BMA to sediment total
organic carbon (TOC) stocks in the surface sediments of the
North Inlet Estuary (NIE), South Carolina, United States.
The NIE is typical of the extensive salt marshes along the
southeastern seaboard of North America, dominated by
Sporobolus alterniflorus (syn. Spartina alterniflora) and con-
taining a mosaic of vegetated and unvegetated habitats across
the tidal height gradient. The BMA biomass–carbon relation-
ship is less studied in North American salt marshes (Thornton
and Visser 2009; Thornton et al. 2010) compared to European
and East Asian intertidal habitats (op. cit.). This study provides
new data to expand our understanding of the contributions of
BMA biofilms to coastal “blue carbon” and develops a model-
ing and upscaling approach that would be applicable to other
similar habitats. The primary objectives were:

1. To measure the relationships between BMA biomass (sedi-
ment Chl. a) and biofilm parameters (total, colloidal carbo-
hydrate) across a range of habitats and sediment types
(vegetated and unvegetated, sands, silts, muds) within
the NIE.

2. Use these relationships to determine the contribution of
BMA carbon to sediment organic matter and total organic
carbon (TOC) content.

3. Develop an approach to model sediment TOC concentra-
tions and BMA contributions to TOC across saltmarsh habi-
tat gradients to obtain landscape-scale carbon stock
estimates.

Methods
The NIE, South Carolina, United States (Fig. 1) is a large

(33 km2) euhaline (25–40 salinity) bar-built system, like many
other estuaries in the southeastern United States (Dame
et al. 2000) and is part of the U.S. National Estuarine Research
Reserve (NERR) network. The NIE has semidiurnal tides (aver-
age tidal range 1.4 m) with approximately 70% of the estua-
rine water volume exchanged with each tide (Allen
et al. 2014). The freshwater input is mainly from a 3800 ha
protected forest watershed, with some coastal housing devel-
opments to the north of the reserve. The NIE is composed of
an extensive tidal creek system with fringing mudflats bor-
dered by the saltmarsh cordgrass S. alterniflorus (Supporting
Information Fig. S1). Sediments are mineralogenic, primarily
fine to very fine sands (median φ = 2.7–3.8), and the percent
silt (φ = 4–8) and clay (φ > 8) ranges from 1% to 40% (by dry
weight) (Pinckney and Zingmark 1993a; Wigand et al. 2015).
The intertidal area and BMA habitat of NIE is ca. 3000 ha.

Benthic microalgal biofilms were sampled from 11 sites,
representing 6 different habitat types (Supporting Information
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Fig. S1; Supporting Information Table S1), from the upper
intertidal salt marsh (Upper Salt Marsh, USM), sparsely vege-
tated with Sporobolus and Juncus and colonized by sand fiddler
crabs Leptuca pugilator (Pinckney 2023); the short and tall veg-
etation zones of S. alterniflorus (SpS and SpT, respectively);
intertidal mudflats in creek systems (mudflat, MF); and lower
shore main channel sandflats (ChS) and mudflats (ChM)
(Fig. 1; Supporting Information Fig. S1; Supporting Informa-
tion Table S1). Sampling took place during a wet summer
period (July 2018) and a drier winter season (February 2023)
(Supporting Information Table S2).

At each site, pairs of sediment cores (taken adjacent to each
other) were sampled using plastic mini cores (internal diame-
ter 2 cm) and the surface 5 mm of sediment retained. Ten rep-
licate pairs of cores were taken randomly over an area of
approximately 400 m2 at each site, spaced at least 2 m apart.

One sample from each pair was kept cool in the field, frozen
within 2 h of sampling, and freeze-dried and homogenized for
subsequent subsampling of biofilm properties. The second
sample of the pair was dried on the day of sampling to deter-
mine sediment water content (90 �C for 24 h) and sediment
organic matter determined by % loss-on-ignition (550 �C for
1 h, %LOI). In February 2023, a set of additional 10 cm depth,
2 cm i.d. paired sediment cores were taken (n = 3 pairs in each
habitat). Three depth sections were taken: surface (0–5 mm),
mid (45–50 mm), and bottom (95–100 mm), and processed as
above.

Subsamples of freeze-dried biofilm samples were measured
spectrophotometrically for Chl. a and phaeopigment content
(using 100% methanol extraction, Stal et al. 1984), and for
sediment total and colloidal carbohydrate concentrations
using a modified phenol sulfuric acid assay to maximize

Fig. 1. North Inlet Estuary (NIE), South Carolina, United States, showing the spatial distribution of four major habitat types (derived from NOAA height
data), and sites and habitat type at each sample location (see Supporting Information Table S1). USM = upper salt marsh, SpT = tall Sporobolus and SpS
= short Sporobolus marsh, MF = unvegetated mudflat, ChS = channel sandflat, and ChM = channel mudflat habitats. The location of NERRS water qual-
ity monitoring stations is indicated. The inset box shows the locations of sites in the Oyster landing locality. Image from GoogleEarth July 2024.
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hydrolysis of polysaccharides (Aslam et al. 2012) (Supporting
Information Methods).

