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Abstract. Salt marshes are important hotspots of long-term
belowground carbon (C) storage, where plant biomass and
allochthonous C can be preserved in the soil for thousands
of years. However, C accumulation rates, as well as the
sources of C, may differ depending on environmental con-
ditions influencing plant productivity, allochthonous C de-
position, and C preservation. For this study, we examined
the relationship between belowground root growth, turnover,
decay, above- and belowground biomass, and previously re-
ported longer-term rates of total, labile, and refractory or-
ganic C accumulation and accretion in Spartina alterniflora-
dominated marshes across two mid-Atlantic, US estuaries.
Tidal range, long-term rates of mineral sedimentation, C ac-
cumulation, and accretion were higher and salinities were
lower in marshes of the coastal plain estuary (Delaware Bay)
than in the coastal lagoon (Barnegat Bay). We expected that
the conditions promoting high rates of C accumulation would
also promote high plant productivity and greater biomass. We
further tested the influence of environmental conditions on
belowground growth (roots+ rhizomes), decomposition, and
biomass of S. alterniflora. The relationship between plant
biomass and C accumulation rate differed between estuaries.
In the sediment-limited coastal lagoon, rates of total, labile,
and refractory organic C accumulation were directly and pos-
itively related to above- and belowground biomass. Here, less
flooding and a higher mineral sedimentation rate promoted
greater above- and belowground biomass and, in turn, higher
soil C accumulation and accretion rates. In the coastal plain
estuary, the C accumulation rate was related only to above-
ground biomass, which was positively related to the rate of
labile C accumulation. Soil profiles indicated that live root
and rhizome biomass was positively associated with labile C

density for most marshes, yet high labile C densities below
the live root zone and in marshes with high mineral sedi-
mentation rates and low biomass signify the potential con-
tribution of allochthonous C and the preservation of labile
C. Overall, our findings illustrate the importance of sedi-
ment supply to marshes both for promoting positive plant-
C accumulation-accretion feedbacks in geomorphic settings
where mineral sediment is limiting and for promoting al-
lochthonous inputs and preservation of labile C leading to
high C accumulation and accretion rates in geomorphic set-
tings where sediment supply is abundant.

1 Introduction

Salt marshes are among the most productive ecosystems on
Earth, where over half of the annual plant biomass produc-
tion can occur belowground in the form of rhizomes and
roots (Valiela et al., 1976; Gallagher and Plumley, 1979;
Schubauer and Hopkinson, 1984). Plant biomass, especially
belowground biomass, is considered to be a primary contrib-
utor to soil organic matter and carbon (C) sequestration in
marshes (DeLaune et al., 1983a; Nyman et al., 2006). High
rates of plant productivity coupled with relatively slow rates
of decomposition allow a net accumulation of plant-derived
C over time. Important feedbacks among aboveground plant
structures, such as stem density, sediment deposition, eleva-
tion, above- and belowground productivity, and burial of or-
ganic matter, promote both C accumulation and accretion,
allowing some resilience to relative sea-level rise (Kirwan
and Megonigal, 2013). Belowground productivity alone may
contribute to an estimated 3.0 mm yr−1 of vertical accre-
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tion, based on a theoretical maximum belowground produc-
tion of 2500 g m−2 yr−1 for Spartina alterniflora (Morris et
al., 2016). For British coastal marshes dominated by differ-
ent species, autochthonous production has been estimated to
contribute 0.2 to 1.0 mm yr−1 (Allen, 1990; French, 1993).
Variation in plant productivity due to differences in environ-
mental conditions, therefore, may account for a significant
portion of the variability in the rates of marsh C accumula-
tion and accretion. For S. alterniflora marshes, which nat-
urally occur along the Atlantic and Gulf coasts of the US,
roots and rhizomes of marsh plants are estimated to comprise
up to 90 % of organic input (Howes et al., 1985). Accretion
rates above the local organic production must be due to al-
lochthonous sources of C and sediment (Morris et al., 2016).
Yet it is unclear whether local plant organic matter input is
constant across geomorphic settings that experience a range
of environmental conditions and sedimentation rates. Local
environmental conditions such as hydrology, salinity, sedi-
ment availability, and soil properties are predicted to play
a key role in influencing relationships between biotic pro-
cesses and rates of C accumulation and accretion (Haslett et
al., 2003). Despite knowledge of biophysical feedbacks gov-
erning C accumulation and accretion and the recent empha-
sis on the efficiency of salt marshes in sequestering C, fine-
scale controls of marsh C accumulation are still poorly un-
derstood (Connor et al., 2001; Chmura et al., 2003; Mcleod et
al., 2011). These fine-scale controls may account for a large
portion of the spatial variability in C accumulation rates in
marshes (e.g., Mcleod et al., 2011; Ouyang and Lee, 2014).
Of the numerous studies that have separately quantified plant
productivity or biomass and soil carbon accumulation rates,
few have examined relationships between plant growth, de-
cay, and biomass in concert with soil C accumulation and ac-
cretion. In addition, understanding these relationships across
natural systems is extremely important as multiple abiotic
conditions will determine the ability of marshes to accumu-
late and store C and adjust their elevation relative to sea level.

While in situ plant biomass production may be a ma-
jor C source, non-plant-derived (e.g., edaphic algae) and al-
lochthonous C deposition also contributes to carbon accumu-
lation in marsh soil. Some have suggested that allochthonous
C may be a more important component of surface sediments,
while the accumulation of plant-derived C from root pro-
ductivity becomes more important at depth (Saintilan et al.,
2013). The relative magnitude of allochthonous versus au-
tochthonous carbon inputs may also differ within and among
marshes depending on rates of deposition (mineral and or-
ganic) and environmental conditions that regulate in situ pro-
ductivity and decay. A higher tidal range, a greater supply of
mineral nutrients and sediments, and lower salinities are con-
ditions that are all predicted to enhance both plant productiv-
ity and soil C accumulation (Mendelssohn and Kuhn, 2003;
Craft, 2007; Kirwan and Guntenspergen, 2010). Across geo-
morphic settings of estuaries, from deltas to coastal lagoons,
physical and abiotic factors often covary, with potential con-

sequences for C sequestration and even vulnerability to rel-
ative sea-level rise. Microtidal marshes in coastal lagoons,
for example, are considered particularly vulnerable to rela-
tive sea-level rise due to limited sediment supply and weak
and limited tidal movement for sufficient sediment transport
and surface deposition, leading to a reliance on in situ or-
ganic matter production for accretion (Reed et al., 2008; Kir-
wan and Guntenspergen, 2010; Ganju et al., 2017). In con-
trast, marshes in geomorphic settings with high rates of min-
eral sedimentation such as those near river deltas may have
greater magnitudes of both allochthonous C deposition and
autochthonous plant C inputs (e.g., Craft et al., 2007). In tidal
marshes of Australia, for example, soil C stocks in fluvial en-
vironments containing finer-grained sediments were approx-
imately double the C stocks in marshes of marine sandy es-
tuaries (Macreadie et al., 2017). Higher contributions of al-
lochthonous C and greater preservation of plant-derived C
likely influenced greater soil C accumulation in fluvial ver-
sus marine geomorphic settings (Saintilan et al., 2013; Kelle-
way et al., 2016). Similarly, along the Atlantic coast of the
US, soil C accumulation and accretion rates were greater
in marshes of a coastal plain estuary than in marshes of a
coastal lagoon (Unger et al., 2016). In these systems, the
C accumulation rate was strongly and positively related to
the rate of mineral sedimentation. The strong positive rela-
tionship between mineral sedimentation and C accumulation
rates implied that mineral sediment availability influenced
greater plant-derived C inputs, greater allochthonous C in-
puts, and/or greater C preservation.

Stable C isotopic signatures have shed some light on the
relative importance of different C sources in marsh soil.
A comparison of δ13C in soils of mineral-rich and organic
marshes showed a depletion of plant-derived δ13C signatures
in mineral marsh soils and a strong signal of local plant
δ13C in organic marsh soils (Middelburg et al., 1997). Pref-
erential decomposition of labile C, which is enriched, with
more negative δ13C values, relative to Spartina tissue, and
preservation of refractory lignin, which is depleted relative to
Spartina tissue, may partially explain the overall shift in δ13C
in mineral-rich marshes (Benner et al., 1991). Another mech-
anism potentially causing the depletion of δ13C signatures
relative to local plant tissue is a greater allochthonous C input
consisting of organic matter sorbed onto mineral particles,
estuarine phytoplankton, microphytobenthos, and nonlocal
macrophytes (Middelburg et al., 1997). Though labile soil C
may be derived from algal sources, it is also possible that the
environmental conditions in mineral-rich marshes stimulate
in situ plant productivity and inputs of labile plant C. Mineral
sedimentation, for example, tends to be positively related to
C accumulation (Chmura et al., 2003; Unger et al., 2016) and
also creates favorable conditions for plant growth (DeLaune
et al., 1990; Mendelssohn and Kuhn, 2003). Specifically,
mineral sediment input can increase marsh elevation, supply
a physical substrate for root growth, supply inorganic nutri-
ents, raise the redox potential, and promote the precipitation
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of sulfide with iron and manganese to form nontoxic com-
pounds (DeLaune et al., 2003). Regardless of the source, la-
bile organic C can be more abundant in marshes with higher
rates of mineral sediment deposition and ultimately drive to-
tal C accumulation rates (Unger et al., 2016).

