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ABSTRACT

Wetlands are the largest natural source of methane
(CH4); however, the contribution of subtropical
wetlands to global CH4 budgets is still unclear due
to difficulties in accurately quantifying CH,4 emis-
sions from these complex ecosystems. Both direct
(water management strategies) and indirect (al-
tered weather patterns associated with climate
change) anthropogenic influences are also leading
to greater uncertainties in our ability to determine
changes in CH, emissions from these ecosystems.
This study compares CH, fluxes from two fresh-
water marshes with different hydroperiods (short
versus long) in the Florida Everglades to examine
temporal patterns and biophysical drivers of CHy
fluxes. Both sites showed similar seasonal patterns
across years with higher CH,4 release during wet
seasons versus dry seasons. The long hydroperiod
site showed stronger seasonal patterns and overall,
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emitted more CH,4 than the short hydroperiod site;
however, no distinctive diurnal patterns were ob-
served. We found that air temperature was a sig-
nificant positive driver of CH4 fluxes for both sites
regardless of season. In addition, gross ecosystem
exchange was a significant negative predictor of
CH,; emissions in the dry season at the long
hydroperiod site. CH, fluxes were impacted by
water level and its changes over site and season,
and time scales, which are influenced by rainfall
and water management practices. Thus with
increasing water distribution associated the Com-
prehensive Everglades Restoration Plan we expect
increases in CH, emissions, and when couple with
increased with projected higher temperatures in
the region, these increases may be enhanced,
leading to greater radiative forcing.
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HiGHLIGHTS

e Methane flux was measured continuously in
subtropical wetlands for 5 years.
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e Air temperature and water level were significant
drivers of CH, fluxes in both sites.

e The long-hydroperiod site had greater CH, emis-
sion than the short-hydroperiod site.

INTRODUCTION

Atmospheric concentrations of methane (CH,) are
now 2.6 times higher than that of preindustrial
levels. After a period of stability from 1999 to 2006,
concentrations began to increase again in 2007
(Lan and others 2021). Isotopic evidence supports
the argument that this increase is associated with
biogenic sources (Saunois and others 2020). How-
ever, estimates of atmospheric CH, concentrations
and CH4 budgets have large uncertainties due to
current approaches (Dlugokencky and others 2009;
Saunois and others 2020; Lan and others 2021).
Moreover, the largest uncertainty in biogenic CHy
emissions is associated with natural wetlands,
which are estimated to contribute about 20-40% of
global CH, emissions (Ciais and others 2013).
Therefore, understanding the drivers of CH, emis-
sions from natural wetlands is an essential step in
understanding and mitigating global change in the
future. Quantifying these emissions is difficult, due
to the complexities of wetlands and the fact that
climate change is leading to feedbacks that are
predicted to increase CH, emissions from these
ecosystems (Kirschke and others 2013; Bloom and
others 2010; Delwiche and others 2021; Zhang and
others 2022).

Wetland CH,4 emissions are known to vary due to
several biophysical factors. Hydrology, precipita-
tion, temperature and productivity are some of
these key factors (Ma and others 2021; Rosentreter
and others 2021; Jeffrey and others 2019; Whiting
and Chanton 1993; Kim and others 1999; Whalen
and Reeburgh 1996). Increasing periods of inun-
dation and water availability have been shown to
increase CH4 emissions in some wetlands (Zhang
and others 2022; Were and others 2021; Liu and
others 2019; Jeffrey and others 2019). In other
ecosystems, temperature plays a role, with
increasing temperatures leading to greater emis-
sions rates (Chang and others 2021). And in other
cases, water availiblity interacts with temperature,
which alters methane emissions (Bansal and others
2016).

Some research has suggested clear seasonal pat-
terns of CH, fluxes that are associated with
changing weather (Helbig and others 2017; Yu and
others 2017). In addition, some studies have sug-
gested surface energy fluxes, vapor pressure deficit

(VPD), wind speed and friction velocity (U*) as
possible predictors of CH, emissions (Alberto and
others 2014; Dai and others 2019). The task of
untangling uncertainties in predicting and model-
ing CHy is further complicated by the fact that cli-
mate change is expected to alter precipitation and
temperature patterns across the globe, which will
affect wetlands and their carbon dynamics in ways
that are not yet understood. Therefore, there is a
great need for increasing our temporal and spatial
understanding of CH,4 emissions.

The development of Eddy Covariance (EC)
methods has enabled greater insight into the dri-
vers and patterns of CHy fluxes over large areas and
different temporal scales. It also provides more
accurate estimation for seasonal and yearly CH4
budgets (Detto and others 2011; McDermitt and
others 2011; Peltola and others 2013, 2014). The
EC technique is currently widely used in temperate
wetlands but to a lesser extent in tropical systems,
although these latter systems are predicted to be a
significant contributor to the biogenic emissions of
CH; (Morin and others 2014; Knox and others
2015; Li and others 2019).

Greater uncertainties can occur in monitoring
CH,4 emissions in ecosystems with tropical climate
because of the year-round growing season. Also,
natural wetland hydrology is more complicated
than that of artificial wetlands; artificial wetlands
have water management strategies associated with
a clear growing season, while in natural wetlands,
water table variation occurs during the year with
varying weather conditions (Dai and others 2019;
Malone and others 2014; Zhao and others 2018),
and the natural hydrology patterns can be altered
by water management activities. Both challenges
are present in our study sites in the Florida Ever-
glades, due to its year-round growing season and
complex hydrology driven by natural water flow
and rainfall that is coupled with water manage-
ment practices.

