
1.  Introduction
Tidal salt marshes store so-called “blue carbon” (Nellemann et al., 2009) in high quantities relative to their land 
area (Chmura et al., 2003; Duarte et al., 2008, 2013) and could be used to mitigate climate change (Howard 
et al., 2017; IPCC, 2014; Macreadie et al., 2021; Serrano et al., 2019), but we are just beginning to understand 
C dynamics in these complex ecosystems. Most blue C studies focus on the distribution of C in the soil profile 
(Berthelin et al., 2022; Chmura et al., 2003; Gorham et al., 2021; Hinson et al., 2017; Spivak et al., 2019; Sun 
et al., 2019; J. Yu et al., 2014; Van De Broek et al., 2016) or vertical trace gas fluxes (Abdul-Aziz et al., 2018; 
Capooci et al., 2019; Capooci & Vargas, 2022a; Diefenderfer et al., 2018; O’Connor et al., 2020; Tong et al., 2020; 
Vázquez-Lule & Vargas, 2021; Wollenberg et al., 2018). Few studies focus on the lateral C flux, which is the 
inorganic and organic C imported and exported via tidal channels (Santos et al., 2021; Trifunovic et al., 2020). 
This limited attention has likely led to an underestimation of the net C flux within coastal wetlands. Some 
studies suggest that lateral C export may be similar to or even exceed blue C burial rates (Bogard et al., 2020; 
Czapla et al., 2020; Mcleod et al., 2016; Santos et al., 2019; Z. A. Wang et al., 2016). These studies suggest 

Abstract  Tidal channels are biogeochemical hotspots that horizontally exchange carbon (C) with marsh 
platforms, but the physiochemical drivers controlling these dynamics are poorly understood. We hypothesized 
that C-bearing iron (Fe) oxides precipitate and immobilize dissolved organic carbon (DOC) during ebb tide 
as the soils oxygenate, and dissolve into the porewater during flood tide, promoting transport to the channel. 
The hydraulic gradient physically controls how these solutes are horizontally exchanged across the marsh 
platform-tidal channel interface; we hypothesized that this gradient alters the concentration and source of C 
being exchanged. We further hypothesized that trace soil gases (i.e., CO2, CH4, dimethyl sulfide) are pushed 
out of the channel bank as the groundwater rises. To test these hypotheses, we measured porewater, surface 
water, and soil trace gases over two 24-hr monitoring campaigns (i.e., summer and spring) in a mesohaline tidal 
marsh. We found that Fe 2+ and DOC were positively related during flood tide but not during ebb tide in spring 
when soils were more oxidized. This finding shows evidence for the formation and dissolution of C-bearing 
Fe oxides across a tidal cycle. In addition, the tidal channel contained significantly (p < 0.05) more terrestrial-
like DOC when the hydraulic gradient was driving flow toward the channel. In comparison, the channel water 
was saltier and contained significantly (p < 0.05) more marine-like DOC when the hydraulic gradient reversed 
direction. Trace gas fluxes increased with rising groundwater levels, particularly dimethyl sulfide. These 
findings suggest multiple physiochemical mechanisms controlling the horizontal exchange of C at the marsh 
platform-tidal channel interface.

Plain Language Summary  Tidal salt marshes store large amounts of carbon belowground in soils, 
but there is also a significant amount of carbon flowing into and out of these ecosystems via tidal channels. We 
investigated the carbon flowing between the channel bank and surface water in a salt marsh in Delaware. We 
found that soil minerals (i.e., iron oxides) control the mobility of carbon as iron oxides retain carbon during 
ebb tides and release carbon during flood tides as the minerals dissolve. The gradient between the groundwater 
and surface water elevation (i.e., hydraulic gradient) controls the flow direction for dissolved carbon, altering 
the concentration and source of carbon found in the tidal channel across tidal cycles. In addition, gases trapped 
in channel banks are pushed out of the soils as the tide rises. These findings will improve our understanding of 
carbon cycles in these critical carbon sinks.
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the importance of the lateral C flux, but much uncertainty exists as the range in global salt marsh lateral flux is 
31–78 Tg C yr −1, and there are limited studies indicating why the range is so large (Duarte, 2017). Further study 
is required to reduce uncertainty and better understand carbon dynamics in tidal salt marshes.

Although it is increasingly recognized that the lateral C flux may represent a substantial component of the net 
C budget in tidal wetlands, there remains high uncertainty. The uncertainty of lateral C flux in North American 
tidal wetlands is 100% of the estimated value (Hayes et  al.,  2018). This high uncertainty stems from several 
factors, including (a) few studies examining lateral C transport (Chu et  al.,  2018; Santos et  al.,  2019; Z. A. 
Wang et al., 2016; Z. A. Wang & Cai, 2004), (b) lack of incorporation of both DOC and DIC into estimates 
(Duarte, 2017; Santos et al., 2019), (c) few studies on lateral trace gas C fluxes from tidal channels (Trifunovic 
et al., 2020), and (d) limited mechanistic understanding of horizontal C exchange between the salt marsh soil 
platform and tidal channel interface. For the latter point, most studies focus on large-scale surface water flux 
between the marsh, estuary, and ocean boundaries (Chu et al., 2018; Najjar et al., 2018; Osburn et al., 2015; 
Tzortziou et al., 2008; Z. A. Wang & Cai, 2004; Winter et al., 1996), whereas only a few address the horizontal 
exchange of C-rich porewater between marsh soils and surface water in tidal channels (Guimond, Seyfferth, 
et al., 2020). Therefore, having an improved mechanistic understanding of the physicochemical controls on hori-
zontal C exchange between the tidal channel and adjacent marsh soil could help decrease uncertainty in the 
larger-scale lateral C flux.

The chemical mobility of DOC in soils near tidal channels may be controlled by Fe oxides, hydroxides, and 
oxyhydroxides (hereafter referred to as “Fe oxides”), which offer mineral protection from microbial degradation 
and decrease the mobility of C (Zak & Gelbrecht, 2007). The role of Fe oxides in stabilizing DOC has been well 
established in controlled laboratory experiments, and upland terrestrial field settings (Adhikari et al., 2019; Chen 
& Sparks, 2015; Sowers, Adhikari, et al., 2018; Sowers et al., 2019; Sowers, Stuckey, & Sparks, 2018), but the 
importance of Fe oxides in coastal settings is less clear. Previous work has shown that reactive Fe oxide phases, 
including ferrihydrite, are abundant in soils adjacent to tidal salt marsh channels along with high quantities of 
DOC (Seyfferth et al., 2020). These soils are inundated and drain every 6 hr due to semidiurnal tides, causing 
rapid and large changes in soil redox potentials over short periods (Guimond, Seyfferth, et al., 2020). Due to the 
redox sensitivity of Fe oxides (Schwertmann, 1991), reducing and oxidizing conditions in tidally influenced soils 
may allow coprecipitates of Fe and DOC to form and dissolve between ebb and flood tides, as has been shown for 
other fluctuating redox environments (Chen et al., 2014; Sodano et al., 2017). Thus, precipitation and dissolution 
of Fe-DOC coprecipitates across ebb-flood tides may be an important process controlling the transport of marsh 
soil DOC to and from tidal channels. The presence of Fe-DOC coprecipitates in salt marsh soils has previously 
been confirmed, as has their sensitivity to redox conditions under simulated sea level rise conditions (Fettrow 
et al., 2023).