The goal of this study was to examine the relationship be-
tween autochthonous plant-derived C inputs and longer-term
labile, refractory, and total organic C accumulation rates in
short-form Spartina alterniflora marshes. In a previous study,
we found rates of C accumulation to be significantly greater
in marshes of a coastal plain estuary, Delaware Bay, USA,
than marshes of an adjacent coastal lagoon, Barnegat Bay
(Unger et al., 2016). Total organic C accumulation rates were
positively associated with rates of mineral sedimentation and
labile C accumulation. Refractory C accumulation was sim-
ilar across marshes averaging 78± 5 g m−2 yr−1 (Unger et
al., 2016). The sources of the C fractions were unknown. For
this study, we tested the hypothesis that rates of S. alterni-
flora belowground productivity were greater in marshes of
the coastal plain estuary than in the marshes of the coastal
lagoon, where a higher water table, higher salinity, and lower
rates of sediment deposition were predicted to limit root and
rhizome growth. We predicted that patterns of belowground
productivity and turnover would mirror those of longer-term
total and labile organic carbon accumulation rates across
marshes and estuaries. Our hypothesis would be supported
if environmental conditions that promoted C accumulation
such as high rates of mineral sedimentation and, potentially,
high tidal range and low salinity also promote high below-
ground biomass production. Further, we examined the role of
belowground decay in explaining spatial patterns of C accu-
mulation. We hypothesized that the amount of organic mate-
rial remaining following 20 months of belowground decom-
position would be greater in marshes with higher C accumu-
lation rates. For this, the conditions that promote high rates of
C accumulation may also promote the preservation of C par-
ticularly in the upper soil column where much of the decay of
labile organic matter occurs (Hackney and de la Cruz, 1980;
Hackney, 1987; Morris and Bowden, 1986). Ultimately, the
net amount of belowground biomass (C fractions greater than
∼ 1 mm in size) was predicted to be directly and positively
related to the density of C in the soil profile and C accu-
mulation rate. Similarly, above- and belowground biomass
was predicted to be positively related to soil C accumula-
tion. Finally, because plant productivity and decay processes
as well as overall plant structure (e.g., height, stem density,
biomass) have been shown to be tightly regulated by abiotic
factors, we examined the influence of local environmental
conditions (i.e., water level, salinity, soil nutrient status, and
sediment deposition rates) on S. alterniflora growth, decay,
and biomass across marshes and estuaries.

2 Methods

2.1 Study sites

Six marshes in two estuaries along the mid-Atlantic coast of
the United States (Barnegat Bay and Delaware Bay, New Jer-
sey) were the focus of this study (Fig. 1). The two estuaries
and marshes therein varied in geomorphic setting, and, there-
fore, tidal range, hydrology, salinity, sediment availability,
and nutrient concentrations also varied. The Delaware Bay
is a large coastal plain estuary extending 215 km from the
head of tides to the bay mouth at the Atlantic Ocean. Tidal
amplitude is approximately 1.5 m at the mouth and increases
up-estuary, modulated by estuary and tidal channel geometry.
Barnegat Bay is a shallow coastal lagoon extending 62.7 km
along the coast of New Jersey, separated from the Atlantic
Ocean by a barrier island apart from two inlets. Barnegat
Bay experiences a relatively small tidal amplitude ranging
from 20 to 50 cm depending on location in the bay (Defne
and Ganju, 2014). Mean salinity ranges from 18 to 25, with
the lowest salinities in the northern part of the bay farther
from the inlets and also near Toms River (Kennish, 2001).
Across the two estuaries, marshes ranged from being along
a large tidal tributary with relatively low salinity (Maurice
River, MR, in Delaware Bay) to a back-barrier marsh (Island
Beach State Park, IB, in Barnegat Bay), which has been con-
verting from S. alterniflora to shallow open water between
the parallel mosquito ditches over approximately the last
decade, likely due to a lack of drainage through the ditches
(T. Elsey-Quirk, personal observation, 2014). All six marshes
had some level of mosquito ditching. Reedy Creek (RC)
marsh in northern Barnegat Bay had interior ponds which
have been expanding in size over time. Of the six marshes in
the study, MR had the highest freshwater input and the high-
est longer-term mineral sediment and total organic and labile
C accumulation and accretion rates (Unger et al., 2016). RC
and IB in Barnegat Bay, had the lowest rates of accumula-
tion and accretion, while Channel Creek (CC) to the south
had larger mineral sediment input and was intermediate in
accumulation and accretion rates to RC and IB and those in
Delaware Bay (Unger et al., 2016). The average accretion
rate in Barnegat Bay marshes (0.28± 0.06 cm yr−1) over the
last 50–100 years was less than the rate of relative sea-level
rise over approximately the same time period (0.41 cm yr−1;
NOAA, Tides and Currents https://tidesandcurrents.noaa.
gov/sltrends/sltrends.html; in Boyd et al., 2017). In Delaware
Bay, the salt marsh accretion rate (0.70± 0.26 cm yr−1) ex-
ceeded the rate of local relative sea-level rise over the
same time period (0.34 cm yr−1, NOAA, Tides and Cur-
rents). Study locations have also been described in Elsey-
Quirk (2016), Unger et al. (2016), and Boyd et al. (2017).
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Figure 1. Study locations in Barnegat Bay and Delaware Bay along
the mid-Atlantic coast, US.

2.2 Experimental design

In each of the six marshes, five plots were established along
a transect of increasing distance from the marsh–estuary
boundary. Transects ranged from 270 to 2970 m with shorter
transects in smaller marshes (generally in Barnegat Bay)
and longer transects in marshes along larger tidal channels
(in Delaware Bay). This transect-based study design, rather
than replicate plots in close proximity, was employed to cap-
ture a range of within-marsh variation, while also stratify-
ing by short-form S. alterniflora. Belowground ingrowth and
litterbag decomposition studies were employed at each of
the five plots (n= 5). Vegetation structure (i.e., stem den-
sity and shoot height and above- and belowground biomass)
was measured at three of the five plots (nearest, middle, and
farthest from the estuary). Belowground biomass was deter-
mined from 2 cm depth sections from half of a 15.2 cm diam-
eter soil core. The other half of the core was used for analy-
sis of soil properties, C (total organic, labile, and refractory)
and nitrogen concentrations, and 137Cs and 210Pb activity (re-
ported in Unger et al., 2016; Boyd et al., 2017). Organic C
(labile, refractory, and total) accumulation rates, with which
we examined relationships with plant processes and proper-
ties (present study) were previously published in Unger et
al., 2016. C accumulation rates were calculated using 137Cs-
based accretion rates published in Boyd et al. (2017).

2.3 Environmental conditions

2.3.1 Marsh elevation, hydrology, and salinity

Elevations of the plots were collected using a Leica GS-14
(NJ NAD83, Geoid 12A). A minimum of three GPS sur-
vey points were collected on the marsh surface at each plot.
Two water level/conductivity recorders (In-Situ 5000 vented)
were installed in each of the six marshes from August 2012 to
October 2013. Probes were placed in each marsh near and far
from the estuary approximately 5 m from belowground in-
growth, litterbag, three standing biomass, and soil core plots.
Probes were installed in slotted wells to a depth of 70 cm.
Water level and conductivity were recorded every 15 and
30 min, respectively. Elevation of the marsh surface around
each well was also collected. Water levels were referenced
to the marsh surface, while elevations were referenced to the
North American Vertical Datum 1988 (NAVD88).

2.3.2 Soil properties

Soil cores were collected for testing relationships between
belowground biomass and previously reported soil C accu-
mulation (in Unger et al., 2016) and accretion rates (in Boyd
et al., 2017). PolyCate tubes 15.2 cm in diameter and 110 cm
long with a sharpened bottom edge were used to collect soil
cores. Cores were taken back to the lab and sectioned into
2 cm depth sections. Physical and chemical analyses were
conducted on half of each 2 cm section. Soil bulk density
(g cm−3), percent organic matter, total organic C, refractory
and labile C, total nitrogen, and radiometric analyses were
conducted and are reported in Unger et al. (2016) and Boyd et
al. (2017). The remaining half of each 2 cm depth was rinsed
and sieved for belowground biomass (see below).

2.4 Vegetation parameters

2.4.1 Belowground growth and turnover

Belowground growth rate (g DW m−2 yr−1) was measured at
five locations in each of the six marshes using rates of root
and rhizome growth into flexible mesh bags filled with a 1 : 1
mixture of unfertilized topsoil and peat moss (i.e., ingrowth
technique; McKee et al., 2007; n= 5). Ingrowth bags were
constructed of flexible crawfish sack material with a mesh
size of 6.3× 3.2 mm and, when filled, were 5 cm diameter
and 15 cm length. Four ingrowth bags were deployed in each
of the five plots and sequentially harvested approximately ev-
ery 4 months from April 2013 to October 2014 to calculate
belowground (root+ rhizome) ingrowth rate. The four bags
were deployed 50 cm apart in each plot and all bags were
installed vertically into 15 cm deep cored holes. Accumu-
lated root and rhizome mass was dried at 60 ◦C to a constant
weight. All of the roots and rhizomes in ingrowth bags were
live based on color and structural integrity. Belowground
turnover was calculated by dividing ingrowth (g m−2 yr−1)
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by live root and rhizome biomass (g m−2; Sect. 2.4.3). In-
growth typically underestimates absolute rates of below-
ground productivity, and, therefore, both absolute productiv-
ity and turnover will be underestimated. However, our goal
was to examine relative responses to varying environmental
conditions (Valiela et al., 1976; Graham and Mendelssohn,
2016).

2.4.2 Belowground decay

Belowground decomposition of macro-organic matter
was estimated using the litterbag technique. Litterbags
(20× 10 cm) made of 1× 1 mm window screen mesh
were filled with 9 g wet weight of macro-organic material
comprised of coarse roots and rhizomes in a live-to-dead
ratio of 1 : 3. Organic material was subsampled from all soil
cores (Sect. 2.4.3) and combined as a composite sample.
Five replicate 9 g wet-weight samples were dried at 60 ◦C
to estimate initial dry weight. Four litterbags were deployed
horizontally 10 cm below the surface in each of five plots
approximately 2 m from ingrowth bags in each of the six
marshes (n= 5). Litterbags were placed in Delaware Bay
marshes on 12 December (Dennis Creek, DN), 13 December
(MR), and 9 January (Dividing Creek, DV). Litterbags were
deployed later in Barnegat Bay (BB) marshes (13 February
(RC), 29 March (IB), and 8 April (CC)) because of the
difficulty of accessing these sites in the months following
Hurricane Sandy, which made landfall within 115 km of
the marsh study sites on 29 October 2012. Once deployed,
litterbags were collected sequentially over the same ∼ 20-
month period of ingrowth study for the determination of
mass loss over time. The percentage of the original dry mass
remaining at the end of the study period was determined.