The Everglades is the largest subtropical wetland
in the United States, but is subject to tropical cli-
mate, with distinctive wet and dry seasons (Beck
and others 2005; Kottek and others 2006).
Hydroperiods in these freshwater marshes are
determined by natural water inputs (precipitation)
and outputs (evapotranspiration and drainage) as
well as anthropogenic water control from the
South Florida Water Management District, all of
which affect water levels and inundation periods
and ultimately ecosystem carbon dynamics (Davis
and Ogden 1994; Burba and others 1999; SFWMD
1999). In recognition of human impacts on Ever-
glades’ hydrology, the Comprehensive Everglades
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Restoration Plan (CERP) has been implemented
with the aim of protecting Everglades ecosystems
and restoring historic hydrological patterns (Haman
and Svendsen 2006; WRDA 2000). As the CERP
restores historic sheet flow in the Everglades
(WRDA 2000), CH4 release is expected to be im-
pacted again by this changing hydrology (Davis and
Ogden 1994). However, to date, no studies have
continuously measured CH, emissions and their
drivers in this dynamic system. Thus, this study
aimed to investigate CH, emissions from Everglades
freshwater wetlands, utilizing two sites with dif-
ferent hydrologic regimes (short vs. long hydrope-
riod). As the first continuous study of CHy
emissions from this area, our result will improve
understanding of the biophysical factors controling
CH,4 dynamics, which will allow better estimates of
how variability in climate and water management
practices will impact CH, emission.

With data collected via the EC method from 2016
to 2020, we will address the following questions:
(1) what are the seasonal and diurnal patterns of
CH,4 fluxes in the two sites? (2) what biophysical
factors are significant in predicting CH, emissions
by site and season? and (3) does the long-hy-
droperiod site have more CH, emissions than the
short-hydroperiod site, and are the same biophys-
ical factors driving emission rates at the two sites?

MATERIALS AND METHODS
Study Site Description

The study was conducted in Everglades National
Park at Taylor Slough (TS/Ph-1; 25°26’16.5”N,
80°35’40.68”W) and Shark River Slough (SRS-2;
25°3376.72”N, 80°46'57.36”W). These sites are part
of the Florida Coastal Everglades Long Term Eco-
logical Research project (FCE-LTER) and are
AmeriFlux sites. The region is classified as sub-
tropical with tropical climate and has mean annual
rainfall of 1430 mm with distinct wet and dry
seasons (Duever and others 1994; National Climatic
Data Center, NCDC, http://www.ncdc. noaa.gov/).
The wet season occurs from May to November,
with temperatures from 30 to 35 °C. The dry sea-
son extends from December to mid-May when
temperatures range from 12 to 24 °C. Approxi-
mately 60% of rain occurs during the wet season,
with interannual variability in rainfall patterns
(Duever and others 1994; Obeysekera and others
1999).

TS/Ph-1 is characterized by a thin layer
(~ 0.14 m) of marl overlying limestone bedrock
while SRS-2 has a layer (~ 1 m) of peat soils

overlying limestone bedrock with extensive slough
and ridge microtopography (Duever and others
1976). Sawgrass (Cladium jamaicense Crantz) is the
dominant species in both sites. At TS/Ph-1, muhly
grass (Muhlenbergia filipes M.A. Curtis) is co-domi-
nant with sawgrass. Ridges at SRS-2 are predomi-
nantly sawgrass while sloughs contain Eleocharis sp.
and Panicum sp. interspersed with water lilies,
Nymphaea odorata Aiton (Armentano and others
2006; Gottlieb and others 2006). The mean canopy
height for TS/Ph-1 is ~ 0.73 m, whereas the mean
canopy height for SRS-2 is about 1.02 m (Malone
and others 2014). Although these two sites are only
about 23 km apart, there is a noticeable hydrope-
riod length difference. TS/Ph-1 is inundated for 4 to
6 months each year during the wet season,
whereas SRS-2 is inundated ~ 12 months a year.
However, water levels in SRS-2 can drop below the
peat surface during extreme dry seasons with
uncharacteristically low precipitation (Davis and
Ogden 1994; Malone and others 2014).

Field Measurements
Eddy Covariance Method

Open-path infrared gas analyzers were used to
measure CH; (mol m>; IRGA, LI-7700, Li-COR
Inc., Lincoln, NE), CO, (mg mol~'; IRGA, LI-7500,
Li-COR Inc., Lincoln, NE) and water vapor (p,; mg
mol™'), and a paired sonic anemometer (CSAT3,
Campbell Scientific Inc., Logan, UT) measured so-
nic temperature (7g; K) and 3-dimensional wind
speed (u, v and w, respectively; m sfl). These
paired sensors were 0.09 m apart and installed at
3.30 and 3.24 m above ground level (a.g.l.) at TS/
Ph-1 and SRS-2, respectively. The EC data were
collected on the LI-COR Biomet data acquisition
system on the LI-7550 analyzer interface unit (LI-
COR Inc., Lincoln, NE) and stored on an industrial
16 GB USB drive. Both LI-7500 IRGAs were cali-
brated monthly using a trace gas standard for CO,
in air (+ 1.0%), dry N, gas and a portable dewpoint
generator (LI-610, LI-COR Inc.). The data gaps at
both sites from September through October 2017
were the result of damage to the towers and closure
of Everglades National Park after Hurricane Irma
made landfall on 9 September 2017. Footprint
analyses (Kljun and others 2002, 2004) indicated
that 80% of measured fluxes were within 100 m
radius of both flux towers. The vegetation in the
footprint at TS/Ph-1 is relatively uniform for 500 m
in all directions whereas at SRS-2 the vegetation in
the predominant wind direction (easterly) is a mix
of slough and ridge.
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CH, Flux Calculation