While Fe oxides may partially control the chemical mobility of horizontally transported C, the physical transport 
of porewater solutes is governed by the hydraulic gradient between the near-channel groundwater and the tidal 
channel surface water (Guimond, Yu, et al., 2020). The hydraulic gradient likely changes rapidly in semi-diurnal 
systems, where a falling tide leads to groundwater/porewater discharge into the tidal channel, and a rising tide 
leads to surface water seepage into the pore space (Xin et al., 2011). Changes in hydraulic gradient direction will 
likely alter the source and concentration of C being laterally exchanged or lost, such as light-reactive chromo-
phoric dissolved organic carbon (CDOM). The proportion of marsh-derived, terrestrial-like CDOM has been 
shown to increase in tidal channels during ebb tide, while the proportion of marine-derived CDOM increases 
during flood tide (Osburn et al., 2015; Tzortziou et al., 2008). This is likely a result of C-rich marsh porewater 
flowing into the tidal channel during ebb tide and estuarine bay waters flowing into the tidal channel during flood 
tide. Still, to our knowledge, a direct connection between the magnitude and composition of C in the tidal chan-
nel and the horizontal exchange of water between the marsh platform and tidal channel is yet to be made over a 
complete tidal cycle and across seasons.

In addition to understanding the physical and chemical controls on horizontal C transport, it is also essential 
to know how soil trace gas emissions change across tidal cycles (Capooci & Vargas,  2022b). Fluxes of soil 
greenhouse gases (e.g., CO2, CH4) offset the global cooling effect of stored C in soil. Therefore, assessing the 
horizontal fluxes of gases is critical to constraining the total ecosystem C flux (Santos et al., 2019; Trifunovic 
et al., 2020). In addition to CO2 and CH4, dimethyl sulfide (DMS) is a common C-containing gas produced in salt 
marshes, particularly those dominated by Spartina grasses (Capooci & Vargas, 2022b; Wang & Wang, 2017). 
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DMS is a climate-cooling gas due to its oxidation to SO4 in the atmosphere (Charlson et al., 1987). Few studies 
have investigated horizontal trace gas fluxes from tidal channels, but evidence suggests these sites could represent 
biogeochemical hotspots in salt marshes (Trifunovic et al., 2020). Assessing soil trace gas emissions coupled to 
porewater and surface water near tidal channels may help constrain the magnitude and mechanisms of lateral C 
fluxes in tidally influenced ecosystems.

We postulated several interrelated hypotheses to investigate patterns and mechanisms of horizontal C flux between 
the marsh platform and tidal channel. First, we hypothesized that Fe oxides stabilize DOC during high soil redox 
conditions (i.e., ebb tide), while they dissolve and enter the porewater together as Fe 2+ and DOC during low soil 
redox conditions (i.e., flood tide). Second, we hypothesized that the hydraulic gradient controls the physical 
exchange of solutes between the marsh porewater and the tidal channel and drives changes in the concentration 
and source (i.e., marine vs. terrestrial) of lateral C. Third, we hypothesized that soil trace gases are horizontally 
lost (i.e., horizontal fluxes) from channel bank soils to tidal channels due to tidal forces and the upward movement 
of groundwater. To test these hypotheses, we performed two 24-hr field campaigns of hourly porewater and soil 
trace gas fluxes during the growing season in a mesohaline temperate salt marsh. We focused on spring tides 
when water level and soil redox potentials are at extremes, possibly representing the largest exchange across the 
terrestrial-water interface. Our data highlight how interactions between physiochemical processes control the 
horizontal flow of C between marsh soils and adjacent tidal channels, with implications for improving our under-
standing of the lateral C flux between salt marshes and the coastal ocean.

2.  Methods and Materials
2.1.  Field Site

The samples and measurements were taken from and adjacent to the tidal channel of a temperate salt marsh 
located at the St Jones Estuarine Research Reserve in Dover, DE (Figure S1 in Supporting Information S1). 
This field site has been described extensively in previous work (Capooci et al., 2019; Capooci & Vargas, 2022a; 
Guimond, Seyfferth, et  al.,  2020; Guimond, Yu, et  al.,  2020; Seyfferth et  al.,  2020; Trifunovic et  al.,  2020). 
Tidal channel salinity ranges from 8 to 15 parts per thousand (ppt) (Capooci et al., 2019) and flows into the 
nearby St Jones River that is connected to the Delaware Bay. Vegetation near the tidal channel consists primar-
ily of Spartina alterniflora, with patches of both S. patens and S. cynosuroides. The soils at the sampling 
location are textured as a silty clay loam (Capooci et al., 2019). The upper 1 m of these soils were previously 
reported to contain ∼150–300 mmol kg −1 ammonium oxalate (AAO)-extractable Fe and ∼10–14 mmol kg −1 
citrate-bicarbonate-dithionite (CBD)-extractable Fe, representing poorly crystalline and total free Fe, respec-
tively (Seyfferth et al., 2020). These soils contain approximately 4% C and Fe with approximately 40% of the 
solid-phase Fe present as ferrihydrite and Fe-DOC coprecipitates are also present (Fettrow et al., 2023; Seyfferth 
et al., 2020). Semidiurnal tides inundate soils near the tidal channel twice daily and drain as the tides go out, caus-
ing redox conditions to change drastically (−100 to 500 mV) and rapidly across a single tidal cycle (Guimond, 
Seyfferth, et al., 2020), particularly during spring tides when the tidal amplitude is at its maximum (Seyfferth 
et al., 2020). This near-channel location was previously found to contain no detectable sulfide and up to 1 mM 
ferrous iron in porewater in contrast to locations lower in elevation that were more strongly reducing and had up 
to 3 mM sulfide in solution and no detectable ferrous iron (Seyfferth et al., 2020).

Because we sought to capture changes in biogeochemistry as tides changed, we performed intensive sampling 
campaigns hourly over 24-hr. In an attempt to capture some seasonal variability, these 24-hr sampling campaigns 
were conducted once in the summer of 2020 during plant maturity and again in the spring of 2021 during plant 
green-up (Hill et al., 2021), hereafter referred to as summer and spring sampling events. The summer sampling 
event occurred during a new moon spring tide, while the spring sampling event occurred during a full moon 
spring tide. Spring tides were targeted to capture a wide range in tidal and redox amplitude over each tidal cycle.

2.2.  In Situ Measurements

2.2.1.  Multi-Level In Situ Redox Sensor

To capture rapid changes in redox with tidal oscillation, a platinum electrode redox sensor (Paleo Terra, Amster-
dam, Netherlands) was inserted vertically into the soil 1 m from the tidal channel following previous methods 
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(Guimond, Seyfferth, et al., 2020). The sensor was connected to a data logger (Campbell Scientific, CR1000), 
which recorded a data point every 15 min. A reference potential was established by connecting a Calomel refer-
ence electrode (Fisher Scientific) to the data logger. The reference electrode was encased in a KCl salt bridge 
solution to establish a connection to the surrounding soil. The redox system was calibrated in the lab with known 
standards before deployment. A correction factor of +245 mV was added to the raw data to account for the differ-
ence in redox potential between the reference probe and the standard hydrogen electrode.

2.2.2.  Hydrological Measurements

A groundwater well was previously installed approximately 1 m from the tidal channel (Seyfferth et al., 2020). A 
pressure transducer (Aqua TROLL 200 Data Logger) was inserted into the well, which collected a measurement 
every 15 min. In addition, an atmospheric pressure transducer (Baro-Driver) was installed aboveground near the 
well and was used to correct for atmospheric pressure to calculate water level elevation using software specif-
ically designed for our transducers (Levelogger Version 4.5). Groundwater head is reported as elevation above 
(positive) or below (negative) ground surface.

Continuous surface water data was also collected in the tidal channel. The St. Jones Reserve manages a tidal 
channel sonde that records water level, salinity, water temperature, conductivity, pH, turbidity, and dissolved 
oxygen every 15 min. The surface water elevation data is reported as depth above (positive) or below (negative) 
the ground surface. Surface and groundwater level data were also used to calculate the hydraulic gradient between 
the channel bank groundwater and tidal channel surface water as the difference in head divided by the distance 
from the well to the channel bank, ∼1 m. Water level elevations were referenced to NAVD83.

