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Abstract Salt marshes have among the highest carbon (C) burial rates of any ecosystem and often rely on
C accumulation to gain elevation and persist in locations with accelerating sea level rise. Net ecosystem
carbon balance (NECB), the accumulation or loss of C resulting from vertical CO2 and CH4 gas ﬂuxes, lateral
C ﬂuxes, and sediment C inputs, varies across salt marshes; thus, extrapolation of NECB to an entire
marsh is challenging. Anthropogenic nitrogen (N) inputs to salt marshes impact NECB by inﬂuencing each
component of NECB, but differences in the impacts of fertilization between edge and interior marsh must
be considered when scaling up. NECB was estimated for the 0.5 km2 Spartina alterniﬂora marsh area of
Freeman Creek, NC, under control and fertilized conditions at both interior and edge berm sites. Annual CO2
ﬂuxes were nearly balanced at control sites, but fertilization signiﬁcantly increased net CO2 emissions at
edge sites. Lateral C export, modeled using respiration rates, represented a signiﬁcant C loss that increased
with fertilization in both edge and interior marsh. Sediment C input was a signiﬁcant C source in the interior,
nearly doubling with fertilization, but represented a small source on the edge. When extrapolating C
exchanges to the entire marsh, including edge which comprised 17% of the marsh area, the marsh displayed
net loss of C despite a net C gain in the interior. Fertilization increased net C loss ﬁvefold. Extrapolation
of NECB to whole marshes requires inclusion of C ﬂuxes for both edge and interior marsh.

Plain Language Summary Salt marsh ecosystems rely on carbon accumulation to increase
elevation and survive sea level rise. The amount of carbon accumulated in a marsh is the net result of
carbon dioxide emissions to the atmosphere, ﬁxation of carbon by photosynthesis, export of dissolved carbon
to the creek, and accumulation of organic carbon in sediments deposited on the surface. Because each
component varies between edge and interior marsh, it is challenging to estimate carbon accumulation for a
whole marsh system. It is not currently known how increasing nitrogen pollution impacts carbon
accumulation for a whole marsh. To ﬁnd out, we compared measurements of carbon accumulation in
fertilized and unfertilized plots in the edge and interior of a salt marsh at Freeman Creek, North Carolina,
USA. Overall, the marsh gained carbon in the interior but lost carbon on the edge, leading to a loss of about
50,000 kg C year−1 across the 0.5 km2 marsh area. However, under fertilized conditions, Freeman Creek
marsh carbon loss increased nearly ﬁvefold overall as a result of the large increase in carbon loss
from the edge marsh. This study shows that increasing nitrogen pollution in coastal waters will cause
increasing net carbon loss in marshes.

1. Introduction
Salt marshes, which represent a large reservoir of carbon (C), have among the highest rates of C burial per
unit area of any ecosystem (Duarte et al., 2005). The top meter of sediment in North American salt marshes
has been estimated to contain 1,886 ± 1,046 Tg C and accumulates 9 ± 5 Tg C annually (Windham‐Myers et
al., 2018). Whereas these systems do not comprise a signiﬁcant component of the global C budget due to their
small and declining total area (Ouyang & Lee, 2014), they may strongly inﬂuence local waters through
the import of particulate organic C and export of dissolved organic and inorganic C (DOC and DIC)
(Childers et al., 2002).

©2020. American Geophysical Union.
All Rights Reserved.

CZAPLA ET AL.

