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Abstract Coastal wetlands are among the most productive habitats on Earth and sequester globally
significant amounts of atmospheric carbon (C). Extreme rates of soil C accumulation are widely
assumed to reflect efficient C storage. Yet the fraction of wetland C lost via hydrologic export has not
been directly quantified, since comprehensive budgets including direct estimates of lateral C loss are
lacking. We present a complete net ecosystem C budget (NECB), demonstrating that lateral losses of C are
a major component of the NECB for the largest stable brackish tidal marsh on the U.S. Pacific coast.
Mean annual net ecosystem exchange of CO2 with the atmosphere (NEE ¼ −185 g C m2 year−1, negative
NEE denoting ecosystem uptake) was compared to long‐term soil C burial (87–110 g C m2 year−1),
suggesting only 47–59% of fixed atmospheric C accumulates in soils. Consistently, direct monitoring in
2017–2018 showed NEE of −255 g C m−2 year−1, and hydrologic export of 105 g C m−2 year−1 (59% of
NEE remaining on site). Despite their high C sequestration capacity, lateral losses from coastal wetlands
are typically a larger fraction of the NECB when compared to other terrestrial ecosystems. Loss of
inorganic C (the least measured NECB term) was 91% of hydrologic export and may be the most
important term limiting C sequestration. The high productivity of coastal wetlands thus serves a dual
function of C burial and estuarine export, and the multiple fates of fixed C must be considered when
evaluating wetland capacity for C sequestration.

1. Introduction

Coastal wetlands are one of the most economically important ecosystems globally, providing critical habi-
tat and resources for commercially important species, water purification via filtration of aquatic nutrients
and toxins, and protection from flooding and storms (Barbier et al., 2011; Boesch & Turner, 1984; Worm
et al., 2006). Coastal wetlands contribute disproportionately to the global carbon (C) cycle through intense
plant uptake of atmospheric CO2 and soil C sequestration (Duarte et al., 2005, 2013; Najjar et al., 2018;
Windham‐Myers et al., 2018), burying 30 to 50 times more C per unit area in soil layers than forests,
despite covering only ~3% of the surface area relative to forested terrestrial landscapes (Duarte et al., 2013).
Coastal habitats are also among the most threatened ecosystem types, and although these services are col-
lectively valued at ~$10,000 USD ha−1 year−1, human‐driven sea level rise (SLR), eutrophication, and
land conversion have resulted in the loss and degradation of up to 50% of global coastal wetland extent
(Barbier et al., 2011; Worm et al., 2006). For these reasons, the protection and restoration of coastal
vegetated habitats have been widely regarded as an efficient and cost‐effective tool to combat
human‐driven CO2 release and climatic change (Duarte et al., 2013; McLeod et al., 2011; Nellemann
et al., 2009; Xiao et al., 2019).

Our understanding of coastal wetland C cycling is hampered by a weak appreciation for lateral exchanges
with adjacent marine environments (Bauer et al., 2013; Maher et al., 2018; McLeod et al., 2011; Najjar
et al., 2018; Windham‐Myers et al., 2018). Coastal wetlands are widely regarded as sites of extreme effi-
ciency for C sequestration, owing to both their capacity to trap lateral imports of riverine and marine
C, plus their unique capacity to overcome soil C saturation through vertical accretion (McLeod
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et al., 2011). This efficiency of C capture, though not empirically constrained (Bauer et al., 2013;
Cai, 2011), is a key assumption pertaining to the valuation of ecosystem services derived from coastal wet-
land C capture, particularly regarding their net capacity as CO2 sinks and in land mass accretion in the
face of ongoing anthropogenically driven SLR (Duarte et al., 2013; Kirwan & Megonigal, 2013; Maher
et al., 2018; McLeod et al., 2011).

Although high rates of coastal wetland C sequestration are well established in the literature, recent reports of
large lateral C exports from coastal wetlands may challenge the assumed efficiency of this C sequestration.
Direct and indirect estimates of exchange between wetlands (both marshes and mangrove forests) and
coastal waters have demonstrated that lateral fluxes are often on the same order of magnitude as vertical
exchanges (Cai, 2011; Dittmar et al., 2006; Forbrich et al., 2018; Ho et al., 2017; Maher et al., 2018; Santos
et al., 2019; Troxler, 2013; Wang et al., 2016, 2018). Although estimates of lateral exports of dissolved inor-
ganic C (DIC) are sparse (Bouillon et al., 2003; Cai, 2011; Chu et al., 2018; Ho et al., 2017; Maher et al., 2018;
McLeod et al., 2011; Wang et al., 2018), novel, high‐resolution methods show DIC export may greatly exceed
previous estimates (Wang et al., 2016) and that these fluxes arise from intense soil respiration plus
land‐water exchanges linked to tidal pumping (Cai, 2011; Santos et al., 2019; Wang et al., 2016). Lateral
DIC exports may represent an overlooked sink of wetland‐derived C, given that a fraction of this C may
be retained over geologic timescales in the open ocean (Bouillon, Borges, et al., 2008; Maher et al., 2018).
However, extreme intertidal variability in net DIC exchange suggests that low‐frequency sampling (e.g., a
few tidal cycles) likely has large associated uncertainties when extrapolated to annual timescales (Chu
et al., 2018; Wang et al., 2016). Lateral exports of dissolved organic C (DOC) from coastal marshes have been
estimated more frequently than DIC (Bergamaschi et al., 2011; Bergamaschi, Fleck, et al., 2012; Bouillon,
Borges, et al., 2008; Cai, 2011; Dittmar et al., 2001, 2006; Downing et al., 2009; Santos et al., 2019), and
marsh‐estuary OC exchanges may be several times greater than riverine inputs in some regions
(Cai, 2011), but not in others (Jassby et al., 1993). Comprehensive budgets combining OC and DIC exports
over annual or longer timescales are near absent (Santos et al., 2019; Wang et al., 2016), but large overall lat-
eral C exports have been inferred by indirect estimates subtracting vegetation net C uptake from soil C burial
(Feijtel et al., 1985; Forbrich et al., 2018; Troxler, 2013; Webb et al., 2018). Ultimately, direct and simulta-
neous measurement of both DIC and OC at a high temporal resolution and across complete annual cycles
is required to better define the magnitude and chemical makeup of coastal wetland lateral C exports.
Such information will contribute to better understanding the ratio of organic to inorganic C exports, which
has implications for defining the fate of exported wetland C, for constraining patterns of coastal ocean CO2

emissions, and for understanding coastal ecosystem buffering capacity and resilience to acidification
(Cai, 2011; Tank et al., 2012).

