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Coastal inundation regime
moderates the short-term
effects of sediment and soil
additions on seawater oxygen
and greenhouse gas dynamics:
a microcosm experiment

Peter Regier1*, Nicholas D. Ward1,2, Alex Izquierdo1,
Andrew H. Baldwin3, Donnie Day4, Julia McElhinny1,
Kaizad Patel5, Rodrigo Vargas6, Jianqiu Zheng5,
Exchange Consortium and Allison Myers-Pigg1,4*

1Marine and Coastal Research Laboratory, Pacific Northwest National Laboratory, Sequim, WA, United States,
2School of Oceanography, University of Washington, WA, United States, 3Department of Environmental
Science and Technology, University of Maryland, College Park, MD, United States, 4Department of
Environmental Science, University of Toledo, Toledo, OH, United States, 5Pacific Northwest National
Laboratory, Richland, WA, United States, 6Department of Plant and Soil Sciences, University of Delaware,
Newark, DE, United States
The frequency and persistence of tidal inundation varies along the coastal terrestrial-

aquatic interface, from frequently inundated wetlands to rarely inundated upland

forests. This inundation gradient controls soil and sediment biogeochemistry and

influence the exchange of soils and sediments from terrestrial to aquatic domains.

Although a rich literature exist on studies of the influence of tidal waters on the

biogeochemistry of coastal ecosystem soils, few studies have experimentally

addressed the reverse question: How do soils (or sediments) from different coastal

ecosystems influence thebiogeochemistry of the tidalwaters that inundate them?To

better understand initial responses of coastal waters that flood coastal wetlands and

uplands, we conducted short-term laboratory experiments where seawater was

amended with sediments and soils collected across regional gradients of

inundation exposure (i.e., frequently to rarely inundated) for 14 sites across the Mid-

Atlantic, USA. Measured changes in dissolved oxygen and greenhouse gas

concentrations were used to calculate gas consumption or production rates

occurring during seawater exposure to terrestrial materials. We also measured soil

andwater physical and chemical properties to explore potential drivers. We observed

higher oxygen consumption rates for seawater incubated with soils/sediments from

frequently inundated locations and higher carbon dioxide production for seawater

incubated with soils from rarely inundated transect locations. Incubations with soil

from rarely inundated sites produced the highest global warming potential, primarily

driven by carbon dioxide and secondarily by nitrous oxide. We also found

environmental drivers of gas rates varied notably between transect locations. Our

findings indicate that seawater responses to soil and sediment inputs across coastal

terrestrial-aquatic interfaces exhibit some consistent patterns and high intra- and

inter-site variability, suggesting potential biogeochemical feedback loops as

inundation regimes shift inland.

KEYWORDS

greenhouse gases, dissolved oxygen, aquatic carbon cycle, terrestrial-aquatic interface,
coastal inundation
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1 Introduction

Coastal systems are characterized by high spatial heterogeneity

in ecosystem characteristics and biogeochemical function (Du et al.,

2018; Seyfferth et al., 2020). The coastal terrestrial-aquatic interface,

where land meets water, represents a key control point of

biogeochemical activity with sharp gradients in physical,

chemical, and biological properties. Due to the spatial complexity

across these interfaces, our understanding of biogeochemical

functions remains largely site- or system-specific, which limits

our ability to model coastal biogeochemistry across scales (Ward

et al., 2020).

Quantifying the dynamics and drivers of biogeochemistry in

coastal systems is a critical component of closing global carbon and

nutrient budgets (Regnier et al., 2022). While much of the carbon

buried in soils and sediments along the coastal interface remains

stable for thousands of years (Duarte and Prairie, 2005; Hopkinson

et al., 2012), greenhouse gases (GHGs), such as carbon dioxide

(CO2), methane (CH4), and nitrous oxide (N2O), are essential

components of carbon and nutrient cycles for both terrestrial and

aquatic coastal ecosystems, and represent substantial uncertainty in

coastal carbon inventorying (Holmquist et al., 2018; Capooci and

Vargas, 2022). Dissolved oxygen (DO) is an important driver of

coastal carbon and nutrient cycling via control of redox conditions

on aerobic activity within soils, sediments, groundwater, and

surface water, which regulates the fate and transport of organic

matter and GHGs across the coastal interface (Elberling et al., 2011;

Ward et al., 2017; Chapman et al., 2019).