2.4.3 Biomass

Aboveground biomass was harvested from three plots within
a 0.25 m2 quadrat where soil cores for radiometric dating,
C analysis, and belowground biomass were also collected.
In the lab, stems were rinsed of mineral matter, counted, and
measured for height. Belowground biomass from half of each
2 cm soil section was rinsed to remove all mineral sediment
and separated into size classes of coarse and fine organic ma-
terial. Coarse organic matter, comprised primarily of stem
bases and rhizomes, was further sorted into live and dead
categories based on color and rigidity. A sieve with a 2 mm
mesh size retained coarse material, and a sieve with a 1 mm
mesh size retained fine organic matter, which could not be
easily separated into live and dead components. All above-
and belowground biomass was dried to a constant weight in
a 70 ◦C drying oven. Dry weights were converted to a g m−2

basis and depth profiles were constructed. For analysis, be-
lowground biomass in each core was summed to two depths
in the soil profile. One was to each respective 137Cs peak,
accounting for biomass that contributed directly to accretion

above the 137Cs peak depth. However, live biomass is con-
tinually added to the soil column, and is often at depths well
below the year 1963 137Cs marker, and, therefore, biomass
was also summed to a specific depth, 50 cm, which is a typi-
cal methodology for quantifying belowground biomass.

2.5 Data analysis

Each environmental and vegetation parameter was checked
for normality using the Shapiro–Wilks test. Log transfor-
mations were used for most variables when necessary and
appropriate, and logit transformations were used for per-
cent data (e.g., percent soil organic matter, total nitrogen).
A square root transformation was necessary to normalize be-
lowground ingrowth data. We tested for homogeneity of vari-
ances using the Levene test on transformed data. The only
violation of the equal variance assumption was for the 95 %
rooting depth, which, following log transformation, failed
the Levene test between estuaries but not among marshes.
We used a nested analysis of variance to test for differences
among marshes nested within estuaries in belowground in-
growth, decay rate, and vegetation structure (e.g., stem den-
sity, height, rooting depth, and biomass). To test for rela-
tionships between belowground biomass structure and ac-
cretion and C (total organic, labile, and refractory) accumu-
lation rates, a stepwise regression analysis was conducted.
For analysis of relationships between belowground biomass
and 137Cs-based accumulation and accretion rates, biomass
summed above the 137Cs peak depth was used. Matlab was
used to calculate hydrologic parameters including mean low
water (MLW), mean high water (MHW), and frequency and
percentage of time flooded from the continuous water level
time series (MATLAB 6.1, the Mathworks Inc., Natick, MA).
Multivariate correlation analysis was conducted to test for
collinearity among environmental predictor variables. One
representative of highly correlated variables was chosen, and
redundant variables were removed for future analyses. Based
on the results of the correlation analysis, two hydrologic pa-
rameters – MHW and MLW depths relative to the marsh
surface – were selected to represent the suite of variables
with which they were related, for which isolating individ-
ual relationships with vegetation parameters would be im-
possible (Supplement Table S1). We chose to use MHW
and MLW over other variables such as percentage of time
flooded because these variables represent the average mag-
nitude of surface flooding at high tide and the average mag-
nitude of drainage at low tide, respectively, both of which
we predicted to be biologically important. Salinity was also
maintained in the models, although it was negatively corre-
lated with several hydrologic parameters but not related to
soil properties. Because of the strong relationship between
soil bulk density and long-term mineral sedimentation rate,
only sedimentation rate was retained in subsequent mod-
els. Correlations within environmental and vegetation data
were expected, and, therefore, a multivariate approach was
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used to analyze the data. Multivariate analysis of variance
(MANOVA) was used to test for differences among marshes
nested within estuaries in environmental parameters. If a sig-
nificant multivariate treatment effect was found based on the
Wilks lambda test, univariate tests were performed. Univari-
ate post hoc tests were conducted using Tukey’s HSD (honest
significant difference) test. To examine the relationship be-
tween environmental and vegetation parameters across sam-
ples, a stepwise regression was used with forward selection,
starting with the full model and minimum Bayesian infor-
mation criterion (BIC). Belowground ingrowth, decay, and
biomass components were analyzed in separate stepwise uni-
variate models. Nonlinear modeling was used when relation-
ships were nonlinear. Unless otherwise specified, JMP V.12.1
was used for all statistical analysis (JMP Version 12.1, SAS
Institute Inc., 1989–2017).

3 Results

3.1 Local environmental conditions

Despite the stratification of our study plots in marsh interi-
ors dominated by short-form S. alterniflora, environmental
conditions varied across marshes and estuaries. Elevations
ranged from −7 to 87 cm (NAVD88; Table 1). Tidal am-
plitudes ranged from 5 to 22 cm (Table 1). Relative to the
tidal frame, marsh surfaces ranged from below MLW (IB) to
above MHW (CC). Generally, marshes in Barnegat Bay ex-
perienced a lower tidal range but were flooded for a greater
percentage of the year than Delaware Bay marshes (53± 12
and 40± 9 %, respectively; estuary: p = 0.0341). Among the
marshes in Barnegat Bay, CC was the highest in elevation,
sitting on average 3 cm above MHW. CC was flooded less
often (6 % of the time), with higher water table salinities, and
higher long-term rates of mineral sedimentation than RC (Ta-
ble 1). IB was moderate in elevation but flooded 86 % of the
time, with long durations of individual flood events, due to
poor drainage through mosquito ditches. RC was the lowest
elevation marsh, and although not flooded as much as IB, it
was flooded 66 % of the time. In Delaware Bay, DV was sit-
ting high in the tidal frame and, therefore, was flooded less
often than the other marshes (MR and DN; marsh[estuary]:
F4,11 = 53.15, p < 0.0001). Overall, 65 % of marsh areas had
MLW depths within 5 cm of the marsh surface, indicating
that the majority of the root zone was continuously inun-
dated. The lowest MLW depth of the 18 study areas was
11 cm below the surface in a relatively high-elevation area
of DV in Delaware Bay.

Salinities ranged from 7 psu at MR in Delaware Bay to
40 psu at CC in Barnegat Bay. The salinity of Barnegat
Bay marshes was an average of 16 psu higher than that of
Delaware Bay marshes, but there was also a significant dif-
ference within Barnegat Bay, with RC in the north having a
lower salinity than IB and CC (marsh[estuary], p= 0.0103;

Table 1). In Delaware Bay, salinity was variable across
marshes as were soil properties, although MR had a higher
soil bulk density and less variable high rates of mineral
sedimentation (Table 1). Soil nitrogen concentrations were
greater in RC and IB in Barnegat Bay than all other marshes
(Table 1). Total soil N concentrations were positively corre-
lated with soil organic matter and strongly negatively corre-
lated with bulk density (Table S1).

3.2 Belowground growth and turnover

Belowground ingrowth, comprised primarily of large roots
and rhizomes, ranged from 0 to 550 g m−2 yr−1 across plots.
There were two plots in IB where no root ingrowth occurred,
where previously vegetated areas had converted to ponded
mudflat. Regardless of the inclusion of these zero data points,
ingrowth rates did not differ among marshes (Fig. 2) and
averaged 206± 22 g m−2 yr−1 (excluding zeros). Significant
differences in belowground ingrowth were not found among
marshes because within-marsh differences in environmental
conditions influenced large variability. Across all sampling
plots, belowground ingrowth was negatively related to MLW
depth, indicating that root and rhizome growth was posi-
tively influenced by low-tide drainage (Fig. 3). However, un-
der moderate inundation, root growth was highly variable.
Because MLW was generally above the lowest part of the
ingrowth bag and, therefore, ingrowth bags were inundated
most of the time, the effect of hydrology on root growth
was evident at the extremes of MLW, where either average
low-water level exposed a significant portion of the ingrowth
bag resulting in relatively high root growth or low water
averaged above the surface and the root zone was contin-
uously flooded, where no roots grew. However, even with
the zero root growth data points removed, a positive rela-
tionship between drainage and root growth remained (i.e.,
adj. R2

= 0.36, p= 0.0078). Belowground turnover ranged
from 0.04 to 0.43 yr−1, with an average of 0.15± 0.03 yr−1.
Turnover rates did not vary among marshes and were not spa-
tially related to measured environmental parameters.

3.3 Belowground decay

Live and dead biomass in a ratio of 1 : 3 placed in litterbags
10 cm below the marsh surface tended to decline rapidly fol-
lowing deployment. Litterbags placed in Barnegat Bay a few
months later in the spring than those in Delaware Bay may
have led to a more rapid initial decline in mass (Supplement
Fig. S1). However, regardless of the initial decay slopes, the
percentage of root and rhizome material remaining at the end
of approximately 20 months was similar among marshes, av-
eraging 59± 1 % (Fig. 2). The percent mass remaining was
not significantly related to any of the environmental factors
tested (i.e., water level, salinity, soil nutrient concentration,
sedimentation rate), as it did not vary much among plots.
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Table 1. Environmental conditions of interior Spartina alterniflora-dominated marshes in two estuaries of the mid-Atlantic, USA. Values
are means± standard errors (n= 2 for hydrologic parameters and n= 3 for soil and elevation and soil parameters). Parameter values across
marshes represented by different letters are significantly different based on nested analysis of variance (p < 0.05).

Barnegat Bay Delaware Bay

Environmental parameter RC IB CC DV MR DN

Distance to tidal channel (m) 13± 5a 11± 3a 19± 3a 56± 16b 27± 16b 62± 34b

Marsh elevation (cm, NAVD88) −2.3± 6.4 11.8± 1.9 29.1± 1.0 71.9± 7.7 51.5± 16.3 66.8± 7.7
Tidal range (cm) 13.4± 0.6bc 7.2± 0.5cd 5.1± 0.1d 10.9± 2.2bcd 22.2± 0.2a 17.0± 1.9ab

Mean high water relative to marsh surface (cm) 12.6± 1.2ab 10.3± 0.7bc
−3.3± 0.8d 3.4± 3.7cd 21.2± 1.8a 15.6± 1.2ab

Mean water level relative to marsh surface (cm) 3.5± 0.7 5.5± 1.0 −6.5± 0.7 −4.9± 1.9 2.7± 0.3 2.8± 0.5
Mean low water relative to marsh surface (cm) −0.8± 1.0a 3.1± 1.1a

−8.5± 0.7b
−7.4± 1.6b

−1.0± 2.0a
−1.4± 0.7a

Percentage of time flooded 66± 4ab 86± 1a 6± 1c 11± 4c 40± 1b 68± 5ab

No. of flooding events yr−1 304± 21ab 24± 1c 113± 16bc 205± 51bc 455± 55a 176± 78bc

Average duration of flood (h) 20± 2b 324± 14a 4± 1b 15± 7b 7± 1b 44± 14b

Salinity 20.6± 0.1bc 30.4± 4.0ab 38.8± 0.8a 17.1± 1.0c 7.4± 1.0c 13.5± 2.1c

Soil nitrogen (%) 1.6± 0.2a 1.5± 0.1a 0.8± 0.1b 0.7± 0.2b 0.5± 0.1b 0.5± 0.1b

Soil organic matter (%) 39.7± 1.3a 39.4± 0.3a 23.4± 1.4ab 32.4± 9.1a 14.1± 0.8b 27.8± 5.5ab

Soil bulk density (g cm−3) 0.14± 0.01c 0.15± 0.02bc 0.29± 0.01abc 0.34± 0.07ab 0.52± 0.04a 0.39± 0.03a

Long-term mineral sedimentation rate 147± 22d 168± 19cd 626± 45bc 1237± 576ab 4126± 74a 1568± 279ab

(g m−2 yr−1)∗

∗ Data previously reported in Unger et al. (2016) and Boyd et al. (2017).