Biofilm samples taken in 2018 were analyzed by HPLC for
photosynthetic pigment concentration (Supporting Informa-
tion Methods). ChemTax (version 1.95) was used to estimate
the relative concentrations of major algal groups (e.g., dia-
toms, cyanobacteria, green algae) based on measured photo-
pigment concentrations (Higgins et al. 2011).

Freeze-dried sediment surface and depth-core samples from
2023 were measured for total carbon (TC), total inorganic car-
bon (TIC), and total organic carbon (TOC) on a Skalar
Primacsmcs model 2MC10900 coupled to a FormacsHT model
2CA16910-02 carbon analyzer (Skalar Analytical B.V., Beda,
NL). TOC was calculated by subtraction of TIC from TC, and
values were expressed as % w/w content. Near-infrared (NIR)
spectroscopy measurements were also carried out on freeze-
dried 2023 samples of surface sediment (Supporting Informa-
tion Methods).

The tidal height data for each sample point (derived from
its latitude and longitude) were extracted using NOAA’s Topo-
graphic Lidar data. NOAA’s lidar data has a spatial resolution
of 1 m2 and a 4.3 cm standard deviation for vertical accuracy.
Meteorological measurements and water nutrient concentra-
tions were obtained from NOAA’s National Estuarine Research
Reserve System’s (NERRS) National Monitoring Program
(https://coast.noaa.gov/digitalcoast/data/nerr.html) for three
sites in the NIE (Supporting Information Table S2) for 8 d
before and including the time of fieldwork.

Data analysis
Samples were coded by site, habitat type and year. Habitat

types were determined by visual observations, knowledge of
the site (Allen et al. 2014) and particle size analyses (Pinckney
and Zingmark 1993a). Comparison between sites and habitat
types was conducted in R (R Core Team 2024) using non-
parametric Kruskal–Wallis χ2 and Wilcoxon rank sum exact
tests. Storm damage prevented access for repeat sampling of
2018 sites in 2023 (only OLC was sampled twice), so inter-year
comparisons were made at the habitat level. Relationships
among sediment variables were determined (for the combined
2018 and 2023 data set) using single and multiple linear
regression, with site or habitat as factors. Relationships
between sediment %LOI, colloidal and total carbohydrate con-
tents, and direct measures of %TOC were determined using
linear regression analysis (2023 data). We derived %TOC
values from %LOI values by applying conversion models from
a North Carolina salt marsh (Craft et al. 1991), a Portuguese
estuary embayment (Martins et al. 2022), and a global tidal
marsh data set (Maxwell et al. 2023). These derived %TOC
values were compared using linear regression with the mea-
sured %TOC in the 2023 data set to select the best model for
determining %TOC from the %LOI data for the combined
data set.

To model and map sediment carbon stocks at m2 and
hectare scales, the relationships between sediment %TOC, sed-
iment bulk density and tidal elevation were determined and
used in combination with LIDAR data, the distribution of hab-
itat types by tidal range, and our data. The contribution of
BMA to sediment organic carbon stocks (g BMA TOC m�2)
was modeled from relationships between colloidal and total
carbohydrate, protein, and lipid content of microalgae, field
measurements for each habitat type, and the sediment carbon
model (see Supporting Information Methods for approach and
equations used).

Results
Differences in BMA biomass and sediment carbohydrate
concentrations between habitats

Sediment Chl. a content varied from 1.2 to 75.3 μg g�1 sed-
iment, with significant differences between sites and between
habitat types (Kruskal–Wallis χ2 = 106.81, df = 10, p < 0.001;
χ2 = 90.42, df = 5, p < 0.001, respectively) (Fig. 2a). Upper salt
marsh sites (Supporting Information Table S1) had lower Chl.
a content than the Sporobolus marsh and mudflat habitats,
with the highest Chl. a content in the fine sediment of creek
mudflat sites (Wilcoxon, p < 0.001 for all pairwise compari-
sons). There were some site-specific differences (e.g., Chl.
a content at site OLC2018 was lower than at site OLC2023,
p < 0.01) (Fig. 2a). The channel sand and channel mudflat sites
had lower Chl. a content (Wilcoxon, p < 0.01 for pairwise
comparisons) than sites within the main salt marsh. Areal
measures of Chl. a concentration (derived using site sediment
bulk density values; Supporting Information Fig. S2a) were
also significantly different between habitats, with the highest
concentrations (50–110 mg Chl. a m�2) in the Sporobolus habi-
tats (SpT, SpS), and similar Chl. a concentrations between
USM and MF creek sites (χ2 = 54.40, df = 5, p < 0.001;
Supporting Information Fig. S3a).

Sediment colloidal carbohydrate content varied from 33 to
736 μg gluc. equiv. g�1 sediment, with differences between
sites and between habitat types (Kruskal–Wallis χ2 = 98.2,
df = 10, p < 0.001; χ2 = 80.6, df = 5, p < 0.001, respectively)
(Fig. 2c), which mirrored the patterns of differences seen for
sediment Chl. a content (Wilcoxon, p < 0.001). The Sporobolus
and mudflat habitats had higher colloidal content, with no
significant differences between habitats, and only a few differ-
ences in colloidal content between sites (Fig. 2c). Areal con-
centrations of colloidal carbohydrate were highest in short
Sporobolus (SpS) habitats (Kruskal–Wallis χ2 = 39.7, df = 5,
p < 0.001; Supporting Information Fig. S3b).