As sea levels rise, coastal systems are experiencing increasing

frequency and duration of flooding (Ensign and Noe, 2018), which

influences the fate of soil carbon (e.g., DeLaune and White, 2012) as

well as DO and GHG dynamics (Martinez and Ardo n, 2021;
Fettrow et al., 2023b). Increased flooding extent along the coast

drives lateral export of dissolved geochemical components (e.g.,

Bianchi et al., 2009; Fettrow et al., 2023a), of soils from the

landscape (Wilson and Allison, 2008; Leonardi et al., 2016; Ganju

et al., 2019), and resuspension of aquatic sediments (Green and

Coco, 2014). Further, field studies indicate that increased flooding

of coastal regions can create both sources and sinks of GHGs,

demonstrating that these ecosystems are temporally dynamic and

spatially heterogeneous (Gatland et al., 2014; Kroeger et al., 2017;

Diefenderfer et al., 2018; Capooci et al., 2019). Numerous studies

have examined how erosion and leaching of organic matter from

coastal soils and resuspension of coastal sediments may drive

elevated rates of respiration and degradation of previously stable

carbon (Fichot and Benner, 2014; Guenet et al., 2014; Aller and

Cochran, 2019; Ward et al., 2019a). However, few studies have

examined how changes in flooding regime, for example due to sea-

level rise, affect water column oxygen consumption and GHG

production across coastal ecosystem locations and habitats. Thus,

understanding how the type of material (e.g., wetland versus

upland-derived soils) delivered to coastal aquatic systems impacts

the response of DO and GHG dynamics is important for predicting

the future stability of coastal carbon and nutrient pools with

predicted shifts in inundation extent (Ensign and Noe, 2018).
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The goal of this study was to capture the dynamics and drivers

of short-term (24-hour) experimental responses of seawater DO

and GHG dynamics to different soil/sediment inputs from locations

across the coastal terrestrial-aquatic interface in order to

understand how soil erosion or sediment resuspension may effect

aquatic biogeochemistry in coastal systems. This time-period was

selected to represent the short-term (<24-hour) response of coastal

waters following tidal inundation and subsequent mobilization of

soils/sediments into the water column. To accomplish this, we

conducted incubation experiments where we amended seawater

with small amounts of soils or sediments collected along coastal

transects representing a gradient of inundation frequency. We

explored two hypotheses: H1) Introduction of soils and sediments

to seawater will stimulate DO consumption and GHG production

differently based on soil/sediment provenance, with stronger

oxygen responses for more frequently inundated transect

locations, and H2) Patterns in DO and GHG rates will be more

strongly related to water quality in frequently inundated locations,

and more strongly related to soil physicochemistry in rarely

inundated locations. Our results provide new information on how

mobilization of soils and sediments from different locations along

the coastal terrestrial-aquatic interface may affect short-term

dynamics of coastal DO and GHGs across the greater Mid-

Atlantic region. These findings have the potential to enhance our

understanding regional to continental-scale coastal DO and GHG

responses to changing flooding regimes.
2 Methods

2.1 Sample collection

Surface soil and sediment samples were collected as part of the

fi r s t c amp a i g n f r om t h e E xp l o r a t i o n o f C o a s t a l

Hydrobiogeochemistry Across a Network of Gradients and

Experiments (EXCHANGE) research consortium. The

EXCHANGE consortium collaborates throughout the research

life-cycle, from study design and sample collection to manuscript

preparation (Myers-Pigg et al., 2023). Samples for this study were

collected at 14 locations distributed throughout Chesapeake and

Delaware Bays and their tributaries (Figure 1A). At each site,

EXCHANGE consortium members sampled four locations along

a coastal terrestrial-aquatic interface transect spanning a gradient of

inundation regimes: (1) frequently inundated sediment underlying

shallow nearshore surface waters, 2) frequently inundated soils

from wetlands; 3) rarely inundated soils from transitional forests

with unhealthy trees (ghost forests); and 4) rarely inundated soils

from upland forests that may have never been exposed to tidal

inundation (Figure 1B). To simplify references to different locations

across the coastal terrestrial-aquatic interface, we refer collectively

to samples collected at Sediment and Wetland locations as

“frequently inundated” and samples collected at Transition and

Upland locations as “rarely inundated” (Figure 1B). Soil and

sediment samples were collected from the top 10 cm of the

profile by hand by the EXCHANGE consortium, transferred to
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plastic bags, then shipped on ice overnight to the lab as described in