Fluxes based on mass density (pcp4) measurements
by the LI-7700 were calculated according to
McDermitt and others (2011; Eq. 1):

— PcHy, ——F—
Fen, = A(W,pICH4) + B#—p_4 W//’Hzo
a

1 -
%W’Ta’ (1)

+C
where A, B, and C are dimensionless multipliers to
correct for spectroscopic effects caused by temper-
ature- and pressure-induced line-broadening, u is
the molar mass ratio of dry air to water vapor, p, is
the average mass density of dry air, ¢ is the mass
density ratio of water vapor to dry air, pg,o is the
water vapor mass density, and Ta is air temperature
(°C). Data are presented following the atmospheric
convention that fluxes to the atmosphere are pos-
itive and from the atmosphere are negative.

Meteorological Variables

At each site, meteorological variables were mea-
sured at 15-s and collected as half-hourly averages
on a data logger (CR1000, Campbell Scientific Inc),
including: Ta (°C) and relative humidity (Rh; %)
(HMP45C, Vaisala, Helsinki, Finland) mounted
within an aspirated shield (43,502, R.M. Young
Co., Traverse City, MI), and barometric pressure (P;
Pa) (PTB110, Vaisala). The Ta/Rh sensors were in-
stalled at the same height a.g.l. as the IRGA and
CSAT.

Other meteorological data were measured every
15-s and collected as 30-min averages through a
multiplexer (AM16/32A Campbell Scientific Inc.)
with another datalogger (CR10X Campbell Scien-
tific Inc.). This included photosynthetically active
radiation (PAR; pmol m~2 s™') (PAR Lite, Kipp and
Zonen Inc., Delft, the Netherlands), incident solar
radiation (R;; W m™?) (LI-200SZ, LI-COR Inc.), and
net radiation (R,; W m~?) (CNR2-L, Kipp and Zo-
nen). Precipitation measurements were made with
tipping bucket rain gages (mm) (TE525, Texas
Electronics Inc., Dallas, TX). Soil volumetric water
content (VWC; %) was calculated from equations
developed for peat and marl soils using the
methodology of Veldkamp and O’Brien (2000),
from the dielectric constant using two soil moisture
sensors (CS616, Campbell Scientific Inc.) installed
at a 45° angle at the soil surface at each site. Soil
temperature (T;; °C) was measured at 5 cm,
10 cm, and 20 cm depths at two locations within
each site using insulated thermocouples (Type-T,
Omega Engineering Inc., Stamford, CT). When
inundated at SRS-2, water temperature (Ty,,; °C)

was measured using two pairs of insulated ther-
mocouples (Type-T, Omega Engineering Inc.), each
pair located at a fixed height 5 cm above the soil
surface, and another attached to shielded floats that
held the thermocouples 5 cm below the water
surface. At TS/Ph-1, T,, was measured using insu-
lated thermocouples (Type-T, Omega Engineering
Inc.) located at a fixed height 2 cm below the water
surface. Water level (m) at both sites was recorded
every half-hour with a water level logger (HOBO
U20-001-01, Onset  Computer Corporation,
Bourne, MA).

Data Processing and Quality Control

Raw CH4 EC data were processed with EddyPro
Software (Advanced mode, version 6.2.1, LI-COR
Inc., Lincoln, NE, USA) over 30 min time intervals.
The raw CH,4 turbulence data were processed with
the LI-7700 diagnostics turned off. Using the Ad-
vanced mode, the following were chosen as pro-
cessing options: double rotation for tilt correction,
block averaging for turbulent fluctuations, covari-
ance maximization with default for time lags
compensation, and compensate density fluctua-
tions (WPL terms). Spectral analyses and correc-
tions were performed following Moncrieff and
others (2005). The half-hourly data were filtered
when signal strength was low (RSSI < 10%),
during rainfall events, and when outside of a bio-
logically reasonable range of — 0.25 to 2 (umol m™
2571, which allowed for about 90% collected
CH,4 half-hourly data to be included in subsequent
analyses. U* and quality flags, which are common
filters in previous research for CH,4 fluxes, were not
considered in this research since no obvious pat-
terns were observed with respect to U* threshold or
quality flag number. After filtering, 67.9% (day:
71.5%; night: 64.4%) and 69.5% (day: 74.5%;
night: 65.4%) of CH4 data remained in TS/Ph-1 and
SRS-2, respectively.