Sediment total carbohydrate content ranged from 375 to
37,880 μg gluc. equiv. g�1 sediment and also showed signifi-
cant differences between sites and habitat types (Kruskal–
Wallis χ2 = 109.3, df = 10, p < 0.001; χ2 = 95.7, df = 5,
p < 0.001, respectively; Fig. 2e). Areal concentrations of total
carbohydrate (Supporting Information Fig. S3c) were highest
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Fig. 2. Legend on next page.
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in Sporobolus habitats (SpS, SpT), followed by mudflat (MF),
upper salt marsh, and channel sand and channel mud flats,
respectively (Kruskal–Wallis χ2 = 87.7, df = 5, p < 0.001). At
site OLS, Chl. a and colloidal carbohydrate content were lower
in 2018 compared to 2023. Overall, there were no consistent
patterns in habitat comparisons between years, though tem-
perature, salinity, and nutrient concentrations did differ
(Supporting Information Table S2).

Sediment Chl. a, colloidal carbohydrate, and total carbohy-
drate content were maximal at the surface and decreased
down to a depth of 10 cm (Fig. 2b,d,f, respectively). The
greatest decreases occurred at depths of 0–5 mm and 45–
50 mm in Sporobolus and mudflat habitats. Chl. a and colloidal
carbohydrate content exhibited the greatest decreases with
depth (Fig. 2b,d). In contrast, total carbohydrate content
decreases were less pronounced (Fig. 2f). Thick mats of
Sporobolus roots at site OSP prevented cores from being taken
to 10 cm depth.

Colloidal carbohydrate contributed between 6.7% and
25.7% of the total sediment carbohydrate pool, with signifi-
cantly higher contributions in upper salt marsh sediment and
channel sand and mud sites, compared to Sporobolus and inter-
tidal mudflats (Supporting Information Fig. S4A; Kruskal–
Wallis χ2 = 98.6, df = 5, p < 0.001). Highest ratios of Chl. a:
phaeopigment were found in USM and ChS habitats
(Supporting Information Fig. S4b). There was a positive rela-
tionship between the % contribution of colloidal carbohydrate
to total carbohydrate content and the Chl. a: phaeopigment
ratio (p < 0.001; Supporting Information Fig. S4b) of biofilms,
indicating a close link between production of colloidal carbo-
hydrates and biofilm photosynthesis.

ChemTax analysis (Supporting Information Fig. S4c–g) found
that diatoms contributed between 77% and 93% of the total
chlorophyll content, with chlorophytes and euglenophytes
(chl b-containing microalgae) contributing around 17% in the
short Sporobolus and mudflat assemblages. Cyanobacteria contrib-
uted more to total Chl. a in upper salt marsh sediments and
mudflats than within Sporobolus stands or channel sediments
(Supporting Information Table S3). De-epoxidation ratios
(diatoxanthin content/(diatoxanthin content + diadinoxanthin
content)) were highest in mudflat (sites OLC18, BBC) and
Sporobolus sediments (site CSP) (Kruskal–Wallis χ2 = 18.4, df = 5,
p-value = 0.01; Supporting Information Fig. S4g).

Relationships between benthic microalgal biomass and
sediment carbohydrate and organic matter concentrations

There was a significant positive relationship between sedi-
ment Chl. a and colloidal carbohydrate content (Fig. 3a; all
sites, Log10[n + 1] data, F1,173 = 448.6, p < 0.001, r2 = 0.72).

The slopes (β coefficient) of these relationships were signifi-
cant for each habitat type (p < 0.01 or less, except ChM). They
increased down shore, with the highest β coefficients in mud-
flat and channel sandflat habitats (Supporting Information
Table S3). The slopes (β coefficients) were significantly lower
in all six habitats compared to Underwood and Smith’s (1998)
model (t-test, p < 0.001 for all). There was also a significant
relationship between sediment total carbohydrate content and
Chl a content (Supporting Information Fig. S5a) combining
all sites and habitat types (F1,173 = 195.6, p < 0.001, r2 = 0.53).
This relationship was significant for short and tall Sporobolus
sediment (p < 0.001) and intertidal mudflats (p < 0.01), but
not for USM, ChS and ChM habitats.

Sediment organic matter (%LOI) ranged from 0.4% to
19.3% (Supporting Information Fig. S2b) with significant dif-
ferences between sites (Kruskal–Wallis χ2 = 115.39, df = 10,
p < 0.001), with highest %LOI in mudflats, then Sporobolus
habitats, and the lowest in channel sands (Kruskal–Wallis
χ2 = 105.68, df = 5, p < 0.001). Sediment water content was
highest in MF and SpT sites (average 65%), lowest in USM sites
(20%) (Supporting Information Fig. S2c), and was significantly
correlated with %LOI (r = 0.97, p < 0.001).