Myers-Pigg et al. (2023). We flushed samples with N2 gas upon

arrival to minimize aerobic activity during storage before

to incubations.
2.2 Laboratory incubations

We conducted laboratory incubation experiments to understand

how amendments of soils or sediments collected across the inundation

gradient of the coastal terrestrial-aquatic interface (i.e., the sampling

site’s expected antecedent exposure to tidal inundation based on its

location along the coastal terrestrial-aquatic interface, Figure 1B)

influenced seawater DO and GHG dynamics. To do this, we

quantified the consumption or production of DO and GHGs during

short-term (24-hour duration) incubations where seawater was mixed

with a small quantity of soil or sediment.We limited incubation time to

24 hours to capture the initial response of introducing soils and

sediments into our experimental coastal ocean surface water

microcosm environment. The day before each incubation, soil/

sediment samples were taken out of the refrigerator to reach room

temperature (~18 C) before incubating. We used fresh seawater

collected from Sequim Bay, WA prior to each incubation as our

consistent seawater source to reduce complexity and confounding

factors associated with using water from each sampling site. During

the Fall/Winter period when seawater was collected for our

incubations, salinity averaged ~30 PSU, pH ranged from 7.9-8.3, and

DO concentrations centered around atmospheric equilibration.

For each sample, we filled triplicate combusted 40 mL amber

borosilicate glass scintillation vials with gas-tight septum caps with

~5g of field-moist soil or sediment. We chose field-moist over dry

weight to standardize our incubations by the weight of

biogeochemically relevant material (i.e., soil/sediment and

interstitial water). We then added room-temperature seawater to

the vial (which was equilibrated with the atmosphere by vigorously

shaking a bottle with headspace for several minutes), leaving less

than 1 mL of headspace. Each vial was then homogenized via
Frontiers in Marine Science 03
shaking by hand for 60 seconds, and then incubated at ~18 °C in the

dark for 24 hours.
2.3 Oxygen consumption rates

We measured dissolved oxygen (DO) concentrations every

minute for 24 hours using optical sensors attached to a 4-channel

hub (Firesting FS02-C4, Aachen, Germany). DO measurements

were automatically corrected for temperature and pressure by the

instrument software as suggested by the manufacturer. DO probes

were inserted through a gas-tight septum cap, and further sealed

with silicone around the insertion point immediately after

homogenization. In addition to incubating seawater with soil

added, we also incubated seawater as a control to evaluate

background GHG production or consumption. Due to the

number of sensors available, we only measured DO in a single

combusted (550° C) amber borosilicate glass scintillation vial per

site-transect location combination.

To calculate the rate at which oxygen was consumed or

produced in each sample, we removed all values before the value

before the onset of oxygen depletion (i.e., the brief initial period

with stable DO concentrations). We removed all DO values < 0.01

mg/L based on manufacturer sensor sensitivity at low DO

concentrations. We also removed all values after the minimum

DO value was reached. DO consumption rates in µM/hr were then

calculated based on:

½DOinitial �DOfinal�=½timefinal � timeinitial�
where DOinitial is the DO concentration in µM at the start of the

experiment, DOfinal is the DO concentration in µM at the end of the

experiment, and timeinitial and timefinal are the corresponding times

relative to the start of the experiment. DO consumption was not

monitored in the control seawater vial, and we therefore assume

similar (and minimal) background responses for DO in seawater

across all incubations. We did not observe net oxygen production in

any samples.
FIGURE 1

(A) Map showing regional representation of samples collected, where each point represents a sampling site, and the color represents the surface water
salinity at that site. Three of the sampling sites are too close together to resolve visually, and are marked with a red asterisk. (B) a representation of
transect locations sampled across the terrestrial-aquatic interface at each site.
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2.4 Greenhouse gas rates and global
warming potentials

After a 24-hour incubation period, we sampled GHGs from all

incubations. Gases were first extracted from 20 mL of water

collected from the top of each vial. The water was carefully

poured into a 60 mL syringe without bubbling and filled with 40

mL of N2 to perform a headspace extraction following methods by

Ward et al. (2019b). The partial pressures in parts per million (ppm)

of CO2, CH4, and N2O were measured using a Picarro G2508 Cavity

Ring‐Down Spectrometer with a flow limiter to reduce gas flow

rates. Details on converting GHG partial pressures to molar units

can be found in Supplementary Information.