Raw flux data were processed with EddyPro
software (Advanced mode, version 6.2.1, LI-COR
Inc., Lincoln, NE, USA) with corrections for density
fluctuations and high-frequency spectral loss (Fra-
tini and Mauder 2014). Flux measurements for
CO, were filtered when systematic errors were
indicated, such as: (1) evidence of rainfall, con-
densation, or bird fouling in the sampling path of
the IRGA or sonic anemometer, (2) incomplete
half-hour datasets during system calibration or
maintenance, (3) poor coupling of the canopy with
the external atmospheric conditions, as defined by
the friction velocity, U*, using a threshold of
0.15m s~ (Goulden and others 1996; Clark and
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others 1999), and (4) excessive variation from the
half-hourly mean based on an analysis of standard
deviations for u, v, and w wind and CO5 statistics.
Quality assurance of the flux data was also main-
tained by examining plausibility tests for net
ecosystem exchange of CO, (NEE) values (that is,
INEEl< 30 pumol m~2 s "), stationarity criteria, and
integral turbulent statistics (Foken and Wichura
1996; Foken and Leclerc 2004). At TS/Ph-1, 38% and
77% of the day and nighttime NEE data were re-
moved, respectively. At SRS-2, 34% of daytime data
and 70% of nighttime NEE data were removed.
Missing half-hourly NEE data were gap-filled using
separate functions for day and night. When PAR
was > 10 W m~2, NEE data were gap-filled using a
Michaelis-Menton approach (NEEg,y; Eq. 2), and
when PAR was < 10 W m~2, NEE data were gap-
filled using an Arrhenius approach (NEEy;gn; Eq. 3):

OCqumax
OC(Z) + Pmax

NEEgay = Reco — (2)
where « is the apparent quantum efficiency, ® is
PAR, R, is ecosystem respiration (pmol CO, m™
257, and P, is the maximum ecosystem CO,

uptake rate (umol CO, m™2s™1).
NEEnight = Reco = RoeXp(bTa) (3)

where R, is the base respiration rate when air
temperature is 0 °C and » is an empirical coeffi-
cient. In Eq. 2, Reco is an estimated model param-
eter, whereas R.., measurements are the
dependent variable in Eq. 4. Following gap filling,
gross ecosystem exchange of CO2 (GEE) was cal-
culated from half hourly NEE and R, data (Eq. 4).

GEE = NEE — Reco (4)

Statistical Analysis

For analyses, we utilized the average CH, flux
(umol m~2 s™'), computed on a daily basis during
the study period. To mitigate the possibility of bias
due to disproportionate missing nighttime mea-
surements, we only used days that had a minimum
of 32 half-hourly CH,4 records after filtering. To
investigate the relationship between CH, and
micrometeorological variables, we calculated daily
values of potential drivers such as mean or daily
change, using their values only when CH, data
were present. For each year, we had between 204
and 293 daily values available for analysis (Ta-
ble 1). The wet season for each year was deter-
mined following Noska and Misra (2016) and Misra
and others (2018), which estimate the location of

Table 1. Number of Days Available for Modeling
Daily Methane Fluxes From 2016 to 2020 in TS/Ph-
1 and SRS-2

Year TS/Ph-1 SRS-2
2016* 204 225
2017 275 208
2018 293 289
2019 218 275
2020* 206 224

*Leap year with 366 days available

inflection points signaling the onset and demise of
the cumulative daily anomaly of rainfall (Eq. 5):

A=y |Pu(m) — 7| (5)

m=1

where: P,(m) is the average daily rainfall for day

m =1, ..., k of year n over each study site. P is the
overall mean daily rainfall over the entire study
period. Because of data gaps in rainfall records for

TS/Ph-1, both sites used P calculated using rainfall
from SRS-2 only; however, the onset and demise
were determined individually for each site and
each year.

To test hypotheses about the drivers of CH,
fluxes, we estimated generalized additive models
(GAMs; Hastie and Tibrishani 1986) for each site.
GAMs are a form of Generalized Linear Model
where the response variable depends linearly on
predictor variables via unknown smooth functions
(Wood 2017). This allows for nonlinear behavior
while maintaining explainability. We estimated
two types of GAMs to determine the potential
nonlinear drivers of CH, fluxes. The first models
included a group of biophysical drivers, whereas
the second utilized a set of variables describing the
water table dynamics. As an initial step in deter-
mining the best set of predictors in GAMs, we
performed Pearson correlation analyses for average
daily CH4 and all potential biotic and abiotic dri-
vers. We examined the correlations between daily
CH,4 fluxes and twelve drivers suggested by previ-
ous research. The groups of variables from each
type of GAM could not be combined into an
‘overall model” due to their high multicollinearity.

Four biophysical drivers were chosen for the first
GAMs based on their high correlations with mean
daily CH,4 fluxes and lack of correlation with other
selected drivers, which could indicate multi-
collinearity: average daily air temperature (Ta),
average daily water level, average daily gross
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ecosystem exchange (GEE), and daily atmospheric
pressure change (maximum daily pressure minus
minimum daily pressure) or daily change in max-
imum atmospheric pressure (maximum daily
pressure on the current day minus that of the
previous day). We also included a fixed effect for
season (wet versus dry), as well as the interaction
of each quantitative predictor variable with season.
We used a quasi-backwards stepwise procedure to
determine the ““best” model for each site, dropping
the effect with the highest p-value sequentially,
and ensuring that each step resulted in a model
with a lower (better) AIC (Akaike Information
Criterion) value. Either daily pressure change or
daily change in maximum pressure was selected
based on which had the best (lowest) p-value in the
model.

