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Abstract
Existing analyses of salt marsh carbon budgets rarely quantify carbon loss as CO2 through the air–water inter-

face in inundated marshes. This study estimates the variability of partial pressure of CO2 (pCO2) and air–water
CO2 fluxes over summer and fall of 2014 and 2015 using high-frequency measurements of tidal water pCO2 in a
salt marsh of the U.S. northeast region. Monthly mean CO2 effluxes varied in the range of 5.4–25.6 mmol m�2

marsh d�1 (monthly median: 4.8–24.7 mmol m�2 marsh d�1) during July to November from the tidal creek and
tidally-inundated vegetated platform. The source of CO2 effluxes was partitioned between the marsh and estuary
using a mixing model. The monthly mean marsh-contributed CO2 effluxes accounted for a dominant portion
(69%) of total CO2 effluxes in the inundated marsh, which was 3–23% (mean 13%) of the corresponding lateral
flux rate of dissolved inorganic carbon (DIC) from marsh to estuary. Photosynthesis in tidal water substantially
reduced the CO2 evasion, accounting for 1–86% (mean 31%) of potential CO2 evasion and 2–26% (mean 11%) of
corresponding lateral transport DIC fluxes, indicating the important role of photosynthesis in controlling the air–
water CO2 evasion in the inundated salt marsh. This study demonstrates that CO2 evasion from inundated salt
marshes is a significant loss term for carbon that is fixed within marshes.

Salt marshes are among the most productive ecosystems
and play a major role in the coastal carbon cycle (Cai 2011;
Najjar et al. 2018). Net primary production in salt marshes is
estimated to range from 150 to 1600 g C m�2 yr�1 (Duarte
et al. 2005; Koeve and Oschlies 2012; Forbrich and
Giblin 2015). A portion of carbon uptake by salt marshes
(0–1700 g C m�2 yr�1) is buried in sediments as “blue carbon”

(McLeod et al. 2011; Hopkinson et al. 2012; Gonneea
et al. 2019), thus helping to mitigate the increase of CO2 in
the atmosphere. The remaining fixed carbon leaves the marsh
system via two interacting pathways. The first pathway is
through lateral flux, driven by tidal water exchange between
marshes and coastal waters. The export of dissolved inorganic
carbon (DIC) and dissolved organic carbon (DOC) from salt
marshes is an important source of carbon to estuarine and
coastal waters (Osburn et al. 2015; Wang et al. 2016; Najjar
et al. 2018). The second pathway for marsh carbon loss is
through vertical evasion of respired CO2 and methane (CH4)
via air–water exchange, plant-mediated transport, and marsh
soil when exposed to the atmosphere (Cai et al. 2003; Chmura
et al. 2011; Trifunovic et al. 2020).

CO2 evasion from tidal water interactions with salt marshes
is poorly constrained in the marsh carbon budget. When a salt
marsh is inundated, marsh porewater exchanges with tidal
water and adds large amounts of DIC and DOC to the water
column that can be subsequently modified through physical
and biogeochemical processes. These processes include water-
column photosynthesis and respiration, air–water CO2

exchange from inundated marsh platforms and tidal creeks, as
well as lateral export of carbon from the marsh to the shelf
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(Wang and Cai 2004; Dušek et al. 2009; Wang et al. 2016).
The platform in this study refers to the vegetated portion of
the marsh, distinct from tidal creeks or open water areas.
Extremely high partial pressure of CO2 (pCO2) at low tides
(> 10,000 μatm) in salt marsh tidal creeks (Wang and
Cai 2004; Trifunovic et al. 2020; Chen et al. 2022) suggest that
vertical CO2 evasion across the air–water interface may be an
important flux term for the marsh carbon budget. However,
only a few studies have investigated and reported the air–
water CO2 flux in tidal creeks of salt marshes (Trifunovic
et al. 2020; Chen et al. 2022). In addition to CO2 flux from
tidal creeks, CO2 evasion is also expected to occur in the
flooded marsh platform when water elevation is above
the marsh. Wang and Cai (2004) first estimated the CO2 efflux
of an inundated marsh (including the tidal creek and flooded
platform) using an approach that was coarse in spatiotemporal
scales, where only high tide and low tide samples were col-
lected in tidal creeks. In the preponderance of studies, respired
CO2 loss has been estimated using eddy covariance towers
(e.g., Baldocchi 2014; Sanders-DeMott et al. 2022; Shahan
et al. 2022) and static chamber methods (e.g., Kuehn
et al. 2004; Moseman-Valtierra et al. 2016). These methods
may have difficulty to specifically resolve vertical CO2 fluxes
via air–water exchange from other vertical CO2 fluxes due to
the relatively short duration and periodicities of tidal flooding
on marsh platforms. Therefore, accurate quantification of the
air–water CO2 exchange occurring within marshes is
warranted to gain insight on the significance of this flux path-
way in wetland carbon budgets.

Furthermore, the proportion air–water CO2 flux fueled by
marsh carbon inputs to tidal creeks and inundated marsh plat-
forms has not been clearly accounted for in the marsh carbon
budget and lateral carbon exports. Previous CO2 flux studies
in salt marshes (e.g., Wang and Cai 2004; Trifunovic
et al. 2020) rarely distinguish marsh-sourced CO2 fluxes from
estuarine-sourced or coast-sourced CO2 fluxes as pCO2 mea-
surements in these studies measured bulk pCO2 levels. This
makes it difficult to account for the air–water CO2 flux in the
salt marsh carbon budget. To assess marsh carbon loss
through air–water CO2 exchange and to gain insight on the
magnitude of this marsh carbon loss within the marsh carbon
budget, it is important to separate the marsh carbon from
estuarine carbon in the CO2 flux. Moreover, tidal water CO2

evasion could be affected by water-column photosynthesis
and respiration. Photodegradation of DOC may also contrib-
ute to air–water CO2 evasion, however, its contribution is
likely small relative to respiration (Amaral et al. 2013; Vachon
et al. 2016). Quantifying the magnitude of photosynthesis
and respiration as a driver of air–water CO2 flux would provide
greater understanding of the internal carbon cycle in a salt
marsh (Wang and Cai 2004; Cai 2011).