These salt marsh C reservoirs are currently threatened by accelerating sea level rise (SLR). If salt marshes do
not accrete faster than the local rate of SLR, they will destabilize, potentially releasing buried C to adjacent
coastal waters or atmosphere. However, salt marshes have been shown to be surprisingly resilient to SLR
(Kirwan et al., 2016), which may enhance marsh C burial rates through increased accretion rates (Kirwan
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& Mudd, 2012; Rogers et al., 2019). Carbon may accumulate through plant production and/or by trapping
and deposition of sediment by aboveground biomass (AGB); however, C is also lost due to plant and microbial respiration. Salt marsh net ecosystem carbon balance (NECB), which results from vertical CO2
exchanges with the atmosphere, lateral dissolved C exchanges, and allochthonous sediment C inputs
(Chapin et al., 2006), is an estimator of total C accumulation or loss in the marsh. Due to the inherent
challenges in estimating each of these ﬂuxes, little is known about the spatial heterogeneity and drivers of
salt marsh NECB.
Vertical exchanges of CO2 and CH4, the most commonly measured components of NECB, may be measured
using either static chambers or eddy covariance towers. Gross primary production (GPP) takes up atmospheric CO2 while respiration (R) performed by both plants and sediment microbial communities simultaneously releases CO2 to the atmosphere. The balance of these two processes, net ecosystem exchange
(NEE), may represent a net loss or gain of C, depending on light level, temperature, AGB, nutrient availability, pore water sulﬁde concentrations, and other variables that drive R and GPP. Vertical CH4 ﬂuxes are typically small in salt marshes because sulfate in seawater inhibits methanogenesis (Poffenbarger et al., 2011).
When a marsh is inundated by tidal water, much of the CO2 produced by R dissolves as DIC, which is
exported laterally along with DOC produced by GPP or leached from plant biomass. Lateral C ﬂuxes are
thought to be a signiﬁcant term in marsh NECB budgets (Childers et al., 2002; Neubauer &
Anderson, 2003; Z. A. Wang et al., 2016). According to the much‐debated Outwelling Hypothesis
(Childers et al., 2002; Nixon, 1980; Odum, 1980), C exported from marshes may support secondary production in adjacent coastal ecosystems. Tidal wetlands have been estimated to be the source of about 35% of TOC
in estuaries on the east coast of the United States (Herrmann et al., 2015).
Because of the organic C present in suspended sediments in tidal water, allochthonous C may represent a
signiﬁcant portion of a salt marsh's total NECB. The rate of sediment C accumulation depends on the C content in suspended sediments and the rate of sediment deposition, which varies depending on tidal amplitude, elevation, inundation duration and depth, suspended sediment concentrations (Friedrichs & Perry,
2001), and Spartina alterniﬂora AGB (Morris et al., 2002). In locations where fertilization increases AGB
and tidal water contains ample sediment concentrations, fertilization increases allochthonous C accumulation (Morris, Shaffer, & Nyman, 2013) and elevation (Davis et al., 2017). While both mineral and organic
sediments accumulate in marshes, organic material is often responsible for the majority of the vertical accretion in marshes on the U.S. east coast (Morris et al., 2016; Neubauer, 2008).
Heterogeneous physical and chemical characteristics within and across salt marsh sites drive spatial heterogeneity of NEE, lateral C export, and sediment C deposition and, therefore, will drive spatial variation of
NECB. Elevation is one major characteristic that varies across marsh surfaces, driving variation in pore
water chemistry. Typical marsh morphology often consists of a high berm on the edge adjacent to the tidal
creek due to a history of high sediment deposition rates (Temmerman et al., 2003) backed by a lower interior
marsh with elevation gradually increasing toward the upland. Rapid ﬂushing of sediment with oxic creek
water (Gardner, 2005; Harvey et al., 1995) causes lower accumulation of metabolic products such as H2S
and NH4+ in pore water on the edge than in the interior (Czapla et al., 2020; Howes & Goehringer, 1994).
The differences in pore water chemistry across these marsh subhabitats will give rise to distinct C and N
cycling dynamics. Differences in C ﬂuxes between edge and interior marsh may be important to consider
when scaling NECB estimates to whole marsh areas.
Nitrogen availability, which is increasing in many salt marshes as a result of anthropogenic inputs
(Hopkinson et al., 2012; Pardo et al., 2011), is likely to have a strong impact on each component of salt marsh
NECB and thus NECB itself. Studies have shown that fertilization increases C accumulation through aboveground production and sediment input (Anisfeld & Hill, 2012; Darby & Turner, 2008; Davis et al., 2017;
McFarlin et al., 2008; Mendelssohn, 1979; Morris, Shaffer, & Nyman, 2013; Valiela, 2015) but also increases
C losses through net CO2 emissions (Caplan et al., 2015; J. Wang et al., 2013) and decreased belowground production (Darby & Turner, 2008; Deegan et al., 2012; Graham & Mendelsshon, 2016). However, it is unknown
whether increasing N has a positive or negative effect on salt marsh NECB. Czapla et al. in a companion paper
in this issue pointed out that fertilization effects on C ﬂuxes differ across marsh sites due to location‐speciﬁc
physical and chemical characteristics, and this heterogeneity in responses to fertilization may complicate
the relationship between salt marsh N availability and NECB. While several studies have reported an
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increase in AGB and net CO2 emissions with fertilization, other studies have reported no effect on AGB
(Davis et al., 2017; Johnson et al., 2016) and NEE (Geoghegan et al., 2018) at certain sites. Belowground biomass (BGB) has been reported to either increase (Morris, Sundberg, & Hopkinson, 2013; Wigand et al., 2014),
decrease (Darby & Turner, 2008; Deegan et al., 2012; Graham & Mendelsshon, 2016), or remain the same
(Davis et al., 2017) in response to fertilization. Accumulation of pore water sulﬁde in interior marshes may
determine how salt marshes respond to fertilization. Sulﬁde has been shown to inhibit plant uptake of
NH4+ (Bradley & Morris, 1990). In the same companion paper, Czapla et al. hypothesized that the inhibition
of plant NH4+ uptake in the presence of pore water sulﬁde reduced the potential impact of fertilization on
NECB in interior marshes. However, in edge marshes tidal ﬂushing of pore water removed sulﬁde and
resulted in an increased response of NECB to fertilization. In addition, the response of sediment deposition
to fertilization has been observed to vary across studies depending on suspended sediment concentrations
and the response of AGB to fertilization (Morris, Shaffer, & Nyman, 2013).
The objectives of this study were to (1) determine per m2 differences in NEE, lateral C export, sediment C
input, and NECB between edge marsh and interior marsh for both natural and fertilized conditions and
(2) determine the effect of fertilization on lateral C export, sediment C input, and NECB for the total marsh
area, taking differences in edge and interior into account. We hypothesized that edge marsh would have
greater C losses than the interior marsh on an annual basis; fertilization would result in greater C loss overall, and the effect of fertilization on edge NECB would be greater than on interior NECB. We expected that
accounting for differences in edge versus interior C ﬂuxes would signiﬁcantly impact rates scaled to the
whole marsh area. To our knowledge, this study is the ﬁrst mass balance calculation of salt marsh NECB
on an annual time scale.