2.3.  Surface Water and Porewater Water Collection

Surface water from the tidal channel and soil porewater from the adjacent tidal channel bank were collected 
each hour simultaneously for 24 hr to connect porewater and surface water processes directly. Surface water was 
collected by rinsing an acid-washed 15 mL falcon tube with tidal channel surface water three times before collec-
tion. Porewater was collected from four rhizon samplers (Rhizosphere Research Products) fitted with ceramic 
filters (1.2 μm pore size). Rhizons were inserted into the soil at various depths 72 hr before sampling to allow 
equilibration before sample collection. Three rhizons were inserted horizontally into the channel bank at −6, −18, 
and −30 cm depth relative to the channel bank surface (hereafter referred to as R-6, R-18, and R-30. In addition, 
one rhizon was inserted vertically downward into the soil surface approximately 1m from the channel bank 
toward the marsh interior and near the groundwater well (hereafter referred to as R-Int) (Figure S2 in Supporting 
Information S1). Following previous methods, vacuum syringes were used to extract porewater from soil rhizons 
(Limmer et al., 2018).

The water samples (i.e., surface water and porewater) were split and used for various chemical analyses, taking 
care to minimize oxidation of porewater samples. One portion of the sample was immediately filtered in the 
field using 0.45 μm PTFE syringe filters, and aliquots were immediately placed into vials containing reagents 
used for colorimetric analysis of S 2− and Fe 2+ using the Cline and Stookey methods, respectively (Cline, 1969; 
Stookey, 1970). We have successfully used this approach to measure sulfide and ferrous iron at the site (Northrup 
et  al., 2018; Seyfferth et  al., 2020). The remaining 0.45 μm-filtered sample was analyzed in the field with a 
calibrated electrode probe for pH (Orion Ross Ultra pH/ATC Triode). Another portion of the collected sample 
was used for carbon and nitrogen analyses after filtering 3 mL through Whatman GF/F filters (0.7 μm) in the 
laboratory. Most of the sample was analyzed for DOC, DIC, and total N (Vario TOC Cube, Elementar) while a 
subsample was used for Excitation Emission Matrices (EEMs) and Ultraviolet-Visible (UV-VIS) analysis on a 
fluorescence spectrophotometer (Aqualog, Horiba) to observe DOC source and composition. The Aqualog was 
calibrated using Double Deionized (DDI) blanks and data were normalized to the instrument's Raman Area. 
Wavelengths measured were between 230 and 700 nm with a measurement step of 2 nm. Fluorescence peak 
intensities (Coble A, C) and indices (HIX, BIX) were determined, as well as absorbance indices (Abs254, Sr, 
SUVA254, E2: E3). Previously established methods were followed for calculating these peaks and indices (Table 
S1 in Supporting Information S1).

2.4.  Soil Gas Flux Measurements From the Channel Bank

Trace gas measurements (i.e., CO2, CH4 DMS) were collected from the soils/sediments of the channel bank to 
determine how the rising and falling tide affects gas exchange through the exposed pores of the channel bank. 
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Two PVC collars (20 cm diameter) were inserted horizontally into the side of the channel bank so that the center 
point aligned with 10 and 30 cm depth (Figure S2 in Supporting Information S1). These collars were inserted 
approximately 72 hr before the start of the sampling campaign to allow for soil equilibration before gas flux 
measurements. We clarify that these measurements do not represent water-atmosphere fluxes from the creek 
or surface fluxes of soil/sediment-atmosphere; rather, they represent soil/sediment-atmosphere fluxes from the 
channel bank. These soils/sediments are submerged during high tides and exposed during low tides, so while 
we targeted hourly flux measurements, we could not sample the collars when the water level was higher than 
the horizontally placed collars. Flux measurements were taken every hour (when possible) by fitting the soil 
collars with a PVC closed-loop chamber connected to a gas analyzer (DX4040, Gasmet Technologies, Finland) 
via gas-impermeable tubing. A small fan was attached to the inside of the chamber to allow the air to mix during 
measurements (Pearson et al., 2016). Measurements were taken every 5 s for approximately 3 min. Fluxes were 
calculated using the following equation:

Soil Gas Flux =
Δ𝑐𝑐

Δ𝑡𝑡

𝑉𝑉

𝑆𝑆

Pa

RT
�

where c is the mole fraction of CO2, CH4, or DMS in μmol mol −1, t is the observation time of 180 s, V is the 
total volume of the closed system, S is the surface area of the soil chamber, Pa is the atmospheric pressure, R is 
the universal gas constant, T is the surface soil temperature. We also measured N2O, but these fluxes were very 
low and potentially under the instrument's detection limit, thus were not reported in this study. We followed 
standardized protocols, and a linear fit was applied to calculate Δc/Δt (Limmer et al., 2018). We kept measure-
ments for all gases if the changes in CO2 concentrations had an R 2 value of ≥0.90, assuming that the collars' 
micrometeorological conditions were stable enough to calculate all gas fluxes following established protocols 
(Capooci & Vargas, 2022b; Petrakis et al., 2017). Because we could not make measurements when the collars 
were submerged during the highest tides, our data represent 16 summer and 15 spring measurements. All 16 
measurements passed the data quality threshold during the summer, but 7 of the 15 measurements obtained 
during the spring were below our threshold and, therefore, are not included.

2.5.  Statistical Analysis

Relationships between any two variables were assessed using bivariate linear regression (α = 0.05). In addition, 
repeated measures analysis of variance (ANOVA) was performed to determine differences in tidal channel surface 
water and porewater biogeochemistry between data grouped in a variety of ways, including by hydraulic gradi-
ent direction (i.e., toward the channel or toward the channel bank soil) and groundwater direction (i.e., rising or 
falling). Significant differences between data groups were defined as having a p-value <0.05 and are represented 
with a p-value when only two groups are being assessed. When more than two data groups were evaluated, a 
repeated measures ANOVA was performed with a post hoc Tukey HSD test with significant differences between 
groups shown as different letters. All statistical analyses were performed using JMP Pro 16 (Version 16.2).

3.  Results
3.1.  Surface Water and Groundwater Hydrology

Two high tides and two low tides were studied across the two 24-hr monitoring periods (Figure 1). The water 
elevations are reported as depth above (+) or below (−) the near channel soil surface in the summer (Figure 1a) 
and spring (Figure 1b). Even though both summer and spring sampling events occurred during spring tides, the 
average height of the groundwater and surface water were significantly (p < 0.0001) different between events. 
The summer mean groundwater level was higher (20.1 ± 16.9 cm) than the spring (−7.3 ± 11.9 cm). The tidal 
channel mean level was also higher in the summer (37.4 ± 44.8 cm) than in the spring (13.3 ± 48.4 cm). The tidal 
channel amplitude in the summer was 137 cm (−87 to 50 cm), while in the spring, it was 126 cm (−86 to 40 cm). 
The groundwater amplitude in the summer was 53 cm (−2 to 51 cm), while in the spring, it was 36 cm (−23 to 
13 cm). Notably, the groundwater level dropped minimally below the marsh surface (−2 cm) and only for a short 
period in the summer, while the drop in groundwater level in the spring was more substantial (−23 cm) and for 
hours at a time (Figure 1). While there were significant differences in surface water and groundwater amplitudes 
and ranges between summer and spring sampling campaigns, there were also differences in the hydraulic gradient 
between sampling events.
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Hydraulic gradients were derived from the groundwater and surface water elevations and varied over the 24-hr 
sampling events (Figure 2). The hydraulic gradient changed rapidly with tidal oscillation from negative gradi-
ents toward the channel bank soil to positive gradients toward the tidal channel, but the range and means for 
positive and negative gradients between summer and spring were similar. The mean hydraulic gradient in the 
summer (0.17 ± 0.30) was not significantly different (p = 0.51) from the mean hydraulic gradient in the spring 
(0.15 ± 0.25). Both spring and summer means were positive, which indicates that, on average, the hydraulic 
gradient was driving flow toward the tidal channel during both summer and spring sampling events. In the spring, 
the mean hydraulic gradient was significantly (p < 0.0001) higher during ebb tide (0.27 ± 0.24) than during flood 
tide (−0.01 ± 0.29). The summer hydraulic gradients were also significantly (p = 0.002) different between ebb 
(0.23 ± 0.21) and flood tides (0.09 ± 0.24). Differences in surface water and groundwater hydrology between and 
within summer and spring sampling events affected porewater biogeochemistry.