Site‐specific net ecosystem C budgets (NECBs; Chapin et al., 2006) linking terrestrial C capture to aquatic
C exports are needed to fully resolve tidal marsh C budgets and to parameterize larger‐scale biogeochem-
ical modeling efforts (Butman et al., 2016; Cai, 2011; Najjar et al., 2018; Webb et al., 2018;
Windham‐Myers et al., 2018). Extreme environmental variability over multiple timescales in coastal
marsh environments necessitates both high‐resolution and longer‐term (i.e., annual to multiyear) data
sets to accurately capture net C exchange patterns over representative timeframes (Feijtel et al., 1985;
Forbrich et al., 2018; Troxler, 2013). Unfortunately, integrative NECBs are rare for all ecosystem types,
especially tidal wetlands (Webb et al., 2018), and our understanding of these habitats lag behind other
environments. Few studies consider lateral DIC and OC fluxes simultaneously, and fewer still consider
them in the context of vertical terrestrial flux, making it difficult to constrain coastal wetland C cycling.
Here we address this issue by characterizing the C cycle of the most extensive brackish marsh complex in
California, USA (Figure S1). We combine published soil burial (Callaway et al., 2012) and terrestrial eddy
covariance (EC) measurements (Knox et al., 2018) with new, high‐ and low‐frequency aquatic measure-
ments to produce the first complete tidal marsh NECB. Given that few tidal wetland NECBs exist
(Feijtel et al., 1985; Forbrich et al., 2018; Troxler, 2013; Webb et al., 2018), and none include direct,
high‐resolution measurements of lateral C flux, these findings provide important ecological and biogeo-
chemical insights into coastal wetland processes. They also provide a comprehensive and scalable evalua-
tion of coastal wetland C cycling that will help to constrain C budgets at coastal margins (Bauer
et al., 2013; Cai, 2011; Jassby et al., 1993; Maher et al., 2018; Najjar et al., 2018; Wang et al., 2016;
Windham‐Myers et al., 2018; Xiao et al., 2019).
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2. Methods
2.1. Study Site

As previously detailed (Knox et al., 2018), the Suisun Wetland complex is a 4.57 km2 brackish tidal marsh
located in the San Francisco Bay National Estuarine Research Reserve (SFBNERR) in Suisun Bay, CA,
USA (Figure S1 in the supporting information). The complex is classified as high marsh (irregularly flooded,
National Wetland Inventory, U.S. Fish and Wildlife Service), the most common tidal classification (58%) of
U.S. estuarine wetlands. The region experiences a Mediterranean‐type climate with hot, dry summers and
cool, wet winters (Knox et al., 2018). The San Francisco Estuary exhibits mixed semidiurnal tides with
two unequal high tides and two unequal low tides per 24.84 hr lunar day (Enright et al., 2013). In First
Mallard Slough (FM), where aquatic measurements weremade (see below), the site is characterized asmeso-
haline, with a mean tidal range of 1.72 m (Callaway et al., 2012). Only about 15% of high tides flood over
channel banks during spring tides, while a smaller percentage of high tides flood the marsh plain
(Enright et al., 2013). The regional water surface elevation varies by season and experiences the highest
stages during winter, when high river flows predominantly occur (Bergamaschi et al., 2011).

2.2. Vertical C Exchange

In the spring of 2014, the USGS, working in conjunction with the SFBNERR and Solano Land Trust, estab-
lished an EC flux tower on the edge of the Suisun Marsh in the San Francisco Bay, just south of Rush Ranch
and approximately 60 km northeast of San Francisco. The site and monitoring setup have been fully
described elsewhere (Knox et al., 2018). The EC flux tower provides high‐frequency (10 Hz) continuous mea-
surements of temperature, water vapor, and CO2 concentrations along with three‐dimensional measure-
ments of wind speeds to quantify the net exchange of CO2 and sensible and latent heat between the
marsh vegetation and the atmosphere (Baldocchi, 2003) (Figure S1). Thirty minute fluxes of C, water and
energy were calculated using MATLAB software (MathWorks Inc., 2016, Version 9.1.0, Mathworks Inc.,
Natick, MA, USA) developed by the University of California, Berkeley Biometeorology Group, with standard
corrections applied (Knox et al., 2018). As previously outlined (Knox et al., 2018), an artificial neural net-
work (ANN) technique was used to both gap‐fill missing fluxes of CO2 and to estimate annual gap‐filled
and random error uncertainty. Gap filling relied onmodel inputs based on season, time of day, net radiation,
water temperature, air temperature, and vapor pressure deficit (Moffat et al., 2007). We combined
EC‐derived net ecosystem exchange (NEE, where negative denotes net ecosystem CO2 uptake) data with
two different published estimates of C burial rates from the Rush Ranch wetland complex, using 210Pb
and 137Cs radio‐dating techniques (Callaway et al., 2012).