2. Materials and Methods
2.1. Experimental Site
Freeman Creek (FC) is a small tidal creek along the Intracoastal Waterway on Camp Lejeune Marine Corps
Base, NC (Figure 1, 34°35′52.8″N, 77°19′37.2″W). It has a typical salinity range of 30–35, annual average
tidal amplitude of 0.83 m, and 0.50 km2 of S. alterniﬂora‐dominated marshes. This study compared sites
at FC marsh in the interior and along the creek edge. Interior plots were approximately 70–100 m from
the creek edge and were within 0 to 0.1 m above sea level, whereas the edge plots were located on the top
of a berm within 5 m of the creek and 0.2 to 0.3 m above sea level.
2.2. Experimental Design
Three replicate control‐fertilized plot pairs were established on both the edge and interior of FC, maintaining at least 1 m between pairs. Aluminum collars (0.9 m × 0.9 m) with drainage holes were permanently
installed in each plot at the beginning of the experiment as a base to set chambers on. A solid mixture of
NH4NO3 and P2O5 (30 mol N year−1 and 15 mol P year−1) was distributed evenly by hand at low tide on plots
randomly chosen within each pair for fertilization. This fertilization rate was selected because it has been
used in several previous studies (Davis et al., 2017; Morris et al., 2002; Valiela, 2015). Greater natural N loading has been observed at other marsh sites (Wigand et al., 2009). Fertilization was performed on the dates
indicated in Supporting Information Table S2, and seasonal CO2 and CH4 ﬂux measurements took place
at least 1 month after each fertilization.
2.3. Spatial Analysis
ArcGIS was used to quantify the total area of S. alterniﬂora marsh classiﬁed as “edge” versus “interior.” Edge
marsh was deﬁned as the marsh area within 5 m of the creek, so that much of the edge included the high‐
elevation berm area, which was approximately 5 m wide. The S. alterniﬂora area was broken down into elevation categories for every 0.1 m elevation change, and the total area of each elevation category was quantiﬁed for edge and interior separately. Elevation raster data were derived from 2013 Camp Lejeune Marine
Corps Base Lidar data. The resulting areas were used to spatially extrapolate edge and interior NEE and
lateral C export to their respective elevations.
CZAPLA ET AL.
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Figure 1. Maps of Freeman Creek Spartina alterniﬂora area (34°35′52.8″N, 77°19′37.2″W) showing (a) edge (red) and
interior (green) areas of S. alterniﬂora marsh; stars indicate the location of edge and interior plots, and (b) elevations
(NAVD88) binned by 0.1 m categories. Blue represents creek area. Analysis performed in ArcGIS.

