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Abstract Coastal wetlands play a vital role in the global carbon cycle and are under pressure from multiple
anthropogenic influences. Altered hydrology and land use change increase susceptibility of wetlands to sea-
level rise, saltwater intrusion, tidal flood events, and storm surges. Flooding from perigean spring tides and
storm surges rapidly inundates coastal wetlands with saline waters, quickly surpassing vegetation tolerances,
leading to shifts in soil microbial respiration, peat collapse, and plant mortality, followed by establishment of
salt-tolerant vegetation. The Southeast Saline Everglades (SESE) is facing many of these pressures, making it a
model system to examine the impacts of ecosystem state transitions and their carbon dynamics. Saltwater
flooding from Hurricane Irma (2017) initiated a transitional state, where less salt-tolerant vegetation (e.g.,
Cladium jamaicense) is declining, allowing halophytic species such as Rhizophora mangle to colonize, altering
the ecosystem's biogeochemistry. We utilized eddy covariance techniques in the SESE to measure ecosystem
fluxes of CO, and CH, in an area that is transitioning to an alternative state. The landward expansion of
mangroves is increasing leaf area, leading to greater physiological activity and higher biomass. Our site was
presented initially as a small C source (47.0 g C m™2) in 2020, and by 2022 was a sink (—84.24 g C m™2), with
annual greenhouse carbon balance ranging from —0.04 to 0.18. Net radiative forcing ranged from 2.04 to
2.27W m~2d~". As the mangrove landward margin expands, this may lead the area to become a greater carbon
sink and a potential offset to increasing atmospheric CO, concentrations.

Plain Language Summary Hurricane-caused storm surge and king tides have led to increasing
amounts of saltwater being deposited inland. Inland flooding causes increased salinity in freshwater marshes,
leading to mortality in marsh plants that are less tolerant to salt. At the same time, inland flooding pushes
mangrove propagules inland and allows them to rapidly establish. Mangroves have high saline tolerance and
accumulate salt in their leaves. Mangroves can further increase salt concentrations when they drop their leaves,
which may increase the mortality of existing marsh vegetation and enhance the expansion of mangroves. As
these mangrove trees increase in number and size, they can capture more carbon dioxide from the atmosphere
compared to the previous vegetation. If this trend continues these new mangrove-dominated systems may aid in
slowing or mitigating atmospheric increases in CO,.

1. Introduction

Wetlands are highly productive ecosystems that have a vital biogeochemical role in mitigating climate change as
carbon (C) sinks (Mitsch et al., 2013; Reddy & DeLaune, 2008). Coastal wetlands, however, are susceptible to
impacts from changing disturbance regimes caused by climate change (Day et al., 2008). These ecosystems exist
between the freshwater and marine ecotone, and are subject to sea level rise, storm surge from tropical cyclones,
and significant tidal events such as perigean spring tides (A.K.A. king tides), exposing them to saltwater flooding
and accelerated saltwater intrusion (Tully et al., 2019). Amid the challenges posed by these disturbance regimes,
the inherent resiliency of coastal wetlands becomes ever more crucial. Human alterations in hydrology, such as
the creation of levees, dredging, and canal construction, have compounded the stress on many of these wetlands
(Richardson, 2010). These compounded stressors can diminish the resilience of coastal areas, in terms of their
ability to recover from disturbance events, which could cause saltwater to be driven further landward, increasing
the likelihood of an ecosystem state change (Herbert et al., 2015).

Saltwater flooding caused by storm surges and perigean spring tides are pulse disturbances that deliver a rapid
increase of salinity to coastal wetlands. While this has biogeochemical implications, saltwater flooding also
has biophysical effects (Neubauer, 2013). Less salt-tolerant vegetation becomes stressed leading to mortality
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and soil microbial respiration changes which can drive carbon release through peat collapse (Steinmuller
et al., 2019; Wilson et al., 2018). Saltwater flooding also provides a mechanism to deliver mangrove prop-
agules inland beyond their current range (Jiang et al., 2014), which can initiate a transition to a new
ecosystem (DeBusk et al., 2015; Sternberg et al., 2007). The associated changes in vegetation structure can
cause a homogenization of the landscape and a change in ecosystem services (Costanza et al., 1997; Herbert
et al., 2015). As saltwater flooding events are expected to increase with more frequent hurricanes and perigean
spring tides, it is important to build a better understanding of their impact on coastal wetlands.

While extensive research has been conducted on the climate-driven phenomenon of mangrove poleward
expansion and encroachment into salt marshes (Alongi, 2020; Osland, Day, et al., 2017), a gap exists in our
understanding of the landward expansion of this species. In South Florida, freshwater coastal marshes are in a
precarious position, subjected to various stressors that have set the stage for state changes. The impacts of hy-
drologic alterations and the persistent threat of saltwater intrusion have been documented as far back as the 1950s
(Egler, 1952), predicting a gradual shift that has brought this ecosystem to the brink of transitioning into a new
state.

In 2017 Hurricane Irma made landfall in Florida, causing substantial saltwater flooding in coastal wetlands of
the Southeast Saline Everglades (SESE). This coincided with red mangrove (Rhizophora mangle) seasonal
propagule dispersal and establishment in the area. Increased salinity has also contributed to the die-off of
sawgrass (Cladium jamaicense). This transition from sawgrass to mangrove has been continually reinforced
through flooding events from perigean spring tides and mangrove-driven physiological feedback (Ball, 1988).
Vegetation changes in these ecosystems have led to altered C dynamics and uncertainty in the future capacity
to recapture lost C (Dang et al., 2019). While the landward movement of R. mangle into formerly C.
Jjamaicense dominated marshes has been previously documented (Ross et al., 2000), there is a limited un-
derstanding of the biogeochemical changes that are occurring in these coastal wetlands during the transition to
a mangrove forest. This study addresses this knowledge gap by answering the following research questions:
(a) How will carbon dynamics (net ecosystem exchange of CO, [NEE], gross ecosystem exchange of CO,
[GEE], ecosystem respiration [R..,], and methane [CH,] efflux change in a coastal ecosystem during the
transitional state from a marsh to mangrove forest? and (b) How will changes in carbon dynamics affect the
ecosystem's greenhouse carbon balance (GCB) and radiative forcing potential? To explore our proposed
questions, we collected carbon flux and micrometeorological data within the SESE over 3 years using eddy
covariance (EC) techniques.