For the second GAMs formulated to explore
water level dynamics, we used a 30-day moving
average of daily water level, daily water level
change (mean daily water level minus that of the
previous day), and water level change over 10 days
(mean daily water level minus that of the 10 days
prior). The moving average of daily water level
over 30 days smooths the trend in water level and
quantifies prospective as well as longer-term water
level conditions, which signal weather events and
water management distribution, and could be more
extreme under predicted future climate change.
The daily water level change represents small time
scale water fluctuations, whereas water level
change over 10 days explores the direction of water
level change over an intermediate time scale.

All four models used data at each site from 2016
to 2020 but excluded the 2016 TS/Ph-1 wet season
due to insufficient CH, data due to instrumental
malfunctions. Using the gam function in the mgcv
package (Wood 2011), a smoothing spline function
via restricted maximum likelihood (REML) was fit
to each driver individually. Predicted estimated
marginal means from each GAM were calculated to
visualize relationships between each significant
independent variable and predicted CH,4 using the
““get_gam_predictions” function (mgcv package;
Wood 2011). All statistical analyses were per-
formed in R (version 4.0.1) and RStudio (version
1.3.959). We considered differences significant at
p < 0.05.

REsuLTSs
Environmental Conditions and Variation

Rainfall patterns and wet season lengths in both
sites were similar overall and did not show signif-

icant interannual differences in the onset and
length of seasons, except in 2019, which had a
significantly shorter wet season (Figure SI,
Table S1; Supplemental Information). The longest
wet season was observed in 2020, lasting from early
May to mid-November. Frequent rainfall events
occurred during the wet season, and some sporadic
rainfall was observed during the dry season.

Compared to other years, 2016 had the fewest
days with low water levels during the dry season in
both TS/Ph-1 and SRS-2; water levels at TS/Ph-1
remained well above the soil surface the entire dry
season. However, the 2016 wet season water levels
were the lowest across the whole study period in
both sites compared to other years (Figure 1b). The
years 2017-20 presented similar patterns with
substantial water level differences between wet and
dry seasons, especially in the short hydroperiod
site. At the end of 2020, due to water management
activities, water levels in both sites were higher
than normal. As expected, SRS-2 had a higher
water level than TS/Ph-1 overall and remained
inundated throughout the entire study period
(Figure 1b).

Average daily Ta ranges were similar by year at
both sites, about 10 to 34 °C during the study
period (Figure la). The lowest daily temperatures
were 9.9 °C and 10.5 °C, and the highest daily
temperatures were 32.8 °C and 34.0 °C for TS/Ph-1
and SRS-2, respectively. Unlike the other factors,
daily maximum pressure showed a “W’’ shaped
pattern within each study year, with higher pres-
sure observed during winter and summer. How-
ever, summertime peaks in maximum daily
pressure were lower than those of winter in both
sites (Figure 1c). The mean pressure for both sites
was ~ 1017 Pa, and patterns were very similar
across the two study sites.

Time Series of Daily Gross Ecosystem
Exchange (GEE)

GEE showed clear seasonal patterns in each study
year, with more gross CO, uptake during the wet
seasons and less gross CO, uptake during the dry
seasons for both TS/Ph-1 and SRS-2. GEE was
highest in 2016 in both sites, which indicated that
both sites had less gross CO, uptake through pho-
tosynthesis in 2016 by the atmospheric convention.
The two sites had similar average GEE values over
the five years (— 1.4 to — 1.5 umol m~2 s~ ; Fig-
ure 1d).
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Figure 1. Average daily a air temperature (Ta; °C), b water level (m), ¢ pressure (Pa), and d daily gross ecosystem

exchange (GEE; pmol m~2 s.”') in TS/Ph-1 and SRS-2.

Time Series of Half-Hourly and Daily CH,
Fluxes

Both sites showed similar seasonal patterns across
years, with more CH, being released during wet
seasons compared to dry seasons (Figure 2). These
patterns, however, did not overlap precisely with
any potential drivers (Figure 1). Compared to TS/
Ph-1, SRS-2 had stronger annual patterns, with
greater differences between wet and dry season
CH,4 fluxes, except during 2020. Gaps during late
2017 were caused by Hurricane Irma (September
17, 2017) and other gaps occurred due to instru-
ment malfunctions. Several CH, emission spikes
occurred late 2017 as well as early and mid-2018 in
TS/Ph-1 (Figure 2b, c¢). High values were observed
in SRS-2 during late 2016, late 2018 and mid 2019
(Figure 2f, h, i). Both sites had positive mean CH4
fluxes during the study period, with average CH4
emissions of 0.034 and 0.081 pmol m ™2 s~ for TS/
Ph-1 and SRS-2, respectively. In addition, SRS-2

also released more CH, than TS/Ph-1 during each
of the five years (Table 2).

Diurnal patterns in CH4 fluxes were not as dis-
tinctive as seasonal patterns in either site (Fig-
ure S2; Supplemental Information). In TS/Ph-1,
relatively obvious peaks were observed in late
morning in 2017, early afternoon in 2019 and
midnight in 2020 (Figure S2b, d). In SRS-2, peaks
in CH,4 fluxes in early morning in 2016, and just
after midnight in 2018 were relatively higher than
other time periods during the day (Figure S2f, h).
In addition, mean dry and wet season CH, release
did not show great diurnal differences, except in
2016 and 2018 in SRS-2, when the wet season
emissions were generally higher than that of the
dry season, especially in early morning and late
evening (Figure S2f, h; Table 2).