In this study, we present an analysis of high-frequency
time-series measurements of pCO2 and derived air–water CO2

effluxes over daily to seasonal time scales, in a northeast

U.S. temperate salt marsh. CO2 effluxes were estimated from
the water surface, both in the tidal creek, and in the tidally-
flooded marsh platform. The total CO2 evasion and vertical
loss of marsh carbon through the air–water interface were
quantified by distinguishing the marsh-sourced carbon eva-
sion from the estuarine-sourced carbon evasion in the inun-
dated area. The influence of photosynthesis on this evasion
was also quantified. Finally, the marsh-sourced CO2

evasion flux from inundated marshes was integrated into the
marsh carbon budget along the U.S. northeastern coast to gain
a better understanding of the major loss terms in the marsh
carbon cycle. To the best of our knowledge, this study is the
first to distinguish between marsh and estuarine provenance
for evaded CO2 from a tidal creek and inundated platform
with high-frequency measurements.

Methods
Study site

The study site, Sage Lot Pond (SLP), is an intertidal salt
marsh located near the eastern inlet of Waquoit Bay, on Cape
Cod, Massachusetts (Fig. 1). There is no river input near the
marsh, and groundwater is a small source of freshwater in
the study area, only accounting for 3% of the mean annual
tidal flow (Wang et al. 2016; Chu et al. 2018). The vegetation
community is dominated by Spartina alterniflora in low marsh
areas, and Distichlis spicata and Juncus gerardii in high
marsh areas.

The time-series sampling site was located at the mouth of a
tidal creek (Fig. 1b). The water depth in the tidal creek ranged
from 0.2 to 1.1 m with the maximum observed in autumn
(Chu et al. 2018). The drainage area (4132 m2) was defined
using a water routing analysis with a 1-m bare-earth LiDAR-
derived digital elevation model (DEM) (Wang et al. 2016). This
drainage area, coupled with a hydrodynamic model and water
flow data, has been used to determine area-normalized DIC
fluxes from the SLP salt marsh (Wang et al. 2016).

Measurements
In situ high-frequency measurements of surface water ele-

vation (m), salinity, temperature (�C), and dissolved oxygen
(DO; mg L�1) were conducted from August 2014 to November
2015 using an EXO2 Multiparameter Sonde (YSI Inc.)
deployed at � 0.2 m below the water surface in a tidal creek
with data interpolated to 5 min. Water elevation was mea-
sured by a SonTek IQ Plus acoustic Doppler velocity meter
(Sontek/YSI) located 3 m upstream of the EXO2 every 5 min.
The relative elevation of the deployed Sontek IQ Plus was
referenced to NAVD88. All sensors were calibrated according
to recommended methods of the manufacturer before and
after the measurements. Photosynthetic active radiation (PAR;
mmol m�2 s�1) data was collected at the site from 2014 to
2015 (Data accessed from the Waquoit Bay National Estuarine
Research Reserve website: http://waquoitbayreserve.org/
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research-monitoring/biomonitoring-salt-marsh-sav/; accessed
09 October 2021). Wind speed measured at 3 m height was
recorded in 10-min intervals (Data accessed from the NOAA
National Estuarine Research Reserve System Centralized Data
Management Office website: http://www.nerrsdata.org;
accessed 03 July 2021). The wind speed was transformed to
corresponding values at 10 m above sea surface according
to Large and Pond (1981). Atmospheric pCO2 time-series are
from Mooring_NH_70W_43N in the North Atlantic Ocean,
� 170 km away from the study site, downloaded from NOAA
National Centers for Environmental Information at: https://
doi.org/10.3334/cdiac/otg.tsm_papa_145w_50n; accessed
10 November 2021.

A high-frequency Mini CO2 sensor (Pro-Oceanus Systems
Inc.) was deployed adjacent to the EXO2 to measure pCO2 in
the tidal water surface (41.5533�N, �70.5072�W; Fig. 1b) for
time periods from 2013 to 2016. The sensor has a semiperme-
able membrane to allow rapid diffusion of dissolved CO2 from
the surrounding water into a gas headspace, where a non-
dispersive infrared detector measures CO2. The pCO2 measure-
ments were corrected for pressure effect and recorded at 2-s
frequency in continuous mode. The sensor was calibrated by
Pro-Oceanus prior to deployment, and checked monthly to
change the battery and clean the instrument during deploy-
ment. In this study, we used the data collected in 2014 and
2015 for the high-resolution pCO2 data analysis since data
coverage during 2013 and 2016 was too sparse to include. To
assess the quality of pCO2 sensor data, we compared the sen-
sor data with pCO2 calculated from the bottle-measured DIC-
potentiometric pH pair or DIC-spectrophotometric pH pair.
The potentiometric pH was measured with a ROSS combina-
tion electrode (Thermo Fisher Scientific) at 22.4 � 0.1�C with
a precision of � 0.02. The electrode was calibrated using three
National Bureau of Standards solutions (pH 4.01, 7.00, and
10.01). The spectrophotometric pH was measured with a UV–

visible spectrophotometer (Agilent 8454; Agilent Technolo-
gies) using purified meta-cresol purple as an indicator
(Douglas and Byrne 2017). The uncertainty of the spectropho-
tometric pH measurement was � 0.006 on the total proton
concentration scale. The DIC samples were measured by a DIC
auto-analyzer (AS-C3; Apollo SciTech Inc.) with a precision of
� 2 μmol kg�1 (Data accessed from the Biological and Chemi-
cal Oceanography Data Management Office [BCO-DMO]
website: https://www.bco-dmo.org/dataset/794163; accessed
06 November 2021). Due to time elapsed while collecting
water samples, discrete samples were likely integrated over sev-
eral minutes, so pCO2 sensor data were binned over a 10-min
interval to match the bottle samples. The binned pCO2 sensor
data were compared to the corresponding calculated pCO2

data from the DIC-potentiometric pH or the DIC-spectropho-
tometric pH pair through a CO2 system parameter calculation
program (CO2SYS v3; Sharp et al. 2020) in 2013, 2015, and
2016 (calculated pCO2 data were not available in 2014)
(Supporting Information Fig. S1). For pCO2 calculation, disso-
ciation constants of carbonic acid, boric acid, and hydrogen
fluoride were taken from Cai and Wang (1998), Dickson
(1990), and Dickson and Riley (1979), respectively. There is a
good agreement between the sensor data and calculated pCO2

values derived from both potentiometric pH (R2 = 0.867 in
2013, n = 13; R2 = 0.908 in 2015, n = 37; R2 = 0.883 in 2016,
n = 28) and spectrophotometric pH (R2 = 0.864 in 2016,
n = 28). The discrepancies partially resulted from the uncer-
tainties of pCO2 calculations and measurement uncertainties
of discrete DIC and pH samples. Potentiometric pH measure-
ments may bear large uncertainties (> 0.01; Dickson
et al. 2007). The spectrophotometric pH measurement could
be potentially influenced by colored dissolved organic matter,
though the impact could be small as all samples were mea-
sured as “blanks” before pH indicator addition, which should
correct original water color in samples (Song et al. 2020).