GHG production or consumption rates were calculated in the

same manner as DO:

½GHGinitial �GHGfinal�=½timefinal � timeinitial�
assuming initial GHG concentrations were equivalent to

atmospheric concentrations (CO2 = 420 ppm, CH4 = 1.9 ppm,

N2O = 0.3 ppm). We assumed this as seawater was equilibrated

with the atmosphere before the experiment, as described above. To

understand the relative influence of each GHG to changes in overall

warming (or cooling) potential after introducing soils and sediments

to seawater, we first converted GHG rates in µM/hr to µg L-1 hr-1 then

multiplied CH4 and N2O rates by the 100-yr sustained-flux global

warming potential (SGWP) of each gas (45 CO2 equivalents for CH4

and 270 CO2 equivalents for N2O) reported in Neubauer and

Megonigal (2015). We note that SGWP calculations come with

several important considerations that should be kept in mind when

interpreting values (Neubauer and Megonigal, 2015).
2.5 Ancillary data

Ancillary datasets (Myers-Pigg et al., 2023; Pennington et al.,

2023) for soil and sediment physicochemical properties, surface

water chemistry adjacent to collected soils and sediments, and

ecosystem properties, were retrieved from published EXCHANGE

datasets. Methodology and details on datasets can be found in

Myers-Pigg et al. (2023). Sand/silt/clay content was collected based

on latitude and longitude for each transect location in each site

using the soilDB R package which queries U.S. Department of

Agriculture Natural Resources Conservation Service and National

Cooperative Soil Survey databases (Beaudette et al., 2023). Mean

monthly air temperatures were pulled for each site from the

National Aeronautics and Space Administration’s POWER

database via the nasapower R package (Sparks et al., 2023).
2.6 Statistical analysis

We compared mean values across transect locations with

varying inundation using Wilcoxon tests. Correlation networks

were created using the ggraph package (Pedersen, 2022) to

understand which environmental variables had significant (p <

0.05) linear relationships with DO and GHG production/
Frontiers in Marine Science 04
consumption rates. We used Kendall’s Rank Correlation in

preference to Pearson ’s Correlation due to non-normal

distributions of some of the variables (Kendall, 1938). Potential

predictor variables included a wide range of surface water quality

(salinity, pH, dissolved organic carbon (DOC), and total dissolved

nitrogen (TDN)), soil/sediment physicochemistry (gravimetric

water content (GWC), total carbon (TC), total nitrogen (TN),

sand/silt/clay content), mean monthly air temperature (MAT)

and annual precipitation, and C:N stoichiometry metrics for

surface water (DOC/TDN) and soil/sediments (TC/TN). We

applied principal component analysis (PCA) to production/

consumption rates for DO and GHGs and selected predictors

included in our correlation analysis. To select which variables to

use, we took all variables included in correlation analysis and used

them as predictors in a Random Forest model designed to predict

transect location using the ranger R package (Wright and Ziegler,

2017) using default hyper-parameters. We constructed our model

to better understand and visualize how gas rates and potential

drivers relate in multivariate space, and how those relationships

explain differences between transect locations with varying

inundation regimes. All statistical analyses were conducted in R

(R Core Team, 2021).
3 Results

3.1 Seawater oxygen and GHG
responses to soil inputs from different
coastal landscapes

DO consumption rates were highly variable across our study sites

and transect locations with a mean consumption rate of 95.8 µM/hr

ranging from 2.16 to 1410 µM/hr (Figure 2A, Table S1). We note that

n=5 extreme outliers were removed from Figure 2 to better show

patterns in the dataset but are included in Figure S1. Samples from

frequently inundated locations (Sediment and Wetland, Figure 1A)

yielded higher (mean of 135.4 µM/hr) and more variable (range of

6.82 to 1410 µM/hr) DO consumption rates when compared to

seawater mixed with soils from rarely inundated locations (Transition

and Upland) - mean: 41.2 µM/hr, range: 2.16 – 770 µM/hr

(Figure 2A, Table SA). Consistent with H1, we found that DO

consumption rates were highest in the frequently inundated

(Sediment and Wetland) locations, compared to the rarely

inundated (Upland and Transition) locations (Figure 2A).

Post-incubation GHG measurements indicated a net production

of CO2, and N2O during the 24-hour incubation. Across all samples,

we observed mean CO2 production of 27.4 µM/hr (range of 5.31 to

81.3 µM/hr), which was 16.5 times greater than average CO2

production in the seawater control treatment. CO2 production rates

increased with decreasing inundation regime, with lowest average

rates for Sediment samples (17.3 µM/hr), and highest average rates

(more than double Sediment samples) for Upland samples (39.9 µM/

hr). The pattern of increasing CO2 production rates from frequently

inundated to rarely inundated transect locations (Figure 1B) along

the coastal terrestrial-aquatic interface is opposite the pattern

observed for DO consumption (Figure 2).
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CH4 production rates averaged -0.0154 µM/hr across all