2. Methods
2.1. Study Site

Our study was conducted in the Florida Coastal Everglades, which are subtropical wetlands with distinct wet and
dry seasons. Annual precipitation is ~1,300 mm, with 60% of rainfall occurring during the wet season months
(May to November) (Davis & Ogden, 1994; National Climatic Data Center, 2023). Wet season mean daily
temperatures range from 30 to 35°C, whereas dry season temperatures range from 12 to 24°C. The study site is
located ~3.5 km from the ocean in a region initially described as being a part of “Belt 3” of the SESE, dominated
by sawgrass (Egler, 1952). This portion of the Everglades is subject to marine influence due to impoundment from
the Atlantic Coastal Ridge to the north and proximity to Florida and Biscayne Bays. Currently, the site's vege-
tation is mixed sawgrass, black rush (Juncus roemerianus), and red mangrove. Saltwater flooding from Hurricane
Irma initiated sawgrass to die off and mangrove propagules to establish, further expanding its dominance across
the site. Soils are predominately marl (fluvaquents of Perrine or Pennsuco series), with composition driven by the
metabolic activities of benthic periphyton and senesced plant material (Ross et al., 2022; USDA-NRCS, 1996).
Marl soils of the SESE are very low in organic matter and total soil carbon in comparison to peat soils (Stein-
muller et al., 2021). The site is tidally influenced during the wet season with observed salinity ranging from 3 to
20 psu during the study period. Water depth is near the soil surface during dry periods, with soils remaining
saturated and ponding in depressional areas. Wet season water depth typically ranges from 20 to 40 cm. The study
site, herein referred to by the Ameriflux designation, US-EVM, was established in February 2020, and data were
collected through 31 May 2023.
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2.2. Eddy Covariance Measurements

Flux data collection commenced on 1 May 2020. Open-path infrared gas analyzers (IRGAs) were used to measure
ecosystem fluxes of CH, (mol m~; LI-7700 Li-COR Inc., Lincoln, NE), CO, and H,0 (mg mol™"; LI-7500 Li-
COR Inc., Lincoln, NE), and were paired with a sonic anemometer (CSAT3B, Campbell Scientific Inc., Logan,
UT) that measured sonic temperature (Tj,;.; K) and 3-dimensional wind speed at 10 z (u, v, and w, respectively;
m s™"). The tower height was approximately 4 m above ground level with paired sensors placed ~0.20 m apart.
The EC data were collected on the LI-COR SmartFlux data acquisition system (LI-COR Inc., Lincoln, NE) and
stored on an industrial USB drive. IRGAs were calibrated monthly using a trace gas standard for CO, and CH, in
air (+1.0%), dry N, gas, and a portable dewpoint generator (LI-610, LI-COR Inc.).

2.3. Meteorological Variables

Commencing 1 February 2020, meteorological data were collected half-hourly on a separate data logger
(CR3000, Campbell Scientific Inc), including T;, (°C) and relative humidity (Rh; %) (HMP60C, Vaisala, Hel-
sinki, Finland) mounted within an aspirated shield (43502, R.M. Young Co., Traverse City, MI), and barometric
pressure (P; Pa) (PTB110, Vaisala). The T,;/Rh sensors were installed at the same height above ground as the
IRGA and CSAT. Other meteorological data were collected as 30-min averages through a multiplexer (AM16/
32A Campbell Scientific Inc.) with another datalogger (CR3000 Campbell Scientific Inc.). This included
photosynthetic photon flux density (PPFD; pmol m™~2 s™!) (PAR Lite, Kipp and Zonen Inc., Delft, Netherlands),
incident solar radiation (Rs; W m~2) (LI-200SZ, LI-COR Inc.), and net radiation (Rn; W m~2) (NRO1, Hukse-
flux). Precipitation was measured with a tipping bucket rain gauge (mm) (TE525, Texas Electronics Inc., Dallas,
TX). Soil temperature (T,;;; °C) was measured at 5, 10, and 20 cm depths using insulated thermocouples (Type-T,
Omega Engineering Inc., Stamford, CT). Water temperature (T °C) was measured using insulated ther-

air

water;
mocouples (Type-T, Omega Engineering Inc.) located at a fixed height 2 cm below the water surface. Water level

(WL; m) was recorded every half-hour with a water level logger (HOBO U20-001-01, Onset, Bourne, MA).

2.4. Fluxes

Flux data for this study were processed with EddyPro 7.0.9, using corrections for density fluctuations and high-
frequency spectral loss (Fratini & Mauder, 2014). Quality assurance was maintained by examining plausibility
tests for CO,, represented as NEE values (i.e., INEEI < 5 pmol m~2 s™"), stationarity criteria, and integral tur-
bulent statistics (Foken & Leclerc, 2004; Foken & Wichura, 1996).

Raw CH, EC data were processed over 30-min time intervals with LI-7700 diagnostics turned off, which filter out
high-frequency fluxes that could represent valid underlying variation in this system (Yu et al., 2022). Processing
options and filtering followed the conventions established in Staudhammer et al. (2022). Fluxes based on mass
density (pCH,) measurements by the LI-7700 were calculated according to McDermitt et al. (2011; Equation 1).