Fig. 1. Study site. (a) The salt marsh habitat map of Sage Lot Pond and its location in the Waquoit Bay, Massachusetts, USA; (b) the location of the
time-series sampling site, with the corresponding drainage area (black line) and water elevation (color).
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Overall, the Mini CO2 sensor provided high-resolution pCO2

measurements with reasonably good quality that is suitable
for the analysis conducted in this paper.

Machine learning algorithm for pCO2

To fill pCO2 data gaps during the sampling periods when
the sensor was not deployed, we applied the feed-forward net-
work (FFN) method, a deep learning algorithm, to model tidal
water pCO2 at the time-series SLP site using time of the year,
temperature, salinity, DO, and water elevation as the input
variables. The FFN method has been applied to fill data gaps
of ocean surface pCO2 observations (Rödenbeck et al. 2013;
Landschützer et al. 2014). The datasets were normalized
according to the mean and standard deviation of each variable
(except time of the year) before training by the algorithm.
About 80% of the datasets were used in algorithm training
and the rest � 20% were used for algorithm validation. The
coefficient of determination (r2) was 95% over the sampling
period in 2014 and 2015. The root-mean-squared errors were
156 μatm in 2014 and 124 μatm in 2015, respectively.

Statistical analysis of pCO2 controlling factors
A principal component analysis (PCA) was applied using

IBM SPSS Statistics 23 (IBM Corp.) to determine the major fac-
tors influencing pCO2 variability in summer and fall, similar
to previous examinations of the variability in seawater pCO2

and CO2 flux (Lohrenz et al. 2010; Abdul-Aziz et al. 2018).
PCA analysis was conducted only with the sensor-measured
pCO2 data (indicated in Fig. 3) associated with salinity, tem-
perature, water elevation, DO, and PAR datasets. FFN modeled
pCO2 data were not used for this analysis.

Air–water CO2 flux
The hourly total CO2 fluxes across the air–water interface at

the mouth of the tidal creek (tFCO2-creek; mmol m�2 water
h�1) were calculated as:

tFCO2�creek ¼ kβ pCO2w�pCO2að Þ, ð1Þ

where k (cm h�1) is the gas transfer velocity; β is the solubility
of CO2 (mol L�1 atm�1; Weiss 1974); pCO2w and pCO2a are
pCO2 measured in the surface water and atmosphere, respec-
tively. The k values were calculated using the empirical equa-
tion of wind speed developed for shallow and microtidal
estuaries by van Dam et al. (2019) (hereafter referred to as the
D method; Eq. 2):

k cmh�1
� �

¼ 4:2þ1:5μð Þ Sc=600ð Þ�0:5, ð2Þ

μ (m s-1)- is the average wind speed at a height of 10 m. Sc is
the Schmidt number for CO2 at a given temperature and salin-
ity. The D method provided a moderate k value (Supporting
Information Table S1), compared to the k values based on
equations from Raymond and Cole (2001) and Borges et al.

(2004), which have been used in estuaries and tidal creeks
(e.g., Atkins et al. 2013; Call et al. 2015; Santos et al. 2019).
Moreover, van Dam et al. (2019) found the relationship
between gas transfer velocity and wind speed during daytime
was different from that at nighttime, likely due to the differ-
ence of water-side thermal convection between nighttime and
daytime. Currently, there is no consensus on the k value
parameterization in estuarine and shallow coastal systems
(Borges et al. 2004; Ho et al. 2018). We chose the D method
over others for calculation of k is because their measurement
conditions are mostly relevant to ours. We applied the D
method to estimate the hourly air–water CO2 flux, and quan-
tify the factors influencing its day–night variability.

The time-varying inundated marsh platform area within
the study domain was determined based on output from an
implementation of the COAWST hydrodynamic model
(Warner et al. 2010; Wang et al. 2016) and supported by a
1-m bare-earth LiDAR DEM (NAVD88), with continuous data
on water levels and flow at the creek mouth. Comparison of
LiDAR elevation data with RTK GPS elevation indicated mini-
mal bias and error. To estimate the total air–water CO2 flux
across the inundated area, including the tidal creek and marsh
platform, we assumed the pCO2 value at the mouth of the tidal
creek was representative of the water flooding the platform. The
total CO2 evasion rate over the inundated marsh was then cal-
culated by multiplying tFCO2-creek (mmol m�2 water h�1) by the
time-varying area of inundated marsh (A-inmarsh; m

2) at a given
tide stage, including the inundated marsh platform and the
tidal creek area. The total area-normalized CO2 evasion fluxes in
the marsh drainage area (tFCO2-inmarsh; mmol m�2 marsh h�1)
were then calculated using the marsh drainage area of
A = 4132 m2:

tFCO2�inmarsh ¼ tFCO2�creek�A�inmarsh=A: ð3Þ

A positive value indicates the inundated marsh is a source
of atmospheric CO2, while a negative value means that the
inundated marsh is a CO2 sink. In this study, we report
the area-normalized tFCO2-inmarsh value of the marsh drainage
area in order to compare with other marsh area normalized
carbon fluxes (e.g., lateral DIC and DOC export fluxes).

Marsh-contributed CO2 flux
It is important to quantify marsh carbon loss as CO2 from

tidal water as it is likely an important term in the marsh carbon
cycle. pCO2 in tidal water flooding the marsh was influenced by
mixing between estuarine water, marsh porewater, and ground-
water, and biogeochemical processes (e.g., photosynthesis and
respiration) in the water. As the fresh and brackish groundwater
only contributed to a small proportion (� 8.6%) of DIC in the
study area (Wang et al. 2016; Tamborski et al. 2021), pCO2 and
the corresponding CO2 flux contributed by groundwater was
likely insignificant. The increase of pCO2 over high–low tidal
cycles is thus primarily sourced from marsh porewater and from
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the net effect of water-column respiration and photosynthesis
within the marsh study domain. We define this pCO2 increase
as marsh-sourced pCO2 ((pCO2)m), which mostly derives from
respirations in marsh porewater and less in tidal water (Zhu
et al. 2022). The air–water CO2 flux derived from marsh-sourced
pCO2 was defined as marsh-contributed CO2 flux. Similarly, the
air–water CO2 flux contributed by estuarine-sourced pCO2 was
defined as estuarine-contributed CO2 flux. At a given time or in
a short-time period (minutes), the CO2 flux at the mouth of the
tidal creek is almost proportional to pCO2, since the other terms
in the flux calculation do not change significantly (Eq. 1). We
can thus assume that the marsh-contributed CO2 flux is propor-
tional to marsh-sourced pCO2 at a given moment. This leads to
the ratio of marsh-contributed CO2 flux to total CO2 flux at the
mouth of the tidal creek (R(FCO2)m) being approximately equal
to the ratio of marsh-sourced pCO2 to measured pCO2 in the
tidal water (R(pCO2)m). The hourly marsh-contributed CO2 flux
at the mouth of tidal creek ((FCO2-creek)mc; mmol m�2 water
h�1) can then be calculated by multiplying the hourly total CO2

flux (i.e., tFCO2-creek; mmol m�2 water h�1) by R(pCO2)m:

FCO2�creekð Þmc ¼R FCO2ð Þm� tFCO2�creek ¼R pCO2ð Þm� tFCO2�creek

ð4Þ

We defined the peak high tide during each 24-h period as
the estuarine endmember. We assumed that the [CO2*] con-
centration in the estuarine endmember remained constant
over each daily period. For instance, in the absence of substan-
tial external inputs, previous reports have indicated only small
variations (< 6 μmol kg�1) in [CO2*] in the nearshore water of
the Gulf of Maine (� 160 km north from the study site) in
summer and autumn (Data accessed from the NOAA National
Centers for Environmental Information website: https://doi.org/
10.3334/cdiac/otg.tsm_unh_gom; accessed 01 October 2021).
Moreover, since pCO2 values vary with temperature and salinity
in addition to other physical and biogeochemical processes, we
used [CO2*], which is conservative relative to salinity and tem-
perature variations, as a constant value in the estuarine
endmember over each daily time scale. The estuarine-sourced
pCO2 ((pCO2)e) at a given time was then calculated from [CO2*]
at the peak high tide (the estuarine endmember) using the
corresponding salinity and temperature at that time according
to the CO2 solubility equation (Weiss 1974). Therefore, the ratio
(i.e., R(pCO2)m) of marsh-sourced pCO2 to observed pCO2 in the
tidal water at a given time was calculated as:

R pCO2ð Þm ¼ pCO2� pCO2

� �
e

pCO2
: ð5Þ

The hourly marsh-contributed CO2 flux at the mouth of
tidal creek was then derived according to Eqs. 4, 5. Similarly,
the net marsh-contributed CO2 flux in inundated marsh (i.e.,
(FCO2-inmarsh)mc; mmol m�2 marsh h�1) was derived by multi-
plying hourly marsh-contributed CO2 flux at the mouth of

tidal creek (mmol m�2 water h�1) by the corresponding inun-
dated area and then normalizing to the marsh drainage area:

FCO2�inmarshð Þmc ¼ FCO2�creekð Þmc�A�inmarsh=A: ð6Þ

The hourly marsh-contributed CO2 flux at the mouth of
tidal creek and in inundated marsh were then integrated into
a whole day to derive the corresponding daily flux.

Photosynthetic impact on CO2 flux
During the daytime, water-column CO2 may be influenced

by photosynthesis, resulting in reduction of CO2 evasion in
tidal water. The CO2 flux reduction due to photosynthesis was
defined as the photosynthetic impact on CO2 flux in this
study. Noting that the reduction in CO2 flux due to photosyn-
thesis does not equal the in-water photosynthetic rate, given
that the total DIC (HCO3

� + CO3
2� + [CO2*]), not just

[CO2*], can be assimilated by photosynthesis. In addition to
photosynthesis, CO2 in the tidal water may be primarily
influenced by respiration in the water column, and mixing
between estuarine water and marsh porewater in which CO2

is essentially derived from respiration of estuarine and marsh
soil carbon. Herein, we define the CO2 derived from these
physical and biogeochemical processes other than photosyn-
thesis as respiration-derived CO2. Given likely insignificant
contribution of photochemical degradation of organic carbon
to CO2 relative to biological respiration in tidal water (Amaral
et al. 2013; Vachon et al. 2016), we assume their effect on
CO2 evasion was negligible. Therefore, the daily total CO2

flux, tFCO2-creek, at the mouth of the tidal creek
(mmol m�2 water d�1) was treated as the sum of photosyn-
thetic impact on CO2 flux ((FCO2-creek)P; mmol m�2 water d�1)
and daily respiration-derived CO2 flux ((FCO2-creek)R;
mmol m�2 water d�1):

tFCO2�creek ¼ FCO2�creekð ÞPþ FCO2�creekð ÞR ð7Þ

In this study, we defined the nighttime when PAR = 0. At
nighttime, the respiration-derived CO2 flux at the mouth of
the tidal creek provides a measure of air–water CO2 flux in the
absence of photosynthesis. To quantify the photosynthetic
impact on CO2 flux, we assumed that the average respiration-
derived CO2 concentration was equivalent at day and night.
Furthermore, if the gas transfer velocity (largely controlled by
wind speed) was equivalent between day and night, the aver-
age respiration-derived creek CO2 fluxes would also be the
same over a day. However, large differences in wind speed
between daytime and nighttime (up to 5 m/s) were observed.
To account for this difference, the average hourly daytime
respiration-derived creek CO2 fluxes were scaled from the
corresponding average hourly nighttime CO2 flux by using
the ratio of the day–night gas transfer velocities, and then
integrated into the daytime respiration-derived creek CO2

fluxes by multiplying daytime hours. The daily respiration-
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derived creek CO2 flux (i.e., (FCO2-creek)R) was the sum of the
nighttime CO2 flux and the daytime respiration-derived creek
CO2 flux, which was used to derive the photosynthetic impact
on CO2 flux at the mouth of tidal creek according to Eq. 7.

In the inundated marsh, the daily respiration-derived CO2

flux ((FCO2-inmarsh)R; mmol m�2 marsh d�1) and photosyn-
thetic impact on CO2 flux ((FCO2-inmarsh)P; mmol m�2 marsh

d�1) were calculated by normalizing creek flux values to the
marsh drainage area similar to Eq. 6:

FCO2�inmarshð ÞR ¼ FCO2�creekð ÞR�A�inmarsh=A, ð8Þ
FCO2�inmarshð ÞP ¼ FCO2�creekð ÞP�A�inmarsh=A: ð9Þ

A negative value for photosynthetic impact on CO2 flux
indicates CO2 in the tidal water was assimilated by photosyn-
thesis while the marsh was flooded.

Fig. 2 shows the defined CO2 and carbon fluxes in an inun-
dated marsh to facilitate understanding of the analysis
reported in this study.

Results
Temporal variations in pCO2

The deep learning algorithm predicted pCO2 shows good
agreement with the sensor-measured pCO2 (Fig. 3). Due to the
missing measurements of temperature, salinity or water eleva-
tion, the pCO2 data gaps over some time periods were not
filled by the algorithm (Fig. 3; Supporting Information
Fig. S2). The mean daily pCO2 values generally decreased from
summer to late fall (Fig. 3) as a result of lower respiration and
cooler weather.