2.3. Manual Aquatic Sampling

Water samples were manually collected to accurately model sensor‐based estimates of DOC and DIC.
Samples for DOC were collected on 27 June 2018 by pumping water from ~1.5 m depth across a 0.2 μm filter
into amber glass vials that were transported on ice to the lab then stored chilled (4°C) and analyzed within
24 hr using high‐temperature combustion oxidation (Shimadzu TOC‐VCPH). Samples for DIC analysis were
collected on three occasions in 2018: Two samples were collected on 21 May, from high to low water on ebb
tide at 8:30 and 13:00, respectively. Four samples were collected on 27 June, from low to high water levels
during flood tide at 9:30, 11:30, 13:30, and 15:30. May and June samples were collected by pumping water
into glass bottles, preserving samples with 100 μl of ZnCl2, then capping bottles free of air with
grease‐lined glass stoppers. On 4 and 5 October, an additional 25 samples were collected at 30 min intervals
(from high to low water on ebb tide, from 18:30 until 06:30). October samples were collected by pumping
water; filtered at coarse pore size, from ~1.5 m depth into 375 ml amber bottles to near capacity; fixed with
80 μl of HgCl2 preservative; and then immediately crimp sealed. In all cases, bottles were triple‐rinsed then
allowed to overflow for a total of three to four times the volume of the bottle before sealing. Samples from
May and June were analyzed at the School of Oceanography, University of Washington, using a coulometer
(UIC, Inc.) coupled to a DIC acidification system (Marianda VINDTA), following standard methods
(Dickson et al., 2007). Samples collected in October were analyzed at Oregon State University, and total alka-
linity was calculated from the combination of DIC and partial pressure of CO2, following standard methods
(Bandstra et al., 2006). Both total alkalinity and DIC estimates were paired with salinity and water tempera-
ture estimates to calculate the saturation state of aragonite and calcite (Ωa and Ωc, respectively), as detailed
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in Waldbusser et al. (2015). Given the high precision of DIC measurements, and the general agreement
between methods over long gradients spanning low to high water stage (data not shown), we combined both
data sets in our multiple regression analyses.

2.4. Aquatic Sensor Deployments

A suite of continuous, sensor‐based measurements of both physicochemical and hydrodynamic conditions
were made in order to quantify high‐frequency changes in First Mallard Slough (Figure S1; U.S.
Geological Survey stn. 381142122015801). Estimates of water temperature, specific conductivity, salinity,
dissolved oxygen, water depth, pH, fluorescent dissolved organic carbon (fDOM), and turbidity were made
using an YSI EXO2 combination probe (Campbell Scientific). Sensor deployment protocols are fully
described in earlier work (Downing et al., 2009). Raw fDOMmeasurements were made on unfiltered water,
which were subsequently corrected for temperature, inner filter, and turbidity effects (Downing et al., 2012).
Turbidity corrections were based on laboratory‐established relationships between turbidity and fDOM
(Downing et al., 2012). This approach is suitable at the low turbidity levels occurring in First Mallard
Slough (all turbidity values <245 FNU and most typically <100 FNU) (Saraceno et al., 2017). Salinity was
calculated from specific conductivity, water temperature, and pressure using the “swSCTp” function in
the R package “oce” (https://dankelley.github.io/oce). For each measured parameter, small measurement
gaps in each series were filled using a linear interpolation method within the “na.interpolation” function.

2.5. Hydrodynamic Measurements and Calculations

Water height and averaged water velocities were measured with an upward‐looking acoustic Doppler velo-
city meter (ADVM; Sontek Argonaut XR, Sontek) deployed on the First Mallard channel bed near the NERR
monitoring station (Figure S1), as previously described (Bergamaschi et al., 2011; Ganju et al., 2005).
Measurements were recorded every 15 min for 6 min. To calculate rates of discharge from measured water
height and average water velocity, surveys were conducted with a downward‐looking acoustic Doppler pro-
filer to relate the cross‐sectional area to water height and measured velocity to the channel‐wide average
velocity. In cases where water import and exports did not balance for a given tidal cycle, the water balance
was forced to closure following existing methods (Bergamaschi et al., 2011). It is unlikely that this imbalance
was related to effects of evapotranspiration (ET). The spatial extent of surface flooding is very small, so ET is
expected to be a small fraction of the budget. This has been demonstrated in a similar, nearby tule tidal sys-
tem (Browns Island), where ETwas aminor component influxesmeasured (Bergamaschi, Fleck, et al., 2012).
A salt balance calculation (Ganju, 2011) was used to evaluate the potential contribution of groundwater
inputs. Annually averaged groundwater inputs were 0.07 m3 s−1, with a peak of ~1.8 m3 s−1 (data not
shown), similar to previous observations (Ganju, 2011), and below the uncertainty of the discharge measure-
ment itself, and thus too small to affect flux calculations. This salt balance approach further confirms that
effects of ET were minimal and there is no major underlying bias in our modeling of the hydrologic cycle
in the system.

2.6. Computation of Lateral Flux of C Species and Associated Error

Continuous estimates of lateral flux of C species were made at 15 min time intervals by multiplying total
water exchange by modeled concentrations of either DIC or DOC. We assumed no overbanking water losses
occurred in the channel. Concentrations of DOC were modeled from continuous measurements of fDOM
based on the regression relationship established between discrete DOC samples and fDOM for First
Mallard Slough (Figure S3). Concentrations of DIC were estimated using a multiple linear regression
(MLR) modeling approach (Chu et al., 2018; Wang et al., 2016) (Figure S2). We explored the relationship
between measured DIC and all sensor‐based, empirically measured water quality parameters that could
be used to predict DIC (full table with all predictors in Table S1), with the objective of maximizing the pre-
dictive capacity of the model (i.e., maximizing r2 value of model). Given that stage alone predicted 85% of
variance in DIC concentrations, we sequentially explored the strength of models using stage plus one then
two additional parameters (Table S1).