samples (Table S1). However, for incubations using Wetland

soils, we observed mean CH4 production (0.095 µM/hr) while the

other three locations all exhibited net CH4 consumption (i.e.,

negative mean rates). The seawater control also showed mean

negative rates (-0.058 µM/hr). In contrast to CH4, mean N2O

production rates were positive (0.032 µM/hr) and, consistent with

patterns in CO2, increased from frequently inundated Sediment and

Wetland locations (mean: 0.005 µM) to rarely inundated Transition

and Upland locations (mean: 0.034 µM/hr). Notably, average N2O

production rates for least frequently inundated samples (Upland,

0.109 µM/hr) were more than two orders of magnitude higher than

the average N2O production rates for the most frequently inundated

samples (Sediment, 0.0056 µM/hr, Table S1). All transect locations

exhibited higher mean N2O production rates than the seawater

control (0.0008 µM/hr, Table S1).
3.2 Global warming potential of
GHG responses

We observed a consistent increase in cumulative sustained-flux

global warming potential (SGWP) rates with decreasing inundation

frequency from Sediment samples (mean of 0.8 CO2 eq: mg L-1 hr-1

for all GHGs combined) to Upland samples (mean of 3.0 CO2 eq:

mg L-1 hr-1) (Figure 3). The increase in mean SGWP from Sediment

to Transition was driven primarily by CO2, which accounted for 87-

90% of total mean SGWP at each location (Figure 3). However,

while CO2 was still the primary contributor to SGWP (57%) for

Upland samples, N2O contributed to 44% of total SGWP, compared

to 3%-12% across the other locations. We also note that CH4 was a

source of cooling (albeit a small one) rather than warming for
Frontiers in Marine Science 05
Upland (i.e., net consumption of CH4 was stimulated compared to

the seawater control) but was a notable source of warming in the

Wetland, where it accounted for 10% of total SGWP (Figure 3B).
3.3 Drivers of DO and GHG responses
across the coastal terrestrial-
aquatic interface

To better understand the relationships between DO and GHG

production/consumption rates and potential driver variables, we

constructed correlation networks that included a range of

environmental factors, including endemic water quality, soil

physicochemistry, and climate (Figure 4). We divided our dataset

by transect location before calculating correlations to assess how

relationships changed based on the provenance of the soil/sediment.

For Sediment samples, we observed significant correlations

between environmental drivers and rates for CO2 (negatively

correlated to pH and salinity) and N2O (negatively correlated to

pH) but not CH4 or DO rates (Figure 4A). For Wetland samples, we

observed significant correlations between environmental drivers

and rates for CO2 (again, negatively correlated to pH and

salinity), CH4 (negatively correlated to salinity and longitude),

and N2O (negatively correlated to salinity) but not DO rates. The

relationship between N2O and CH4 rates was not significant for

Sediment samples, but was significant (and positive) for Wetland

samples, while correlations to CO2 rates (CH4, N2O, salinity, and

pH) were consistent for both Sediment and Wetland samples.

Relatively consistent relationships to pH and salinity for Sediment

and Wetland sites support our hypothesis (H2) that frequently

inundated sites will relate primarily to water quality. For Transition

samples Figure 4C), correlations differed notably from frequently
A B C D

FIGURE 2

(A) Aquatic DO consumption rates and (B–D) greenhouse gas rates with soil and sediment inputs from different coastal locations for all 14 sampling
sites shown in Figure 1. Dashed horizontal lines represent ambient consumption rates for seawater with no soil or sediment amendments (no rate
reported for DO as consumption was assumed to be negligible). The boxplot boxes represent the interquartile range (IQR, between 1st and 3rd
quartiles), with the median as the solid line. The whiskers represent 1.5 * IQR and points represent outliers. Extreme outliers (n=5 across all panels)
were removed to better visualize patterns, and are presented in Figure S1. Significant differences between group means are presented as “ns” (p >
0.05), “*” (p < 0.05), “**” (p<0.01), and “***” (p<0.001).
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inundated samples (Figures 4A, B). First, we observed significant

relationships for DO, CH4, and N2O rates but not for CO2 rates.

Second, while N2O was still correlated to pH, CH4 was only

correlated to surface water DOC and DO. Third, CH4 was

correlated to elevation. Finally, for Upland samples, DO was the
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only gas rate with any significant correlations to environmental

parameters, with positive correlations to both soil TC and

TN (Figure 4D).