2.4. Vertical C Flux
NEE was modeled throughout the year based on chamber measurements of CO2 ﬂuxes, PAR, and temperature and corrected for the effects of tidal inundation depth relative to stem height (companion paper
by Czapla et al. and supporting information). CH4 ﬂuxes were measured with a Los Gatos Greenhouse
Gas Analyzer simultaneously with CO2 ﬂuxes. To account for varying elevations across the marsh, the
% of S. alterniﬂora stem height inundated per hour was estimated based on water depth at the midpoint
of each elevation category. The resulting annual ﬂux for each elevation category was multiplied by the
total area of edge or interior in each respective elevation category and was summed to extrapolate to
the entire marsh area.
2.5. Lateral C Flux
2.5.1. Groundwater Flux
Three 50 cm deep piezometers were installed on the edge of FC marsh and sampled seasonally for groundwater DOC and DIC. Piezometers were ﬂushed with N2 gas prior to sampling to remove reactive gases and
pumped to ﬂush out stagnant pore water. DOC samples were ﬁltered in the ﬁeld into scintillation vials (combusted prior to sampling at 500°C for 5 hr) with 0.45 μm polyethylsulfone syringe ﬁlters, stored frozen, and
analyzed on a Shimadzu TOC‐V analyzer. DIC samples were collected without ﬁltering in 8 ml Hungate
tubes spiked with 8 μl of saturated HgCl2 solution and analyzed within 30 days of collection with a Li‐Cor
6252 infrared CO2 analyzer by injecting 100 μl of sample into 0.05 M H2SO4 sparged with N2 gas as described
in Neubauer and Anderson (2003).
Annual groundwater drainage volume per meter of creekbank length was calculated at FC by Lettrich (2011)
using Darcy's law, which derives groundwater ﬂow rate from hydraulic head and conductivity. Annual average concentrations of pore water DOC and DIC were multiplied by the pore water drainage volume per
meter of creekbank per year and the total length of creekbank at FC to calculate lateral groundwater DIC
and DOC ﬂuxes.
CZAPLA ET AL.
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2.5.2. Tidal Lateral Flux
Respiration measured as CO2 emissions in dark chambers was used as a proxy for DIC export using the
formula:
Lateral DIC export ¼ RM * PS
where RM = modeled hourly R based on chamber measurements and PS = percentage of total average
stem height submerged in tidal water.
Lateral DIC export rates were modeled using this formula and summed to estimate annual lateral DIC
export. This calculation was based on an observed negative linear relationship (Zawatski, 2018) between
the proportion of plant stem submerged and the CO2‐derived R, which is zero at 100% plant stem submersion. Average stem heights used were speciﬁc to each plot. We assumed that the same rate of respiration
occurs during inundated and non‐inundated periods but the product of R is DIC rather than CO2 gas during
inundation. Therefore, the amount of DIC produced by R during inundation was calculated as the difference
between the modeled CO2 ﬂuxes before and after inundation correction.
To test the validity of deriving lateral DIC ﬂuxes from respiration rates as described above, the respiration‐
derived DIC ﬂuxes were compared to the DIC ﬂuxes estimated based on DIC concentrations in water overlying the marsh for two individual tidal cycles during different seasons. For each tidal cycle, three replicate
DIC and DOC samples were taken from the surface tidal creek water at slack low tide before the marsh was
inundated, and overlying marsh water was sampled during slack high tide at six locations across the marsh.
Samples were taken and analyzed in the same manner as previously described for the groundwater lateral
ﬂux. The lateral DIC ﬂux for a single tidal cycle was calculated as
Measured DIC lateral flux ¼ ðDICmarsh − DICcreek Þ * Vmarsh
where DICmarsh is the concentration of DIC in water overlying the marsh; DICcreek is the concentration of
DIC in the creek; and Vmarsh is the volume of water overlying the marsh, based on average elevation,
water height, and total area of marsh.
Lateral DOC ﬂuxes were calculated in the same way based on the concentration of DOC in samples. The
average ratio of these DIC and DOC lateral ﬂux calculations was used to calculate the annual DOC lateral
ﬂux from the modeled DIC lateral ﬂux as follows:
Annual DOC lateral flux ¼ modeled DIC lateral flux * ðaverage measured DOC: DIC lateral fluxÞ
2.6. Sediment C Deposition
Sediment deposition was measured on the marsh surface using marker horizons established in three control
and two fertilized plots in FC interior. The sediment deposition depth above the marker horizon was
sampled with a cryocore every 3 months, and a fresh marker horizon was laid down after each measurement.
Percent C content by mass (% C) and bulk density were measured seasonally in the top 2 cm of 2.2 cm diameter cores. FC interior marsh sediment were used to calculate C content in accreted sediment. Percent C
was measured on a Flash EA1112 elemental analyzer, and bulk density was calculated from sediments dried
in a 60°C oven for 2 weeks and weighed. C input along the FC edge was predicted from FC interior marker
horizon‐measured rates by assuming a linear relationship between ﬂood duration and log sediment deposition, which has been observed widely across salt marshes (Cahoon & Reed, 1995; Darke & Megonigal, 2003;
Friedrichs & Perry, 2001).
2.7. Net Ecosystem Carbon Balance
NECB was determined based on a mass balance of C ﬂuxes, as shown in the following equation published in
Chapin et al. (2006):
NECB ¼ −NEE þ FCO þ FCH4 þ FVOC þ FDIC þ FDOC þ FPC
where NEE = net ecosystem exchange; FCO = net carbon monoxide (CO) absorption; FCH4 = net CH4 consumption; FVOC = net volatile organic C (VOC) absorption; FDIC = net dissolved inorganic C (DIC) input
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to the ecosystem; FDOC = net dissolved organic C (DOC) input; and FPC = net lateral transfer of particulate (nondissolved, nongaseous) C into the ecosystem.
Here we calculate NECB using this equation, assuming that CO and VOC ﬂuxes are negligible relative to the
other large salt marsh ﬂuxes. VOC ﬂuxes are typically very low unless large industrial discharges are present
at a site (Wakeham et al., 1982).
2.8. Statistics
A three‐way analysis of variance (ANOVA) with factors of season, treatment, and location was performed in
R (R Core Team, 2014) to determine statistical differences in plot‐level methane ﬂuxes. Mixed‐effect models
with treatment and location as ﬁxed effects and plot pair as a random effect were performed with the lme4
package (Bates et al., 2015) in R to assess signiﬁcant differences in ﬂuxes per m2. Modeled and directly
measured lateral C ﬂuxes were tested for statistical differences using a two‐tailed two‐sample t test. Fluxes
spatially extrapolated to the entire marsh were tested for differences between fertilized and control treatments using a paired t test.