Biophysical Model of CH,

In both TS/Ph-1 and SRS-2, Ta and water level
were significant predictors of CH, fluxes in both
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Figure 2. Time series of daily mean CH, fluxes (dark blue; refer to left y-axis) and half-hourly CH, fluxes (light blue; refer
to right y-axis) from 2016 to 2020 in TS/Ph-1 (a—e) and SRS-2 (f-j).

seasons (Table 3). GEE was also a significant pre-
dictor of CH, emissions in SRS-2, but only in the
dry season. Moreover, neither daily pressure
change nor daily change in maximum pressure

were significant drivers of CH4 in either site;
therefore, pressure change was dropped from the
models to achieve a better (lower) AIC. The model
for SRS-2 explained 43.6% of deviance in CHy,
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Table 2. Summary Statistics Describing Daily Average CH, Fluxes (umol m~2 s™!) in TS/Ph-1 and SRS-2
From 2016 to 2020

Year TS/Ph— 1 SRS— 2
Min Max Average Min Max Average
Year Dry Wet Year Dry Wet

2016 — 0.034 0.112 0.020 0.020 / — 0.001 0.227 0.081 0.048 0.120
2017 — 0.034 0.290 0.029 0.024 0.041 0.013 0.195 0.080 0.073 0.100
2018 — 0.020 0.197 0.038 0.041 0.051 0.003 0.320 0.088 0.073 0.137
2019 — 0.010 0.144 0.037 0.034 0.054 0.018 0.311 0.085 0.085 0.093
2020 — 0.034 0.155 0.042 0.029 0.062 0.007 0.233 0.070 0.067 0.084

Table 3. Effective Degrees of Freedom (EDF), Reference Degrees of Freedom (RDF), F Values and Associated
p-values for GAMs of Biophysical and Water Dynamics Models by Site

Model Effect TS/Ph-1 SRS-2

EDF RDF Fvalue p value EDF RDF Fvalue p value

Biophysical Ta x dry 232 293 15.24 < 0.001 798 871 8.06 < 0.001
Ta x wet 2.67 3.20 14.41 < 0.001 6.95 7.94 12.57 < 0.001
Water level x dry 5.81 6.84 5.54 < 0.001 3.53 4.43 30.87 < 0.001
Water level x wet 2.64 3.29 10.02 < 0.001 2.27 2.74 36.02 < 0.001
GEE x dry 1.00 1.01 23.01 < 0.001
GEE x wet 1.79 2.30 0.57 0.614

Water dynamics  30-d ma x dry 4.21 5.10 7.86 < 0.001 8.20 8.69 19.08 < 0.001
30-d ma x wet 1.00 1.01 42.75 < 0.001 8.83 8.98 18.64 < 0.001
Daily change x dry 2.17 2.81 1.24 0.319 5.09 6.26 5.81 < 0.001
Daily change x wet 4.88 5.84 4.03 < 0.001 2.81 3.54 2.05 0.080
10-d change x dry 3.00 3.79 1.98 0.100 3.83 4.79 2.08 0.070
10-d change x wet 3.70 4.55 2.70 0.026 2.33 2.94 8.01 < 0.001

Ta = daily average temperature (°C), water level (m) is a daily average, GEE = gross ecosystem exchange (wmol m™2 s~'; only significant in SRS-2), 30-d ma = moving

average water level (m) over 30 days, daily change and 10-d change refer to maximum—minimum water level (m) over the period.

whereas the TS/Ph-1 model had much less dry season than in the wet season. During the dry
explanatory power (deviance explained = 19.4%). season, higher water level led to more CH,4 release

In both TS/Ph-1 and SRS-2, Ta was a strong when water level was very low (< — 0.25 m) and
driver for CH4 emissions (Figure 3a, c¢). In the dry relatively high (> 0.75 m); when water level was
season of both sites and the wet season of SRS-2, between 0 and 0.3 m, there was a drop of CH4
higher Ta led to greater CH, release. During the wet emission with increased Ta, but CH, release in-
season of TS/Ph-1, more CH,4 was released when Ta creased steeply as water level rose from 0.3 to
was between 20 and 25 °C, and leveled off above 0.5 m and then was flat when water level was 0.5—
25 °C (Figure 3a). Since both sites lie in a sub- 0.75 m (Figure 3b). During the wet season, higher
tropical zone, it is rare to have low temperatures water level led to more CH,4 emissions, and the
during the summer wet season, and thus, wide increase became less steep when water level was
confidence intervals were observed in the wet higher than 0.5 m (Figure 3b). Water level in SRS-
season when Ta was under 20 °C at both sites 2 also showed a more complex association with
(Figure 3a, c), reflecting the rarity of these events. CH, in the dry season versus the wet season.