Derived values of sediment %TOC from %LOI using the
models of Craft et al. (1991) and Maxwell et al. (2023) had sig-
nificant linear relationships with direct measurements of %
TOC made in 2023. Both models overestimated %TOC by fac-
tors of 1.7 and 1.6, respectively (Supporting Information
Fig. S5b,c). The model of Martins et al. (2022) estimated sedi-
ment %TOC with a slope of 1 to the measured %TOC 2023
data (Fig. 3b). Using the Martins et al. (2022) model, sediment
%TOC for the combined NIE dataset (years 2018 and 2023)
was calculated from %LOI (Supporting Information Fig. S2b),
resulting in %TOC values from 0.14% to 5.1% (Supporting
Information Fig. S2d), with significant differences between
sites and habitats corresponding to those for the %LOI data
(Supporting Information Fig. S2b). There was a significant
binomial relationship between tidal height and derived %TOC
for the upper salt marsh, short and tall Sporobolus, and mudflat
samples across the NIE (r2 = 0.73; Fig. 3c; Supporting Informa-
tion Methods). Data for ChS and ChM sediments did not fit
this model and were excluded from its further use.

Sediment total carbohydrate (converted into carbon equiva-
lents) contributed 8–23% of the TOC stock, with significantly
highest contributions in Sporobolus and in mudflat habitats
(Table 1). The highest contributions of colloidal carbohydrate
to TOC were in upper salt marsh and channel habitats
(1–2%), with the lowest contribution (0.32% of TOC) in MF
sediment (Table 1). The contribution of BMA-carbon to sedi-
ment TOC was between 1.27% and 7.95% of sediment TOC in

Fig. 2. (a, c, e) Boxplots of sediment Chl a, colloidal carbohydrate and total carbohydrate content, in top 5 mm of sediment at different sites (see
Supporting Information Table S1) in the North Inlet Estuary, S.C. in 2018 and 2023 (n = 10 except n = 40 for OLC18), mean value indicated by point;
(b, d, f) vertical profiles from 5 sites, in surface (s) = 0–5 mm, middle (m) = 45–50 mm and bottom (b) 95–100 mm slices of 10 cm long sediment cores,
n = 3 for each site, number = core number identifier.
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the six different habitat types of the NEI. The highest relative
contributions of BMA-carbon to sediment %TOC were in the
habitats with lower overall %TOC (USM, ChS, ChM) and

lowest in those habitats (SpT, SpS, MF) where other organic
carbon sources predominate (Table 1).

Principal components analysis of Near-infrared (NIR) spec-
tra separated sediments into two habitat-related groupings on
PC1 (Supporting Information Fig. S7a). Upper salt marsh PC1
scores had a significant negative relationship with %TOC
(p < 0.001) (Supporting Information Fig. S7b) while PC1 sam-
ple scores from SpS, SpT, and MF habitats were significantly
positively related to sediment %TOC (Supporting Information
Fig. S7b). Similar habitat differences were observed between
NIR PC1 scores and other measures of sediment properties
and BMA biofilm presence (Supporting Information Fig. S8).

Deriving the marsh-scale total organic carbon stocks
Total sediment organic carbon stock (g C m�2 to a depth of

5 mm) was calculated for each 1 m2 “pixel” of the LIDAR data
of the NIE, considering %TOC and sediment bulk density
data (Supporting Information Methods). TOC stock in the top
5 mm of sediment ranged from 1 to 115 g C m�2 (Supporting
Information Fig. S9a). Given that total carbon and carbohy-
drate concentrations were the least affected by sampling depth
(Fig. 2f), we assumed a constant distribution and bulk density
over this distance and calculated carbon stocks (g C m�2 in
the top 10 cm sediment) (Fig. 4a,b; Supporting Information
Fig. S9b). Highest TOC stocks (1500–2000 g C m�2) were pre-
sent in the Sporobolus and mudflat habitats, with upper salt
marsh habitats significantly lower (< 1000 g C m�2). Benthic
microalgal contributions to sediment TOC stocks were esti-
mated using a similar approach. Values for BMA organic car-
bon (Table 1) were used to determine BMA organic carbon
(g C m�2) in the top 5 mm of sediment. Given the steep
decreases in sediment colloidal carbohydrate and sediment
Chl. a at greater depths (Fig. 2d), these values were scaled to a
depth of 2.5 cm to avoid over-estimation of stock. Highest
BMA organic carbon occurred in unvegetated upper salt marsh
sediments and along mudflat creek edges (Fig. 4c). TOC and
BMA carbon stock estimates were scaled up from m2 to
hectare-sized grids, generating a map of organic carbon stocks
across the North Inlet Estuary (NIE). Values ranged from 0.0
to 21.0 t C ha�1 depending on the composition of the habitat
within each hectare quadrat (Fig. 5a). Across the NIE salt
marsh, organic carbon stocks per hectare were heterogeneous,