Table 2. Vegetation structure in Spartina alterniflora salt marshes in two mid-Atlantic estuaries (n= 3, ±standard error).

BB DB

RC IB CC DV MR DN

Stem density (no. m−2) 509± 132 493± 440 3276± 615 1234± 382 612± 174 1675± 53
Average height (cm) 17± 3ab 14± 2b 13± 2b 13± 1b 26± 1a 12± 1b

Aboveground biomass (g m−2)

Live 112± 41b 93± 88b 362± 38ab 234± 79b 664± 90a 353± 35ab

Dead 338± 129 91± 85 317± 97 33± 8 122± 38 100± 10

95 % live rooting depth (cm) 19± 1c 20± 1c 18± 1c 23± 1bc 30± 2b 46± 6a

Belowground biomass (g m−2)

To 137Cs peak
Live coarse 505± 21 1225± 200 2675± 764 1842± 7 2055± 700 1973± 201
Dead coarse 138± 91 131± 69 310± 180 341± 191 985± 124 708± 469
Fine 1498± 612b 3676± 186ab 4326± 258a 3398± 438ab 2484± 532ab 3527± 448ab

To 50 cm depth
Live coarse 721± 81 1568± 222 2839± 758 1931± 34 2055± 700 2456± 305
Dead coarse 280± 73 952± 231 1262± 125 690± 106 1010± 111 1063± 494
Fine 4406± 1280ab 8192± 2005ab 8999± 948a 6599± 1654ab 2517± 565b 5626± 661ab

Live BG : AB ratio 8± 3 62± 56 8± 3 12± 5 4± 2 7± 1

3.4 Vegetation structure

3.4.1 Aboveground

Spartina alterniflora stem density ranged from 0 to
4112 stems m−2 across plots and did not differ significantly
among marshes (Table 2). In Barnegat Bay, there was a

strong negative relationship between stem density and mean
low-water depth, such that stem density increased with more
drainage (Fig. 3). Stem density in Delaware Bay marshes was
not related to any environmental predictor variable.

Shoot height was approximately 2 times greater in MR in
Delaware Bay than the other marshes with the exception of
RC (marsh[estuary]: F1,4 = 8.15, p= 0.0026). Aboveground
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Figure 2. Belowground ingrowth rate (a) and percent mass remain-
ing in belowground litterbags (b) over a 20-month period in salt
marshes of two mid-Atlantic estuaries (n= 5, ±standard error).

biomass was over 6 times greater in MR than in RC and IB
in Barnegat Bay (marsh[estuary]: F1,4 = 8.13, p= 0.0021;
Table 2). In Barnegat Bay, live aboveground biomass in-
creased linearly with increasing mineral sedimentation rate
and decreased linearly with increasing MHW (Fig. 4a). This
indicates that aboveground biomass responded positively to
higher mineral sedimentation and less flooding. In Delaware
Bay, aboveground biomass increased with increasing MHW
following a quadratic relationship (Fig. 4b). Therefore, geo-
morphic differences between the two estuaries led to differ-
ences in vegetation response to hydrology, with aboveground
biomass stimulated by higher MHW in Delaware Bay and re-
duced in Barnegat Bay.

3.4.2 Belowground

Live, dead, fine and total belowground biomass was not
related to aboveground biomass. Belowground biomass
stocks were also not statistically related to rates of be-
lowground ingrowth and decay. The total amount of live
biomass (above- and belowground) was over 3 times greater
in CC (3245± 768 g m−2) than in RC (833± 41 g m−2),
with no other differences among marshes (marsh[estuary]:
F1,4 = 4.2, P = 0.0227).

Belowground biomass was variable within and across
marshes. When calculated to a 50 cm depth, there was no
difference among marshes or between estuaries in total, live
coarse, or dead coarse biomass (Table 2). However, the depth
of live biomass differed among marshes. The 95 % rooting
depth was greatest in DN, followed by MR, both of which
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Figure 3. Relationships between belowground ingrowth and mean low water (MLW) relative to the marsh surface (a) and stem density and
MLW (b). Blue dots and green triangles refer to data collected in Barnegat Bay (BB) and Delaware Bay (DB), respectively. In Delaware Bay,
the relationship between stem density and MLW was not significant.

had greater live root depths than Barnegat Bay marshes
(marsh[estuary]: F4,12 = 10.58, p= 0.0007; Table 2; Fig. 5).
There was greater fine biomass in CC in Barnegat Bay than
in MR in Delaware Bay (Table 2).

Biomass was also summed to 137Cs peak depths (Ta-
ble 2; Fig. 6), which varied by 42 cm across plots. The
depth of the 137Cs peak ranged from 9 to 17 cm in Barnegat
Bay marshes and 17 to 51 cm in Delaware Bay marshes
(Boyd et al., 2017). There was similar or less biomass in
Delaware Bay marshes to a greater depth than in Barnegat
Bay marshes (Fig. 5). For example, the quantity of live
biomass to a 16 cm depth at CC was similar to the amount
to a 48 cm depth in MR. Total belowground biomass (live
coarse, dead coarse, and fine) above the 137Cs peak, was sig-
nificantly greater in DN and CC than in RC (marsh[estuary]:
F4,12 = 5.12, p= 0.0121), partly due to the shallower depth
of the 137Cs peak in RC. However, live coarse biomass aver-
aged 505 g m−2 in RC and 2675 g m−2 in CC, where 137Cs
peaks occurred at depths averaging 11 and 16 cm, respec-
tively. Fine biomass was also greater in CC than in RC (Ta-
ble 2).

Belowground biomass stocks were related to several
measured environmental parameters. And while the aim
of these analyses was to examine cross-system relation-
ships between environmental conditions and vegetation
patterns, it became apparent that the relationships were
highly estuary-dependent. In Barnegat Bay, live below-
ground coarse biomass was positively related to sedimenta-
tion rate and negatively to MHW (Fig. 4c, d). Dead below-
ground coarse biomass was also negatively related to MHW
in Barnegat Bay (Fig. 4f). This indicates that while min-
eral sedimentation stimulated live root and rhizome biomass,
an increase in high tide over the marsh surface was associ-
ated with a decline in both live and dead coarse biomass.
In Delaware Bay, live and dead coarse biomass was variable
across the range of environmental conditions. However, both
fine and total biomass declined with increasing rates of min-

eral sedimentation. Fine biomass comprised 45–69 % of total
belowground biomass in Delaware Bay marshes, and the de-
cline in fine biomass resulted in a decline in the total biomass.
Fine biomass also increased with an increase in salinity in
Delaware Bay marshes.

3.5 Relationship between vegetation and soil C and
accretion

3.5.1 Soil C density profiles

Belowground biomass profiles corresponded well with pro-
files of organic C density, depending on the biomass com-
ponent (live coarse, dead coarse, or fine), depth and on
whether the C was chemically labile or refractory (Fig. 5).
Across marshes, total C density profiles were positively cor-
related with dead coarse and fine biomass (adj. r2

= 0.25,
p < 0.0001). Labile C density was weakly related to biomass
stocks (live and dead coarse: adj. r2

= 0.05, p < 0.0001),
while all (live, dead, and fine) biomass stocks explained
28 % of the variation in downcore refractory C densities (adj.
r2
= 0.28, p < 0.0001). Live coarse biomass was the only

significant predictor of labile C density in four of the six
marshes (Table 3). In IB, no belowground biomass compo-
nent was related to labile C density, and in MR, labile C den-
sity was related to fine biomass (Table 3). In RC, labile C
density was negatively related to live biomass, indicating that
as live root biomass increased, labile C declined (Fig. 5). This
is due to changes in the relationship between live biomass
and labile C with depth. From the soil profiles, it is clear
that labile C density mirrors live coarse biomass dynamics to
the depth limit of the live root zone. Below the live rooting
depth, labile C density tends to increase (RC, IB, and CC),
likely associated with an increase in the preservation of labile
C, compaction, and increased soil bulk density.

Refractory C density increased in step with belowground
biomass toward the surface in Barnegat Bay marshes but was
relatively uniform with depth regardless of biomass changes
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Figure 4. Relationships between vegetation structure and environmental parameters. For these analyses, belowground biomass to 50 cm
depth was used. Mineral sedimentation rates were calculated using 137Cs dating and, therefore, are average rates over the last 50 years (Boyd
et al., 2017). Blue dots and green triangles refer to data collected in Barnegat Bay (BB) and Delaware Bay (DB), respectively, which were
analyzed separately. Both significant and nonsignificant (n.s.) relationships are shown.

in Delaware Bay marshes (Fig. 5). Nevertheless, refractory C
density in the Delaware Bay marshes was positively related
to the amount of dead biomass (Table 3). In the Barnegat
Bay, refractory C density was related to both live and dead
biomass (Table 3). This suggests that the labile/refractory na-

ture of the biomass produced may differ among the marshes
and estuaries. While interesting relationships emerged for
labile and refractory C densities and biomass components,
some of the relationships were masked when examining to-
tal (labile+ refractory) soil organic C densities, which were
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variably related to biomass components. Three marshes –
IB, CC, and MR – had relatively strong soil C-density–
belowground-biomass relationships, while other marshes had
weak or non-detectable relationships (RC, DV, and DN).

3.5.2 C accumulation and accretion rates

We found no relationship between rates of belowground in-
growth and longer-term labile and total C accumulation rates.
Belowground turnover was weakly (adj. R2 < 0.35) nega-
tively related to total organic and labile C accumulation,
largely due to the positive relationship between live below-
ground biomass and labile C accumulation rates (Fig. 7). Per-
cent mass remaining in belowground litterbags was, likewise,
unrelated to C accumulation rates. However, across the two
estuaries, there was a positive relationship between above-
ground biomass and longer-term total organic and labile C
accumulation (Fig. 7). Aboveground live biomass also ex-
plained 37 % of the variation in 137Cs-based accretion rates
(adj. R2

= 0.37, p= 0.0058, data not shown), which was
largely related to the effect of aboveground biomass on labile
C accumulation rate. Aboveground live biomass explained
70 % of the variation in labile C accumulation rate (Fig. 7).