Water level was a significant driver of CH, for During the dry season, water level was significantly
both sites, but it impacted CH, differently by site. associated with CH,, but its effects fluctuated on a
Water level generally showed a positive relation- small scale as water level rose. In contrast to TS/Ph-
ship with CH4 emissions at TS/Ph-1 in both sea- 1, during the wet season, higher water level led to
sons, and the relationship between daily water lower CH,4 release in SRS-2, especially when water

level and CH,4 fluxes showed greater variance in the level was above 1.25 m (Figure 3d).
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Figure 3. Predicted estimated marginal means from GAM models of CH, drivers in TS/Ph-1 a, b and SRS-2 c-e, by:
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wet: p < 0.001), and e gross ecosystem exchange (GEE (umolm ™2 s.”'); dry: p < 0.001, wet: p = 0.61; only significant in

SRS-2).

Lastly, GEE did not show a significant relation-
ship with CH,4 fluxes in either season in TS/Ph-1,
and therefore was dropped in the model. GEE was
associated with CH,4 in SRS-2, but only during the
dry season; CH, release decreased as GEE in-
creased, that is, when plants were less productive.

Water Level Dynamics Model of CH,
Fluxes

Although TS/Ph-1 and SRS-2 have different water
table depths, variables describing the fluctuations
of water level in both sites were similar in their
temporal patterns. As with average daily water le-
vel, SRS-2 had higher 30-day average water
table values versus that of TS/Ph-1 (Figures 1b, 4a,
d). While the daily water table changes were sim-
ilar by site (Figure 4b, e), the intermediate water
level change over 10 days showed a clearer sea-
sonal pattern in TS/Ph-1 (Figure 4c, f).

As with the biophysical model, the water
dynamics model for SRS-2 had better fit (deviance

explained = 0.310) versus that of TS/Ph-1 (de-
viance explained = 0.169); however, this model
explained less variation in CH,4. The 30-day moving
average of daily water level was a significant pre-
dictor for CH, emissions across both seasons in TS/
Ph-1 and SRS-2, but it presented different associa-
tions across the two sites (Table 3). The impacts of
daily and 10-day change in water level, however,
depended on season and site. The effect of 30-day
moving average on CH, fluxes in TS/Ph-1 was
similar to that of daily water level in the biophysical
model (Figures 3b, 5a). In the dry season, CHy
emission was negatively associated with water level
when it was less than 0.3 m and was positively
associated with water level as water level increased
above 0.3 m. For wet seasons, greater CH, emis-
sions were observed as water level increased (Fig-
ure 5a). In SRS-2, the 30-day average water level
impacted CH4 emissions significantly in both sea-
sons, but the wet season association was signifi-
cantly different from that of daily water level in the
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biophysical model (Figures 3d, 5d). In the dry
season, water level increase did not impact CHy
fluxes except when water level was relatively high
(> ~ 1 m); higher water level led to more CHy
release when water level was 1-1.2 m, and led to
lower CH, release when water level was above
1.2 m. However, a large confidence interval was
associated with high water level in the dry season,
since high water levels are not common (Fig-
ure 5d). The wet season 30-day average water level
impact on CH,4 was different from that of the daily
mean (Figures 3d, 5d). Higher dry season 30-day
water level (> 0.45m) led to decreased CHy
emission, but this effect was dampened when water

level was above 0.6 m. Very low wet season water
level in SRS-2 resulted in the site being a CH, sink.

Daily water level change had a strong impact on
CH,4 emissions during the wet season in TS/Ph-1
and the dry season in SRS-2 (Figure 5b, e). In TS/
Ph-1 during the wet season, a daily increase of
0.025 m or less led to lower CH, release, whereas a
daily decrease of 0.025 m or less did not have an
impact on CHy4 fluxes. In addition, more CH4 was
released in TS/Ph-1 when water level increased
more than 0.025 m over the previous day, and less
CH,4 emissions occurred when there was a drop in
water level greater than 0.025 m (Figure 5b). Daily
water level change had a significant impact on CH4
release in the dry season in SRS-2 (Figure 5e);
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small changes in water level—both positive and
negative—led to a decrease in CH, emissions,
which meant more CH, was released when SRS-2
was under stable water table conditions (Fig-
ure 5e).

Lastly, the 10-day water level change had a sig-
nificant impact on CH, fluxes during the wet sea-
son in both sites, but showed dissimilar patterns
(Figure 5¢, f). During the wet season in TS/Ph-1,
rising water levels led to a decrease in CHy release
and falling water levels within 0.2 m did not have a
significant effect on CH, emission. However, when
water level decreased more than 0.2 m in 10 days
during the wet season in TS/Ph-1, CH,4 fluxes in-
creased as water level decreased (Figure 5c). In
SRS-2, water level change in 10 days had a strong
impact on CH, emissions in the wet season; falling
water levels led to less CH,4 release, whereas rising
water level had no impact on CH, fluxes (Fig-
ure 5f).

In addition, although a strong relationship be-
tween higher daily or 10-day water level change

and CH, fluxes could be observed in both sites
(Figure 5b, ¢, e, f), few large changes were ob-
served and thus confidence intervals were large.
Therefore, the impact of large changes in water
level on CH, fluxes in both sites over small and
intermediate temporal scales remains uncertain
(Figure 5a, ¢, d, f).