Fig. 3. (a) Relationship between log10 (n + 1) sediment Chl. a and col-
loidal carbohydrate content (μg g�1) across all sites and habitat types in
the top 5 mm of sediment in North Inlet Estuary, S.C., in 2018 and 2023.
Individual habitat regression parameters given in Supporting Information
Table S2; (b) modeled sediment total organic carbon (%TOC) content
(derived from %LOI using Martins et al. 2022) compared to actual %TOC
values in 2023 dataset; (c) relationship between sediment tidal height
(from LIDAR) and modeled %TOC for sites and habitat types. The polyno-
mial best fit line (r2 = 0.73, p < 0.001) is based on the in-marsh locations
only (excluding DNM and DSD and three outlier OLC samples with very
low estimated %TOC).
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with the most frequent value between 14 and 16 t C ha�1 in
the top 10 cm of sediment. Some of the highest sediment
TOC stocks were present around the interfaces between areas
of short Sporobolus (SpS) and upper salt marsh (USM) (Fig. 5a).
BMA organic carbon stocks showed similar patterns of distri-
bution with the median BMA carbon stock between 0.06 and
0.08 t C ha�1 and highest values (0.173 t C ha�1) in regions of
salt marsh containing large areas of unvegetated upper salt
marsh sediments (Fig. 5b).

Discussion
In this study, we investigated the relationships between

BMA biomass and sediment organic carbon content across a
range of habitats and sediment types within a well-
characterized Atlantic Coast North American salt marsh eco-
system. Using those data, we estimated the contribution of
BMA carbon to the TOC stocks within salt marsh habitats and
scaled those estimates to hectares and whole marsh areas.

Comparisons of BMA biomass and composition across the
habitat types

Chlorophyll a is an established indirect measure for BMA
biomass (Nedwell et al. 2016; Pinckney 2018), and the Chl.
a content in different habitats reported here agrees with previ-
ous studies in US salt marsh environments, both in the NIE
(Pinckney and Zingmark 1993a, 1993b, 1993c; Thornton
et al. 2010) and in other locations (Thornton and Visser 2009;
Plante et al. 2020). indicating a relatively stable pattern of
inter-habitat differences. Sampling to a depth of 5 mm (similar
to Plante et al. 2020; Thornton and Visser 2009; Thornton
et al. 2010) may underestimate the high surface Chl. a con-
centrations resulting from vertical migration of BMA into the
narrow photic zone of intertidal sediments (Pinckney and
Zingmark 1991; Pinckney et al. 1994; Underwood et al. 2022).
The depth of the photic zone varies with sediment properties
and can extend to 1–3 mm or deeper (Pinckney and

Zingmark 1993a; Jesus et al. 2009; Morelle et al. 2020). Nor-
malizing to 5 mm deep and expressing data at mg Chl. a m�2

still revealed inter-habitat differences. The hydrodynamically
active channel sites had the lowest Chl. a content, as continu-
ous sediment disturbance redistributes BMA cells within the
sediment profile and reduces surface accumulations of epipelic
taxa (Hope et al. 2020; Underwood et al. 2022). Negligible
Chl. a concentrations measured at 5 cm and 10 cm depths
suggest that most of the active BMA are present in the top
5 mm of the sediment.

Diatoms were the predominant algal group across all habi-
tats studied, consistent with previous findings in the NIE
(Pinckney and Zingmark 1993b; Thornton et al. 2010). Sedi-
ment in the mudflat and Sporobolus habitats contains a high
percentage of silts and clays (Pinckney and Zingmark 1993a),
which favor epipelic diatoms and highly motile euglenids
(Underwood et al. 2022). High de-epoxidation ratios indicate
that BMA in these habitats were utilizing non-photosynthetic
quenching (NPQ) coupled with micromigration, as a
photoprotective strategy to maintain high rates of photosyn-
thesis (Pinckney and Zingmark 1993a; Jesus et al. 2009;
Cartaxana et al. 2016; Blommaert et al. 2018). Sporobolus
stands create shade on the sediment surface (Pinckney and
Zingmark 1993b), which can reduce rates of net BMA primary
production compared to open mudflats (Pinckney and
Zingmark 1993a) but also provides some protection from sedi-
ment resuspension (Kwon et al. 2020).

In the upper salt marsh sediments, BMA biomass was lower.
BMA in these habitats is subject to a combination of desi-
ccation stress, high temperatures, deeper light penetration
(2–5 mm), and grazing and bioturbation by fiddler crabs
(Pinckney 2023). The upper salt marsh BMA had the highest
contribution of cyanobacteria, which are more tolerant of
light and desiccation stresses (Bellinger et al. 2005; Cartaxana
et al. 2016; Underwood et al. 2022). Despite pressures such as
desiccation and grazing, an active BMA assemblage persisted
in USM habitats, contributing to carbon cycling in these

Table 1. Contribution of total carbohydrate, colloidal carbohydrate, and benthic microalgal (BMA) carbon (%) of the total organic car-
bon content of surface sediment (5 mm) in different habitats in the North Inlet Estuary, S.C. Carbohydrate contents calculated as μg C
g�1 dry weight sediment and expressed as the percentage contribution to the total organic carbon (TOC) content (% dry weight) of
sediments. BMA contribution, see text. TOC content derived from %LOI data, using Martins et al. 2022 model. Mean values with differ-
ent superscripts are significantly different (ANOVA, p < 0.05 or less). s.d. = standard deviation.