The flux of particulate organic carbon (POC) was derived from the continuous record of turbidity by using
the turbidity : suspended sediment concentration (SSC) relationship (Buchanan & Morgan, 2014) and the
Wt% OC reported by Bergamaschi et al. (2001). Calculating the POC fluxes using this method revealed they
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were far less than 1% of the calculated DOC flux and thus POCwas neglected in subsequent calculations as it
was judged to be within the measurement error (see below).

We calculated the error associated with annual flux estimates for DOC, DIC, and total C using a square root
of the sum of squares approach, directly following earlier studies (Bergamaschi et al., 2011; Bergamaschi,
Fleck, et al., 2012; Ganju et al., 2005). Calculations were made under the assumption that the error asso-
ciated with individual measurements was uncorrelated. For DOC, laboratory measurement error was esti-
mated to be ±1% (Bergamaschi, Krabbenhoft, et al., 2012), and the root‐mean‐square error (RMSE) of
prediction for the DOC versus fDOM linear model was ±0.63 mg L−1 or 22% (Figure S3). For DIC, the labora-
tory measurement error was estimated as conservatively high at ±0.5%, and the RMSE of prediction for the
final regression model was 1.81 mg L−1, or 5% (Figure S2; Table S1). For both DOC and DIC, the error in
discharge estimates was previously estimated at 6% (Bergamaschi, Krabbenhoft, et al., 2012; Ganju
et al., 2005). Final error estimates for DOC and DIC were 22.8% and 7.8%, respectively, and when combined
as estimates of total dissolved C export, error was 24.2% (Table 1).

2.7. Tidal Footprint Estimations

An upper end estimate of the areal extent of tidal exchange was estimated from an existing method
(Bergamaschi et al., 2011; Bergamaschi, Fleck, et al., 2012) using data from 15 June 2018, which was a period
of extreme tidal water exchange and the highest water level periods of the annual sampling cycle. We esti-
mated the planar surface of the marsh platform that was flooded by dividing the maximal change in known
water height (1.3 m) and total water volume (3.85 × 105 m3), and correcting for soil porosity and moisture
content using existing values from a nearby site with similar soil type (Bergamaschi et al., 2011, and refer-
ences therein). We obtained an estimate of flooded land totaling ~0.53 km2. This calculation was validated
by an independent mapping‐based catchment delineation (Wang et al., 2016) (Figure S1).

2.8. Statistical Analyses

All statistical calculations were performed using the R software package (R‐development‐core‐team, 2017).
Major axis regression analysis was conducted in the “lmodel2” package (Legendre, 2013), while Pearson's
correlation and ordinary least squares bivariate andMLR analyses were performed with the R base program.
Multiple regression models were evaluated based on their predictive strength and also their associated
Akaike's Information Criterion (AIC) value (Johnson & Omland, 2004). For evaluation of C flux data in
our data compilation, a Shapiro‐Wilk Normality Test was used to determine whether estimates of the frac-
tion of NEP lost as lateral C export were normally distributed. Given the nonnormal distribution of data
(W ¼ 0.76634, p < 0.0001), a Wilcoxon signed‐rank test was used to compare fractions of NEP lost as lateral
C export across coastal and inland ecosystems.

Table 1
Net Ecosystem Carbon Budget (NECB) for Suisun Wetland Complex

Process C flux (g C m−2 year−1) ±1 SD Range (min–max) Uncertainty or error (%) Reference

Indirect lat. flux estimate

NEE (4 yr avg.) −185 171 Bergamaschi and Windham‐Myers (2018);
Knox et al. (2018)

Long Term Burial 98.5 (87–110) Callaway et al. (2012)
Export (by difference) 86.5 (75–98) This study

Direct flux estimates from 1 September 2017 to 31 August 2018

NEE −254.5 36.7 This study
DIC export 95.7 7.5 (±7.8%) This study
DOC export 9.7 2.2 (±22.8%) This study
Total C export 105.4 25.4 (±24.1%) This study

Note. Negative NEE denotes ecosystem uptake.
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3. Results
3.1. Time Series of Aquatic Conditions

Sensor‐based measurements were obtained for a complete annual cycle at First Mallard Slough at the out-
flow of the Rush Ranch wetland site (Figure 1). Annually, water levels ranged between 6.7 and 9.0 m, reach-
ing the lowest levels in winter 2017/2018 and highest levels in summer 2018 (Figure 1a). On a daily
timeframe, water levels fluctuated by ~1.5 to 2 m (Figure 1a). Tidally driven flows ranged between ~40
and −30 m3 s−1 (negative denotes influx into First Mallard Slough), with maxima and minima occurring
in late spring and summer 2018 (Figure 1b). Annually, water temperatures ranged considerably, from
7.1°C in November and December 2017 to 26.8°C in late spring and summer 2018 (Figure 1c). Daily tempera-
ture changes spanned from ~1°C changes in winter up to ~5°C changes in summer 2018. Salinity (in prac-
tical salinity units, PSUs) also ranged considerably at the annual scale (Figure 1d), with highs of ~10 PSU
in Winter of 2017 and ~8 PSU in June/July 2018 and lows reaching <2 PSU in spring 2018. Suspended solid
concentrations inferred from turbidity measurements (Figure 1e) were generally low, with all values <250
formazin nephelometric units (FNUs) and most values <150 and as low as 25 FNU. Average values of tur-
bidity were lowest in fall 2017 and highest from March to July 2018. Daily ranges in turbidity values were
typically between ~ 20 to 80 FNU. Chlorophyll a concentrations, a proxy for phytoplankton biomass, were
typically <20 μg L−1 but peaked on two separate bloom occasions to >70 μg L−1 between February and
April 2018 (Figure 1f). Annually, fluorescent dissolved organic matter (fDOM) concentrations ranged from
22 to 227 Quinine sulfate equivalents (QSEs), with a distinct increase in December 2017 (Figure 1g). On daily
scales, tidal exchanges of distinct water masses led to fDOM changes from ~50 to over ~150 QSE.