3. Results
3.1. FC Spatial Analysis
ArcGIS analysis of FC salt marshes revealed that of the 0.50 km2 total S. alterniﬂora area, 0.09 km2 or 17% of
the area was within 5 m of the tidal creek and thus deﬁned as “edge” area. Binning elevations into categories
of 0.1 m ranges (Table S1) revealed that 75% of the total area was within −0.2 and 0.2 m above sea level
(NADV88); however, the edge area skewed toward greater elevations, with greatest edge area within
0.1–0.2 and 0.2–0.3 m elevation categories.
3.2. Vertical C Fluxes
3.2.1. Vertical CO2 Flux
NEE at control sites was in close balance at both the edge and interior; however, fertilization resulted in net
CO2 emissions at both sites. Both R and GPP were greater on the edge than the interior, and both were stimulated by fertilization (see companion paper Czapla et al., 2020). Edge control and fertilized NEE were
−82.7 and 694.7 g CO2 m−2 year−1, respectively, but interior control and fertilized NEE were 18.5 and
216.5 g CO2 m−2 year−1, respectively.
NEE was signiﬁcantly greater in fertilized than control plots at the edge (p = 7.5 × 10−5), but no signiﬁcant
difference was observed in the interior (Figure 2). Once ﬂuxes were extrapolated to the total edge and interior areas at FC, the total marsh area emitted 3.7 × 102 kg CO2 year−1 under control conditions and
1.5 × 105 kg CO2 year−1 under fertilized conditions. NEE extrapolated to the total Freeman marsh was signiﬁcantly higher for fertilized marsh (p = 0.023). If the greater NEE rates along the fertilized edge had been
ignored for spatial extrapolation, the NEE of the total fertilized marsh area would have been underestimated
by 38%.
3.2.2. Vertical CH4 Flux
CH4 ﬂuxes (Figure 3) ranged between 0 and 6 mg CH4 m−2 day−1, more than 3 orders of magnitude lower
than daily respiration rates (ranging from 470 to 13,460 mg CO2 m−2 day−1). A three‐way ANOVA indicated
that CH4 ﬂuxes were not statistically different across locations and treatments, but winter CH4 ﬂuxes were
signiﬁcantly lower than fall (p = 1.27e−5), spring (p = 3.9e−5), and summer (p = 7e−7) ﬂuxes. Because the
magnitudes of CH4 ﬂuxes were negligible compared to CO2 for a marsh carbon budget, CH4 was not temporally or spatially extrapolated for the annual NECB calculation.
3.3. Lateral DIC/DOC Flux
For the entire marsh area, the modeled lateral DIC ﬂux varied widely per tidal cycle, ranging from 0 to
2,000 kg tidal cycle−1 (Figure 4). Lateral DIC export from fertilized marsh was consistently greater than
export from unfertilized sites for the same tidal cycles. The greatest ﬂuxes corresponded with long inundation periods and high water levels in the fall, but the lowest ﬂuxes occurred during the winter. According to
mixed‐effects model analysis, the annual tidal lateral DIC and DOC ﬂuxes estimated from modeled CO2
ﬂuxes (Figure 5) were signiﬁcantly greater in control plots on the edge than in the interior (p = 0.02) but signiﬁcantly greater with fertilization in both locations (p = 2.2 × 10−16). The annual tidal lateral DIC and DOC
CZAPLA ET AL.
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Figure 2. Annual (a) GPP and R and (b) NEE ﬂuxes from edge and interior Freeman marsh areas. Error bars represent
standard error of the mean of the three triplicate plots.

Figure 3. Daily methane ﬂuxes measured by chambers in Freeman Creek plots. Error bars represent standard error of
the mean of the three triplicate plots.

CZAPLA ET AL.
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Figure 4. Lateral DIC export per tidal cycle in control and fertilized treatments modeled from chamber‐measured
respiration rates extrapolated to the total marsh area. Error bars represent standard error of the mean of the three
triplicate plots.

ﬂuxes for the total marsh area were 1.26 × 105 kg for the control treatment and 2.73 × 105 kg year−1 for the
fertilized treatment. Control and fertilized lateral C ﬂuxes were signiﬁcantly different (p = 0.007). Ignoring
greater lateral ﬂuxes from edge marsh would result in a 10% underestimation of the lateral tidal ﬂux from the
total marsh area. The groundwater lateral DIC ﬂux was 20.1 × 103 kg year−1, 2 orders of magnitude lower
than the tidal lateral ﬂux. The groundwater lateral DOC ﬂux was 1.2 × 103 kg year−1, an order of
magnitude lower than the lateral DIC ﬂux in tidal water.
DIC export modeled using CO2 respiration rates were similar to those based on concentrations of DIC measured during slack ﬂood during two different seasons (Table 1). While the DIC export during summer was
more than three times greater than the DIC export during spring for both modeled and measured methods,
the modeled export was consistently about 60% of the measured export. There was no statistical difference
between measured and modeled lateral DIC export for both April (p = 0.26) and August (p = 0.07) tidal
cycles. The measured DOC export was on average 78% of the measured DIC export per tidal cycle.
3.4. Sediment Carbon Deposition

Figure 5. Lateral DIC and DOC export from Freeman Creek (predicted from
chamber‐measured R and tidal water depth). Error bars represent standard
error of the mean of the three triplicate plots.

CZAPLA ET AL.

Marker horizons in Freeman interior accreted 3.7 (±0.4) and 7.8
(±3.3) cm sediment annually in control and fertilized treatments,
respectively. Average values of 0.289 and 0.274 g cm−3 bulk density
for control and fertilized treatments and an average of 4.5% C by mass
in surface sediment were used for all locations and treatments. The
interior was estimated to have accumulated 507.2 and 1,016 g
C m−2 year−1 under control and fertilized conditions, respectively.
Accumulation of C through sediment deposition (Figure 6) was an
order of magnitude lower on the edge than in the interior. The linear
relationship between log sediment deposition and ﬂood duration was
expressed as y = 0.0492x for the control treatment and y = 0.0547x for
the fertilized treatment. Calculation of sediment deposition based on
this linear relationship yielded rates of 59.0 g C m−2 year−1 at control
sites and 93.2 g C m−2 year−1 at fertilized sites. Fertilization doubled
sediment C deposition in the interior. Once extrapolated to the entire
marsh area, Freeman marsh accumulated 2.14 × 105 kg sediment
C year−1 under control conditions but 4.27 × 105 kg sediment
C year−1 under fertilized conditions. If the interior ﬂux rates were
8 of 16
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Table 1
−2
−1
Comparison of Lateral DIC Flux (g m
Tidal Cycle ) Measured Directly
Versus Predicted by R and Tidal Water Depth
Date

Measured
export

R‐predicted
export

DIC R‐predicted:
measured (%)

#
samples

4/16/2016
8/26/2016

0.34 (0.08)
1.07 (0.06)

0.21 (0.01)
0.62 (0.24)

60.43
58.36

6
6

Note. Calculations described in section 2.5.2. Standard errors are in parentheses. Dates are formatted as MM/DD/YYYY.
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applied to the entire marsh area, the resulting sediment C deposition
would be overestimated by about 20% for both natural and fertilized
treatments.
3.5. Net Ecosystem Carbon Balance
NECB was calculated based on the Chapin et al. (2006) equation as
shown in Table 2.