@w’p'HZO +C
Pa

1 D g ———
( +/'”T7)/)CH4 w'Ta' (1)

o, = AW i) + By

Where: A, B, and C are dimensionless multipliers for spectroscopic corrections, y is the molar mass ratio of dry air
to water vapor, p,, is the average mass density of dry air, o is the mass density ratio of water vapor to dry air, py, ¢ is
the water vapor mass density, and 7, is air temperature (°C). Overbars denote time averages over the measurement
intervals. Primes denote the turbulent fluctuations in the variable.

Flux measurements for CO, were filtered when systematic errors were indicated, such as: (a) evidence of rainfall,
condensation, or bird fouling in the sampling path of the IRGA or sonic anemometer, (b) incomplete half-hour
data sets during system calibration or maintenance, (c) poor coupling of the canopy with the external atmo-
spheric conditions, as defined by the friction velocity, U*, using a threshold of 0.15 m s (Clark et al., 1999;
Goulden et al., 1996), and (d) excessive variation from the half-hourly mean based on an analysis of standard
deviations for u, v, and w wind and CO, statistics, (e) low signal strength (RSSI < 10%), (f) and when outside a
plausibility limit of —6 to 6 pmol m™2 s™'. The plausible range was evaluated annually with light response curves
as mangroves proliferated and matured.
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Measurements of CH, fluxes were filtered when signal strength was low (RSSI < 10%), during rainfall events
(rainfall > 0 mm), and when outside of a plausible range of —4 to 4 pmol m™2 s™', which allowed for ~70%
collected half-hourly Fy, data to be included in subsequent analyses.

2.5. Gap-Filling

Missing half-hourly CO, fluxes, represented as NEE, were gap-filled using separate functions for day and night.
When PPFD was >10 pmol m™2 s™', NEE data were gap-filled using a Michaelis-Menton approach (NEE,,;
Equation 2), and when PPFD was <10 pmol m™2 s™', NEE data were gap-filled using an Arrhenius approach
(NEE,jgn; Equation 3):

a¢P max

NEEgsy = Reco — @b+ Po
max

2

Where: a is the apparent quantum efficiency, @ is PPFD, R, is ecosystem respiration (pmol CO, m ™2 s~ "), and

eco
P,,... is the maximum ecosystem CO, uptake rate (umol CO, m~2 s™").

NEEnighl = Reco = RO ebTair (3)

Where: R, is the base respiration rate when air temperature is 0°C, T,;, is air temperature (°C), and b is an

ir

empirical coefficient. In Equation 2, R, is an estimated model parameter, whereas R, measurements are the

eco eco

dependent variable in Equation 3. Following gap filling, GEE was calculated from half-hourly NEE and R,
(Equation 4).

GEE = NEE — R, 4)

To fill gaps in Fy,, we utilized Random Forest (RF) algorithms following the methodology proposed by
Staudhammer et al. (2022). The package randomForest (Liaw & Wiener, 2002) was used to create 500 trees by
year, considering 4 variables at each split point, using 80% of the data for model training and remaining 20% for
testing. Variables included as predictors included other fluxes and the suite of micrometeorological variables, but
excluded variables which were highly correlated with others (e.g., net radiation): NEE, GEE, H, LE, R, PAR,
T,ir» WL, WS, and WD. Since WD is a circular measure, we used the sine and cosine of WD as inputs to statistical
models. Based on previous studies of Fy4, we also included the half-day average in water level (WL_12 hr_avg),
as well as the lagged 2-day average value (WL_2-day_avg) (Yu et al., 2022).

€co?

When gaps consisted of eight consecutive half-hours or less, we utilized annual “unrestricted” RF models, which
accounted for synoptic patterns in Fy, by including rolling intervals of 2-day, 8-day, and 32-day flux averages,
as well as the suite of micrometeorological variables (NEE, GEE, H, LE, R.,, PPFD, T,;., WL, WS, and WD).
Large gaps (greater than 4 hr) were gap-filled with “restricted” models, which excluded the Fy, -based pre-
dictors. First, annual training data was passed through RandomForest function to fit the unrestricted model. Then,
utilizing the predict function, test data were used to generate predictions and calculate root mean squared error and

air»

mean absolute error. Then, the process was repeated using the “restricted” RF model (Table S1 in Supporting
Information S1).

2.6. Carbon Budgets, Greenhouse Carbon Balance, and Radiative Forcing Potential

To calculate annual C budgets, the GCB, and net radiative forcing potential (RF), data were gap-filled for the
period 1 January 2020-31 May 2023. While meteorological data were available at the site starting in February
2020, January 2020 data were obtained using observations from nearby Ameriflux sites within the Everglades
(US-Elm and US-Esm).

We calculated GCB as the ratio of daily flux of CH, versus CO,, and compared it to the global warming potential
(GWP) of methane following Whiting and Chanton (2001). The GWP of CH, for 20 and 100 years is respectively
86 and 34 (Huang et al., 2013), yielding a greenhouse carbon compensation point (1/GWP) of 0.012 and 0.0029
for 20 years 100 years, respectively. GCB ratios above each compensation point indicate that CH, emissions are
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not offset by the productivity of the ecosystem, within either 20 or 100 years. Negative ratios indicate a “cooling”
forcing potential.

To calculate RF (W m™2) of measured fluxes CH, and CO,, we followed a simplified method of Helbig
et al. (2017) and Myhre et al. (1998);

AC

RFCOZ =a* 1[1(—) (5)
Co

RFCH4 =a xAC (6)

Where a is 5.35 for CO, and 0.48 for CH,, AC is daily change in gas concentration (CO, ppm, CH, ppb), and C,
is the preindustrial atmospheric CO, concentration (280 ppm).