Finally, we explored multivariate relationships between DO/

GHG rates and potential explanatory variables using principal
A B

C D

FIGURE 4

Correlation networks displaying all significant (p < 0.05) correlations (based on Kendall Rank Correlations) between gas rates and environmental
variables for each transect location: (A) Sediment, (B) Wetland, (C) Transition, (D) Upland. Positive correlations are shaded blue, negative correlations
are shaded red, and thicker lines indicate stronger correlations.
A B

FIGURE 3

Mean 100-year sustained-flux global warming potential (SGWP) values in CO2-equivalents per hour presented by GHG (colors) for each transect
location of the coastal terrestrial-aquatic interface (x-axis). (A) All SGWP values presented as boxplots, where boxes represent the interquartile range
(IQR, between 1st and 3rd quartiles), with the median as the solid line. The whiskers represent 1.5 * IQR and points represent outliers. Numbers
above each transect location indicate the sum of mean SGWP values for all three gases at the location in CO2 eq/hr. (B) Percentages of total SGWP
for each GHG at each transect location.
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component analysis (PCA) (Figure 5). Prior to analysis, variables to

include in the PCA were selected based on variable importance

determined using a Random Forest model (Figure S2). PC1, which

explained 28.7% of the variability, had the strongest positive

loadings from soil carbon and nitrogen content and CO2 rates,

soil C:N ratios and gravimetric water content. PC2, which explained

20.5% of the variability, had the strongest negative loadings for DO

and CH4 rates and GWC, and strongest negative loadings for CO2

rates, soil C:N ratios, and elevation. PC1 appears to be more related

to variability in soil physicochemistry across inundation regimes,

with largest PC1 ranges for Wetland and Transition samples. We

observed significant (p < 0.05) differences in mean PC1 values

between Sediment and both Wetland and Transition (Figure S3).

PC2 separated transect locations, with mostly negative PC2 values

for frequently inundated locations and mostly positive PC2 values

for rarely inundated locations (Figure 5). Along PC2, Upland

samples had significantly higher average loadings than all other

locations, but we observed no significant differences between the

other three transect locations (Figure S3).
4 Discussion

4.1 DO and GHG rates differ with
inundation regime

We observed relatively clear patterns for DO consumption and

production of CO2 and N2O across our inundation gradient
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(Figure 2). As hypothesized in H1, we observed significant

differences in seawater DO and GHG production or consumption

rates based on the inundation regime of soils/sediment inputs

across the coastal terrestrial-aquatic interface (Figure 2). Higher

rates of DO consumption for frequently inundated samples

(Sediment and Wetland, Figure 2) were also consistent with H1

and align with inundation-driven decreases in redox potential,

where powerful electron acceptors like oxygen are rapidly

consumed (e.g., Machado-Silva et al., 2023). Our results are

consistent with laboratory experiments of higher biological and

perhaps chemical oxygen demand in wetland soils relative to less

frequently inundated soils (Patel et al., 2022). Consistent with rapid

DO consumption, highest CH4 production rates were observed for

frequently inundated samples (Sediment and Wetland, Figure 2).

Due to the short duration of our experiment, we were surprised to

see CH4 production occur, especially considering that seawater

contains oxygen, sulfate and nitrate, which are all generally

considered more preferred electron acceptors than CO2. Soil/

sediment inputs from these two transect locations may produce

CH4 naturally as opposed to rarely inundated locations (e.g.,

Transition and Upland), which generally consume CH4 (Pitz and

Megonigal, 2017). Additional potential explanations include

variation in microbial communities along inundation gradients in

coastal marshes (e.g., Gao et al., 2020), evidence that methanogens

can tolerate short-lived oxic conditions (Conrad, 2020), or

alternative methanogenesis pathways such as methyl

methanogenesis (Seyfferth et al., 2020). We note that, due to the

short nature of our study, we only captured the initial response
FIGURE 5

Principal component analysis using variables selected via Random Forest analysis showing the first two principal components. Red labeled arrows
indicate loadings and points indicate scores, while colored hulls represent each location along the transect.
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without allowing time for stable anoxia to develop, which likely

inhibited conditions conducive to methanogenesis. Studies of the

formation of ghost forests (i.e., dead forests killed by rising water

levels) due to inundation of previously unflooded areas indicate

dramatic shifts in biogeochemistry, including the release of CH4

(e.g., Norwood et al., 2021), suggesting longer-term incubations

would expect an increase in Transition and Upland CH4 production

as well.