3.2.  Porewater Biogeochemistry

Hydrologic tidal oscillation during the two sampling events altered porewater biogeochemistry. In situ redox 
potentials at multiple depths from the continuous datalogger were lowest when the groundwater levels were 

Figure 1.  Groundwater (GW) in the channel bank, surface water (SW) in the tidal channel, and the hydraulic gradient between GW and SW across the 24-hr 
monitoring periods in the summer (a) and the spring (b). Water levels (GW and SW) are reported as depth above (+) or below (−) the near-channel soil surface.
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highest, forming negative linear trends with groundwater level, but differ-
ences existed between spring and summer sampling events (Figure  3). 
The mean summer redox potential averaged across all measured depths 
(−188.9  ±  0.8  mV) was significantly lower (p  <  0.0001) than the spring 
redox potential (58.3 ± 174.5 mV). In addition, the range of porewater redox 
potentials in the summer (−190 to −187 mV) was much lower than the range 
in the spring (−117 to 373 mV). Although the soil redox potential was signif-
icantly correlated to groundwater level in both seasons, the relationships were 
weaker in the summer than in the spring. In the summer, the groundwater 
level only dropped to 2 cm below the ground surface, resulting in strongly 
reducing conditions throughout the entire 24-hr monitoring period. In the 
spring, the groundwater level dropped well below the surface (−23  cm), 
causing spikes in soil redox potential during each low tide down to the 23 cm 
depth of the redox probe, but was consistently reducing at the 43 cm depth, 
consistent with the groundwater table elevation. These hydrologically driven 
redox oscillations affected redox-sensitive solutes.

Porewater data from the vertical profile of channel bank rhizons (R-6, R-18, 
R-30) were assessed based on whether the groundwater level rose or fell 
during sampling (Table 1). In the spring, reduced Fe (Fe 2+) had a signifi-
cantly higher mean when the groundwater level was rising (0.04 ± 0.03 mM) 
compared to when the groundwater level was falling (0.02  ±  0.02  mM). 
Summer Fe 2+ concentrations did not change significantly between falling 

(0.03 ± 0.02 mM) and rising (0.04 ± 0.02 mM) groundwater levels, consistent with minimal redox oscillation in 
the summer. In the spring, DOC was significantly higher during rising groundwater (1.65 ± 1.72 mM) compared 
to falling groundwater (0.95 ± 0.29 mM), while in the summer, there was no significant difference in DOC 
concentrations between falling and rising groundwater. DOC and Fe 2+ concentrations varied across the 24-hr 
sampling campaigns (Figure S3 in Supporting Information S1) and formed a positive and significant relationship 
during both flood and ebb tide in the summer while only forming a significant relationship in the spring during 
flood tide (Figure 4). While porewater Fe 2+ and DOC were affected by the tidal oscillation and thus redox state 
of the soils, porewater biogeochemistry also changed with depth.

Porewater variables changed with depth and proximity from the channel and differed between spring and summer 
sampling campaigns (Figure  5). In the summer, porewater pH and DIC increased with depth, Fe 2+ slightly 
decreased with depth, and neither DOC nor TN changed with depth. Abs254, a proxy for aromatic DOC, increased 
with depth and E2:E3, inverse to molecular weight, was highest at the surface and decreased with depth. This indi-
cates that DOC aromaticity and molecular weight generally increased with depth. Terrestrial C signals derived 
from EEMs indices (Coble A and C) also increased with depth, while the Biological Index (BIX) did not change 
with depth.

At R-Int, which sampled vertically down from 0 to 10 cm depth approximately 1 m from the channel bank in a 
more densely planted area, porewater chemistry differed from the channel bank porewater in summer. The R-Int 
pH, DIC, DOC, and TN were higher than those from the channel bank while Fe 2+ was lower. The OC:TN ratio 
was approximately three times higher at R-Int than the channel bank rhizons. R-Int also had a stronger terrestrial 
signal (Coble A and C peak) and a higher Abs254. These results indicate both changes with channel-bank depth 
and distance from the channel bank.

Porewater chemistry was different during the spring campaign. In the spring, concentrations of Fe 2+ did not 
change with depth, nor did DOC. Unlike the summer, spring DIC concentrations decreased with depth, but R-Int 
still had the highest mean DIC value. There was no change in the DOC:TN ratio with depth in spring. Spring 
UV-VIS data had different patterns with depth and distance from the channel than in the summer. Abs254 did not 
change with depth and was lowest at R-Int. Coble A decreased with depth and was lowest at R-Int during spring, 
opposite from what was observed in the summer. This indicates that terrestrial C decreased with depth and with 
distance from the tidal channel in the spring. The BIX remained consistent with depth and distance from the 
channel in spring. In the spring, porewater concentrations of Fe 2+ were significantly lower than in the summer 
(Table 2). DOC concentrations were significantly lower in the spring than in the summer. The pH was higher 

Figure 2.  Box and whisker plot representing the variation in hydraulic 
gradients during the summer and spring sampling events, separated by positive 
and negative hydraulic gradients. Positive gradients indicate flow driven 
toward the tidal channel, while negative gradients indicate flow driven toward 
channel bank soils.
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in the summer, while the salinity was lower. The spring Abs254 mean was approximately three times lower than 
in the summer, while the E2:E3 ratio was about twice as high in the spring. This indicates that spring DOC was 
less aromatic with a lower molecular weight than summer DOC. Coble A and C peaks were approximately three 
times lower in the spring. The BIX was significantly higher in the spring than in the summer, indicating that 
spring DOC had a higher microbial source. The Sr was also higher in the spring, indicative of increased microbial 
marine-derived C. The HIX was significantly higher in the summer, indicating increased humification during 
summer compared to spring.

3.3.  Surface Water Biogeochemistry

Seasonal differences in the biogeochemistry of the tidal channel surface water were apparent, as most measured 
variables significantly differed across summer and spring sampling events (Table 3). Tidal channel DOC levels 
and the terrestrial signal (Coble A & C) were about twice as high in the summer than in the spring. Abs254 was 
significantly higher in the summer, indicating that summer surface water DOC was more aromatic than in the 
spring. TN levels were significantly higher in the spring than in the summer by an order of magnitude. The BIX 
was higher in the spring, indicating that spring surface water DOC had an increased marine-like signature.