Generally, the wet season is defined as May through October, with the dry season occurring from November
through April. However, based on the findings of Yu et al. (2022), we used a cumulative anomaly approach to
define the onset and demise of wet and dry seasons. Following Noska and Misra (2016), inflection points in
patterns of precipitation versus annual daily averages were identified:

k _
PL(k) = szl[Pn(m) —13] @)

Where P,(m) is the average daily rainfall for in a given year n. P is the overall mean daily rainfall for all
observations.

2.7. Statistical Analysis

To answer questions regarding the drivers of C fluxes, we estimated generalized additive models (GAMs; Hastie
& Tibshirani, 2017) using the mgcv package (Wood, 2017) and filtered, non-gap filled Fyy, daily data. Daily
sums of fluxes were calculated based on days that had at least 32 half-hourly observations. GAMs are a form of
generalized linear model where the response variable depends linearly on predictor variables via unknown smooth
functions (Wood, 2006). This approach allows for non-linear behavior while maintaining comprehensibility. As
an initial step in determining the best set of predictors in GAMs, Spearman correlation analyses for average daily
NEE and Fy,, versus all potential biotic and abiotic drivers were performed. Biophysical drivers of Fcy, and
NEE such as T, T, water level, air pressure, vapor pressure deficit (VPD), precipitation, GEE, and energy
fluxes were explored. While the assumptions of GAMs (normality, homoscedasticity, and lack of autocorrelation
in residuals) are satisfied using daily values of Fyy, in other wetland ecosystems (Yu et al., 2022), these as-
sumptions were tested for our study site. Thin plate regression splines for smoothing functions of non-linear terms
were used, as they are generally the optimal smoother for any given basis dimension (Wood, 2000), and these
performed better compared to cubic regression, Gaussian, or soap film smooths. Basis dimensions (k) were
checked with gam.check function, to evaluate terms for over-smoothing and lack of fit. When a low k-index was
indicated, the k-value for the term was increased and reevaluated. A stepwise procedure was used to determine the
optimal model, dropping the effect with the highest p-value sequentially, and ensuring that it resulted in
improving performance with a lower AIC (Akaike Information Criterion) value. All statistical analyses were
performed in R (version 4.3.2; R Core Team, 2023). Differences were considered significant at p < 0.05.

Following the novel method established by Rey-Sanchez et al. (2022), we generated footprint-weighted flux
maps to detect spatial patterns or changes in Frpy, and NEE around the tower footprint by season. Footprint-
weighted flux maps were estimated using MATLAB (version R2022a; The MathWorks Inc., 2022). Modeling
of the footprint was completed using the K & M approach (Kormann & Meixner, 2001) using all daily ob-
servations with available filtered (un-gap-filled) data. Contouring was constructed to 50%, 60%, 70%, and 80%
of plausible fluxes observed within tower footprint. Footprint contour data generated was saved as keyhole
markup language (.kml) files readable in Google Earth Pro and heatmap images generated were stored as
portable network graphics (.png).
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3. Results
3.1. Environmental Conditions

Based on the cumulative anomaly approach, the wet season lengths for 2020 and 2021 were 187 and 175 days,
respectively (Noska & Misra, 2016). In 2022, the site experienced a comparatively shorter wet season of 119 days
(Table S2 in Supporting Information S1).

During the study, average daily T,;, ranges were similar year over year. Dry season daily T,;. ranges were 9.0—

air
29.6°C, while wet season ranges trended higher as expected from 20.0 to 31.1°C (Figure 1a). Daily average soil
temperature followed the same pattern as T,;., with wet season ranges from 24.1 to 32.7°C and dry season ranges
slightly lower at 13.9-31.8°C (Figure 1b). Soil water potentials were near field capacity even during the dry
season. Small pools persisted during dry periods, with the water table staying at or slightly above the surface.
Water depth generally peaked during the late wet season period, at ~0.2—-0.4 m in depth (Figure 1c). The site
received rainfall year-round, with the wet season typically responsible for nearly ~70% of the mean annual

precipitation (Figure 1f).

3.2. Ecosystem Fluxes

Annual totals of NEE were negative in the last 2 years of the study, pointing toward an increase in net uptake of
CO, over the study period (Table S3 in Supporting Information S1). There was a ~68% increase in CO, uptake
from 2020 to 2021 (Table S3 in Supporting Information S1). This trend in carbon uptake continued from 2021 to
2022, when the site became a net sink. This was driven my gross photosynthesis at the site (Table S3 in Sup-
porting Information S1). Daily mean fluxes of CH, varied each year, with 2020 and 2021 having the highest daily
mean rates. Wet season CH, fluxes decreased each year such that 2022 was close to zero. There was no clear
diurnal pattern in CH, fluxes. The annual average GCB ratio, calculated as daily CH, versus CO,, decreased from
2020 to 2022, from 0.18 to —0.04 (Table S3 in Supporting Information S1). While GCB had no consistent trend
year over year when examining seasonal averages (Table 1), GCB was notably lower during dry seasons
compared to preceding wet seasons.

3.3. Drivers of Fluxes

The GAM explained 48% of the deviance in NEE. The daily mean PPFD, water level, wind velocity, and LE were
significant predictors of NEE (p < 0.05), which varied by season (Table 2). Generally, as water level increased,
respiration rates also decreased until an inflection point at ~0.4 m, after which we observed increase of CO, efflux
from the system (Figure 2c).