3.2. Measuring and Modeling Aquatic C Concentrations

Samples collected in May, June, and October 2018 ranged in DIC concentration from 26.0 to 44.0 mg L−1. To
develop the best empirical model of aquatic DIC concentrations for application to the high‐resolution data
set (Figure 2a), manual samples of DIC were grouped with sensor data from equivalent time points to con-
duct a series of MLRs (full model comparisons in Table S1). The strongest individual predictor of DIC con-
centrations was water stage (Pearson's r¼−0.92, p < 0.0001), yet comparisons using AIC indicated the most
parsimonious model included stage, water temperature (°C), and salinity (PSU) (DIC¼ 114.75–8.04 stage −
0.91 temperature + 0.38 salinity; r2 ¼ 0.88; p < 0.0001; AIC ¼ 130.65; Table S1; Figure S2). The predictive
strength of this MLR model is closely in line with another, existing DIC MLR model derived from the com-
bination of measured DIC and high‐frequency environmental parameter measurements (r2 ¼ 0.91; Chu
et al., 2018). By applying the multiple regression model to high‐frequency measurements of water height,
salinity, and temperature (Figure 1), we modeled DIC concentrations at 15 min intervals for First Mallard
Slough (Figure 2a). From September 2017 to January 2018, DIC concentrations increased from a low of
~25 mg L−1 to a maximum of >55 mg L−1, before declining to lows of ~25 mg L−1 again by summer 2018
(Figure 2a). On shorter, daily/tidal timescales, DIC concentrations ranged considerably, often by
>15 mg L−1 with high DIC waters peaking at ebbing tide and low values peaking during flooding tides, con-
sistent with previous studies (Cai & Wang, 1998; Neubauer & Anderson, 2003; Santos et al., 2019; Wang
et al., 2018).

To model high‐frequency concentrations of DOC (Figure 2b), we used a major axis regression approach to
model the relationship betweenmeasured DOC and fluorescent dissolved organicmatter (fDOM) concentra-
tions. Direct measurements of DOC from First Mallard Slough taken on 26 June 2018 spanned concentra-
tions of 7.8 to 12.9 mg L−1, and the corresponding fDOM measurements ranged from 109 to 180 QSE
(Figure S3). These samples covered a wide, middle‐ to upper‐end range of values of fDOM observed annually
at our site (Figure 1g). We paired these data with other DOC and fDOMmeasurements from sites within the
watershed (Bergamaschi et al., 2011; Downing et al., 2012) in order to expand the regression model to the
lower ranges of DOC and fDOM. Overall, we found a strong linear relationship between fDOM and DOC
(Figure S3; r2 ¼ 0.87; p < 0.0001; n ¼ 440; DOC ¼ 0.071fDOM + 1.037). Applying this model yielded
high‐frequency DOC concentrations ranging from ~2.5 to 16 mg L−1 (Figure 2b). Seasonally, averaged
DOC concentrations varied more frequently than for DIC, reaching lows of ~8 (September 2017), increasing
to ~11 (January 2018), and then declining again to ~8 mg L−1 (winter to early spring 2018) with a moderate
increase by May 2018.
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3.3. Patterns of Lateral Aquatic C Flux

The flux of individual C species (DIC and DOC) for each 15‐minmea-
surement interval was determined as the product of the rate of instan-
taneous flow (m3 s−1; Figure 1b) and DIC or DOC concentration for
the equivalent time point (Figures 2a and 2b), multiplied by 900 s.
When summed at daily intervals, DIC fluxes showed a much wider
range (from−2.6 to 2.9Mg C day−1) than did DOC (typically between
−0.7 and 0.7 Mg C day−1). Fluxes of each C constituent, normalized
to an upper estimate of the footprint of marsh flooding, gave a conser-
vative estimate of areal yields (Figures 2d and S1). In total, annual
yields were 95.7 and 9.7 g C m−2 year−1 for DIC and DOC, respec-
tively (Figure 2d; Table 1).

3.4. High‐Resolution Annual NECB for Suisun Marsh

The individual lateral fluxes summed to a total wetland C yield of
105.4 g C m−2 year−1 (Figure 3; Table 1). The equivalent estimate of
terrestrial net ecosystem C exchange (NEE) measured for the marsh
was−254 g Cm−2 year−1 for the same timeframe as aquatic fluxmea-
surements (September 2017 to September 2018; Figures 2d and 3;
Table 1). Lateral exports of C represented 41.4% of the total annual
terrestrial NEE for the complete annual cycle from September 2017
to September 2018.

4. Discussion
4.1. Lateral Loss: A Major Term in Suisun Marsh C Budget

Direct and indirect estimates confirm that hydrologic C export is a
major component of the NECB for Suisun Marsh complex, which off-
sets net atmospheric C uptake to lower the overall proportion of
onsite C sequestration. Direct estimates of lateral C flux agree with
indirect estimates of marsh C export calculated as the difference
between multiyear averaged (±1 SD) terrestrial NEE (185 ± 171 g C
m−2 year−1) (Bergamaschi & Windham‐Myers, 2018; Knox
et al., 2018) and published, long‐term (interdecadal) C burial rates
for our site (Callaway et al., 2012) (Figure 3; Table 1). The rate of soil
C burial was taken as the midpoint of published values (98.5 g C
m−2 year−1; Figure 3; Table 1) derived from two radiometric dating
techniques (210Pb and 137Cs: 87 and 110 g C m−2 year−1, respec-
tively). It is important to note that burial rates determined here from
cores represent a long‐term average that may render modern burial
rates conservatively low, if SLR is leading to increased accretion.
The difference between burial and averaged 4‐year NEE equals
86.5 g C m−2 year−1 (75 to 98 g C m−2 year−1, using the range in bur-
ial rate estimates), in general agreement with direct estimates of lat-
eral flux of 105.4 g C m−2 year−1 (Figure 3; Table 1). While the
fraction of fixed C (inferred by atmospheric CO2 exchange) lost by lat-