Figure 3.  Redox conditions of soils were different between sampling events due to hydrology. In situ redox at 3, 18, 23 and 43 cm below ground surface plotted 
with groundwater level for summer (a) and spring (b). R 2 values are reported from bivariate linear regression between groundwater and respective redox depth. Only 
significant (p < 0.05) trends are reported. The inset in (a) has a y-axis range of only 20 mV to illustrate how little redox potential varied during the summer sampling 
event.
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Continuous water quality data (salinity, pH, redox, temperature, dissolved oxygen, turbidity) measured from the 
tidal channel sonde probe was also collected (Figure S4 in Supporting Information S1). All continuously meas-
ured variables were significantly different (p < 0.05) between seasons. Salinity (12.4 ± 4.7 ppt) was higher in 
spring than in summer (7.5 ± 3.9 ppt) and, for both seasons, tended to increase with the rising tide. The pH was 
higher in the spring (7.2 ± 0.4) than in the summer (7.0 ± 0.3), while redox potential was lower in the spring 
(−30.5 ± 21.8 mV) than in the summer (−2.1 ± 15.5 mV), though both seasons on average had reducing surface 
water. Spring surface water temperatures (23.6 ± 2.5°C) were cooler than in the summer (25.2 ± 1.2°C), leading 
to higher dissolved oxygen levels in the spring (5.7 ± 5.3 mg L −1) than in the summer (2.7 ± 1.9 mg L −1). Turbid-
ity values were almost twice as high in the spring (73.7 ± 32.11 NTU) than in the summer (41.0 ± 21.4 NTU).

Surface water data was further assessed based on the hydraulic gradient between surface and groundwater. Posi-
tive gradients drive flow toward the channel, while negative gradients drive the flow into the channel bank. 
Tidal channel Fe 2+ concentration increased significantly with the hydraulic gradient during spring and summer 
(Figure 6). DOC and the Coble peaks (A & C) also increased significantly with hydraulic gradient, but only in 
the spring. In contrast, BIX (R 2 = 0.31), Sr (R 2 = 0.19), and salinity (R 2 = 0.29) formed significant negative 
relationships with the hydraulic gradient in the spring only. In the summer, BIX, Sr, and salinity did not include 
significant relationships with hydraulic gradient.

Significant differences in means of many of the measured biogeochemical variables between times of positive 
and negative hydraulic gradients were observed in the spring (Table  4b). During the spring sampling event, 
there were significantly higher Fe 2+, DOC, DIC, Coble A & C peaks, HIX, and Abs254 in the channel when the 
hydraulic gradient was driving flow toward the channel than when the flow was into the channel bank. In contrast, 
when the gradient drove flow toward the bank, surface water BIX, Sr, and salinity were significantly higher. This 
was not the case during the summer sampling event, as there were no significant differences in biogeochemistry 
between hydraulic gradient directions (Table 4a), except for total nitrogen (TN). These results indicate differences 

Table 1 
Results of Repeated Measures ANOVA From Averaged Porewater Data Between Periods When the Groundwater Was Either 
Rising or Falling in the Summer and Spring

Variable

Summer Spring

Falling groundwater Rising groundwater P-value
Falling 

groundwater
Rising 

groundwater P-value

Fe 2+ (mM) 0.03 (0.02) 0.04 (0.02) 0.33 0.02 (0.02) 0.04 (0.03) 0.001

Sulfide (mM) 0.003 (0.003) 0.003 (0.003) 0.27 No Data No Data No Data

pH 8.10 (0.50) 8.24 (0.67) 0.36 7.50 (0.37) 7.45 (0.18) 0.77

Salinity (ppt) 7.39 (0.67) 7.24 (0.90) 0.64 8.64 (1.06) 9.26 (1.63) 0.11

Sr 0.93 (0.18) 0.94 (0.17) 0.66 1.07 (0.43) 0.96 (0.38) 0.38

ABS254 0.78 (0.19) 0.89 (0.43) 0.15 0.23 (0.07) 0.22 (0.08) 0.82

Coble A 6.84 (1.32) 6.85 (1.81) 0.98 2.29 (0.50) 2.40 (0.58) 0.43

Coble C 3.59 (0.67) 3.66 (1.11) 0.73 1.19 (0.28) 1.23 (0.33) 0.63

HIX 8.51 (2.45) 8.01 (3.12) 0.45 3.90 (1.25) 3.41 (1.50) 0.15

BIX 0.58 (0.02) 0.57 (0.02) 0.29 0.69 (0.02) 0.69 (0.04) 0.60

DOC (mM) 1.89 (0.51) 1.99 (0.68) 0.47 0.95 (0.29) 1.65 (1.72) 0.01

DIC (mM) 4.67 (1.35) 4.43 (1.44) 0.47 2.24 (0.64) 2.28 (0.69) 0.82

TC (mM) 6.57 (1.50) 6.42 (1.62) 0.71 3.20 (0.67) 3.90 (1.50) 0.01

TN (mM) 0.10 (0.02) 0.11 (0.03) 0.02 0.08 (0.07) 0.14 (0.11) 0.004

OC:N 19.80 (4.85) 18.42 (4.80) 0.25 19.82 (17.10) 16.41 (14.77) 0.42

SUVA254 0.34 (0.20) 0.37 (0.16) 0.46 0.25 (0.07) 0.20 (0.10) 0.03

E2:E3 5.59 (0.89) 5.84 (1.20) 0.30 10.75 (16.90) 12.75 (12.30) 0.63

Note. Values are the means (±SD) of the vertical profile of channel bank rhizons (R-6, R-18, R-30). Significant differences 
(p < 0.05) are indicated in bold.
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in the source and concentration of solutes in the channel based on the flow direction between the marsh platform 
groundwater and tidal channel surface water, but these patterns changed between summer and spring sampling 
events.

3.4.  Soil Trace Gas Fluxes From the Channel Bank

Soil trace gases from the channel bank were measured to assess horizontal gas movement seasonally and with 
hydrologic oscillation (Figure 7). In the summer, CO2 flux from the 10 cm collar was significantly (p < 0.0001) 
higher (0.08  ±  0.06  μmol  m −2  s −1) than in the spring (0.02  ±  0.02  μmol  m −2  s −1) but this trend was oppo-
site for the 30  cm collar where CO2 flux was higher in the spring (0.12  ±  0.16  μmol  m −2  s −1) than in the 

Figure 4.  Relationships between DOC and Fe 2+ for the summer (a–b) and the spring (c–d) from porewater samples at the three different rhizons installed at the channel 
bank (R-6, R-18, R-30). The data has been split up based on periods of ebb and flood tides. R 2 values result from a bivariate linear regression where p < 0.05 for a–c, 
but not d.
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summer (0.08  ±  0.03  μmol  m −2  s −1), but these means were not significantly different (p  =  0.12). The CH4 
flux from the 10 cm collar was significantly (p < 0.0001) higher in the summer (0.47 ± 0.61 nmol m −2 s −1) 
than in the spring (0.02 ± 0.04 nmol m −2 s −1), while the 30 cm collar was not significantly (p = 0.36) different 
between spring (1.18 ± 2.73 nmol m −2  s −1) and summer (1.63 ± 1.38 nmol m −2  s −1). DMS from the 10 cm 
collar was significantly  (p  <  0.0001) higher in the summer (0.38  ±  0.26  nmol  m −2  s −1) than in the spring 
(0.10 ± 0.09 nmol m −2 s −1), while the 30 cm collar was also significantly (p < 0.0001) higher in the summer 
(0.45 ± 0.24 nmol m −2 s −1) than in the spring (0.14 ± 0.11 nmol m −2 s −1). Variability in the gas flux data is 
not only apparent between sampling events but also between the depths, particularly for CH4. When spring and 
summer data sets are combined, the 30 cm collar (1.903 ± 2.71 nmol m −2 s −1) emitted significantly more CH4 
than the 10 cm collar (0.27 ± 0.52 nmol m −2 s −1), while there was no significant difference between depths for 
CO2 and DMS. Trace gas fluxes changed not only with seasonality and depth but also with groundwater level 
oscillation.