Relationships between belowground biomass and C accu-
mulation and accretion rates were estuary dependant. Total
and live belowground biomass corresponded to the pattern of
total organic C accumulation across marshes in Barnegat Bay
but not Delaware Bay (Fig. 6). When compared statistically,
C accumulation and accretion rates were positively related
to cumulative belowground biomass above the 137Cs peak
depth only for Barnegat Bay marshes (Fig. 7). Live coarse
and fine biomass explained 86 % of the variation in total C
accumulation in Barnegat Bay marshes (Fig. 7). Live coarse
biomass was positively related to labile C accumulation and
fine biomass was positively related to refractory C accumula-
tion rate (Fig. 7). Accretion rate did not scale with the amount
of belowground biomass in Delaware Bay, but live and dead
coarse biomass explained 78 % of the variation in accretion
rate in Barnegat Bay (Fig. 7).

4 Discussion

Our study illustrated significant relationships between plant
biomass and soil C densities and C accumulation and ac-
cretion rates in S. alterniflora marshes. Geomorphic setting
within and between estuaries played a large role in influ-
encing these relationships. Marshes in the coastal lagoon
had C accumulation and accretion rates that were positively
related to both above- and belowground biomass. Above-
ground biomass was positively related to labile C accumu-
lation, while belowground biomass was positively related to
both labile and refractory C accumulation rates. Here, above-
and belowground biomass was stimulated by less flooding
and greater mineral sedimentation, which, in turn, increased

rates of labile, refractory, and total C accumulation and ac-
cretion. In the coastal plain estuary, there was no relationship
between belowground biomass and C accumulation or accre-
tion rates. However, total and labile organic C accumulation
rates were related to aboveground biomass, which was stim-
ulated by greater flooding. As discussed below, the positive
relationship between aboveground biomass and labile C ac-
cumulation rate across both estuaries may result from labile
tissue production as a function of photosynthetic area and/or
increased trapping and deposition of allochthonous labile C
such as algal-derived C. Relatively high densities of labile
C in the mineral-rich marshes, independent of belowground
biomass, indicate potential allochthonous contributions and
high preservation of labile C.

Contrary to our first two hypotheses, belowground growth
and decay did not differ among marshes and were not re-
lated to longer-term rates of C accumulation. These pre-
dictions were based on the premise that the environmental
conditions that lead to high rates of in situ production and
greater C preservation, in turn, contribute to longer-term au-
tochthonous C accumulation. In a previous study, C accumu-
lation rates across these marshes were found to be strongly
related to rates of mineral sedimentation (Unger et al., 2016).
Root growth, however, was not related to longer-term rates
of mineral sedimentation nor related bulk densities, despite
the potential for positive responses to higher soil bulk den-
sity and associated mineral nutrients (DeLaune et al., 1979).
Subsurface hydrology seemed to be the dominant factor in-
fluencing root and rhizome growth rates with greater produc-
tivity in areas of lower average low-tide depths. This relation-
ship tended to be based on thresholds, where root growth was
greater when average mean low-water depth was at least 6 cm
below the surface. When mean low water averaged above the
marsh surface and the marsh surface was flooded for long
durations and a higher percentage of the time (e.g., IB), no
roots grew. Spartina alterniflora is highly adapted to flooded
conditions, possessing both morphological adaptations such
as aerenchyma to facilitate oxygen transport to flooded rhi-
zomes and roots and physiological adaptations such as anaer-
obic metabolism (Teal and Kanwisher, 1966; Mendelssohn
et al., 1981). We observed that root growth of S. alterniflora
was highly variable under moderate flooding conditions, po-
tentially more affected by other abiotic conditions and/or the
density of parental live root structures in close proximity.
Others have also found that root productivity increases with
less flooding, lower soil moisture, and higher redox poten-
tials (Blum, 1993; Kirwan and Guntenspergen, 2012). In ad-
dition to the main environmental drivers of root growth and
C accumulation being different, the lack of a spatial relation-
ship between root productivity and C accumulation rates may
also be due to the potential for allochthonous C deposition as
well as time step differences in short-term (∼ 2 years) pro-
cess rates and processes integrated over a longer time period
(∼ 50 years).
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Figure 5. Belowground biomass and labile and refractory organic C density profiles in marshes of two mid-Atlantic estuaries. Biomass data
are means (standard errors not shown). C density data previously reported in Unger et al. (2016).

Belowground decay did not vary much across a wide range
of environmental conditions and was not related to longer-
term C accumulation rate. By using a composite of biomass
collected across study sites for the decomposition study, we
were able to examine the effect of abiotic factors on below-
ground decay. Our results indicated that the range of environ-
mental conditions across marshes did not differentially affect
belowground decay. This could be because the range of con-
ditions in the subsurface soil in the marsh interior were not
great enough to illicit a strong effect. With respect to hydrol-
ogy, however, several studies have shown that decay rates are
variable in or insensitive to different flooding regimes and
redox potentials (Valiela et al., 1984; Blum, 1993; Kirwan et

al., 2013). The loss of organic matter reaching similar asymp-
totes of dry mass across our study sites suggests that the
amount of recalcitrant tissue was more influential than envi-
ronmental differences. While both labile polysaccharides and
refractory lignin can be leached during initial decay (Benner
et al., 1986; Moran and Hodson, 1990), the enrichment of
recalcitrant tissues in the latter stages of decay slows decom-
position, particularly under anaerobic conditions. We used a
composite mix of live and dead large organic material in a
ratio of 1 : 3, which experienced rapid initial decomposition,
likely the decay of labile live and recently dead tissues, fol-
lowed by an asymptotic decline in loss of organic matter to
an average of 59 % dry mass remaining. This percentage cor-
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Figure 6. Belowground biomass (scaled on left axis) and organic
C accumulation rate (scaled on right axis; previously reported in
Unger et al., 2016) in marshes of two mid-Atlantic estuaries. Be-
lowground biomass and C accumulation are relative to the 137Cs
peak depth. Statistics for total belowground are shown and letters
represent differences (p < 0.05). Standard errors are shown in Ta-
ble 2.

responds well with the 55 % of roots and rhizomes remain-
ing following 18 months in a Sapelo Island, GA, salt marsh
(Benner et al., 1991). Lignocellulose content in root and rhi-
zome biomass of short-form S. alterniflora is approximately
79.5 % (Hodson et al., 1984). Though relatively slow to de-
cay under anaerobic conditions, the cellulosic portion under-
goes higher rates of mineralization than lignin, which makes
up approximately 19.3 % in roots and rhizomes (Hodson et
al., 1984). Lignin components can continue to be lost under
anaerobic conditions (Benner et al., 1991); however, the de-
cay of recalcitrant soil organic matter can also be relatively
insensitive to flooding and subtle changes in redox potentials
(Mueller et al., 2016). In the present study, we used a com-
posite of root and rhizome samples collected across our study
sites, and, therefore, site differences in the lability of biomass
were not tested in this study, which may have implications for
spatial variability in soil C storage.

Belowground turnover rates of S. alterniflora were within
the range found in other studies (0.17–0.71 yr−1; Schubauer
and Hopkinson, 1984), despite much lower productivity rates
inherent to the ingrowth technique in the present study. We
found a significant but variable negative relationship between
belowground turnover and total organic and labile C accu-
mulation rates. This finding was largely due to the positive
relationship between live coarse biomass and labile C accu-
mulation rate. With rates of root productivity being equal,
an increase in live biomass lowers the turnover rate. While
turnover explained < 35 % of the variation in C accumula-
tion rates across estuaries, biomass components (above- and
belowground) explained 39–86 % of the variation in soil C
accumulation rates.

Rates of soil C accumulation and accretion were strongly
related to S. alterniflora biomass. Aboveground live biomass

was positively related to organic C accumulation rate across
estuaries, primarily though the strong relationship with la-
bile C accumulation rate. Mechanisms of aboveground live
biomass influencing labile soil C include the direct input of
aboveground litter to the soil. For S. alterniflora much of
the aboveground litter is subject to decay and mechanical
breakdown by tidal action (Teal, 1962), and, therefore, lit-
tle of the aboveground litter of S. alterniflora in these tem-
perate marshes is thought to be incorporated into the marsh
soil. The standing live aboveground biomass, however, rep-
resents both photosynthetic capacity and growing conditions,
which may directly affect the production of labile exudates
and new labile tissues belowground. Additionally, above-
ground shoots influence surface deposition and accumulation
through the direct capture of particles on plant stems and the
indirect reduction of flow velocity inducing sediment settling
(Stumpf, 1983; Leonard and Luther, 1995). This has been il-
lustrated for fertilized and unfertilized S. alterniflora plots,
where aboveground biomass was 3 times greater and the sur-
face accretion rate was 2 mm yr−1 greater in response to fer-
tilization (Morris and Bradley, 1999; Morris et al., 2002).
The higher accretion rate was accounted for by more efficient
trapping of sediments (Mudd et al., 2010). Therefore, both
labile live plant tissues and labile organic C associated with
sediment may be enhanced by greater aboveground biomass.
This finding supports other studies showing positive relation-
ships between aboveground biomass and soil microbial pro-
cesses, including the decomposition of recalcitrant soil or-
ganic matter, which was hypothesized to be due to greater la-
bile C inputs (substrate-induced priming) and/or greater rhi-
zosphere oxygenation (O2-induced priming; Mueller et al.,
2016). Our data suggest that aboveground biomass may in-
crease soil C accumulation directly through the inputs of la-
bile C and positive bio-physical feedbacks for sedimentation,
which increases labile C deposition, burial, and preservation.
Relationships among aboveground plant biomass, labile and
total C accumulation rate, and mineral sedimentation rate in-
dicate positive feedbacks among these processes (Unger et
al., 2016; present study).