Habitat type
Sediment TOC (% dw)

mean � s.d.

Total carbo.
contrib. (%)

to TOC mean � s.d.

Colloidal carbo.
contrib. (%) to TOC.

Mean � s.d.
BMA contrib. (%) to
TOC mean � s.d. n

USM 0.57A,E � 0.32 13.5A � 8.19 1.01A � 0.60 3.91A � 2.29 30

SpS 2.89B � 1.31 23.3B � 11.7 0.64B � 0.41 2.45B � 1.57 15

SpT 3.14B � 1.14 19.8B � 7.91 0.45B � 0.13 1.77B � 0.49 15

MF 4.31C � 0.80 13.9C � 3.04 0.32C � 0.07 1.27C � 0.27 60

ChS 0.58D,E � 0.2 9.3A � 3.23 1.08A � 0.33 4.18A � 1.28 10

ChM 0.21F � 0.05 8.2D � 2.21 2.06D � 0.62 7.95D � 2.38 10
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Fig. 4. (a) satellite image (Google Earth 2024); (b) high-resolution mapping (each pixel approx. 1 m�2) of sediment TOC (g TOC m�2 in top 10 cm of
sediment profile); and (c) BMA total organic carbon stocks (g TOC m�2 to a depth of 25 mm) within the NIE, South Carolina, United States. The overlain
grid shows eight individual 1-ha areas.
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Fig. 5. (a) modeled sediment total organic carbon stocks (tons TOC in top 10 cm ha�1) and (b) modeled BMA total organic carbon stocks (tons TOC in
top 25 mm ha�1) across the NIE, derived from NOAA height data and the relationships present in this paper. The mean value for each 1 ha square in
(a) and (b) is based on the sum of the carbon values of the individual 1 m2 habitat pixels present at that location (see Fig. 5). Insets, frequency distribu-
tion of TOC stock ha�1 values across the mapped area.
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sediments. Intertidal sands have been characterized as low
standing stock but high activity systems (Cook et al. 2007;
Oakes et al. 2010, 2012; Frankenbach et al. 2019), with biotur-
bation by fiddler crabs enhancing sediment organic carbon
cycling (Xiao et al. 2024).

Sampling in winter 2023 found strongly decreasing Chl. a
and colloidal carbohydrate profiles with depth, agreeing with
work showing decreases of 20–30% in Chl. a and total
phaeopigments over 10 mm vertical profiles in NEI sediments
(Pinckney and Zingmark 1993a; Pinckney et al. 1994), and in
other BMA-dominated sediments (Jesus et al. 2006; Morelle
et al. 2020). Colloidal carbohydrate concentrations are closely
correlated with BMA biomass and productivity (Underwood
2024), and declines in colloidal carbohydrate with depth
match previous work at both μm and mm scales (Taylor and
Paterson 1998; Montani et al. 2003). Total carbohydrate mea-
surements include detrital and other material (often termed
bulk carbohydrates) from non-algal sources, as well as more
refractory BMA-derived material (Bellinger et al. 2005;
Bellinger et al. 2009), which explains the more homogenous
vertical distribution profiles of total sediment carbohydrate
down to 10 cm in the NIE sediment profiles.

BMA Chl. a and sediment carbohydrate relationships
Sediment colloidal carbohydrate content in marsh sedi-

ments was similar to previous measurements in the NIE
(Thornton et al. 2010), though lower than in salt marshes in
the Gulf of Mexico (Thornton and Visser 2009). Comparable
colloidal carbohydrate concentrations have been measured in
other temperate locations (Orvain et al. 2004; Bellinger
et al. 2005; Redzuan and Underwood 2020; Hope et al. 2020).
There were no significant differences between mudflat and
Sporobolus habitats, indicating a minimal contribution of col-
loidal carbohydrates from halophyte material. In upper salt
marsh sediment, colloidal carbohydrate concentrations were
lower, a pattern observed in sandier unvegetated sediments
elsewhere (Fiji, Underwood 2002; Australia, Oakes et al. 2010,
2012; U.K., Hope et al. 2020). Colloidal carbohydrate concen-
trations in intertidal sediments are closely coupled to BMA
activity (Underwood et al. 2022; Underwood 2024). High Chl.
a: Phaeo ratios and high proportions of colloidal carbohy-
drates in USM sites (Supporting Information Fig. S3a,b) indi-
cate a high BMA activity despite lower concentrations. This
suggests that the colloidal carbohydrate and sediment organic
carbon in the upper salt marsh are more closely related to
BMA primary production, rather than being diluted by high
background concentrations of autochthonous and allo-
chthonous detrital carbon components.