We assessed tidal variations in pCO2, water elevation, salin-
ity, temperature, PAR, and DO over 11-d period covering
spring and neap tides in August 2014 (Fig. 4), to demonstrate
tidal variations in pCO2 and other environmental parameters.
Superimposed on the day–night cycle, nighttime DO concen-
trations generally decreased from high tide to low tide, indi-
cating lower DO concentrations of tidal water after exchange
with the marsh (Fig. 4). pCO2 was generally negatively

Fig. 2. A schematic of air–water CO2 and carbon fluxes in an inundated
marsh discussed in this study. tFCO2-inmarsh represents the total CO2 fluxes
in the inundated marsh. MC and EC represent the marsh-contributed
((FCO2-inmarsh)mc; red color shade in the tFCO2-inmarsh arrow) and estua-
rine-contributed CO2 fluxes ((FCO2-inmarsh)ec; orange color shade in the
tFCO2-inmarsh arrow) in the inundated marsh, respectively. P denotes the
impact of photosynthesis on CO2 flux in the inundated marsh, that is, the
amount of CO2 flux reduced by photosynthesis ((FCO2-inmarsh)P). R repre-
sents the contribution of respiration in tidal water or marsh porewater to
air–water CO2 flux.

Fig. 3. Measured pCO2 (blue circles) and predicted pCO2 (orange lines) using deep learning algorithms with daily mean pCO2 values (blue lines) for the
sampling periods of 2014 (a) and 2015 (b).
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correlated with water elevation with the maximum pCO2 over
each day observed at the peak low tide, and increased as water
elevation decreased, especially at nighttime (Fig. 4). This sug-
gests the export of DIC from the marsh may play a significant
role in driving tidal water pCO2. This observation is consistent
with the previous studies at SLP (Wang et al. 2016; Chu
et al. 2018).

Factors driving pCO2 variability
PCA was conducted to gain insight into the potential envi-

ronmental factors influencing variations in tidal water pCO2

over summer and autumn (Fig. 5). Two principal components
accounted for 68.3% in summer and 70.3% in autumn of total
variance for pCO2, DO, water elevation, temperature (T), salin-
ity, cumulative PAR, and pH over two years (Fig. 5). The
cumulative PAR value at a specific daytime point was deter-
mined by summing up PAR values from the beginning of day-
time until that particular time point, whereas cumulative PAR
was considered to be zero at nighttime. Cumulative PAR was
employed to align with pCO2, which reflects a cumulative
response to multiple drivers, including biological
(e.g., respiration and photosynthesis) and physical processes
(e.g., mixing), on a range of timescales. The correlation rank
for all variables is shown in Supporting Information
Table S2, S3.

In summer, pCO2 had a negative loading on the first prin-
cipal component (PC1), while T, pH, DO, and cumulative
PAR had positive loadings with high values (Fig. 5a). Given

primary production can be positively correlated with T,
cumulative PAR, pH, and DO values but negatively corre-
lated with pCO2 values (Nezlin et al. 2009; Raven
et al. 2020), we suspect PC1 represents the primary produc-
tion in this study. For the second principal component
(PC2), pCO2 still had a negative loading, while water eleva-
tion had a positive loading with a high absolute value
(Fig. 5a). We thus presume PC2 represents the mixing
between tidal water and marsh porewater. Therefore, pri-
mary production and the mixing between tidal water and
marsh porewater were likely two important factors influenc-
ing variations in tidal water pCO2. Given the higher absolute
loading of pCO2 on PC1 than PC2 (Fig. 5a), we suggest pri-
mary production might be a principal factor influencing var-
iations in tidal water pCO2 in the summer.

In autumn, water elevation, pH, and DO had high and pos-
itive loadings on PC1, while pCO2 had a significantly negative
loading (Fig. 5b). Given that the tidal flooding increased water
elevation, pH, and DO values and decreased pCO2 values in
tidal water, we suggest that here PC1 might represent the
influence of tidal water flooding and mixing. PC2 might repre-
sent the factors correlated with temperature, given the high
loading of temperature on PC2 (Fig. 5b). The magnitude of
pCO2 loading on PC1 was much greater than PC2 (Fig. 5b), so
we suggest mixing between tidal water and marsh porewater
was a primary factor influencing tidal water pCO2 in autumn.
The low tide samples were much closer to the direction of
pCO2 arrow in both summer and autumn, while high tide

Fig. 4. Variations in water elevation, salinity, temperature, DO (a), PAR, and pCO2 (b) in August 2014. Shaded regions indicate nighttime.
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samples were more distant, indicating a high level of pCO2 at
low tides (Fig. 5). This is consistent with the previous finding
that marsh porewater contributes a considerable amount to
pCO2 in tidal water exchanged with the salt marsh (Wang
et al. 2016; Tamborski et al. 2021).

Temporal variations in CO2 flux
Daily CO2 fluxes at the mouth of the SLP tidal creek

(i.e., tFCO2-creek) and CO2 fluxes from the inundated marsh
(i.e., tFCO2-inmarsh) including the tidal creek and inundated
marsh platform were highly variable over the study period in
2014, as were daily mean pCO2, wind speed, and inundated
area (Fig. 6). The daily inundated marsh CO2 flux was posi-
tively and significantly correlated with pCO2, wind speed,
water elevation, and inundated marsh area (Supporting Infor-
mation Table S4), indicating the importance of these variables
in affecting air–water CO2 fluxes in the inundated marsh. The
weekly mean CO2 fluxes were only shown when all daily
values over this time period were available. The monthly
mean/median creek and inundated marsh CO2 fluxes were cal-
culated from daily CO2 fluxes with linear interpolation of
missing values. All relevant monthly mean/median CO2 fluxes
presented below were calculated this way. Both the maximum
weekly mean and monthly mean/median of CO2 fluxes from
inundated marsh in 2014 were observed in September, likely
resulting from high daily and weekly mean pCO2 values over
this period (Fig. 6).

The maximum daily creek CO2 flux in 2015 occurred in
July, while the maximum inundated marsh CO2 flux was
observed in September, coincident with greater inundated area
and high pCO2 value in September (Fig. 7a,b). The monthly

mean/median CO2 flux from inundated marsh showed a
decreasing trend from July to November 2015, however, the
maximum weekly mean inundated marsh CO2 flux was
observed in September (Fig. 7).