eral export agrees closely between approaches (41% and 47% for direct and indirect calculations, respectively;
Table 1), such agreement between long term and our single year estimates might not be expected in other
individual years, because marsh NEE (and possibly lateral C export) varies widely among years (but aquatic
exports tend vary much less than NEE; Webb et al., 2018). The long‐term average CO2 uptake rate used here
was lower than the rate in the focal year in this study, reflecting years with extremely low NEE (i.e., less CO2

uptake) in the average NECB flux terms. This discrepancy highlights the need for longer‐term (multiyear)
perspectives when evaluating ecosystem C cycling capacities. Coastal wetlands have been hypothesized to
efficiently trap C (McLeod et al., 2011), but our findings support past observations (Bouillon, Borges,

Figure 1. High‐resolution time series of aquatic conditions in First Mallard
Slough. Data were collected from 1 September 2017 to 31 August 2018 at
15 min intervals for (a) water surface height (stage), (b) the rate of discharge (Q),
(c) water temperature, (d) salinity, (e) turbidity, (f) chlorophyll a concentration,
and (g) fluorescent dissolved organic matter. Gray points are individual
measurements and solid black line denotes 24 hr moving average.
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et al., 2008; Cai, 2011; Cai & Wang, 1998; Maher et al., 2018; Wang et al., 2016), suggesting that coastal
wetlands should not be considered “efficient” sites of C burial, owing to the large fraction of fixed C lost
to the coastal marine environment. Yet it is important to emphasize the fact that although atmospheric C
uptake (as NEE) is considerably offset by lateral C fluxes, tidal wetlands still remain larger C sinks than
most terrestrial ecosystems.

4.2. Coastal Wetlands Major C Sinks Despite Lateral C Losses

Coastal wetlands are extremely productive, and on the higher end for rates of NEE (Figure 4a). Therefore,
despite losing large proportions of fixed C via lateral flux, these systems are still capable of sustaining high
rates of annual C burial (Breithaupt et al., 2012; Duarte et al., 2005; Najjar et al., 2018; Wilkinson et al., 2018;
Windham‐Myers et al., 2018) relative to other terrestrial ecosystem types (Figure 4). The data compilation,
arranged by ecosystem type in Figure 4, indicates that coastal wetlands may actually be the ecosystem type
for which lateral losses are of greatest relative importance in the NECB, at least when compared on annual
timescales. By adding our data (Figure 3) and that from Forbrich et al. (2018) to an existing compilation of
global, site‐specific NECBs spanning global ecosystem types (Webb et al., 2018), it is clear that a wide range
in the fraction of NEE lost via hydrologic export exists among ecosystems (Figure 4a). The few estimates for
coastal wetlands show export of ~10% to 90% of fixed C, with a median value of ~39%, near the direct and
indirect estimates for our site (Figure 4a; Table 1) and those for tidal marshes spanning the entire U.S.
Atlantic Coast (Wang et al., 2016). The median value is also comparable to global estimates of lateral C loss
frommangroves (Bouillon, Borges, et al., 2008). This lateral export makes coastal wetlands among the lowest
in terms of fraction of fixed C stored, since lateral C export is a larger relative fraction of NEP in tidal wet-
lands than in inland ecosystems (Figure 4b; Wilcoxon p < 0.0001). These results may be broadly representa-
tive, given that the coastal sites in our analysis of compiled data sets span a large geographic range and cover
distinct biomes (temperate continental, warm Mediterranean, and humid subtropical). This distinction in
fraction of NEE lost as lateral export between coastal and inland ecosystems may be due to hydrologic dif-
ferences related to enhanced exchanges associated with tidal pumping (Wang et al., 2016), which do not

Figure 2. Annual time series of aquatic C concentrations and flux from First Mallard Slough for 1 September 2017 to 31
August 2018. (a) Modeled concentrations of dissolved inorganic C (DIC) and (b) dissolved organic C (DOC). In panels a
and b, light blue and red points are individual 15 min estimates, and dark blue and red lines are 24 hr moving
averages. Daily flux (c) and cumulative annual yields (d) shown as blue and red lines for DIC and DOC, respectively.
Cumulative terrestrial net ecosystem exchange (NEE) in panel d denoted by solid gray line. NEE ¼ 0 as horizontal
dashed line.
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occur at the terrestrial‐aquatic margins of most inland ecosystems.
Effects of infrequent, punctual disturbances that may affect vertical
and lateral fluxes are not considered here but potentially alter the
relative importance of C storage in ecosystem NECB's over longer
timescales. For instance, fires, weather events, and land use change
can all impact the balance and magnitude of ecosystem C fluxes
(Hayes et al., 2018; Intergovernmental Panel on Climate
Change, 2014; Lajtha et al., 2018; Regnier et al., 2013). For coastal
wetlands in particular, simulations show that the interactive effect
of warming and SLR could actually increase coastal C burial rates
in the short term (half‐century timescale; Kirwan & Mudd, 2012).
Yet habitat loss due to inundation and land development and barriers
to wetland migration may offset these influences and liberate soil C
through erosion over longer timescales (Chmura, 2013; Hopkinson
et al., 2012; IPCC, 2014; Thorne et al., 2018).