Because oxygen is an input to respiration and CO2 is an output,

we expected a positive correlation between DO consumption and

CO2 production (i.e., when oxygen consumption increases, so does

CO2 production). Instead, we observed an inverse relationship

based on transect locations, with the highest DO consumption

rates coinciding with the lowest CO2 production rates, and vice

versa (Figure 2). This unexpected pattern suggests that the

relationship between CO2 and DO, at least on the timescale of

our experiments, was controlled by other factors besides aerobic

respiration. One possible explanation is consumption of DO via

redox reactions, as proposed above. Alternatively, DO can stimulate

CO2 production, potentially associated with organic matter

decomposition around roots in anaerobic soils (e.g., Barreto

et al., 2018).

Although there was no significant difference in N2O responses

associated with soil and sediment additions from the different

transect positions (Figure 2D), we observed higher maxima and

variability for both rarely inundated locations (Transition and

Upland, Table S1), suggesting that N2O emissions may be higher

when seawater is exposed to soils from rarely inundated regions.

Increasing N2O emissions with decreasing inundation frequency is

consistent with a recent synthesis of vegetation, where N2O

emissions were generally higher with increasing elevation/

decreasing inundation extent (Rosentreter et al., 2021). This is

noteworthy, as inundation regimes are moving inland into rarely

inundated locations in many coastal regions due to sea level rise

(Ensign and Noe, 2018). The difference in effect size for N2O at

Upland sites (Figure 3) may support the importance of transitional

zone soils as potential GHG control points under increased flooding

conditions, though these responses are likely system-specific. We

also note that N2O is highly variable in coastal marshes (Capooci

et al., 2019; Capooci and Vargas, 2022), and a larger sample size

(and potentially a longer experiment duration) would be needed to

explore this suggestion.

Our SGWP calculations indicated that short-term mixing of

surface soils or sediments with seawater drives relatively rapid

production of GHGs, where CO2 is the largest contributor to

SGWP rates associated with soil and sediment inputs for all

transect locations (Figure 3). Trends along the inundation

gradient for GWP mirror our findings in Figure 2, where

increasing GWP from Sediment to Upland follows CO2 rate

patterns (Figure 3A), and the relative importance of N2O

(Figure 3B) follows higher N2O rates in Transition and Upland

samples (Figure 3B). Our results indicating higher GWP with

decreasing inundation frequency also match previous microcosm

experiments, which found that GWP decreased when the water

table was closer to the surface (Zhao et al., 2020). The increasing

trend along the terrestrial-aquatic interface from Sediment to
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Upland is also potentially related to N2O production from

Transition and Upland soils mobilized during flooding, which

may become an increasingly important GHG vector, as suggested

above. However, we note that the complex interplay between drivers

of N2O production, including nitrification/denitrification and

microbial community composition (e.g., Zhang et al., 2019) will

all respond to changes in inundation, which will likely influence this

pattern. Interestingly, we observed a warming effect of CH4 in

Wetland soils, consistent with observations of CH4 emissions

reported for various wetlands (Gatland et al., 2014). One

suggestion is that wetland soils have been shown to increase CH4

production after rapid exposure to oxygen in a redox-cycled

environment (Wilmoth et al., 2021). Our observation of

considerable CH4 production by mixing of seawater with

Wetland soils relative to all other transect locations supports this

explanation, where redox cycling associated with tidal flooding is

likely strongest for the Wetland location (frequently inundated)

compared to Sediments (continuously inundated) or Transition/

Upland locations (rarely or never inundated). We note that our

SGWP calculations are based on a very short time-period (i.e., a

pulse response), and GHG dynamics likely change over longer

incubation periods, so these results can only be interpreted as initial

responses, and do not represent the cumulative SGWP of

these systems.
4.2 Heterogeneity in drivers of aquatic
biogeochemical responses to soil additions

Patterns in gas dynamics related to soil and sediment additions

from different transect locations (Figure 2), correlations to

environmental factors (Figure 4), and PCA results (Figure 5) all

provide different levels of insight into the potential drivers of

aquatic DO and GHG responses to soil inputs. Significant (p <

0.05) changes between frequently inundated (Sediment and

Wetland) and rarely inundated (Transition and Upland) locations

for DO, CO2, and CH4 suggest that antecedent flooding frequency

plays an important role in how coastal aquatic biogeochemical

cycles respond to soil or sediment inputs (Figure 2). This is

consistent with previous literature which shows that flooding

impacts GHG and oxygen dynamics in wetlands (Gatland et al.,

2014; Regier et al., 2021; Regier et al., 2023).