Based on the mass balance of each of the ﬂuxes considered in this
study, the marsh lost 520.5 g C m−2 on the edge but gained 83.5 g
C m−2 in the interior (Figure 7). Fertilization increased C loss on
the edge about threefold (p = 0.0022) but did not signiﬁcantly affect the NECB in the interior (p = 0.61).
However, the average interior NECB shifted from a net C gain to a net C loss with fertilization. Edge and
interior NECB were signiﬁcantly different for both control (p = 0.027) and fertilized (p < 0.0001) conditions.
After scaling up to the entire marsh area (Figure 8), FC marsh was estimated to lose 3.2 × 104 kg C year−1
under control conditions but 2.3 × 105 kg C year−1 under fertilized conditions. However, if edge ﬂuxes were
ignored, total marsh area NECB would show a net C gain of 4.14 × 104 kg C year−1 instead of net loss under
natural conditions and would decrease the estimated C losses under fertilized conditions. A paired t test indicated that total marsh NECB was signiﬁcantly different between control and fertilized treatments
(p = 0.003).

4. Discussion
We observed a clear difference in NECB between edge and interior marsh and conﬁrmed that spatial heterogeneity of NECB must be considered for accurate extrapolation to whole marsh systems. While the
consideration of heterogeneity between edge and interior in ﬂux rates represents an improvement over
many past extrapolation methods, extrapolations from plot measurements to whole marsh estimates continue to have shortcomings and rely on the assumption that plots are representative of the whole marsh.
Edge NECB signiﬁcantly impacted the C budget of the whole FC marsh, driving overall net C losses of
31.5 × 103 kg C year−1 despite a signiﬁcant net C uptake of 20.6 × 103 kg C year−1 using interior rates
(83.5 g C m−2 year−1) only extrapolated to the whole marsh. Most estimates of C accumulation do not
make a distinction between edge and interior accumulation rates and, thus, may overestimate C accumulation for the whole marsh. The net loss of C from the edge resulted from low sediment C input and high
metabolic rates (Czapla et al., 2020). GPP and R, although nearly balanced at both interior and edge sites,
were twofold higher at the edge (Czapla et al., 2020), resulting in higher calculated lateral C export, which
was estimated based on measured R.

Figure 6. Sediment C import as measured by feldspar marker horizons in the interior and modeled on the edge. Error
bars represent standard error of the mean of the three triplicate plots.
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Table 2
3
Mass Balance Calculation of NECB for Total Freeman Area (Units in 10 kg
−1
C Year )
Edge + interior ﬂuxes

NEE
FDIC
FDOC
FPC
NECB

Interior ﬂuxes only

Control

Fertilized

Control

Fertilized

−0.4 (40.6)
−147.3 (6.4)
−99.0 (5.0)
+214.4 (19.9)
−31.5 (28.8)

−150.1 (67.4)
−294.1 (12.5)
−214.5 (9.9)
+427.3 (174.5)
−231.0 (44.6)

−9.2 (20.2)
−134.7 (4.9)
−89.1 (3.9)
+253.6 (23.9)
+20.6 (42.8)

−108.2 (25.4)
−293.5 (1.5)
−214.0 (7.0)
+508.1 (211.5)
−107.6 (68.6)

Note. FCH4, FCO, and FVOC were assumed to be negligible relative to other
measured C ﬂuxes. Lateral export includes both tidal and ground water export.
This table also includes a comparison of ﬂux calculations without inclusion of
edge ﬂuxes. Standard errors are in parentheses. Positive ﬂuxes represent marsh
C loss to the environment; negative values represent marsh C uptake.
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Fertilization had little effect on interior NECB but greatly increased
net loss of C from the edge. In the fertilized interior marsh, C lost
through vertical emissions and lateral C ﬂux was offset by the
increase in allochthonous sediment C deposition. Similarly,
Graham and Mendelsshon (2014) found that higher allochthonous
sediment C inputs due to fertilization balanced out greater losses
due to vertical C emissions. However, on the fertilized edge sediment
C input was insufﬁcient to offset C losses due to vertical emissions
and lateral export. Thus, if this same study were conducted only in
marsh interior sites, the negative impact of fertilization on FC marsh
C accumulation would have been greatly underestimated.
A thorough discussion of FC vertical C ﬂuxes and their responses to
fertilization at these sites were discussed in detail in the companion
paper to this work (Czapla et al., 2020).