4.3. DIC May Dominate Lateral Exports From
Coastal Wetlands

The few high‐resolution DIC export data sets that currently exist indi-
cate that coastal wetlands export massive quantities of DIC to the
marine environment (Bouillon, Borges, et al., 2008; Chu et al., 2018;
Wang et al., 2016). These findings also align with the global hypoth-
esis for mangroves that >50% of fixed C may be lost to lateral DIC
export (Bouillon, Borges, et al., 2008). The annual DIC flux observed
in our study (Figure 3) is lower than estimates of DIC export from
other sites globally (from ~400 to >1,000 g C m−2 year−1; Chu
et al., 2018; Maher et al., 2018; Santos et al., 2019; Wang
et al., 2016, 2018). Instead, our estimates are closer to those from a
mangrove/mixed forest catchment in the Florida Everglades

(between 82.8 and 107.3 g C m−2 year−1 for DOC + DIC, with 82% to 92% as DIC; Ho et al., 2017) and a tidal
marsh in Georgia, USA (156 g C m−2 year−1 for DIC; Wang & Cai, 2004). Cross‐system discrepancies in DIC
export may be due to the fact that marsh productivity can vary by an order of magnitude (~150 to 1,600 g C
m−2 year−1; Wang et al., 2016, and references therein). With Suisun Marsh generally on the low end of ter-
restrial net CO2 uptake (Table 1), much less fixed C is available for conversion to DIC than at other locations.
At the same time, most previous estimates of lateral DIC export must be interpreted with caution, because
extrapolations of lateral C fluxes to the annual scale from low‐frequency data or time series not covering full
spring‐neap tidal cycles can have large associated uncertainties (Chu et al., 2018; Downing et al., 2009). For
these reasons, DIC fluxes have historically been the most difficult component of the NECB to quantify
(Bouillon, Borges, et al., 2008; Ho et al., 2017;Maher et al., 2013, 2018;McLeod et al., 2011;Wang et al., 2016).
The MLR modeling approach applied here and elsewhere (Chu et al., 2018; Wang et al., 2016) represents a
promising method to better constrain the rates of DIC export from intertidal wetlands and improve our
understanding of the composition of, and biogeochemical processes regulating coastal wetland lateral C
exports.

4.4. DIC Exports as an Unaccounted Wetland C Sink

Annually, DIC fluxes dramatically exceed those of DOC for the Suisun Marsh complex, which generally
aligns with patterns for other coastal environments that have DIC > DOC (Bouillon, Borges, et al., 2008;
Ho et al., 2017; Maher et al., 2018; Raymond & Hopkinson, 2003; Wang et al., 2016, 2018). The majority
of the DIC lost from Suisun and other coastal wetlands via lateral export (e.g., Figures 3 and 4b) may ulti-
mately be returned to the atmosphere in the form of CO2 within the downstream estuarine environment
(Borges, 2005; Borges et al., 2003; Ho et al., 2017; Maher et al., 2018; Wang et al., 2018). In this regard, given
the lack of appreciable groundwater inputs (see methods), the downstream emission of wetland‐derived CO2

represents a recycling term of marsh primary productivity, with no net impact on the atmospheric CO2 bal-
ance (Maher et al., 2018). Yet as marsh DIC moves from an environment with pH ~ 7 (data not shown), into

Figure 3. Net ecosystem carbon budget (NECB) for the Suisun wetland complex.
All values reported in g C m−2 year−1, with arrow sizes scaling with rate of flux
(see legend in bottom panel). Single‐year direct measurements from 2017–2018
shown in panel a, and longer‐term averages frommultiyear measurements are
shown in panel b. See Table 1 for additional detail; all terms defined in the text.
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the marine environment with pH > 8, the bulk of DIC will be present as HCO3
−. Therefore, some fraction of

the DIC pool that is exported to themarine environment may be stored in nongaseous form in the ocean over
centuries to many millennia (Maher et al., 2018; Millero, 2007). Considerable export of alkalinity from
Suisun Marsh at a ratio of Talk:DIC of ~0.95 to 1 (Figures S4a and S4b) indicates that sulfate reduction in
marsh soils likely supplies alkalinity (Ho et al., 2017; Sippo et al., 2016) that buffers the downstream
environment and will limit the quantity of exported DIC present as free CO2 that can be degassed to the
atmosphere (Maher et al., 2018; Sippo et al., 2016; Wang et al., 2016). Currently, we do not have adequate
data to partition the fractions of marsh‐derived DIC that is degassed versus retained in the downstream
estuarine environment. Yet estimates from other studies have shown that sizeable fractions of marsh‐ and
mangrove‐derived DIC may remain in dissolved form upon equilibrium of the DIC pool with the
atmosphere (Maher et al., 2018; Neubauer & Anderson, 2003). Previously termed the “marsh CO2 pump”
(Wang et al., 2016; Wang & Cai, 2004), coastal wetland C fixation and DIC export represents an active
transfer pathway between reactive (atmospheric) and long‐term storage pools (millennial in open ocean;
Hansell, 2013; Maher et al., 2018). Ultimately, better accounting for this lateral DIC transfer will help to
define the coastal wetland C sequestration efficiency.

4.5. Marsh DOC Fuels Local Heterotrophy Despite Small Estuary‐Wide Contribution

The Suisun Marsh NECB developed here helps to address a number of key limitations to understanding
coastal zone biogeochemistry and ecology. In particular, DOC export was a comparatively small term in
our budget (Table 1; Figure 3). Furthermore, an existing basinwide budget has shown that coastal wetlands
in the San Francisco Bay Estuary are a secondary source of organic C relative to riverine exports (Jassby
et al., 1993), a conclusion that is consistent for wetlands at the global scale (Bouillon, Borges, et al., 2008;
Cai, 2011). The low annual export of DOC observed here (Table 1; Figure 2d) supports this conclusion.
Yet it is possible that DOC export rates from distinct wetland complexes may be quite heterogeneous, even
within the San Francisco Bay Estuary, since values from Suisun Wetland (9.7 g C m−2 year−1; Figure 3;