Colloidal carbohydrate concentrations were closely cor-
related with BMA biomass (Chl. a) across all six habitats
studied in the NIE. Colloidal carbohydrate extractions pre-
dominantly measure microphytobenthic exudates: a combi-
nation of lower molecular weight sugars, polysaccharides,
and extracellular polymeric substances (EPS, Underwood

et al. 2022; Underwood 2024). Colloidal carbohydrates and
EPS are important structural components of intertidal sedi-
ment biofilms, increasing sediment stability (Hope et al. 2020;
Kim et al. 2021). Across the NIE marsh sites, the slope of the
colloidal-Chl a relationship was 0.55, approximately half that
of the Underwood and Smith (1998) model. This would sug-
gest background contributions from other sources of carbohy-
drate in the marsh sediments, material not present in the
tidally mixed lower shore sediments (e.g., channel sands;
Supporting Information Table S3). Previous work reports sig-
nificant correlations between sediment Chl. a and EPS and
low-molecular-weight carbohydrates from mudflat sites close
to Oyster Landing location (Thornton et al. 2010), between
various carbohydrate fractions and sediment Chl. a content in
salt marsh sediments in Texas (Thornton and Visser 2009),
and elsewhere, with stronger relationships in muddier sedi-
ments (Orvain et al. 2004; Morelle et al. 2020). This reflects
the greater relative importance of BMA contributions to sedi-
ment carbohydrate stocks in unvegetated sediments
(Underwood 2002). The presence of clear relationships
between BMA biomass (sediment Chl. a) and biofilm parame-
ters (total, colloidal carbohydrate) across a range of habitats
and sediment types provides a basis to consider the contribu-
tion of BMA to sediment organic stocks.

Sediment organic matter and organic carbon BMA
contribution to the sediment carbon pool

The values for soil organic matter (SOM) reported here
(2–18% within different habitats) agreed with previous work
in the NIE of SOM between 18% and 30% LOI in Sporobolus
beds, with lower values in unvegetated creek sediments (15%
LOI) and 6.5% LOI at the seaward end of Debidue Creek (close
to site ChS) (Wigand et al. 2015). SOM as high as 51% is
reported in east coast US salt marshes, particularly in brackish
water and swamp coastal marsh systems (Craft et al. 1988,
1991), while mesohaline and polyhaline Sporobolus marshes in
North Carolina, USA, had SOM values between 1.2% and
23.5% (Craft et al. 1988). SOM values in the NIE are therefore
lower than values reported for a wide range of salt marsh loca-
tions (Maxwell et al. 2023). This likely reflects the mine-
ralogenic nature of the sediments and the polyhaline
conditions across the NIE, compared to organogenic coastal
and brackish marshes that have much higher sediment organic
contents (Craft et al. 1991; van der Broek et al. 2018; Holmquist
et al. 2018; Ouyang and Lee 2020; Maxwell et al. 2023).

There is significant interest in using %LOI as a proxy for
sediment organic carbon content (Craft et al. 1991; Ouyang
and Lee 2020; Maxwell et al. 2023), as elemental analysis is
not always available. Applying Craft et al.’s (1991) model from
North Carolina salt marshes and the global model of Maxwell
et al. (2023) significantly overestimated %TOC when com-
pared to the direct %TOC measurements made at our NIE
sites. Applying these general models to marine-influenced
coastal salt marshes thus overestimates the %TOC from the %
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LOI data, as they include data from brackish and organogenic
marshes, which have significantly higher SOM and TOC
values (van der Broek et al. 2018; Maxwell et al. 2023). The
model of Martins et al. (2022), based on a study of a Portu-
guese estuarine embayment, had a gradient fit of 1.0 with our
2023 %TOC data (Fig. 3b), with a ratio of %TOC/LOI of 0.35.
Applying the Martins et al. (2022) model, derived sediment %
TOC values ranged from 0.5% to 5%, in agreement with stud-
ies of similar coastal marshes in this region (Craft et al. 1988;
Morris and Whiting 1986).

The contribution of BMA to sediment organic carbon
stocks was calculated from our field data and various literature
values (see Supporting Information Methods), giving estimates
of the BMA organic carbon contribution of between 1.27%
and 7.95% of the total sediment organic content (Table 1),
with values between 1 and 27 g C m2 when scaled to a depth
of 2.5 cm. These values are close to previously published esti-
mates of BMA carbon contribution in sediments, derived
either by direct counts and biovolume estimates (0.26–3.3 g C
m�2; Sundbäck et al. 1996), or using Chl a to carbon conver-
sion factors (between 1 and 4 g C m�2 but occasionally higher
[20–30 g C m�2]; Sündback and McGlathery 2005; Montani
et al. 2003).

NIR spectra have been used to predict differences in total
organic matter in mangrove and Sporobolus wetlands (Romero
et al. 2017; Song et al. 2022). Differences in the NIR spectra of
sediments from different habitats (Supporting Information
Fig. S6) are related to SOM composition and concentration
(Yang 2020; Song et al. 2022; Walden et al. 2024). In our
study, the upper salt marsh showed an inverse relationship
between spectra components and sediment organic carbon (%
TOC) compared with the other habitats. This distinct spectral
signal may relate to the greater contribution of BMA-derived
organic carbon (Table 1; Supporting Information Fig. S4a,b) in
this habitat. In Sporobolus and mudflat habitats, any
BMA-related NIR signal would be masked due to the higher
concentrations of detrital organic carbon present. There are
other factors that covary with %TOC, such as particle size and
mineralogy, that can influence NIR spectra (Yang 2020; Song
et al. 2022). Therefore, further work is needed to understand
the potential of NIR to detect SOM differences, which could
serve as proxies for BMA contribution to sediment organic
composition in the future.