4.1. Lateral C Export
Lateral C export was the most important NECB component for C loss. Groundwater lateral DIC and DOC
ﬂuxes were both an order of magnitude lower than the tidal lateral ﬂuxes under control conditions and, thus,
less important to overall lateral C export. While we did not include a fertilized treatment for groundwater
lateral export, fertilization at the marsh surface is unlikely to impact groundwater at 50 cm depth.
Although the concentrations of DIC were greater in groundwater than in tidal water, the more rapid rate
of tidal water exchange compared to groundwater drainage caused a greater tidal C export rate relative to
groundwater C export.
Previous studies have observed high variability of tidal C export on short time scales, highlighting the importance of high‐frequency measurements of DIC (Chu et al., 2018; Z. A. Wang et al., 2016). Our novel approach
for modeling lateral export ﬂuxes was developed to account for variations in water depth, stem height, and
respiration rates. This method allowed us to predict the effect of fertilization on lateral export without the
need to fertilize an entire marsh area, and may be useful for quickly assessing lateral C export for marshes
when direct measurements are not feasible. Recent lateral C ﬂux studies relied on high‐frequency measurements of DIC in a marsh drainage channel (Z. A. Wang et al., 2016), but these measurements were limited to

2

Figure 7. Net ecosystem carbon balance (NECB) per m at Freeman Creek marsh based on mass balance. Negative
values are ﬂuxes out of the marsh, while positive values are ﬂuxes into the marsh. Error bars represent standard
error of the mean of the three triplicate plots. NEE is in the opposite sign previously shown to reﬂect its negative value in
the NECB equation.
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Figure 8. Mass balance of ﬂuxes and total NECB for (a) control and (b) fertilized treatments at Freeman Creek. Positive
NECB indicates marsh C uptake, and negative NECB net C loss. Standard errors are in parentheses.