While aboveground biomass was positively related to or-
ganic and labile C accumulation rate across estuaries, above-
ground biomass response to flooding was estuary-dependent.
In the coastal plain estuary, aboveground biomass increased
with a higher mean high-tide level, whereas in the coastal la-
goon, aboveground biomass declined with higher mean high-
water depth. In the coastal lagoon, stem density increased
with greater drainage. With all other conditions being equal,
plant biomass of S. alterniflora has a parabolic relationship
with elevation relative to mean sea level (Morris et al., 2002).
Above and below an optimum elevation, biomass declines.
Our study of marshes in different geomorphic settings il-
lustrates how environmental conditions in estuaries can il-
licit differential responses to individual environmental pa-
rameters. In the coastal lagoon, a combination of less flood-
ing and greater mineral sedimentation rates promoted greater
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Figure 7. Relationship between Spartina alterniflora biomass and organic C (total, labile, and refractory) accumulation and accretion rate in
marshes of Barnegat Bay (BB) and Delaware Bay (DB). Only significant (p < 0.05) relationships are shown.

aboveground (and belowground) biomass. Lower tolerance
to flooding in the coastal lagoon marshes as compared to
the coastal plain marshes is likely due to greater soil or-
ganic matter content, lower redox potential, lower mineral
sediment and nutrient availability, and higher sulfide con-
centrations (Bradley and Morris, 1990; Reddy and DeLaune,
2008). Differential flooding effects on aboveground biomass,
driven broadly by estuary geomorphology, can partially ex-
plain spatial variation in labile and total organic C accumula-
tion rate across estuaries, which was linearly and positively
related to aboveground biomass.

Belowground biomass contributes directly to soil organic
matter and, in this study, was a good predictor of soil C ac-

cumulation rates but only across the coastal lagoon marshes.
This indicates that as geomorphic conditions change, such as
with an increase in mineral sedimentation rates, belowground
biomass can become uncoupled to soil C accumulation and
accretion rates. In the coastal lagoon marshes, live roots and
rhizomes were concentrated in the top 30 cm depths, likely
associated with a combination of high-water table and high
soil organic matter leading to low redox potentials and high
sulfide concentrations at depth (DeLaune et al., 1983b; Saun-
ders et al., 2006). In contrast, in the coastal plain estuary, live
rooting depths were variable but often extending to 40–50 cm
depth. Greater neap tide drainage (data not shown), lower soil
organic matter content throughout the soil depth profile, and
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higher redox potentials likely accounted for the lower live
rooting depths. Across the coastal lagoon marshes, the labile
C accumulation rate increased as live belowground biomass
increased. Fine biomass had a positive relationship with the
rate of refractory C accumulation, and refractory C density
was relatively high just below the marsh surface. Both of
these live and fine biomass components, therefore, were pos-
itively related to the total C accumulation rate. Accretion in
these marshes was positively associated with the live and
dead coarse biomass, likely due to the high porosity asso-
ciated with stem bases, rhizomes, and macro-organic matter.
In the coastal plain estuary, C accumulation and accretion
rates were not significantly related to belowground biomass.
It may have been presumed that marshes with higher tidal
ranges and higher rates of mineral sedimentation would have
greater stocks of belowground biomass. In these marshes,
mineral sediment accumulation rates ranged from less than
500 to over 4000 g m−2 yr−1, yet belowground biomass did
not vary much along this gradient. At similar rates of mineral
sedimentation, belowground live coarse biomass was over
1000 g m−2 lower in marshes of the coastal plain estuary as
compared to the coastal lagoon, despite a greater live rooting
depth. This may be associated with higher soil redox poten-
tials and a lower requirement for rhizome photosynthate stor-
age (Gallagher and Kibby, 1981) in the coastal plain marshes.
High belowground biomass is typically found in marsh areas
with a lower redox potential (Gallagher and Plumley, 1979;
Dame and Kenny, 1986, and references therein). This is hy-
pothesized to be due to greater investment in belowground
production (Hopkinson and Schubauer, 1984) and less photo-
synthate transfer from underground rhizomes throughout the
year, which results in lower aboveground biomass and higher
belowground biomass in short-form interior populations of
S. alterniflora than tall-form populations growing along the
creek bank (Gallagher and Kibby, 1981). Differences among
estuarine settings and soil organic matter contents may also
drive spatial patterns in belowground biomass and alloca-
tion. At higher sedimentation rates found in the coastal plain
estuary, fine belowground biomass, which was a significant
predictor of refractory C accumulation in the coastal lagoon,
declined significantly. In the marsh with the highest rates of
mineral sedimentation and labile and total organic C accumu-
lation (MR), the lower quantity of fine biomass may be due to
a shorter time period allowed for growth and accumulation.
The labile nature of fine biomass here suggests preservation
of labile fractions of fine biomass. With relatively low total
belowground biomass, burial and small particle (< 1 mm) ac-
cumulation support high C accumulation and accretion rates.
The mechanism of fine organic matter loss or limited input
with greater mineral sedimentation rates is unclear, partic-
ularly when these marshes have the highest rates of labile
and total organic C accumulation in our study (Unger et al.,
2016). In marshes with the highest rates of C accumulation,
labile C density, in particular, remained high when biomass
stocks were low. High accumulation rates in marshes with

low biomass seem to be maintained by a combination of high
allochthonous C deposition, high burial rates, and effective
preservation of labile C.

Our findings also provided insight as to the relative inputs
of local plant-derived versus non-plant-derived (e.g., edaphic
algae) and allochthonous C to the labile and refractory C
pools. We found significant relationships between below-
ground biomass stocks and soil C density. The significance
and strength of these relationships depended on geomorphic
setting, anatomical part, and the labile or refractory nature
of the soil C. Comparisons of biomass and C density pro-
files to profiles of mineral sediment volume (Unger et al.,
2016) yield several important insights on how plants and sed-
iments interact to influence soil C. Labile C density was re-
lated to live belowground biomass in most marshes. Below
the live root zone and in marshes with high sedimentation
rates, labile C preservation was high. In marshes where min-
eral sedimentation was high, labile soil C became more im-
portant, regardless of the belowground biomass pools. Labile
C density was weakly related to biomass stocks, and despite
significant relationships between live root biomass and la-
bile C accumulation in the root zone above the 137Cs peak
depth in Barnegat Bay, labile C density was often higher at
deeper depths with lower biomass. This suggests that labile
C density, while significantly related to live root biomass
at the surface is being physiochemically preserved at depth
regardless of the source. Associations with iron oxide min-
erals and clay complexes seem to be particularly important
for long-term organic C preservation (Kögel-Knabner et al.,
2008). Refractory soil C density was more strongly related
to belowground biomass across all marshes, indicating, as
expected, that plant biomass is the primary contributor to re-
fractory soil C. In the highly organic marshes of the coastal
lagoon, biomass played a strong role in increasing refractory
C in the upper soil column with both live and dead biomass
related to refractory C density. Soil profiles indicated that
in marshes with a concentration of biomass just below the
surface and where mineral sedimentation was low, refrac-
tory C dominated the soil C pool. The relationship between
live and dead biomass and refractory C in the coastal lagoon
marshes suggests that the tissue quality may be more refrac-
tory than in marshes of the coastal plain estuary, where only
dead biomass was associated with refractory soil C density.
This finding supports the hypothesis that under constrained
growing conditions (e.g., high salinity, high inundation, low
tidal range), more energy may be invested into the production
of recalcitrant tissues such as lignin, cellulose, and hemicel-
lulose (Knops et al., 2007). In addition, marshes with higher
live and total biomass (e.g., DN vs. IB) had much lower re-
fractory C densities. In the coastal plain estuary, refractory
C was associated with dead biomass and, at most sites, the
broken-down fine biomass.

Geomorphology played a large role in influencing the rel-
ative importance and contribution of plant biomass to soil
C and marsh accretion rate. Geomorphic conditions of high
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sediment availability and larger tidal range, which can mobi-
lize and distribute sediments in the main channel and creeks
of the coastal plain estuary, work in concert to promote C
accumulation and accretion. In these marshes, spatial vari-
ation in total and labile organic C accumulation rates were
positively related to aboveground biomass, but unrelated to
belowground biomass. Estuarine dynamics in the coastal la-
goon are characterized by localized sediment supplies and
limited tidal energy to resuspend, transport, and deposit sed-
iments, and, therefore, the marshes are highly dependent on
organic matter production for accretion. Within this system,
a high sediment supply and high elevation promoted a posi-
tive feedback between above- and belowground biomass and
elevation. Because of localized sediment supplies (e.g., CC)
and other geomorphic differences, there was no correlation
between hydrology and longer-term sedimentation rates even
over longer time periods (present study; Boyd et al., 2017).
Importantly, while studies suggest the vulnerability of mi-
crotidal marshes in coastal lagoons (Reed et al., 2008; Kir-
wan and Guntenspergen, 2010; Ganju et al., 2017), we il-
lustrate the importance of localized sources of sediments as
being the key to their survival through the positive feedback
on live and dead coarse and fine root biomass and organic
matter and C accumulation rates. Continuous standing water,
the enlargement of interior ponds, and loss of aboveground
vegetation are all signs of marsh deterioration. At IB, two
of the sampling locations had permanent shallow water be-
tween ditches and had lost the aboveground biomass. The
remnants of former vegetation were evident belowground,
where significant quantities of live stem bases, roots, and rhi-
zomes were present to below 28 cm depth at least 3 years
after aboveground biomass was permanently lost.

Comparison of dynamics between individual marshes
can also highlight important geomorphic effects on plant
biomass. RC in Barnegat Bay and DN in Delaware Bay expe-
rienced comparable hydrology and salinity in the marsh inte-
rior (Table 1). Yet the estuarine tidal range averaged approx-
imately 0.3 and 1.5 m in RC and DN, respectively (USGS
gages 01408167 and 01411435, respectively), and longer-
term rates of mineral sedimentation were 1 order of mag-
nitude larger, and soil bulk density was 3 times greater in
DN than in RC (Boyd et al., 2017; Unger et al., 2016). So,
despite a similar hydrology in the marsh interior, the tidal
range in the estuary and creeks and sediment supply were
much greater in DN than in RC. Aboveground biomass av-
eraged 2 times higher in DN than RC. Belowground live
coarse biomass averaged 2456 and 721 g m−2 in DN and RC,
respectively, and dead coarse biomass averaged 1063 and
280 g m−2 in DN and RC, respectively. Live rooting depth
was also significantly greater in DN (46 cm) as compared
to RC (19 cm). In contrast, CC in Barnegat Bay and DV
in Delaware Bay, two of the highest elevation marshes in
the two estuaries, experienced comparable hydrology. Salin-
ity was significantly higher at CC than DV, but soil organic
matter, bulk density, and mineral sedimentation rate did not

significantly differ. With both hydrology and sedimentation
rates being within range of each other, these two marshes in
very different geomorphic settings had similar plant biomass
and organic C accumulation rates. Biomass profiles were also
similar with the exception of greater fine organic matter in
CC as compared to DV, particularly between 4 and 20 cm
depth.