We observed several significant relationships between the groundwater level and trace gas fluxes. In the spring, 
DMS flux at the 10  cm collar increased significantly (R 2  =  0.52, p  <  0.0001) with the groundwater table 
elevation. A similar positive relationship with groundwater level exists with CO2 at the 30 cm collar in the summer 
(R 2 = 0.51, p < 0.0001). When spring and summer data sets are combined, DMS is significantly and positively 
correlated with groundwater level at both the 10 cm collar (R 2 = 0.27) and the 30 cm collar (R 2 = 0.51). CH4 did 
not form any significant relationship with groundwater level. These positive relationships between groundwater 
level and DMS and CO2 flux suggest a mechanism in which these gases are likely pushed upward and outward 
from the channel bank with the tides.

Figure 5.  Depth profiles for rhizons placed horizontally in the channel bank at −6 cm (R-6), −18 cm (R-18), and −30 cm (R-30) relative to the channel bank soil 
surface. The interior rhizon (R-Int) placed vertically into the soil approximately 1 m from the channel bank is plotted as its own point at 10 cm. The points represent the 
average across the 24-hr sampling (±SD).
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4.  Discussion
4.1.  Variability of CDOM Across Seasons

The spring and summer sampling events had significantly different chromo-
phoric dissolved organic carbon (CDOM) concentrations and properties in 
both the porewater and tidal channel surface water, indicating high seasonal 
variability of CDOM concentration, source, and processing. Coble A and 
C peaks correlate well with soil humics and terrestrially derived C (Baker 
et al., 2008; Cory et al., 2010). Indices such as Sr and the BIX correlate well 
with marine-derived microbial C, such as phytoplankton from the adjacent 
bay (Helms et al., 2008; Huguet et al., 2009). In the spring, the CDOM signa-
ture observed in both the porewater and surface water from the tidal channel 
indicates more algal contributions, as reflected by a higher BIX and Sr than in 
summer. This could be caused by benthic microalgae growing on the marsh 
platform surface because the soil surface would not be fully shaded from the 
cordgrass in the spring and may also be due to the import of marine C from 
the adjacent bay. By the summer, Spartina is well established and exudes C 
into the porewater, likely via root exudation. This is reflected in the much 
higher average porewater DOC concentration in the summer and the higher 
DOC concentration in the channel. Fresh inputs of C will stimulate soil micro-
bial processing of CDOM, yielding an increased humic-like signature. The 
data reflects these observations because the summer CDOM signature is more 
terrestrial (Coble A and C peaks), humic (HIX), and aromatic (SUVA254). 
Greater microbial processing and plant activity (i.e., root respiration) in the 
summer is also supported by significantly higher porewater DIC concentra-
tions, as DIC is partially controlled by microbial degradation of DOC and 
respiration from microbes and plant roots. These data demonstrate changes in 
the seasonal characteristics of porewater C and CDOM with potential impli-
cations for tidal channel waters to which they may be laterally exported. We 
also found higher DOC and terrestrial like CDOM, especially in the summer 
at R-Int where plants were denser than our vertical transect along the channel 
bank (R-6, R-18, R30). Considering both the temporal and spatial variability of 
lateral and horizontal C fluxes is essential because the source, characteristics, 
and concentrations change among seasons and distance from the tidal channel. 
While these changes in CDOM seem to be related to primary productivity 
and seasonality, our sampling design represents only one 24 hr time point in 
each season. Therefore, we cannot rule out alternative explanations, such as 
changes in hydraulic gradients and tidal flooding regimes. We suggest future 
studies link porewater and surface water horizontal exchange over extended 
periods of time and across different sections of banks along creek channels.

4.2.  Fe Oxides Affect DOC Mobility

We hypothesized that Fe oxides stabilize DOC in the solid phase during peri-
ods of soil oxidation (ebb tide), while these Fe-DOC associations dissolve 
during periods of soil reduction (flood tide). Our data support this hypoth-
esis and provide insight into these tidally driven chemical processes affect-
ing the horizontal transport of DOC. During flood tide in both the spring 
and summer events, porewater DOC and Fe 2+ in channel bank soils formed 
significant and positive relationships. This can be interpreted as the dest-
abilization of Fe-DOC solid-phase assemblages as Fe-reducing bacteria 
reductively dissolve C-bearing Fe oxides under reducing conditions during 
flood ties, causing Fe and DOC to enter the solution phase together (Fettrow 
et al., 2023; Hagedorn et al., 2000; Wordofa et al., 2019). The dissolution of 
Fe can also result from biological siderophores in which microbially produced 

Table 2 
Results of Repeated Measures ANOVA of Porewater Data Between Spring 
and Summer Sampling Events

Variable Spring Summer P-value

Fe 2+ (mM) 0.02 (0.03) 0.03 (0.02) 0.02

pH 7.47 (0.31) 8.14 (0.58) <0.0001

Salinity (ppt) 8.54 (1.49) 7.33 (0.76) 0.0004

Sr 1.04 (0.42) 0.93 (0.18) 0.06

ABS254 0.22 (0.07) 0.82 (0.31) <0.0001

Coble A 2.33 (0.53) 6.84 (1.52) <0.0001

Coble C 1.12 (0.29) 3.62 (0.90) <0.0001

HIX 3.73 (1.37) 8.31 (2.73) <0.0001

BIX 0.69 (0.03) 0.58 (0.02) <0.0001

DOC (mM) 1.19 (1.08) 1.93 (0.58) <0.0001

DIC (mM) 3.45 (1.09) 6.51 (1.54) <0.0001

TC (mM) 3.59 (0.99) 7.31 (2.14) <0.0001

TN (mM) 0.10 (0.09) 0.10 (0.02) 0.88

OC:N 18.52 (16.22) 19.25 (4.83) 0.72

SUVA254 0.24 (0.08) 0.35 (0.19) <0.0001

E2:E3 11.40 (15.51) 5.69 (1.03) 0.003

Note. Numbers are the means (±SD) among the channel bank rhizons 
(R-6, R-18, R-30) across the 24 hr sampling events. Significant differences 
(p < 0.05) are indicated in bold.

Table 3 
Results of Repeated Measures ANOVA From Tidal Channel Surface Water 
Data Between Summer and Spring Sampling Events

Variable Spring Summer P-value

Fe 2+ (mM) 0.01 (0.01) 0.01 (0.01) 0.21

Sulfide (mM) 0.01 (0.003) 0.002 (0.001) <0.0001

pH 7.10 (0.10) 6.65 (0.10) 0.002

Salinity (ppt) 9.15 (3.22) 7.00 (3.38) 0.03

Sr 1.14 (0.71) 0.86 (0.11) 0.07

ABS254 0.22 (0.07) 0.38 (0.12) <0.0001

Coble A 1.72 (0.75) 2.96 (1.04) <0.0001

Coble C 0.88 (0.42) 1.57 (0.47) <0.0001

HIX 4.27 (1.89) 6.36 (1.79) 0.0003

BIX 0.70 (0.06) 0.62 (0.04) <0.0001

DOC (mM) 0.66 (0.17) 0.96 (0.23) <0.0001

DIC (mM) 1.35 (0.43) 1.28 (0.67) 0.64

TC (mM) 2.02 (0.57) 2.24 (0.73) 0.25

TN (mM) 0.17 (0.13) 0.04 (0.02) <0.0001

OC:N 9.27 (16.01) 29.41 (18.49) 0.0002

SUVA254 0.34 (0.10) 0.39 (0.08) 0.03

E2:E3 5.0 (1.14) 5.36 (0.70) 0.20

Note. Numbers are the means across the 24  hr sampling events (±SD). 
Significant differences (p < 0.05) are indicated in bold.
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organic acids directly dissolve Fe oxides (Parrello et al., 2016). The positive relationship between Fe 2+ and DOC 
was expected during periods of flood tide when tidal inundation causes several hours of reducing soil conditions. 
The summer sampling event experienced flooded conditions and strongly reducing soil conditions throughout the 
entire 24-hr monitoring period due to the higher tide. Because the strongly reducing redox potential of the soils 
did not change between flood and ebb tide during the summer sampling event, the Fe and DOC likely remained 
in solution throughout the entire 24-hr monitoring period, as evidenced by the significant relationships between 
Fe 2+ and DOC concentrations for both flood and ebb tide in the summer (Figure 4). Fe oxides are sensitive to 
flood duration and recent evidence suggests that continuous inundation from sea level rise will decrease Fe-C 
coprecipitate formation and increase the horizontal/lateral C flux (Fettrow et al., 2023).