marsh areas with simple single‐channel drainage hydrology and may miss higher DIC concentrations
produced on the edges of the marsh by high rates of R and GPP.
Our modeling approach to assessing lateral C export is subject to uncertainties from a variety of sources.
Although the R‐predicted lateral DIC ﬂuxes were consistently about 60% of the directly measured ﬂuxes
during two tidal cycles, the lack of statistical difference between R‐predicted and measured lateral ﬂuxes suggests that this method is reasonable for lateral export estimation and that the rate of respiration may be
assumed to remain unchanged with tidal inundation. While other studies have concluded that tidal inundation inhibits R (Chambers et al., 2013; Guo et al., 2009; Heinsch et al., 2004), these studies were based only on
measurements of gaseous CO2 ﬂuxes without considering DIC production. One study that examined the production of both CO2 and DIC in pore water (Tong et al., 2014) concluded that salt marsh R was not signiﬁcantly different whether the marsh was inundated or not. More rigorous testing of the effects of inundation
on total R (DIC + CO2 ﬂux) may improve the modeling of lateral C export. This method's accuracy also
depended on the ratio of DIC to DOC export, measured only during two seasons at slack ﬂood tide and which
may shift seasonally. The direct measurement of lateral C export during only spring and summer has the
potential to bias the DOC export estimation. Our estimates of lateral C export also relied on the accuracy
of temporal extrapolations of NEE, which was measured once per season and is likely to have greater error
during seasonal transitions.
Despite these potential sources of error, the resulting annual ﬂux per m2 was comparable to that of other studies. Previous studies have reported an average of 421 ± 250 g C m−2 year−1 exported laterally on the
Atlantic coast (Windham‐Myers et al., 2018). DIC comprised 236 ± 120 g C and TOC 185 ± 71 g
CZAPLA ET AL.
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C m−2 year−1 of this average (Herrmann et al., 2015; Najjar et al., 2018), indicating similar magnitudes for
DIC and TOC ﬂuxes. The majority of TOC export was in the form of DOC because marshes typically import
particulate organic carbon (POC). The area‐normalized R‐predicted lateral ﬂuxes at FC correspond remarkably well to these averages at 227 g DIC and 178 g DOC m−2 year−1. Fertilizer increased lateral DIC and DOC
export by increasing metabolic rates, implying that increasing anthropogenic N inputs to salt marsh systems
will increase the lateral export of C to adjacent waters.
4.2. Sediment Carbon Deposition
We chose to use marker horizons as the most appropriate way to directly measure short‐term sediment
deposition. Using other methods for accretion measurement such as 210Pb, 14C, 137Cs, or Surface
Elevation Tables (SETs) accounts for C accumulation at longer time scales and incorporates processes such
as compaction, belowground production, and decomposition. Marker horizons may overestimate sediment
C input due to root growth at the sediment surface, which would result in double‐counting of C from GPP,
though this was rarely observed. This study minimized this overestimation by establishing fresh marker horizons seasonally. An overestimate of sediment deposition could also result from applying bulk density measures from sediment cores to the cryocores, which collect the watery, light material at the sediment surface
without compaction. The low‐lying FC marsh had typical suspended sediment ranges of 20 to 80 mg L−1 and
did not exhibit a decrease in suspended sediment concentration of tidal ﬂood water from the edge to the
interior marsh (Ensign et al., 2017). Instead, a surface microlayer was resuspended on each tide cycle, which
transported suspended sediment well into the marsh (Ensign et al., 2017). As suspended sediment concentrations did not decrease with distance into the marsh, one sediment deposition rate was applied for the
whole interior marsh based on marker horizon measurements near the average interior marsh elevation.
Extrapolations for sediment input to other marsh interiors may require a correction for distance from
the creek.
The C accumulated through sediment deposition may be used as substrate for microbial respiration, causing
the sediment organic C to be lost as CO2 or DIC and supporting net heterotrophy. Sediment deposition rates
for any marsh location are driven by elevation, inundation time, suspended sediment concentrations in overlying tidal water, and AGB (Friedrichs & Perry, 2001). Edge marsh had much lower sediment deposition
rates than the interior resulting from greater elevation and lower inundation time. Fertilization increased
sediment deposition in the interior due to higher AGB (see companion paper by Czapla et al., 2020).
Although AGB increased on the edge with fertilization, sediment deposition did not increase substantially
because of the short inundation time. The large differences between edge and interior rates of sediment
deposition and responses to fertilization are important to consider when extrapolating per m2 measurements
to the entire marsh. Using only rates measured in the interior marsh will lead to systematic overestimation of
sediment C input in marshes with a high edge berm.
4.3. Net Ecosystem Carbon Balance
The ﬂuxes contributing to NECB varied in relative importance across sites and treatments. Lateral C export
may be the most uncertain of the components of NECB as previously discussed. Vertical C ﬂuxes were the
smallest component of NECB because R and GPP were closely balanced; lateral C ﬂuxes and sediment C
import were the major drivers of NECB. NEE demonstrated a small gain or loss under control conditions
that shifted to a net C loss with fertilization. Sediment input represented the greatest gain of C in the interior,
balancing the loss through NEE and lateral C export, thereby resulting in a net gain of C overall. Thus, FC is
a case study that conﬁrms that maintaining suspended sediment concentrations in tidal water is vital to elevation gain and may contribute to marsh C accumulation.
One might expect NECB estimated by mass balance to be similar to directly measured C accumulation rates
(CARs). The CAR measured in 59 Atlantic coast salt marsh sites averaged 126 ± 87 g C m−2 year−1 (Ouyang
& Lee, 2014), similar in magnitude to the 83.5 g C m−2 year−1 NECB estimated in FC interior control plots.
Traps Bay, a marsh within the New River Estuary several miles from FC, was found to have a CAR rate of
167 g C m−2 year−1 over a 4‐year time scale (McTigue et al., 2019). However, CAR is measured using wide
variety of methods and interpretations that are difﬁcult to capture with a broad brush. Many are calculated
as the surface accretion rate multiplied by the surface C content (Connor et al., 2001; Ford et al., 2012); therefore, it does not account for the carbon accumulated or lost below the surface or in biomass through NEE
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and lateral C export. Thus, CAR is not always interpreted as an equivalent to total NECB. However, other
methods do account for subsurface CAR. Accretion rates used to calculate CAR are measured in a variety
of ways, including marker horizons, 210Pb, 14C, and 137Cs, each of which represent a different time scale
(Choi & Wang, 2004) and may not incorporate all autochthonous C accumulation deep in the rhizosphere.
CAR measured over short‐term time scales likely overestimates C accumulation because it does not factor in
degradation processes; CAR estimates tend to decrease as the time scale increases which may be a result of
belowground decomposition and compaction (Gonneea et al., 2019). Because many CAR methods only consider C accumulation via surface accretion, they cannot detect net losses of C in locations with low accretion
rates such as the edge. Inherent error associated with mass balance NECB calculations and estimating CAR
at longer time scales may also contribute to differences in these estimates.
It was unexpected that NECB on the edge and for the total marsh area under control conditions would
demonstrate a net loss of C. Although the NECB at an annual scale may currently show a net C loss, this does
not imply that the entire marsh will destabilize; the loss occurred only on the edges while the interior continued to gain C. Decomposition is generally higher along marsh edges because of greater pore water
exchange. As edge berms are built up over long time scales, they reach an elevation at which point they shift
from net C gain to loss as a result of decreasing sediment deposition.
The impact of net C loss on the edge berm may depend on the source of C lost, which remains unknown. C
contributing to lateral C export and net CO2 emission may be composed of a combination of sources such as
plant leachates, remineralized sediment C, and BGB, which turns over on the order of every 3 years
(Schubauer & Hopkinson, 1984). To explain how FC marsh edge continues to persist at a high elevation with
annual net loss of C, allochthonous or legacy organic C must be used as a substrate for respiration. About
40% of the C ﬁxed by GPP has been estimated to be respired by the S. alterniﬂora plant (Dai &
Wiegert, 1996), and the remainder of the ﬁxed carbon builds and maintains biomass, leaches from plant
roots and leaves, and contributes to lateral C export. A better understanding of what controls organic matter
decomposition in sediments is critical to produce realistic mass balances for salt marshes (Mueller et
al., 2016; Spivak et al., 2019).
Other C budget studies have been applied to a broader scale, averaging C ﬂuxes from different marshes in a
limited number of studies and multiplying by the total area to extrapolate C accumulation to global salt
marsh area (Chmura et al., 2003; Ouyang & Lee, 2014) or lateral C export to the salt marshes of the U.S. east
coast (Herrmann et al., 2015; Najjar et al., 2018). However, this study demonstrates the challenges of scaling
from per m2 measurements to whole marsh estimates, which likely also applies to broader scale extrapolations. Since ignoring edge differences for marshes even with a low proportion of edge area resulted in significantly different estimates of NECB, edge and interior marsh should be assessed as distinct areas to improve
future extrapolations. While edge versus interior likely exempliﬁes the most extreme contrast between
marsh NECB estimates, estimates can be further improved by increasing the resolution of location‐speciﬁc
NECB based on physical or chemical parameters across a marsh.

5. Conclusions
1. Lateral C export may be predicted using respiration rates, stem heights, and water level data.
2. Under natural conditions, lateral C export and net C loss were greater on the edge than the interior, but
sediment C input was greater in the interior.
3. Responses of NEE and NECB to fertilization were greater on the edge than the interior.
4. Fertilization increased net CO2 emission, lateral C export, sediment C input, and net C loss for the marsh
overall.
5. Accounting for differences in marsh edge versus interior ﬂuxes is crucial for accurate spatial extrapolations, even for marshes with a low proportion of edge area.
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