PPFD was found to have a significant relationship with NEE during the dry season, whereby low values of
PPFD were associated with high positive fluxes (Figure 2b). During the dry season increasing windspeed led
to positive fluxes of CO, (Figure 2e) The cosine of wind direction, indicating influence in the north-south
direction was not a significant predictor of NEE and was removed from the models. Pressure and the sine
of wind direction (east-west influence) were not found to be significant predictors (Figures 2d and 2f);
however, the terms improved model deviance explained (~7%), indicating that they contributed to explaining
variance in NEE in conjunction with other variables, which may not be visible in a univariate sense. Latent
energy was a strong predictor, indicating greater uptake of CO, with increasing LE in both seasons
(Figure 2g). However, the model has substantial uncertainty with daily LE values above ~7,000 w, values
which are outside of the observed range for the dry season, as the dominant energy flux is sensible heat (H)
during this time of year.

A different set of predictors were significant in the model of Fry, (p < 0.05), which explained 19% of the
variability in daily CH, fluxes (Table 2; Figure 3). T, was a significant predictor of Fy, during wet seasons,
whereby higher temperatures led to lower Frpy, (Figure 3b). Soil temperature had a positive relationship with
Fepa during the dry and wet seasons (Figure 3a). The water level during the wet season had a significant non-
linear relationship with Fey,, whereby water levels about 0.2 m decreased Fp, (Figure 3c). Daily average
PPFD was a significant driver of Fcy, rates during the wet season (Figure 3d); when PPFD was above
~200 pmol, it had a negative association with Fyy,, where water table depths >0.5 m may drive CH, uptake.
R.., approached significance (p = 0.052) during the wet season, with increasing R.., leading to decreasing
rates of Fyy, (Figure 3e). GEE was only a significant driver of Fy, during the wet season. When GEE was
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Figure 1. Average daily (a) air temperature, (b) soil temperature, (c) water level, (d) air pressure, (e) vapor pressure deficit,
(f) rainfall, (g) windspeed, and filtered daily sums of (h) NEE, and (i) CH, fluxes for days with 32 or more observations
(16 hr) at US-EvM. Vertical blue lines and shading indicate wet season; vertical red lines indicate the onset of dry season.

20-50 pmol m~2 d™', there was a slight increase in Fyy, release; however, when GEE was >50 pmol m™> d™"
there was decreased Fp, (Figure 3f). Rainfall during both seasons was a driver of Fpy,. During the wet season,

daily rainfall events with >20 mm led to increasing CH, emissions (Figure 3g).
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Table 1

Summary Statistics of Daily Fluxes of NEE, GEE, R, and Fy, (8§ C m™?)

Year Season NEE GEE R.o R../GEE RFcq, Fepa RF g GCB
2020 Wet 28.05 118.19 146.24 1.24 1.89 4.11 0.01 0.15
2020-2021 Dry 8.76 164.25 173.01 1.05 1.98 0.89 <0.01 0.10
2021 Wet 6.63 122.19 128.81 1.05 2.06 4.73 0.01 0.71
2021-2022 Dry —23.81 175.57 151.76 0.86 2.15 3.50 0.01 —0.15
2022 Wet —34.57 130.27 95.70 0.73 2.04 0.17 <0.01 0.00
2022-2023 Dry —67.20 237.96 170.76 0.72 2.32 4.06 0.01 —0.06

Note. Mean daily net radiative forcing (RF, CO, as W m~2 ppm~" and CH,as W m~2 ppb~") and greenhouse carbon balance
(GCB,CH, gC mfZ/CO2 g C m~?). Based on gap-filled data set from meteorological measurements collected prior to the
start of flux measurements.

3.4. Heatmap of NEE and CH,

Daytime weighted heatmap models of NEE and Fy, rates were produced for 80% of the plausible fluxes
observed within the footprint of the tower using the K & M method. Footprint estimation indicated that 80%
of observed fluxes occurred within approximately 185 m of the flux tower. For NEE, the model indicated
increased uptake south of the tower that became more widespread each year during the study (Figure 4). The
area south of the tower is dominated by red mangroves which are expanding in density and size. Regarding
Fcpy, source fluxes seemingly varied year over year. In the first year of the study, modeling indicated the
southeast of the tower as a source of CH, (Figure 4). However, this varied in subsequent years.

4. Discussion

Environmental conditions, especially tidal influences that can be exacerbated by tropical cyclones, play a role in
reinforcing state change (Krauss & Osland, 2020; Osland, Feher, Anderson, et al., 2020). At our study site, red
mangroves continued to proliferate over the study period, which was evident in the heatmap modeling. Water
level, salinity, and rainfall were important factors that modulated seasonal CH, emissions. As this ecosystem
develops and the mangroves continue their landward march, we anticipate a continued transition from net
warming to a cooling radiative forcing.

4.1. Environmental Factors

The wet season length was consistent (~180 days; Table S2 in Supporting Information S1) during the study period
apart from 2022, when it was just 119 days. Despite a shorter wet season in 2022, the succeeding dry season was
impacted by a relatively active tropical cyclone season. While the SESE region did not receive any direct landfall
of tropical cyclones during the study period, Hurricane Ian made landfall ~200 km north of the site as a category 4
storm in October 2022. We observed over 100 mm of precipitation during the period associated with this storm.
Additionally, storm surge and timing of perigean spring tides led to increased water table depth during the event
which lasted into the following month. Depending on the magnitude of future disturbances, we hypothesize that
the transition to a mangrove forest at our study site would make it more resilient against future impact compared to
its previous marsh state (Krauss & Osland, 2020; Osland et al., 2017; Zhang et al., 2018).