As the tide receded and ebb tide persisted, oxygen flowed into the soil pore spaces, causing an increase in soil 
redox potential. This was evident in the spring during ebb tide and was the point at which the relationship between 
porewater Fe 2+ and DOC did not form a significant positive relationship. Previously dissolved Fe 2+ may have 
reacted with oxygen, causing Fe 2+ and DOC to coprecipitate and thus lower the concentration in the solution 
phase. In laboratory incubations, we observed such relationships where ebb tides caused the formation of Fe-C 
coprecipitates that lowered DOC concentrations (Fettrow et al., 2023). Coprecipitation can occur in less than 
30 min of oxygen exposure and readily occurs in environments that experience periodic flooding and drying 
(Riedel et al., 2013; Sodano et al., 2017). The conditions necessary for this reaction were exhibited during the 
spring sampling event when the groundwater level dropped well below the surface (−23 cm), allowing the soil 

Figure 6.  Plots of the hydraulic gradient with biogeochemical variables from tidal channel surface water samples. Plots (a–c) are from the summer, while panels (d–f) 
are from the spring. P-values and R 2 values result from bivariate linear regression between biogeochemical variables and the gradient.
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redox to increase to ∼550 mV. In contrast, these conditions were not detected during the summer sampling event 
when groundwater levels remained near or above the surface during the 24-hr monitoring period. These results 
highlight hydrologic control on Fe-oxide retention mechanisms of DOC in variably flooded environments, and 
the differences between seasons and tidal patterns likely contribute to the high uncertainty of lateral C movement 
from coastal environments (Hayes et al., 2018). Our evidence suggests that Fe oxide coprecipitation and dissolu-
tion between ebb and flood tides partially controls the horizontal flux of DOC to the tidal channel.

A variety of Fe-bearing minerals likely interacted with dissolved carbon in this study. While ferrihydrite makes up 
the largest fraction of Fe minerals in bulk soil at the tested field site (Seyfferth et al., 2020) and is likely the main 
Fe oxide contributing to coprecipitate formation (Sodano et al., 2017) because of its high reactivity, S-containing 
minerals including pyrite (FeS2) and jarosite are also present (Fettrow et al., 2023; Seyfferth et al., 2020). Jarosite 
often is found in tidal wetlands due to pyrite oxidization (Keene et al., 2010), that is, during ebb tides. Jarosite has 
previously been shown to protect root residue from microbial turnover through inclusion (Pohl et al., 2021). Thus, 
jarosite and ferrihydrite likely played roles in carbon retention during ebb tides. In addition to bulk soil, forming 
Fe oxide-rich root plaque on and near wetland plant roots may have also contributed to C storage, as these are 
known reservoirs of C in coastal wetlands (C. Yu et al., 2021; Zhang et al., 2021). While we do not have evidence 
of root plaque in our study, R-Int tended to have less Fe 2+ than rhizons along the channel bank, indicative of more 
soil aeration via root aerenchyma and precipitation of Fe in the rhizosphere, likely due to higher plant activity and 
root biomass at R-Int. Fe root plaque may further decrease the mobility of DOC during horizontal transport to the 
tidal channel. Future studies should closely consider the role Fe root plaque may play in the horizontal C flux, as 
well as the seasonal variability of Fe mineral-C dynamics.

4.3.  Horizontal Exchange of Solutes Between the Marsh Platform and the Tidal Channel

Our data support the hypothesis that the hydraulic gradient controls the physical exchange of solutes between the 
channel bank groundwater and the surface water of the tidal channel, regulating the concentration and source of 
C horizontal fluxes to tidal channels. We observed significant relationships between the concentration and source 

Table 4 
Results of Repeated Measures ANOVA From Tidal Channel Surface Water Data Between Periods When the Hydraulic 
Gradient Was Either Toward the Channel (+) or the Channel Bank Soil in the Summer and Spring

Variable

Summer Spring

Toward channel Toward soil P-value Toward channel Toward soil P-value

Fe 2+ (mM) 0.01 (0.01) 0.01 (0.00) 0.12 0.01 (0.01) 0.004 (0.00) 0.01

Sulfide (mM) 0.002 (0.00) 0.002 (0.00) 0.65 0.01 (0.00) 0.01 (0.00) 0.30

pH 6.62 (0.69) 6.72 (0.34) 0.71 7.17 (0.27) 6.99 (0.28) 0.14

Salinity (ppt) 7.28 (3.11) 6.31 (4.16) 0.53 7.93 (2.68) 11.18 (3.12) 0.01

Sr 0.88 (0.11) 0.83 (0.09) 0.33 0.92 (0.20) 1.50 (1.07) 0.04

ABS254 0.38 (0.11) 0.36 (0.16) 0.70 0.25 (0.07) 0.17 (0.05) 0.007

Coble A 3.09 (0.97) 2.63 (1.21) 0.34 2.08 (0.70) 1.11 (0.32) 0.001

Coble C 1.64 (0.54) 1.40 (0.68) 0.38 1.09 (0.39) 0.54 (0.16) 0.001

HIX 6.60 (1.76) 5.76 (1.89) 0.31 4.91 (2.00) 3.19 (1.11) 0.03

BIX 0.62 (0.04) 0.62 (0.06) 0.93 0.67 (0.05) 0.75 (0.05) 0.003

DOC (mM) 0.96 (0.22) 0.95 (0.26) 0.90 0.73 (0.15) 0.56 (0.16) 0.02

DIC (mM) 1.41 (0.74) 0.95 (0.26) 0.13 1.51 (0.47) 1.09 (0.14) 0.02

TC (mM) 2.38 (0.81) 1.90 (0.35) 0.15 2.24 (0.59) 1.65 (0.29) 0.01

TN (mM) 0.04 (0.01) 0.05 (0.03) 0.04 0.16 (0.15) 0.18 (0.12) 0.73

OC:N 32.90 (20.23) 20.94 (10.00) 0.15 11.66 (19.83) 5.57 (6.34) 0.39

SUVA254 0.40 (0.08) 0.37 (0.09) 0.38 0.34 (0.06) 0.33 (0.15) 0.72

E2:E3 5.33 (0.68) 5.44 (0.81) 0.73 5.12 (0.78) 4.81 (1.61) 0.54

Note. Numbers are the means (±SD). Significant differences (p < 0.05) are indicated in bold.
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of C in the tidal channel and the direction and magnitude of solute flow driven by the hydraulic gradient. In the 
spring, DOC, DIC, and Fe 2+ were significantly higher in the tidal channel when the hydraulic gradient drove flow 
toward the channel (Table 4b). Our porewater data show that the groundwater is a substantial source of these 
solutes. In addition, tidal channel solute concentrations, including both DOC and DIC, increased as the hydrau-
lic gradient increased, consistent with an increased flux of solute-rich groundwater/porewater to the channel. 
Groundwater flowing into the tidal channel during positive gradients increases CDOM in the surface water. Our 
EEMs UV-VIS data support this interpretation as Coble A and C peaks were twice as high in the channel during 

Figure 7.  Plots of soil gas (CO2, CH4, DMS) fluxes with tidal channel surface water (SW) oscillation. Plots (a–c) are from the summer, while panels (d–f) are from the 
spring. Fluxes are represented as points instead of lines due to being unable to sample across the entire tidal cycle since the flux collars were underwater at higher tidal 
stages.
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periods of positive gradients compared to negative gradients and correlated significantly with the hydraulic gradi-
ent (R 2 = 0.50, R 2 = 0.50). While positive gradients increased channel solutes, including C, that had more of a 
terrestrial CDOM signature, negative gradients led to an increase of marine-like C in the tidal channel.