Estimating contributions to marsh-scale carbon stocks
The zonation of habitats in the East Coast United States salt

marshes is closely aligned with tidal height (Dame et al. 2000;
Morris et al. 2005). Using our model, we were able to estimate
organic carbon stocks at tidal heights between �0.78 and
0.98 m, capturing the majority of the salt marsh habitat
(Morris et al. 2005). Hectare-scale estimates can rely on
upscaling from limited numbers of sediment core samples col-
lected across a highly heterogeneous landscape (Ladd
et al. 2022). Our model, based on aggregating m2 estimates,

avoids that problem. Salt marsh carbon stocks are typically
reported in tons (Mg) C ha�1 to a depth of 1 m, in line with
IPCC recommendations (IPCC 2014). One approach is to
extrapolate surface measurements to a 1 m depth, assuming
an equal carbon stock profile, but this risks overestimating car-
bon stocks in salt marsh sediments (Mason et al. 2023;
Maxwell et al. 2024). Other authors have restricted scaling to
the top 10 cm or 30 cm of marsh sediment as stock profiles
may exhibit significant diagenetic differences and even repre-
sent previous habitat types that have influenced the develop-
ment of salt marshes (Ladd et al. 2022; Smeaton et al. 2023).
Based on the relatively even %LOI and total carbohydrate con-
tent profiles we scaled to the top 10 cm. Similarly, given
the absence of Chl. a in deeper samples, we only extrapolated
the BMA contribution to the top 2.5 cm. We recommend lim-
iting BMA carbon stock measurements to this depth, to avoid
overestimation. This does not mean that no BMA carbon is
present at greater depths, as more refractory diatom-derived
EPS is only slowly degraded in deeper sediments (Boh�orquez
et al. 2017; Underwood et al. 2022). Thus, our total and BMA
organic carbon stock estimates per ha are conservative.

We report median organic carbon stocks of 15 t C ha�1 and
a median BMA carbon contribution of 0.06–0.08 t C ha�1.
These values are lower than global estimates based on extrapo-
lation to a 1 m depth for salt marshes and intertidal mudflats
(287 � 238.64 t C ha�1 and 101.5 � 11.4 t C ha�1, respec-
tively; Chen and Lee 2022; Mason et al. 2023). In 30 cm depth
profiles, Morris and Whiting (1986) found homogeneity in
SOM profiles in tall Sporobolus habitats, though 50% declines
in %LOI in short Sporobolus sediments in the NIE, and Wigand
et al. (2015) found no appreciable declines in total organic
content in the top 30 cm of NIE sediments. Assuming similar
homogeneity, our median TOC stock would be 45 t C h�1,
similar to values for temperate South American (43 t ha�1;
Martinetto et al. 2023) and European (40–60 t C ha�1,
Mazarrasa et al. 2023) salt marshes. A recent global analysis
indicated that salt marshes of the Carolinas (United States)
have 70–75 t organic C h�1 in the top 30 cm, though this
includes brackish marshes with higher sediment organic mat-
ter content (Maxwell et al. 2024). The values we report here
correspond to marine-influenced coastal salt marshes that fall
in the lower end of global carbon estimates.

There is currently strong interest from policymakers, con-
servationists, and NGOs in exploring the role that salt
marshes may play in climate mitigation (Preston et al. 2025).
In our study, we have estimated conservative values for the
contribution of benthic microalgal biofilms to salt marsh
organic carbon stocks. The contribution of BMA biomass to
the sediment carbon stock is around 10% of the annual BMA
primary production (BMA annual net primary production in
the NIE, 92–234 g C m�2 y�1, Pinckney and Zingmark 1993b)
and in other coastal habitats (Pinckney 2018; Underwood
et al. 2022). This is not surprising, much BMA primary pro-
duction is labile, and the majority of BMA fixed carbon is
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utilized by microbes or consumed by animals (Pinckney 2018;
Christianen et al. 2017; Kim et al. 2021; Underwood
et al. 2022). Sediment carbon stocks are fixed amounts at a
point in time, and such estimates do not account for the turn-
over of different organic carbon pools through which
100–250 g C m�2 per year of BMA primary production flows.
The turnover of colloidal carbohydrate pools is rapid though
there is greater uncertainty about the long-term fate of more
refractory diatom EPS in sediment (Underwood 2002;
Bellinger et al. 2009; Boh�orquez et al. 2017). BMA may also
indirectly facilitate increased saltmarsh carbon stocks through
the stabilization of sediments and promotion of halophyte
colonization (Nedwell et al. 2016; Hope et al. 2020). BMA are
an important component in the regulation and turnover of
carbon in salt marshes, and more work is required on their
contribution to “blue carbon” sequestration.
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