Figure 4. Coastal wetlands are among the least efficient ecosystems for storage of fixed C. (a) Compilation of net
ecosystem carbon budgets (NECBs) assembled for different terrestrial‐aquatic ecosystem types, showing lateral C loss
to aquatic systems as a function of terrestrial net ecosystem production (NEP, or net ecosystem exchange, NEE, where
NEP¼−NEE). Coastal habitats are presented as yellow circles (marsh) and squares (mangrove), while inland ecosystems
presented in gray scale, and inland agro‐ecosystems presented in blue. Solid gray lines denote percent of NEP lost as
laterally exported C. (b) Percent of NEP lost as C lateral export, grouped by tidal (i.e., coastal) and nontidal (inland)
ecosystem type. Wilcoxon signed‐rank test: p < 0.0001, V ¼ 4. All data from Webb et al. (2018) and Forbrich et al. (2018).
For consistency with previous work, indirect estimates of lateral flux (Table 1) are shown for Suisun Marsh (this study in
panel a).
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Table 1) are an order of magnitude lower than indirectly calculated basinwide wetland exports
(150 g C m−2 year−1) (Jassby et al., 1993). A global compilation supports this conclusion, showing an order
of magnitude variability in DOC export from diverse mangrove systems (44 to 381 g Cm−2 year−1) (Bouillon,
Borges, et al., 2008). The wide variability in wetland DOC flux estimates underscores the need for multisite
empirical data sets, even at the regional scale. Despite this variability, DOC exports are consistently smaller
than DIC fluxes across diverse coastal wetland ecosystems (Bouillon, Borges, et al., 2008; Ho et al., 2017;
Maher et al., 2018; Santos et al., 2019; Wang et al., 2018), indicating that the dominance of DIC over DOC
in the chemical makeup of lateral C exports may be a standard feature of coastal wetland NECBs. Since estu-
aries are sites of disproportionate CO2 outgassing (Cai, 2011; Frankignoulle et al., 1998; Najjar et al., 2018;
Volta et al., 2018), it is likely that the mineralization of marsh‐derived DOC may play a secondary role in
supporting estuarine mineralization and CO2 emissions (Cai, 2011; Hopkinson & Smith, 2005; Volta
et al., 2018), with our data and other reports (Ho et al., 2017; Neubauer & Anderson, 2003; Santos et al., 2019)
showing wetland DIC exports are the dominant pathway by which wetlands likely support estuarine
emissions.

Since much of the riverine‐derived OC is likely carried past nearshore coastal estuarine zones, marsh DOC
exports can importantly sustain heterotrophy and microbial growth in downstream habitats (Cai, 2011;
Hopkinson & Smith, 2005), thereby supporting the base of the food web. We confirm such extreme hetero-
trophy in First Mallard Slough with two lines of evidence. First, in situ plankton respiration rates measured
repeatedly over short time intervals from ebb to flooding tide in June used new approaches that minimize
bottle containment artifacts to better reflect in situ planktonic processes (Bogard et al., 2019;
Pollard, 2013). These rates in First Mallard Slough (mean ¼ 14.7 mg O2 L

−1 day−1; range ¼ 2.2 to 51.4 mg
O2 L

−1 day−1) greatly exceeded those from a global meta‐analysis of estuarine plankton respiration compiled
using standard incubation techniques (Hopkinson & Smith, 2005) (cross‐site range of 0.054 to
2.69 mg O2 L

−1 day−1; comparison based on standard assumption of 1 mole CO2 produced per mole O2 con-
sumed). Second, the saturation state of aragonite (Ωa) was consistently <<1 in samples taken during our
October 2018 field campaign (Figure S4c), suggesting that intense respiration occurring in marsh soils and
the adjacent slough were a dominant feature and major source of CO2 to the ecosystem. Though DOC
exports are quantitatively small in the ecosystemNECB, they are sufficient to fuel heterotrophy that acidifies
the immediate downstream environment, counterbalancing to some degree the alkalizing influences of
anaerobic respiration marsh Talk export (likely dominated by SO4

2− reduction; Figure S4a). This dual acid-
ifying and alkalizing effect of marsh exports on downstream estuarine environments has been highlighted
(Wang et al., 2016) and has major implications for our understanding of the role of tidal wetlands in mod-
ulating acidification of the coastal ocean (Bauer et al., 2013; Cai, 2011).

5. Conclusions

Current appreciation for the role of coastal wetlands as sites of C sequestration (i.e., blue carbon) is likely
unimpacted by relatively large hydrologic export rates documented here (Figure 4). The role of coastal wet-
lands as sites of C‐capture and storage is largely based on long‐term burial rate estimates that are indeed
much greater than for many other global ecosystem types. Instead, the large lateral losses of C from our study
site (Figure 3; Table 1) and a handful of other coastal wetlands (Figure 4) underscore the important dual role
of these ecosystems as sites of both atmospheric CO2 sequestration and C export. The fates of both organic
and inorganic C pools exported to the open ocean may be quite distinct, and operating on different time-
scales, with implications for coastal wetland roles in short (metabolic OC cycle, return of wetland‐derived
DIC to the atmosphere) and long (millennial scale ocean DIC storage) timeframes (Maher et al., 2018).

Collectively, our new data provide scalable rates that will help to constrain regional and global coastal C
fluxes, a step that is necessary to improve our mechanistic understanding of land‐ocean‐atmosphere C
exchanges, and related issues including coastal hypoxia and acidification. Given the dramatic loss of marsh
habitat both in the San Francisco Bay Estuary (~97% habitat reduction; Cloern et al., 2016) and in estuaries
around the world (~50% habitat reduction; Hopkinson et al., 2012; Kirwan & Megonigal, 2013), recognizing
this dual biogeochemical role that tidal wetlands contribute is especially important in the context of model-
ing and valuation of marsh restoration and protection efforts.
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Data Availability Statement

All new data are available in the ScienceBase repository (https://doi.org/10.5066/P9660C55).
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