Consistent with H2, we observed significant correlations

between CO2 and surface water salinity/pH for frequently

inundated locations, but not for rarely inundated locations

(Figure 4), which indicates the influence of surface water

chemistry did not extend to Transition or Upland locations. The

CO2-salinity relationships for frequently inundated locations

(Sediment and Wetland) were both negative (Figure 4), consistent

with mesocosm experiments showing salt inhibited CO2 production

(Ardo n et al., 2018). Since inundation is the defining characteristic

for our transect locations, we also expected to see correlations to

GWC but observed none in Figure 4.

Our PCA allowed us to explore which factors distinguished the

transect locations from each other, primarily gas rates, soil

physicochemical parameters (TC, TN, soil C:N, and GWC), and
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elevation (Figure 5). This partially supports H2, where PC2 loadings

for C:N ratios and GWC relate to differences in transect locations

(generally higher GWC and lower soil C:N ratios for Upland sites

and vice versa for Wetland sites). The distributions of each transect

location in PCA space also suggest shifting relationships (and

potentially drivers). While Sediment samples vary primarily along

PC2, Wetland and Transition samples vary along both axes (with

Transition occupying a much larger area, indicative of large

variance in the variables selected for the PCA), and Upland

samples largely vary across PC1. Although we do not want to

over-interpret this pattern, it suggests there may be shifting

relationships between gas rates and soil physicochemical

properties across the coastal terrestrial-aquatic interface that may

be generalizable across regional scales. We also note that the

Transition transect location occupies the largest PCA space,

matching our expectation that this transect location between

Wetland and Upland is the most variable across our study

sites (Figure 5).

Despite collecting a broad suite of explanatory variables,

identifying generalizable relationships between DO/GHG rates

and environmental characteristics remained challenging, with

correlations changing between transect locations (Figure 4), and

variables selected for PCA only explaining about half the variance in

the dataset. Our findings mirror studies seeking to identify drivers

of coastal DO and GHG dynamics, including a study in the Mid-

Atlantic that found no significant relationships between N2O flux

and 20 potential environmental drivers (Batson et al., 2015). We

note that there are limitations based on our experimental design

that should be considered when interpreting our results. We did not

measure initial concentrations of GHGs in seawater and assumed

atmospheric concentrations. Further, we did not measure DO

consumption in the seawater control and assumed negligible DO

consumption over the 24-hour incubation period. In addition, our

single point of measurement at the end of each experiment for GHG

concentrations used to calculate rates assumes linear behavior

across the 24-hour incubation period. Based on non-linear

behavior in DO consumption observed in this study and others

(e.g., Patel et al., 2022), and potential relationships between DO and

GHG rates (e.g., Figures 2, 5), higher-frequency sampling was not

logistically feasible for this experiment. We suggest that future

studies incorporating high-frequency in-situ sensors for GHGs

would more accurately quantify GHG production rates through

time, and help capture potential non-linearity.

We observed some consistent patterns along the gradient of

inundation frequency in the production/consumption rates of DO

and GHGs (Figure 2), their GWP (Figure 3), and relationships to

environmental factors, including DO and GHG rates (Figure 5).

Our results also suggest that, while some clear patterns exist,

defining the specific drivers of individual gas species responses to

soil/sediment and surface water mixing remains difficult to

generalize across regional spatial scales. This may be partly due in

part to the limitations discussed above: our relatively small sample

size, the limited experimental duration, or the diversity of systems

sampled. However, when given all variables in Figure 4, we note that

the Random Forest model indicated all four gas rates (in addition to

environmental factors) were important for differentiating transect
Frontiers in Marine Science 09
locations (Figure S3). While Figures 2, 4 suggested high variability,

Figure 5 suggests that understanding DO and GHG rates is critical

for understanding biogeochemical cycling variability across coastal

terrestrial-aquatic interfaces. Thus, further studies incorporating

larger sample sets and exploring other coastal regions will be

beneficial for constraining the dynamics and drivers of oxygen

and GHGs across coastal terrestrial-aquatic interfaces. We highlight

that our controlled experiment provides insights into short-term

responses of seawater exposed to soils and sediments across with

different hydrologic regimes at the microcosm scale, which cannot

accurately represent the complexity of coastal ecosystem processes.

Long-term experiments of water inundation events in mesocosms

(Capooci et al., 2019) or at the ecosystem scale (Hopple et al., 2023)

will be fundamental for incorporating environmental complexity.

These future experiments will improve our ability to predict how

changing inundation along coastlines will ultimately alter

coastal biogeochemistry.
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