Periods of negative gradients corresponded with periods when surface water was significantly saltier and higher 
in Sr and BIX intensities than periods of positive gradients. Therefore, water infiltrating the marsh platform 
when the flow is driven into the channel bank soils has more of a marine component. While the marine signa-
tures (i.e., higher BIX, higher Sr) are more intense during negative gradients, terrestrial signatures (i.e., HIX, 
Coble Peaks) are still appreciable during these periods. Therefore, the tidal channel is a mixture of allochthonous 
marine-derived C and autochthonous marsh-derived C, but the relative contributions of each source (marine vs. 
terrestrial) change with tidal oscillation.

While the spring channel solutes showed clear differences and relationships with the hydraulic gradient, the 
summer data set did not. Porewater solute concentrations in the tidal channel did not form significant relation-
ships with hydraulic gradient and were not significantly different between positive and negative gradients, nor 
were the characterization properties (Coble A & C, Sr, BIX) (Table 4a). While the hydraulic gradient in the 
summer was similar in range to the spring, the groundwater level rarely dropped below the soil surface. This indi-
cates that although the sampling events occurred on the same tidal cycle event (i.e., spring tide), the hydrologic 
processes involved in horizontal exchange likely differed. In the summer, higher high tides caused overtopping of 
the bank soils and overland flow, causing the marsh platform to remain fully saturated with flooded conditions 
above it, even as the channel receded, taking much longer to drain than in the spring. In the overtopping case, 
groundwater would flow into the channel during the ebb and low tide, driven by the flooded conditions and 
higher groundwater heads, but would be replenished by vertical infiltration of floodwater into the marsh sedi-
ments. Thus, a more expansive zone of groundwater adjacent to the channel would be flushed with channel water, 
reducing the influence of groundwater discharge on channel water quality due to similar solute concentrations. 
This could explain the weaker relationships between hydraulic gradient and tidal channel solutes in the summer 
because the horizontal exchange would be composed of higher amounts of infiltrated channel water rather than 
porewater-derived solutes. This could be another source of uncertainty because lateral C fluxes may differ even 
during the same tidal events.

Based on discharge values from the marsh platform to the tidal channel calculated from a previous study at the 
field site (Guiimond, Yu, et al., 2020; Guimond, Seyfferth, et al., 2020) and the average porewater concentra-
tions during gradients driving flow toward the channel in this study, we estimate per meter of tidal channel that 
0.12 ± 0.03 g DOC day −1 and 0.31 ± 0.11 g DIC day −1 are horizontally exported into the tidal channel in the 
summer, while 0.01 ± 0.002 g DOC day −1 and 0.02 ± 0.004 g DIC day −1 are horizontally exported into the tidal 
channel in the spring. Differences in flux rates could be attributed to seasonal C concentrations and hydraulic 
conductivity differences between summer and spring, partially driven by crab burrow activity (Guiimond, Yu, 
et al., 2020; Guimond, Seyfferth, et al., 2020) and plant activity (Trifunovic et al., 2020). These findings indicate 
that the horizontal exchange of solutes at the marsh-tidal channel interface drives variability in lateral C flux. 
Furthermore, porewater DIC contributes ∼2x more to horizontal C export than porewater DOC in both seasons, 
but seasonal variability in both DOC and DIC export can vary by ∼10x as shown in this study.

4.4.  Trace Gas Fluxes From the Channel Bank Are Influenced by Groundwater Oscillations

Lateral C fluxes tended to focus on particulate and dissolved C, often leaving out the assessment of trace gas 
fluxes which ultimately decrease the global cooling effect of stored C in coastal ecosystems (Santos et al., 2019). 
Trace gas fluxes from tidal channels may exceed vertical soil fluxes and require more attention because the 
mechanisms controlling emissions near channel banks are not fully understood (Trifunovic et  al.,  2020). We 
hypothesized that fluxes of horizontal gases from the channel bank are partially controlled by the rising and 
falling tides, whereby rising groundwater pushes gases up and outward from the channel bank. We found that 
several soil gases (CO2, CH4, DMS) were emitted from the channel bank and positively correlated with ground-
water oscillation during certain tidal stages. DMS was strongly related to groundwater levels, suggesting a strong 
physical control of groundwater mainly during the spring at the 10 cm collar (R 2 = 0.52), but it is known that the 
temporal variability of this trace gas could be very large (Capooci & Vargas, 2022b). Soil CO2 fluxes also had an 
apparent positive relationship with groundwater level at 30 cm collar in the summer (R 2 = 0.51). These findings 
indicate that the movement of soil trace gases out of the channel bank with tides can be incorporated into future 
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modeling efforts, although long-term (e.g., seasonal) patterns are likely a combination of hydrological patterns, 
temperature dependence, and phenological stages of the ecosystem (Vázquez-Lule & Vargas, 2021).

We identify several challenges to improve our understanding of trace gas fluxes in terrestrial-aquatic interfaces 
across the marsh platform and adjacent creeks. First, this study quantified trace gas fluxes from creek bank soils/
sediments exposed to the atmosphere during low tides, but it is unknown the rate of gas (and other mass) exchange 
when the sediments are submerged during high tides. Second, spatial variability across the terrestrial-aquatic 
interface of the marsh platform and adjacent creeks should be better represented by combining information from 
different topographic positions (e.g., high-, low-marsh, channel banks) and water-atmosphere fluxes. Third, 
future studies should consider implementing long-term automated measurements of diverse trace gas fluxes to 
identify patterns and controls at multiple temporal scales (Capooci & Vargas, 2022b). Finally, the appropriate 
measurements in time and space of trace gas fluxes constitute a science frontier when reporting carbon budgets 
and assessments of nature-based solutions (Vargas & Le, 2023).

5.  Conclusion
The lateral C fluxes in tidal salt marshes may account for a substantial fraction of the net C flux, though current 
estimates remain highly variable. We propose several mechanisms that control the exchange of horizontal C 
between the tidal channel surface water and soil porewater interface that may help understand sources of variation 
in lateral C flux. First, our porewater data show evidence of tidally driven chemical processes in which Fe oxides 
immobilize DOC during ebb tides that oxgenate soils and remobilize DOC during flood tide. Second, the concen-
tration and source of C found in the tidal channel changed based on the hydraulic gradient (i.e., flow direction) 
between the tidal channel and the marsh platform. Third, CO2, CH4, and DMS have substantial horizontal fluxes 
from the channel bank, and fluxes tend to increase with rising groundwater. These physicochemical processes 
show the importance of considering the horizontal transport of C on small spatial scales to better constrain 
large-scale lateral C budgets. The mechanisms highlighted here may help to improve and inform biogeochemical 
lateral C flux models. Future studies should couple solid-phase analysis with porewater and surface water and 
explore tidal cycles across seasons (e.g., senescence, dormancy) to further examine important horizontal C flux 
mechanisms and across multiple tidal cycles within each season.
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