Reported values of the Southern Oscillation Index were positive for most of the study period (January 2020—April
2023) with early indications of the entry into an El Nifio period in the near future (NOAA, 2023). This is important
in the continuation of the mangrove forest as a C sink, as other Everglades studies have indicated wet season
conditions during El Nifio may drive increased CO, uptake and shorter dry seasons drive lower respiration
(Malone et al., 2014). The length of the wet/dry season is also important in the timing of foliar abscission in
Rhizophora as the onset of dry season promotes this strategy to reduce water stress (Fernandes et al., 2007; Freire
et al., 2022). The interaction of salinity with hydroperiod length during these phases may also introduce an effect
that we were not able to directly observe.
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Table 2
Effective Degrees of Freedom (EDF), Reference Degrees of Freedom (RDF), F-Values, and p-Values for GAMs of NEE and

FCH4

Model Effect EDF RDF F-value p-value

NEE PPFD X dry 6.871 7.968 2.946 0.004*
PPFD X wet 1.000 1.001 0.797 0.373
T, X dry 1.000 1.001 2.693 0.102
T, X wet 1.000 1.001 0.497 0.481
Water level X dry 3.488 4.362 5.521 <0.001*
Water level X wet 4.141 5.086 7.601 <0.001*
Pressure X dry 2.577 3.298 1.176 0.284
Pressure X wet 3.382 4.202 1.577 0.172
Wind Velocity X dry 1.000 1.001 13.460 <0.001*
Wind Velocity X wet 3.464 4.308 1.988 0.088
sin (Wind Direction) X dry 1.988 2.455 1.272 0.348
sin (Wind Direction) X wet 1.000 1.001 0.032 0.859
LE X dry 4.047 4.986 12.952 <0.001*
LE X wet 3.524 4.394 3.301 0.008*

CH, Toi X dry 1.000 1.000 5.987 0.015*
T X wet 2.505 3.143 2.656 0.039%*
T, X dry 3.143 3.946 1.178 0.305
T, X wet 1.000 1.000 7.005 0.008*
Water level X dry 1.532 1.899 2.139 0.095
Water level X wet 2.014 2.597 3.613 0.017*
R, , X dry 1.001 1.001 0.006 0.940
R.., X wet 1.000 1.000 3.785 0.052
GEE X dry 3.105 3.941 2.218 0.079
GEE X wet 4.904 5.976 2.081 0.047*
PPFD X dry 1.000 1.000 0.023 0.880
PPFD X wet 1.505 1.849 6.291 0.002*
Rainfall X dry 2.083 2.565 3.468 0.020%*
Rainfall X wet 5.818 6.840 3.659 0.001°*

Note. T,;,. = daily average air temperature (C), T,; = daily average soil temperature 5-20 cm (C), PPFD = daily average
Photosynthetic Photon Flux Density (pmol m—= d7h, R.., = daily sum of ecosystem respiration (pmol m=2 d7h,
GEE = daily sum of gross ecosystem exchange (umol m~2 d~'); water level (m), latent energy (W m~2 d~"), wind velocity
m~'s™!, and wind direction are daily averages, precipitation (mm) is daily total, and “wet” or “dry” indicates meteorological
season.

4.2. NEE

Red mangroves have continued to proliferate and colonize further landward at our study site. The expansion of
the mangrove forest was evident in the heatmap modeling from 2020-2023, which showed increased areas of
CO, uptake expanding throughout the tower footprint (Figure 4). Mangrove forest emergence has been shown
to lead to increased leaf area and physiological activity in comparison to marsh plant species (Barr et al., 2009;
Jimenez et al., 2012). Previous work has indicated that LAI can range from 3.0 to 5.7 among dwarf to basin
mangrove forests (Aradjo et al., 1997), which is dramatically higher than that observed in sawgrass-dominated
ecosystems (~1.8; Schedlbauer et al., 2010). While maximum leaf-level photosynthetic rates (4,,,,) of 12.4—
14.2 pmol CO, m~2 s~! have been observed in sawgrass depending on wet or dry season conditions (Zhao

et al., 2018), rates in red mangrove are reported between 5.3 and 9.9 pmol CO, m~2 s~! (Cheeseman &
Lovelock, 2004). When sawgrass is inundated and water levels rise, or faces salt stress, photosynthetic capacity

declines significantly (Lamers et al., 2013; Zhao et al., 2018). Despite having lower rates of photosynthesis
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compared to other C; species, the rates for R. mangle remain largely unchanged during saline or inundated
conditions compared to their marsh counterparts (Barr et al., 2010; Hogan et al., 2022; Lopes et al., 2023;
Pezeshki et al., 1996; Zhao et al., 2021). Red mangroves' physiological adaptation to salt stress, along with the
higher LAI allows for greater carbon sequestration.

Mangroves also aid in stabilizing soils and likely lead to increased C burial (Breithaupt et al., 2012; Chen
et al., 2017; Lunstrum & Chen, 2014; Xiong et al., 2018). As red mangroves are established, they offer greater
stability control in C that is stored in peat with greater root production compared to marsh vegetation (Coldren
et al., 2019). Other transitional sites in Florida with colonizing red mangroves have been reported to have soil C
burial rates from 27 to 47 g C m™2 yr™', which is higher than those reported for marshes (4-7 g C m™2 yr™';
Vaughn et al., 2020). While soil C burial contributes toward a small percentage of observed annual NEE, it is vital
in expanding C capture and long-term retention. As mangroves mature and growth rates taper by comparison, soil
carbon sequestration remains constant in mangrove forests, increasing carbon stocks (Walcker et al., 2018).