5 Conclusions

The fate of low-lying salt marshes as sea level rises depends,
in part, on their ability to accumulate organic matter and
to trap sediments. Sediment supply is also a major factor
and may be most important in influencing the biophysical
processes that promote accretion and soil C accumulation.
Our study illustrates that above- and belowground biomass
dynamics in sediment-limited S. alterniflora marshes are
strongly related to rates of mineral sedimentation, which pro-
motes positive feedbacks between biomass, soil C accumula-
tion, and accretion. Soil C accumulation and accretion rates
were strongly related to biomass fractions in the coastal la-
goon estuary, where all biomass components were positively
related to refractory C. In marshes where sediments were
more readily available, total belowground biomass and fine
biomass declined with an increasing rate of mineral sedimen-
tation and lower salinity. In the coastal plain estuary, above-
ground biomass was a significant predictor of labile C accu-
mulation rate, while belowground biomass did not scale with
C accumulation and accretion. Overall, our study shows that
marshes in geomorphic settings with limited sediment supply
and delivery have lower rates of organic C accumulation and
accretion, which are related to and limited by plant biomass.
Plant biomass can be further stimulated by additional sedi-
ment input. In geomorphic settings where sediment supply
and deposition rates are high, a strong positive relationship
between aboveground biomass and labile C accumulation
can promote high total C accumulation and accretion rates.

Data availability. Full tabulated belowground ingrowth and mass
loss, plant biomass, and environmental data are provided in the Sup-
plement and are available by request to the corresponding author.

The Supplement related to this article is available online
at https://doi.org/10.5194/bg-15-379-2018-supplement.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. We would like to thank Mike Archer,
Paula Zelanko, Linda Zaoudeh, Mike Schafer, Melanie Mills,

Biogeosciences, 15, 379–397, 2018 www.biogeosciences.net/15/379/2018/

https://doi.org/10.5194/bg-15-379-2018-supplement


T. Elsey-Quirk and V. Unger: Contribution of marsh vegetation to soil C accumulation 395

Michelle Brannin, and Brandon Boyd for help in the field and lab.
We would also like to thank all of the Mid-Atlantic Coastal Wetland
Assessment partners, i.e., Danielle Kreeger, Martha Maxwell-
Doyle, David J. Velinsky, and Angela Padaletti and others. This
research was largely funded by NJ SeaGrant/NOAA grant no.
6210-0011. Surface accretion data were funded by EPA Region 2
Wetland Program Development grant CD-97225909. We appreciate
the thorough and constructive comments from three anonymous
reviewers, which helped to improve the manuscript.

Edited by: Jens-Arne Subke
Reviewed by: three anonymous referees

References

Allen, J. R. L.: Salt-marsh growth and stratification: a numerical
model with special reference to the Severn Estuary, southwest
Britain, Mar. Geol., 95, 77–96, 1990.

Benner, R., Moran, M. A., and Hodson, R. E.: Biogeochemical cy-
cling of lignocellulosic carbon in marine and freshwater ecosys-
tems: relative contributions of procaryotes and eucaryotes, Lim-
nol. Oceanogr., 31, 89–100, 1986.

Benner, R., Fogel, M. L., and Sprague, E. K.: Diagenesis of below-
ground biomass of Spartina alterniflora in salt-marsh sediments,
Limnol. Oceanogr., 36, 1358–1374, 1991.

Blum, L. K.: Spartina alterniflora root dynamics in a Virginia
marsh, Mar. Ecol.-Prog. Ser., 102, 169–178, 1993.

Boyd, B., Sommerfield, C. K., and Elsey-Quirk, T.: Hydrogeomor-
phic influences on salt marsh sediment accumulation and accre-
tion in two estuaries of the U.S. Mid-Atlantic coast, Mar. Geol.,
383, 132–145, 2017.

Bradley, P. M. and Morris, J. T.: Influence of oxygen and sulfide
concentration on nitrogen uptake kinetics in Spartina alterni-
flora, Ecology, 71, 282–287, 1990.

Chmura, G. L., Anisfeld, S. C., Cahoon, D. R., and Lynch, J. C.:
Global carbon sequestration in tidal, saline wetlands, Global Bio-
geochem. Cy., 4, 1–12, 2003.

Connor, R. F., Chmura, G. L., and Beecher, C. B.: Carbon accumu-
lation in Bay of Fundy salt marshes: implications for restoration
of reclaimed marshes, Global Biogeochem. Cy., 15, 943–954,
2001.

Craft, C. S.: Freshwater input structures soil properties, vertical
accretion and nutrient accumulation of Georgia and U.S. tidal
marshes, Limnol. Oceanogr., 52, 1220–1230, 2007.

Dame, R. F. and Kenny, P. D.: Variability of Spartina alterniflora
primary production in the euhaline North Inlet estuary, Mar.
Ecol.-Prog. Ser., 32, 71–80, 1986.

Defne, Z. and Ganju, N. K.: Quantifying the residence time and
flushing characteristics of a shallow, back-barrier estuary: ap-
plication of hydrodynamic and particle tracking models, Es-
tuar. Coasts, 38, 1719–1439, https://doi.org/10.1007/s12237-
014-9885-3, 2014.

DeLaune, R. D., Buresh, R. J., and Patrick Jr., W. H.: Relationship
of soil properties to standing crop biomass of Spartina alterni-
flora in a Louisiana salt marsh, Estuar. Coast. Shelf S., 8, 477–
487, 1979.

DeLaune, R. D., Baumann, R. H., and Gosselink, J. G.: Relation-
ships among vertical accretion, coastal submergence, and erosion

in a Louisiana Gulf coast salt marsh, J. Sed. Pet., 53, 147–157,
1983a.

DeLaune, R. D., Smith, C. J., and Patrick, W. H.: Relationship
of marsh elevation, redox potential, and sulfide to Spartina
alterniflora productivity, Soil Sci. Soc. Am. J., 47, 930–935,
https://doi.org/10.2136/sssaj1983.03615995004700050018x,
1983b.

DeLaune, R. D., Pezeshki, S. R., Pardue, J. H., Whitcomb, J. H.,
and Patrick Jr., W. H.: Some influences of sediment addition to a
deteriorating salt marsh in the Mississippi River Deltaic Plain: a
pilot study, J. Coastal Res., 6, 181–188, 1990.

DeLaune, R. D., Jugsujinda, A., Peterson, G. W., and Patrick, W. H.:
Impact of Mississippi River freshwater reintroduction on enhanc-
ing marsh accretionary processes in a Louisiana estuary, Estuar.
Coast. Shelf S., 58, 653–662, 2003.

Elsey-Quirk, T.: Impact of Hurricane Sandy on salt marshes of New
Jersey, Estuar. Coast. Shelf S., 183, 235–248, 2016.

French, J. R.: Numerical simulation of vertical marsh growth and
adjustment to accelerated sea-level rise, Northern Norfolk, U.K.,
Earth Surf. Proc. Land., 18, 63–81, 1993.

Gallagher, J. L. and Kibby, H. V.: The Streamside effect in a Carex
lyngbyei estuarine marsh: the possible role of recoverable under-
ground reserves, Estuar. Coast. Shelf S., 12, 451–460, 1981.

Gallagher, J. L. and Plumley, F.: Underground biomass profiles and
productivity in Atlantic coastal marshes, Am. J. Bot., 66, 156–
161, 1979.

Ganju, N. K., Defne, Z., Kirwan, M. L., Fagherazzi, S., D’Alpaos,
A., and Carniello, L.: Spatially integrative metrics reveal hid-
den vulnerability of microtidal salt marshes, Nat. Commun., 8,
14156, https://doi.org/10.1038/ncomms14156, 2017.

Graham, S. A. and Mendelssohn, I. A.: Contrasting effects of nutri-
ent enrichment on below-ground biomass in coastal wetlands, J.
Ecol., 104, 249–260, 2016.

Hackney, C. T.: Factors affecting accumulation or loss of macroor-
ganic matter in salt marsh sediments, Ecology, 68, 1109–1113,
1987.

Hackney, C. T. and de la Cruz, A. A.: In situ decomposition of roots
and rhizomes of two tidal marsh plants, Ecology, 61, 226–231,
1980.

Haslett, S. K., Cundy, A. B., Davies, C. F. C., Powell, E. S., and
Croudace, I. W.: Salt marsh sedimentation over the past c. 120
years along the West Cotentin coast of Normandy (France): re-
lationship to sea-level rise and sediment supply, J. Coastal. Res.,
19, 609–620, 2003.

Hopkinson, C. S. and Schubauer, J. P.: Static and dynamic aspects
of nitrogen cycling in the salt marsh graminoid, Spartina alterni-
flora, Ecology, 65, 961–969, 1984.

Hodson, R. E., Christian, R. R., and Maccubbin, A. E.: Lignocel-
lulose and lignin in the salt marsh grass Spartina alterniflora:
initial concentrations and short-term, post-depositional changes
in detrital matter, Mar. Biol., 81, 1–7, 1984.

Howes, B. L., Dacey, J. W. H., and Teal, J. M.: Annual carbon min-
eralization and belowground production of Spartina alterniflora
in a New England salt marsh, Ecology, 66, 595–605, 1985.

JMP Version 12.1, SAS Institute Inc.: Cary, NC, 1989–2017.
Kelleway, J. J., Saintilan, N., Macreadie, P. I., and Ralph, P.

J.: Sedimentary factors are key predictors of carbon stor-
age in SE Australian saltmarshes, Ecosystems, 19, 865–880,
https://doi.org/10.1007/s10021-016-9972-3, 2016.

www.biogeosciences.net/15/379/2018/ Biogeosciences, 15, 379–397, 2018

https://doi.org/10.1007/s12237-014-9885-3
https://doi.org/10.1007/s12237-014-9885-3
https://doi.org/10.2136/sssaj1983.03615995004700050018x
https://doi.org/10.1038/ncomms14156
https://doi.org/10.1007/s10021-016-9972-3


396 T. Elsey-Quirk and V. Unger: Contribution of marsh vegetation to soil C accumulation

Kennish, M. J.: Physical description of the Barnegat Bay–Little Egg
Harbor estuarine system, J. Coastal. Res., 32, 13–27, 2001.