Marsh-contributed CO2 flux
To gain insights on the proportion ofmarsh vs. estuarine contri-

butions to the air–water CO2 efflux from tidal water, the daily and
weekly mean of estuarine-contributed CO2 flux ((FCO2-inmarsh)ec)
and marsh-contributed CO2 flux ((FCO2-inmarsh)mc) from the inun-
dated marsh were compared over the sampled months in 2014
and 2015 (Fig. 8). The marsh-contributed CO2 flux was calculated
at nighttime and daytime separately in order to show the strong
day–night variability and the influence by photosynthesis and res-
piration over tidal cycles (Fig. 8). In contrast to nighttime marsh-
contributed CO2 fluxes, more marsh carbon evaded at daytime
during summer and early autumn (Fig. 8). The daily mean marsh
contribution accounted for 17–98% (mean = � 69%) of the total
CO2 effluxes in 2014 and 2015, with the remaining � 31% on
average sourced from estuarine carbon (Fig. 8). Marsh-sourced car-
bon thus predominantly contributed to the air–water CO2 efflux
from the inundated marsh. Both the daily mean marsh-
contributed CO2 flux and estuarine-contributed CO2 flux were sig-
nificantly correlated (p < 0.01) with the water elevation and total
CO2 efflux from the inundated marsh over the study periods of
2014 and 2015 (Supporting Information Table S4). Nevertheless,
higher water elevation increased estuarine water flooding, coinci-
dent with a greater proportion of estuarine-sourced CO2 in tidal
water exchangedwith the saltmarsh, leading to relatively high per-
centages of estuarine-contributed CO2 fluxes and low percentages
of marsh-contributed CO2 fluxes to the total CO2 effluxes from

Fig. 5. The PCA correlation biplot of variables including pCO2, cumulative PAR (cPAR), water elevation, temperature (T), pH, DO, and salinity in summer
(a) and autumn (b) of 2014 and 2015. The data points in the plot indicate the scores of each sample projected onto the principal components. The
length and direction of the arrows indicate the strength and direction of the relationship between the variables and the principal components. Samples
at high/low tides refer to the samples collected within a 1-h window around the water elevation reached the maximum or minimum values within each
tidal cycle.
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inundated marsh over some studied periods, especially in October
2014 (Fig. 8; Supporting Information Fig. S2).

The weekly mean of marsh-contributed CO2 flux was
highly variable over the studied months in both years, espe-
cially in 2014 (Fig. 8b,d). In 2014, the maximum monthly
mean/median of the marsh-contributed CO2 flux was
observed in September (Fig. 8). In comparison, this flux value
decreased from July to November in 2015 with its proportion
in total CO2 effluxes reaching a maximum in September
(Fig. 8). The monthly mean/median of marsh-contributed

CO2 flux was higher in August 2015 than in August 2014, but
lower in September 2015 than in September 2014 (Fig. 8).

Impact of photosynthesis on CO2 flux
The daily impact of photosynthesis on CO2 fluxes,

(FCO2-inmarsh)P, was assessed by comparing these flux values to
the daily respiration-derived CO2 effluxes (FCO2-inmarsh)R, in
the inundated marsh over the sampled months in 2014 and
2015 (Fig. 9). In 2014, the daily photosynthetic impact on
CO2 fluxes varied from �1 to �72 mmol m�2 marsh d�1 from

Fig. 6. Daily (a, b) and weekly (c, d) mean pCO2, inundated area, wind speed, and total CO2 effluxes at the mouth of the SLP tidal creek (tFCO2-creek)
and in the inundated marsh (tFCO2-inmarsh) in 2014. The table below the figure shows the monthly means and medians of CO2 effluxes in the inundated
marsh (tFCO2-inmarsh). W in the x-axis label (d) means week.
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August to October (Fig. 9a). This translates to a reduction in
respiration-derived CO2 effluxes by 4–69% (mean 33%;
Fig. 9a), which equaled 4–223% (mean 64%) of the
corresponding total CO2 effluxes from the inundated marsh.
Such a reduction reached a maximum in August (Fig. 9a). In
2015, the photosynthetic impact on CO2 fluxes varied from
�1 to �56 mmol m�2 marsh d�1 with the minimum observed
at the end of September, effectively reducing respiration-
derived CO2 effluxes by 1–86% (mean 30%; Fig. 9c). These
reduced fluxes equaled 1–307% (mean 58%) of the
corresponding total CO2 effluxes. The photosynthetic impact

on CO2 flux was negatively and significantly correlated with
the total CO2 efflux from inundated marsh, and marsh-
contributed CO2 flux (Supporting Information Table S4), likely
resulting from similar seasonal variations between carbon
assimilation rate and respiration rate.

The weekly mean and monthly mean/median respiration-
derived CO2 effluxes and photosynthetic impact on CO2 fluxes
in the inundated marsh were also highly variable over the study
periods of both years (Fig. 9). In 2014, both the absolute maxi-
mum values of weekly mean and monthly mean/median of
photosynthetic impact on CO2 fluxes and respiration-derived

Fig. 7. Daily (a, b) and weekly (c, d) mean pCO2, inundated area, wind speed, and total CO2 effluxes at the mouth of the SLP tidal creek (tFCO2-creek)
and in the inundated marsh (tFCO2-inmarsh) in 2015. The table below the figure shows the monthly means and medians of CO2 effluxes in the inundated
marsh (tFCO2-inmarsh). W in the x-axis label (d) means week.
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CO2 effluxes were observed in October (Fig. 9). In 2015, the
absolute maximum weekly mean photosynthetic impact was
observed in August. The absolute monthly median

photosynthetic impact on CO2 fluxes decreased from July to
November (Fig. 9), accounting for 20–34% of the respiration-
derived CO2 effluxes from inundated marsh (Fig. 9).