Water level also played a significant role in modulating productivity with increased depth (Smith et al., 2021).
This result is likely due to inundation shifting microbial respiration to anaerobic pathways, but water level
could also be affecting the physiological activity of red mangroves (Dang et al., 2019; Neubauer, 2013). The
length of the hydroperiod or wet season can be important in controlling the productivity of R. mangle and could
slow growth (Krauss et al., 2006). Extended periods of inundation may inhibit growth rates and add to plant
stress with inundation driving increased leaf-level gas exchange as much as 0.1 pmol m™ s™" per 1 cm increase
in water level (Hogan et al., 2022; McKee, 2011). Conversely, during the wet season, periods of flooding from
hurricanes may also provide phosphorus (P), a limiting nutrient controlling productivity in mangrove forests, in
an area that is generally associated with lower P availability (Castafieda-Moya et al., 2020). This would
effectively fertilize the mangroves and drive increasing growth rates (Feller et al., 1994; Reef et al., 2010).
While marine inputs of P would be the primary source during flooding, P input from sources further inland
could also occur. Furthermore, as mangroves expand, the additional biomass will contribute to increased C
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sequestration of the ecosystem (Castillo et al., 2017), a trend that we expect to persist as the site transitions to
mangrove forest.

4.3. ¥y,

Soil temperature was a key driver of methane emissions during both wet and dry seasons. These findings agree
with previous studies where T,; was a significant predictor of Fry, in wetland systems (Irvin et al., 2021),
whereby methanogens responded with higher metabolic activity when temperatures increased. Water level was
only an important predictor of Fyy, during the wet season. The effect of spikes in porewater salinity during dry-
down periods may drive an interaction that we were not able to directly measure. Saltwater contains sulfate, which
in sufficient concentrations (>1 psu), causes sulfate-reducing bacteria to outcompete methanogens and dominate
anaerobic respiration (DeBusk et al., 2015; Hackney & Avery, 2015; Orem et al., 2011). The interaction of
inundation and salinity can drive rates of methanogenesis depending on the intensity of either condition (Vizza
et al., 2017). Previous studies in the Everglades have demonstrated the importance of hydroperiod length as a
driver of Fyyy, with periods of inundation leading to higher rates of CH, release (Yu et al., 2022). Ultimately,
these patterns of salinity and hydroperiod will influence the C-sink capabilities of the developing mangrove forest
(Odum et al., 1982). Rainfall was also a key driver of Fy, during both seasons. Dry season major rainfall events
(>20 mm day ") may have led to localized inundation, thus driving periods of enhanced anaerobic conditions.
During periods of inundation throughout the year, rainfall may also drive off-gassing of dissolved CH, with
surface agitation (Ho et al., 2018).

A majority of the methane fluxes in the system are likely from plant-mediated transport through aerenchyma
(Jeffrey et al., 2019). There is less known on how the mangrove rhizosphere interacts with anaerobic processes
that drive methanogenesis during this transitional period versus stressed Cladium jamaicense. Exudates from
mangroves could prime microbial activity, leading to a potential lagged effect from photosynthesis that could
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Figure 4. Heat map modeled to 50%—80% of plausible CO, and CH, fluxes

measured in tower footprint. Cooler colors/more “blue” indicate negative
fluxes and warmer/more “red” colors indicate positive fluxes.

drive Fpyy (Waldo et al., 2019). This interaction could be a potential expla-
nation of the effect of PPFD on Fyy, during the wet season that was observed
(Table 2).

Lastly, we observed benthic periphyton mats across the site, which likely
contain both methanotrophs and methanogens (Jasrotia & Ogram, 2008).
As mangroves establish and LAI increases we would expect a reduction in
PPFD in the understory which could reduce benthic periphyton mats.
Without these mats acting as a biogeochemical blanket and potentially
oxidizing soil CH,, there may be an increase in ebullition and release of
CH, (Richardson et al., 2022). As the transition at the site continues,
benthic periphyton assemblages will likely be shaded out as the mangrove
forest expands. The assemblages would likely change in composition or
become non-existent altogether and be replaced with a decomposing
organic matter layer driven by mangrove leaf litter. This could impact the
annual status of the ecosystem's radiative forcing and should be studied
further.

4.4. Greenhouse Carbon Balance and Radiative Forcing

Global warming potentials (GWPs) are useful in comparing the overall
carbon dynamics of the ecosystem and its ability to offset emissions. GCB
estimates showed variability in the relative radiative forcing of CO, and
CH, fluxes. In the first 2 years of this study, the system contributed to net
atmospheric warming, which was likely due to a combination of declining
sawgrass or an increase in sulfate. Then, as mangrove expansion increased
(2022 and 2023), the area's GCB decreased below the greenhouse
compensation point, leading to a cooling effect for both GWP,, and
GWP, (. In addition to mangrove densities increasing, there was also a
slight decrease in annual Fpy, emissions which contributed to a lower
annual GCB ratio. This result could be due to sulfate from saltwater. Pulses
of salinity can cause a muted effect on methanogenesis, as sulfate-reducers
outcompete methanogens, leading to an increase in soil CO, and H,S
fluxes (Chambers et al., 2014; Wilson et al., 2018).

From previous studies of the Florida Coastal Everglades, short hydroperiod
marshes have the potential to have a radiative cooling effect (Table 3),
which is strongly determined by hydroclimatic patterns (Malone et al.,
2014; Yu et al., 2022). However, marshes that stay inundated year-round
with anaerobic soils, tend toward a net radiative heating effect (Whiting
& Chanton, 2001). The initial hydrologic condition of our site —when
sawgrass dominated— was likely nearly year-round inundation, and
therefore before the initiated state change, we expected a positive GCB,
similar to those of Everglades long hydroperiod marsh (US-Elm) (Table 3).

In other EC studies, mature mangrove forests on the estuarine end of Shark River have been shown to have
significantly higher annual uptake of CO, (Barr et al., 2012) driving a net cooling effect. Chamber-based

studies in Everglades mangroves have also confirmed that these established forests have net cooling
effects, with GCB ratios below the GWP,, and GWP,, thresholds (Cabezas et al., 2018).