Kirwan, M. L. and Guntenspergen, G. R.: Influence of tidal range on
the stability of coastal marshland, J. Geophys. Res., 115, F02009,
https://doi.org/10.1029/2009JF001400, 2010.

Kirwan, M. L. and Guntenspergen, G. R.: Feedbacks between inun-
dation, root production, and shoot growth in a rapidly submerg-
ing brackish marsh, J. Ecol., 100, 764–770, 2012.

Kirwan, M. L. and Megonigal, J. P.: Tidal wetland stability in the
face of human impacts and sea-level rise, Nature, 504, 53–60,
2013.

Kirwan, M. L., Langley, J. A., Guntenspergen, G. R., and Megoni-
gal, J. P.: The impact of sea-level rise on organic matter decay
rates in Chesapeake Bay brackish tidal marshes, Biogeosciences,
10, 1869–1876, https://doi.org/10.5194/bg-10-1869-2013, 2013.

Knops, J. M. H., Naeemw, S., and Reich, P. B.: The impact of el-
evated CO2, increased nitrogen availability and biodiversity on
plant tissue quality and decomposition, Glob. Change Biol., 13,
1960–1971, 2007.

Kögel-Knabner, I., Guggenberger, G., Kleber, M., Kandeler, E.,
Kalbitz, K., Scheu, S., Eusterhues, K., and Leinweber, P.:
Organo-mineral associations in temperate soils: Integrating bi-
ology, mineralogy, and organic matter chemistry, Z. Pflanz. Bo-
denkunde, 171, 61–82, https://doi.org/10.1002/jpln.200700048,
2008.

Leonard, L. A. and Luther, M. E.: Flow hydrodynamics in tidal
marsh canopies, Limnol. Oceanogr., 40, 1474–1484, 1995.

Macreadie, P. I., Ollivier, Q. R., Kelleway, J. J., Serrano, O., Carnell,
P. E., Ewers Lewis, C. J., Atwood, T. B., Sanderman, J., Bal-
dock, J., Connolly, R. M., Duarte, C. M., Lavery, P. S., Steven,
A., and Lovelock, C. E.: Carbon sequestration by Australian tidal
marshes. Sci. Rep., 7, 44071, https://doi.org/10.1038/srep44071,
2017.

McKee, K. L., Cahoon, D. R., and Feller, I. C.: Caribbean man-
groves adjust to rising sea level through biotic controls on change
in soil elevation, Global Ecol. Biogeogr., 16, 545–556, 2007.

McLeod, E., Chmura, G. L., Bouillon, S., Salm, R., Björk, M.,
Duarte, C. M., Lovelock, C. E., Schlesinger, W. H., and Silliman,
B. R.: A blueprint for blue carbon: toward an improved under-
standing of the role of vegetated coastal habitats in sequestering
CO2, Front. Ecol. Environ., 9, 552–560, 2011.

Mendelssohn, I. A. and Kuhn, N. L.: Sediment subsidy: effects on
soil-plant response in a rapidly submerging coastal salt marsh,
Ecol. Eng., 21, 115–128, 2003.

Mendelssohn, I. A., McKee, K. L., and Patrick Jr., W. H.: Oxygen
deficiency in Spartina alterniflora roots: metabolic adaptation to
anoxia, Science, 214, 439–441, 1981.

Middelburg, J. J., Nieuwenhuize, J., Lubberts, R. K., and van
de Plassche, O.: Organic carbon isotope systematics of coastal
marshes, Estuar. Coast. Shelf S., 45, 681–687, 1997.

Moran, M. A. and Hodson, R. E.: Contributions of degrading
Spartina alterniflora lignocellulose to the dissolved organic car-
bon pool of a salt marsh, Mar. Ecol.-Prog. Ser., 62, 161–168,
1990.

Morris, J. T. and Bowden, W. B.: A Mechanistic, Numerical
Model of Sedimentation, Mineralization, and Decomposition
for Marsh Sediments1, Soil Sci. Soc. Am. J., 50, 96–105,
https://doi.org/10.2136/sssaj1986.03615995005000010019x,
1986.

Morris, J. T. and Bradley, P. M.: Effects of nutrient loading on the
carbon balance of coastal wetland sediments, Limnol. Oceanogr.,
44, 699–702, 1999.

Morris, J. T., Sundareshwar, P. V., Nietch, C. T., Kjerfve, B., and
Cahoon, D. R.: Responses of coastal wetlands to rising sea level,
Ecology, 83, 2869–2877, 2002.

Morris, J. T., Barber, D. C., Callaway, J. C., Chambers, R., Hagen,
S. C., Hopkinson, C. S., Johnson, B. J., Megonigal, P., Neubauer,
S. C., Troxler, T., and Wigand, C.: Contributions of organic and
inorganic matter to sediment volume and accretion in tidal wet-
lands at steady state, Earth’s Future, 4, 1–12, 2016.

Mudd, S. M., D’Alpaos, A., and Morris, J. T.: How does
vegetation affect sedimentation on tidal marshes? Investigat-
ing particle capture and hydrodynamic controls on biologi-
cally mediated sedimentation, J. Geophys. Res., 115, F03029,
https://doi.org/10.1029/2009JF001566, 2010.

Mueller, P., Jensen, K., and Megonigal, J. P.: Plants mediate soil
organic matter decomposition in response to sea level rise, Glob.
Change Biol., 22, 404–414, 2016.

Nyman, J. A., Walters, R. J., DeLaune, R. D., and Patrick Jr., W.
H.: Marsh vertical accretion via vegetative growth, Estuar. Coast.
Shelf S., 69, 370–380, 2006.

Ouyang, X. and Lee, S. Y.: Updated estimates of carbon accumula-
tion rates in coastal marsh sediments, Biogeosciences, 11, 5057–
5071, https://doi.org/10.5194/bg-11-5057-2014, 2014.

Reddy, K. R. and DeLaune, R. D.: Biogeochemistry of Wetlands:
Science and Applications, CRC Press, Boca Raton, Florida,
2008.

Reed, D. J., Bishara, D., Cahoon, D., Donnelly, J., Kearney, M.,
Kolker, A., Leonard, L., Orson, R. A., and Stevenson, J. C.:
Site-specific scenarios for wetlands accretion as sea level rises
in the mid-Atlantic region. Section 2.1 in: Background Docu-
ments Supporting Climate Change Science Program Synthesis
and Assessment Product 4.1: Coastal Elevations and Sensitivity
to Sea Level Rise, edited by: Titus, J. G. and Strange, E. M., EPA
430R07004, U.S. Environmental Protection Agency, Washing-
ton, DC, http://risingsea.net/papers/federal_reports/Titus_and_
Strange_EPA_section2_1_Reed_Cahoon_et_al.pdf (last access:
9 January 2018), 134–174, 2008.

Saintilan, N., Rogers, K., Mazumder, D., and Woodroffe, C.: Al-
lochthonous and autochthonous contributions to C accumulation
and C store in southeastern Australian coastal wetlands, Estuar.
Coast. Shelf S., 128, 84–93, 2013.

Saunders, C. J., Megonigal, J. P., and Reynolds, J. F.: Comparison
of belowground biomass in C3- and C4-dominated mixed com-
munities in a Chesapeake Bay brackish marsh, Plant Soil, 280,
305–322, https://doi.org/10.1007/s11104-005-3275-3, 2006.

Schubauer, J. P. and Hopkinson, C. S.: Above- and belowground
emergent macrophyte production and turnover in a coastal marsh
ecosystem, Georgia, Limnol. Oceanogr., 29, 1052–1065, 1984.

Stumpf, R. P.: The process of sedimentation on the surface of a salt-
marsh, Estuar. Coast. Shelf S., 17, 495–508, 1983.

Teal, J. M.: Energy flow in the salt marsh ecosystem of Georgia,
Ecology, 43, 614–624, 1962.

Teal, J. M. and Kanwisher, J. W.: Gas transport in the marsh grass,
Spartina alterniflora, J. Exp. Bot., 17, 355–361, 1966.

Unger, V., Elsey-Quirk, T., Sommerfield, C., and Velinsky, D. J.:
Stability of organic C accumulating in Spartina alterniflora-

Biogeosciences, 15, 379–397, 2018 www.biogeosciences.net/15/379/2018/

https://doi.org/10.1029/2009JF001400
https://doi.org/10.5194/bg-10-1869-2013
https://doi.org/10.1002/jpln.200700048
https://doi.org/10.1038/srep44071
https://doi.org/10.2136/sssaj1986.03615995005000010019x
https://doi.org/10.1029/2009JF001566
https://doi.org/10.5194/bg-11-5057-2014
http://risingsea.net/papers/federal_reports/Titus_and_Strange_EPA_section2_1_Reed_Cahoon_et_al.pdf
http://risingsea.net/papers/federal_reports/Titus_and_Strange_EPA_section2_1_Reed_Cahoon_et_al.pdf
https://doi.org/10.1007/s11104-005-3275-3


T. Elsey-Quirk and V. Unger: Contribution of marsh vegetation to soil C accumulation 397

dominated marshes of the mid-Atlantic U.S.A., Estuar. Coast.
Shelf S., 182, 179–189, 2016.

Valiela, I., Teal, J. M., and Persson, N. Y.: Production and dynamics
of experimentally enriched salt marsh vegetation: belowground
biomass, Limnol. Oceanogr., 21, 245–252, 1976.

Valiela, I., Wilson, J., Buchsbaum, R., Rietsma, C., Bryant, D.,
Foreman, K., and Teal, J.: Importance of chemical composition
of salt marsh litter on decay rates and feeding by detritivores,
Bull. Ar. Sci., 35, 261–269, 1984.

www.biogeosciences.net/15/379/2018/ Biogeosciences, 15, 379–397, 2018


	Abstract
	Introduction
	Methods
	Study sites
	Experimental design
	Environmental conditions
	Marsh elevation, hydrology, and salinity
	Soil properties

	Vegetation parameters
	Belowground growth and turnover
	Belowground decay
	Biomass

	Data analysis

	Results
	Local environmental conditions
	Belowground growth and turnover
	Belowground decay
	Vegetation structure
	Aboveground
	Belowground

	Relationship between vegetation and soil C and accretion
	Soil C density profiles
	C accumulation and accretion rates


	Discussion
	Conclusions
	Data availability
	Competing interests
	Acknowledgements
	References