Fig. 8. Daily (a, c), and weekly (b, d) mean estuarine-contributed ((FCO2-inmarsh)ec) and marsh-contributed CO2 fluxes ((FCO2-inmarsh)mc) in the inun-
dated marsh at nighttime and daytime over the sampled periods in 2014 (a, b) and 2015 (c, d). The R(FCO2inmarsh)mc represents the ratio of
(FCO2-inmarsh)mc to the total CO2 efflux from the inundated marsh. The tables below each set of the figure shows the monthly means and medians of
marsh-contributed CO2 fluxes in the inundated marsh. W in the x-axis label in (b) and (d) means week.
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Fig. 9. Daily (a, c) and weekly (b, d) mean of photosynthetic impact on CO2 fluxes ((FCO2-inmarsh)P) and the ratio of the daily photosynthetic
impact on CO2 flux to the daily respiration-derived CO2 efflux ((FCO2-inmarsh)R) in the inundated marsh (R(FCO2-inmarsh)P) in 2014 (a, b) and 2015
(c, d). The tables below each set of the figure shows the monthly means and medians of the impact of photosynthesis on CO2 fluxes in the inun-
dated marsh. W in the x-axis label in (b) and (d) means week. The negative value indicated that photosynthesis impacts are to reduce CO2 fluxes
to the atmosphere.
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Discussion
The importance of high-frequency measurements in CO2

flux estimation
Vertical CO2 evasion of marsh carbon through the air–

water interface in the inundated marsh, including the inter-
mittently flooded platform and the tidal creek, likely played
an important role in the salt marsh carbon cycle (Figs. 6, 7).
However, less attention has been directed to air–water CO2

evasion in both the tidal creek and flooded marsh platform in
past studies (Trifunovic et al. 2020). Wang and Cai (2004)
reported an estimate of total air–water CO2 efflux of � 56 g
C m�2 marsh yr�1 over the inundated salt marsh including
the tidal creek and flooded marsh platform in the Duplin River
based on two discrete samplings at high and low tides over a
given tidal cycle across seasons. The low frequency of sam-
pling likely led to large uncertainties in estimated air–water
CO2 efflux from the inundated marsh.

This study estimated CO2 effluxes from the inundated
marsh based on high-frequency measurements of pCO2

enhanced by data gap-filling using deep learning algorithms.
We conducted a frequency analysis of inundated marsh CO2

effluxes in August and October 2014 (Supporting Information
Fig. S3) and found that inundated marsh CO2 effluxes do not
follow a normal distribution for both months. It is likely that
lower frequency sampling of tidal CO2 fluxes from salt
marshes (e.g., over a few tidal cycles) would fail to capture the
true flux and result in large errors in estimating CO2 fluxes
over longer time scales (e.g., monthly, seasonally, and annu-
ally). Therefore, it is of great importance to measure or accu-
rately model high-frequency variability in air–water CO2 flux
over all temporal scales of interest.

Marsh carbon as a dominant term in CO2 evasion
In this study, marsh-contributed CO2 flux in the inundated

marsh accounted for 17–98% (mean = 69%) of the total CO2

evasion in the inundated marsh (Fig. 8), indicating that the
salt marsh-sourced carbon fueled a majority of the CO2 eva-
sion of marsh-influenced tidal water. Previous studies have
reported that the mangrove creek CO2 fluxes were mostly con-
trolled by the exchange with sediment porewater, even
though in situ processes (e.g., photosynthesis and respiration)
may also affect CO2 fluxes (Koné and Borges 2008; Call
et al. 2015; Sippo et al. 2017). Marsh sediment porewater DIC
export likely accounts for the majority of the marsh-
contributed CO2 fluxes, compared to respiration of organic
carbon in the tidal water. According to Zhu et al. (2022), the
marsh porewater-derived carbon accounted for � 75% of
the total air–water CO2 evasion in a salt marsh of Hangzhou
Bay, China. Tamborski et al. (2021) reported significant
porewater exchange in the upper 5 cm of the marsh surface
(0–36 L m�2 d�1) in our study site, which translated to
145–521 mmol m�2 d�1 DIC (� 57–203 mmol m�2 d�1

[CO2*]) export in summer and fall. This exported DIC is likely

sufficient to support CO2 fluxes reported in this study
(1–67 mmol m�2 marsh d�1; Figs. 6, 7). The CO2 fluxes at low
tides were on average � 20 times of those at high tides for the
study periods (Supporting Information Fig. S4), which pro-
vides additional evidence of the significant contribution of
marsh porewater to CO2 evasion in tidal water. Moreover, to
the extent that respiration in the tidal creek contributed
to CO2 fluxes, the substrate organic carbon is mostly produced
from marsh production (Santos et al. 2009, 2019). Therefore,
the marsh-contributed CO2 flux in the inundated marsh is
mostly supported by marsh sediment porewater exports and
likely to a lesser degree by water-column respiration of organic
carbon with marsh origin.

The marsh-contributed CO2 fluxes in summer were greater
than in late autumn (Fig. 8), likely due to a higher respiration
rate in summer as a result of the well-known sensitivity of eco-
system respiration to temperature (Lloyd and Taylor 1994;
Mahecha et al. 2010; Tong et al. 2014). A large difference was
observed between the nighttime and daytime marsh-
contributed CO2 flux, likely resulting from photosynthetic
influence as well as differences in wind speed and temperature
between nighttime and daytime. These results highlight the
necessity to measure both nighttime and daytime conditions
to accurately estimate the total flux.

There are likely two factors affecting the uncertainties of
marsh-contributed CO2 flux. First, we assumed pCO2 values in
the flooded platform were equal to that at the mouth of tidal
creek. This could underestimate the contribution of the marsh
to tidal water CO2 evasion, given that the marsh continuously
contributes CO2 to the tidal water through porewater
exchange and through water-column respiration after the tidal
water flows onto the marsh platform. Therefore, our estima-
tion of marsh-contributed CO2 flux likely represents a conser-
vative value. Second, we assumed the dissolved CO2

concentration, [CO2*], in the estuarine endmember was con-
stant over each day, which could introduce uncertainties in
the marsh-contributed CO2 flux estimate, as respiration/
photosynthesis can change DIC, thus [CO2*], in the estuarine
water endmember. However, [CO2*] in estuarine water is lower
than the tidal water exchanged with the marsh most of the
time, and its variation is likely minimal (mean pCO2 value at
the high tide was 786 μatm with a range of 237–1440 μatm in
August) compared to pCO2 in low tide water (mean
4678 μatm, with a range of 292–8924 μatm in August; Fig. 3).
As such, the uncertainties due to the assumption of constant
dissolved CO2 concentrations in estuarine endmember over
each daytime–nighttime period should be limited.

Photosynthesis in tidal water as a significant factor
reducing CO2 evasion

Our analysis suggests that photosynthesis in the inundated
marsh reduced CO2 flux by a large proportion (1–86%, mean
� 31%) of daily respiration-derived CO2 efflux during the sam-
pling periods, indicating a high photosynthetic rate in tidal
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water throughout summer and autumn (Fig. 9). The magni-
tude of monthly mean CO2 fluxes reduced by photosynthesis
in the inundated marsh was higher than the corresponding
marsh-contributed CO2 fluxes in October 2014, and slightly
lower in the other studied months of 2014 and 2015 (Figs. 8,
9). This suggests photosynthesis in tidal water can exert a
major influence on marsh carbon evasion.