Globally, mangrove forests have been shown to have a net cooling effect at both decadal and century-long
timeframes (Table 3). To our knowledge, the highest fluxes from these systems showed Fqp, rates of

54.8 g Cm 2y~ (Jha et al., 2014). Most mangrove forests, however, had lower emissions of CH,, ranging from
6-15.6 ¢ C m™? y~' (Gnanamoorthy et al., 2022; Liu et al., 2020). Additionally, this is accompanied by a much
higher annual uptake of CO, (Table 4, Barr et al., 2012; Liu et al., 2020; Troxler et al., 2015). We expect that the
site's trajectory of annual CH, emissions will stay well within reported annual means while CO, uptake will

continue to increase.
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Table 3

Previous Studies Examining Florida Coastal Everglades and Other Subtropical Mangrove Mean Annual Carbon Dynamics and Calculated Greenhouse Carbon

Balance Ratios Based on Reported Fluxes

Site/Vegetation CO,¢gC m 2y~ CH, gC m2y™! GCB Source
Coastal Everglades Sites
US- Evm (Transitional Mangrove) —6.62 9.27 —1.40 This study
US-Esm (Taylor Slough) —42.7 125.7 —2.95 Jimenez et al. (2012), Malone et al.
(2014), Yu et al. (2022)
US-Elm (Shark River Slough) 51.2 306.1 5.97 Jimenez et al. (2012), Malone et al.
(2014), Yu et al. (2022)
US-Skr (Riverine Mangrove) —998.4 - - Barr et al. (2013)
Naples Bay (Riverine Mangrove) - 0.30" - Cabezas et al. (2018)
Other subtropical mangrove forest
Mai Po Estuarine Mangroves —782.3 11.7 —0.01 Liu et al. (2020)
Sundarbans Mangroves 249.0 54.8 0.22 Jha et al. (2014), Rodda et al. (2016)
Cauvery Vellar-Coleroon estuarine 183 - - Gnanamoorthy et al. (2020, 2022)
mangroves—Annual
Wet (Oct.—Dec.) 115.2 15.6 0.14
Dry (Apr.—June) —4.50 6.0 —1.33

“Denotes Chamber-Based Measurements, all Other Studies Utilize Eddy-Covariance Techniques.

We predict that as the mangrove forest in this study matures, the ecosystem will trend toward a persistent state of
negative radiative forcing into the next century, assuming our site US-Evm remains undisturbed by tropical
cyclones and can continue to mature (Twilley et al., 1999). At the maturation point, we expect that the forest peat
level will increase, reaching similar concentrations observed in adjacent systems (Osland, Feher, Spivak, et al.,
2020). Additionally, a mature stand will ultimately be more resilient and able to withstand defoliation and isolated
mortality. With encroaching salinity from saltwater intrusion and pulse flooding, mangroves have been shown to
activate salt-regulating genes to tolerate high salinity (~25 psu) and perform photosynthetic maintenance (Lopes
et al., 2023). Both factors will ultimately determine the intensity of the net cooling effect provided by maturing
mangrove forests in the future. It should be noted that our findings may be specific to freshwater marshes that
exist on marl soils and may not be reflective of areas that are dominated by peat soils. In previous studies per-
formed in peat dominated marshes, increased salinity was found to reduce sawgrass physiological activity and
productivity due to changes in soil ion capacity which led to osmotic stress (Tully et al., 2019). This ultimately
leads to a decrease in root biomass, making soils less stable (Wilson et al., 2018). Flooding also brings increased
marine nutrients into wetlands, which change microbial activity, and when coupled with increased salinity causes
peat collapse and release of stored carbon (Steinmuller et al., 2019). This peat collapse may lead to an opening for
mangroves to establish or the formation of open water where vegetation is nonexistent. Additional research is still
needed to understand the complex interaction between mangrove establishment and peat collapse.

5. Conclusions

In a coastal marsh transitioning to a mangrove forest, we observed seasonal variation in NEE with dry seasons
markedly higher than the preceding wet season. Observed fluxes of CO, and CH, show that there is a decreasing
trend in net radiative forcing from our site. Despite coastal marshes facing disturbances such as saltwater
flooding, the transition to a mangrove forest continues to increase C sequestration capacity in the area. This
highlights the important role mangrove establishment may play as a natural climate change solution to mitigate
rising atmospheric CO, concentrations.

Our study provides new insight into the inland expansion of mangroves into areas that were previously freshwater
coastal marshes. The current understanding of coastal wetland carbon dynamics has been well-documented for
the poleward expansion of the species (Alongi, 2020; Osland et al., 2017). However, increasing sea level rise
along with increasing storm surges caused by more intense tropical storms may accelerate the expansion of
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mangroves inland. This could have significant implications for ecosystem composition, regional carbon dy-
namics, and radiative forcing.

We also argue that future research is needed to understand the spatial heterogeneity of CH, dynamics and in
particular the complex interactions among benthic periphyton, soil microbiota, and colonizing mangroves.
Investigating the roles of methanogens and methanotrophs within benthic periphyton mats and the rhizospheres of
mangroves will aid in understanding the biogeochemical processes in play in these transitional ecosystems. While
this transitional mangrove forest will likely continue to exhibit carbon dynamics in the range of the ecotone and
mangrove ecosystems, our study demonstrated that there is still uncertainty in the face of natural disturbances.
These transitioning ecosystems will occupy a unique niche in the carbon cycle that will continue to expand with
climate change, underscoring the need for ongoing research to inform conservation and land management stra-
tegies that improve the broader climate change outcomes of these resilient ecosystems.

Data Availability Statement

Eddy covariance data and corresponding micrometeorological data are archived through the Ameriflux re-
pository. Us-EvM (https://doi.org/10.17190/AMF/2229155) (Starr & Oberbuer, 2023).
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