Three types of primary producers including phytoplank-
ton, algae, and marsh grass might contribute to the primary
production in tidal creeks of salt marshes (Stribling and
Cornwell 1997). Previous studies have reported that phyto-
plankton and algae contributed an important portion of pri-
mary production in tidal creeks of salt marshes (Haines
1977; Sherr 1982; Peterson and Howarth 1987). Given the
photosynthesis-reduced CO2 flux in the inundated marsh,
some portion of marsh-released DIC might be converted to
organic carbon by phytoplankton/algae photosynthesis. As a
comparison, the monthly mean photosynthesis-reduced
CO2 fluxes are equivalent to 6–10% and 2–26% of the lateral
DIC fluxes estimated at SLP in summer and fall (Wang
et al. 2016), respectively. Some of the fixed carbon might be
laterally exported to the estuary and coastal ocean through
tidal exchange as particulate organic carbon (POC) or DOC.
As such, a portion of the lateral export of DOC and POC
from the marsh might be originally from marsh-released
DIC. Future studies are needed to further parse the complex
interaction between different carbon pools during the lateral

export processes to better assess the magnitude and fate of
these lateral fluxes.

The role of tidal water CO2 fluxes
The lateral DIC fluxes exported from this marsh during a

similar period (2012–2014) have been reported by Wang et al.
(2016), as the time-integrated net exchange between the SLP
marsh and Waquoit Bay, measured at the same time-series
location (i.e., the mouth of the SLP tidal creek; Fig. 1). Based
on the lateral DIC flux reported by Wang et al. (2016), the net
CO2 evasion of marsh-sourced carbon estimated in this study
equals 3–23% (mean � 13%) of the corresponding monthly
marsh lateral DIC fluxes. As such, the vertical CO2 evasion in
the inundated marsh was an important loss term for the
marsh carbon budget. Moreover, we found that the high rates
of photosynthesis in tidal water significantly reduced air–
water CO2 fluxes during the sampling periods in 2014 and
2015. This decrease equals 2–26% (mean � 11%) of the marsh
lateral DIC fluxes during the same sampling period.

To gain more insight on the role of the CO2 fluxes in the
inundated marsh, we converted the various CO2 flux terms
estimated in this study to annualized mean values of summer
and fall in order to compare them with other mean carbon
fluxes of the same seasons from the salt marshes in the
U.S. northeast coast including the Mid-Atlantic Bight and Gulf
of Maine (Najjar et al. 2018) (Fig. 10). CO2 flux rates were pres-
ented as annualized rates simply for the convenience of

Fig. 10. The major salt marsh carbon fluxes (a) and their percentages of marsh gross primary production (GPP) (b) over the summer and fall in the
U.S. Northeast Coast (including the Mid-Atlantic Bight and Gulf of Maine). The flux numbers in (a) represent mean marsh areal fluxes over summer and
fall (g C m�2 marsh yr�1) with corresponding one standard deviation. The lateral POC and DOC exports were mean values of summer and fall reported
in Herrmann et al. (2015) and Najjar et al. (2018); the lateral DIC export is from Wang et al. (2016); the respiration in un-inundated marsh is from
Forbrich and Giblin (2015) and Carey et al. (2022); carbon burial is the annual mean value from Chmura et al. (2003). GPP = (FCO2_inmarsh)mc + OC
burial + DIC export + DOC export + POC export + Run-inundated in the figure. The numbers indicated by yellow arrows are from this study. P denotes
photosynthesis in tidal water; Run-inundated denotes respiration in un-inundated marsh. Also shown are the photosynthetic impact on CO2 flux
((FCO2_inmarsh)p), marsh-contributed CO2 flux ((FCO2_inmarsh)mc), and estuarine-contributed CO2 flux ((FCO2_inmarsh)ec) from the inundated marsh, includ-
ing the tidal creek and flooded marsh platform.
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comparison with previous reports. In Fig. 10, the mean lateral
DIC, DOC, and POC fluxes and CO2 evasion from respiration
in un-inundated marsh over summer and fall were adopted
from the values published in previous studies (e.g., Herrmann
et al. 2015; Wang et al. 2016; Najjar et al. 2018). The annual
mean carbon burial rate was from Chmura et al. (2003). The
CH4 flux was ignored in the salt marsh carbon budget, given
its small contribution in the environments with relatively
high salinity (S > 15) and high sulfate reduction rate
(Moseman-Valtierra et al. 2016; Carey et al. 2022). The carbon
flux comparison in Fig. 10 is not to provide definitive regional
flux estimates, but rather offers comparative insight into the
coastal salt marsh carbon budget.

Evasion from the tidal creek and flooded marsh platform
is � 94 � 77 g C m�2 marsh yr�1 in summer and fall, with
� 69% derived from the marsh and the remaining 31% has
an estuarine source (Fig. 10). This evasion rate is similar to
the mean salt marsh organic carbon burial rate (114 � 69 g
C m�2 marsh yr�1), as well as the mean lateral DOC export
(119 � 84 g C m�2 marsh yr�1) along the northeast coast
(Fig. 10). In total, U.S. northeast coast salt marshes lose
� 569 � 226 g C m�2 marsh yr�1 of inorganic carbon after
exchanging with tidal water, including � 11% as CO2 eva-
sion from tidal water surface to the atmosphere in inundated
marsh and � 89% as lateral DIC flux to adjacent estuarine
and coastal waters (Fig. 10). The marsh CO2 evasion rate
from inundated areas accounted for � 5 � 4% of the marsh
gross primary production (Fig. 10b). This efflux would be
about 80% greater if not for preemptive photosynthetic
uptake of CO2 in tidal water (� 52 � 60 g C m�2 marsh yr�1;
Fig. 10).

This study presents a first attempt to quantify CO2 eva-
sion in the inundated area of a tidal marsh with high-
resolution measurements, as well as the first to differentiate
marsh-sourced vs. estuarine-sourced carbon loss in these
CO2 fluxes. This study determined the majority of CO2 eva-
sion in tidal water on average is fueled by marsh carbon
through respiration in marsh soil, porewater, and exchanged
tidal water in summer and fall. The marsh carbon loss as
CO2 through the air–water interface in the inundated marsh
is an important loss term for the marsh carbon budget. The
role of photosynthetic uptake of DIC by phytoplankton/
algae in tidal water is to convert an amount of DIC to
organic carbon that is stored in the marsh as POC and/or
exported laterally as POC and DOC. These conclusions were
made based on high-frequency time-series measurements,
representing a concrete step forward in resolving the com-
plex dynamics of the CO2 fluxes in tidal water exchanged
with a salt marsh system.

Data availability statement
The data that support the findings of this study will be

released by U.S. Geological Survey (https://doi.org/10.5066/
P9STIROQ).
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