Discussion
Seasonal and Diurnal Patterns of CH,

Similar to the findings of Dai and others (2019), Li
and others (2019), and Ueyama and others (2020),
both the short and long hydroperiod sites presented
a pattern with higher daily CH4 emissions during
the wet seasons and lower CH, release during the
dry seasons (Figure 2). Higher CH, during the
summer could be due to greater methanogenesis
with higher temperatures. Despite this seasonal
pattern, we did not find any strong univariate
correlations between daily CH, and any of our
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predictors (Figure 1). Furthermore, no obvious
diurnal patterns were observed at either site (Fig-
ure S2). Although some past studies have shown
distinctive peaks in CH,4 fluxes during specific time
periods (Dai and others 2019; Ueyama and others
2020), other studies have not found clear diurnal
patterns of CH, emissions throughout the year (Li
and others 2018), or during specific time periods,
such as the ripening stage for rice (Ge and others
2018). The combination of water management,
precipitation and natural water flow in the Ever-
glades (Beck and others 2005; Kottek and others
2006; Figure 1b) may lead to less distinctive diurnal
CH, patterns. In addition, the tropical climate has
limited temperature variation during the day in
comparison to other regions. Thus, CHy is less likely
to be impacted by micrometeorological variables
like Ta on a daily scale. Lastly, the CH, EC data
used in this research were processed without using
the Eddypro diagnostic flags, which filter out high
frequency fluxes that are important in ecosystems
with standing water. Therefore, more variation
could be present in comparison to previous studies
that used these diagnostics for filtering, and this
may have contributed to less clear diurnal trends
compared to those seen in other studies.

Driving Factors of CH, by Site

Several previous studies have identified primary
productivity, Ta, and water level as significant dri-
vers of CH, emissions in wetlands (Silvey and
others 2019; Mitsch and others 2010; Yvon-Dur-
ocher and others 2014). In agreement with these
studies, both temperature and water level were
determined to be strong seasonal drivers of TS/Ph-1
and SRS-2. At both sites, Ta was positively associ-
ated with CH4 fluxes, with higher temperatures
leading to more CH, release (Figure 3; Table 3).
This relationship could be caused by faster CH4
production as methanogens become more
metabolically active with temperature increase
(Simpson and others 1995; Yvon-Durocher and
others 2014). A negative association was present
between CH, and Ta in TS/Ph-1 during the wet
season when Ta was above about 27 °C, suggesting
that there could also be an optimal temperature for
CH,4 release.

Water level was also identified to be an impor-
tant predictor in both sites; however, the associa-
tion between water level and CH,; was much
stronger in SRS-2, and the effects were opposite by
site, especially during the wet season. Higher water
level led to more CHy release in the short-hy-
droperiod site, TS/Ph-1, during the dry season,

when water level can fall below the surface (Fig-
ure 1b). Higher water level in this site likely pro-
moted the anaerobic conditions for CH, formation,
and therefore, increased CH4 emissions (Dai and
others 2019; Hemes and others 2018). CH, oxida-
tion, however, also happens under anaerobic con-
ditions and therefore, CH, could be oxidized before
reaching the atmosphere, especially in deeper wa-
ter (Bloom 2010). In addition, since plant
aerenchymas are an important pathway for CHy
emissions (Jeffrey and others 2019), when water
level is higher than mean plant canopy height
(~ 1.02 m) in SRS-2, plants are fully submerged
and thus limited gaseous transport leads to reduced
CH,4 release. Thus, due to high water levels in the
long hydroperiod site, SRS-2 (Figure 1b), CHy4
emission could be significantly reduced by the
deep-water column, leading to a negative associa-
tion between water level and CH, fluxes (Fig-
ure 4e). Lastly, Knox and others (2016) found that
some CH, drivers were stronger at different water
depths. During the dry season in both TS/Ph-1 and
SRS-2, small CH, peaks were observed at different
water levels. Higher water level was observed to
drive more CH,4 release at the short hydroperiod
site, but not at the long hydroperiod site. On the
other hand, the predictive power of the short
hydroperiod site model was less than that of the
long hydroperiod, indicating that additional factors
may be contributing to CH, emissions.

Although plant productivity has been reported to
have a strong association with CH, emissions
(Whiting and Chanton 1993), GEE was removed
from the TS/Ph-1 model due to its insignificance
and was only found to be a significant driver of CH,4
fluxes during the dry season for SRS-2 (Figure 3f;
Table 3). Plant productivity is considered an
important determinant of CH,; because recent
photosynthate can translocate from plant roots in
the rhizosphere to the soil (Van Veen and others
1989), and thus, contribute to methanogenesis
(Dorodnikov and others 2011). Based on previous
research on CO, exchange in TS/Ph-1 and SRS-2,
both sites were not strong carbon sinks and at
times, were carbon sources (Schedlbauer and oth-
ers 2010; Jimenez and others 2012). Therefore, due
to low productivity the contribution of plant pho-
tosynthates to CHy emissions is likely negligible.
However, during specific times during the dry
season in the long hydroperiod site, greater CH,
release was observed with higher photosynthesis
(Figure 3e), which could contribute to a greater
range of productivity values available for estimat-
ing models over the course of the study (Fig-
ure 1d).
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Although daily change in mean atmospheric
pressure or daily change in maximum pressure, is
linked to changing weather conditions in the
Everglades, pressure change was not found to be a
significant predictor of CH, fluxes in either site.
Although previous research suggested that free-
phase CH, release in wetlands could be triggered by
a drop in pressure there has been little research to
validate this idea (Tokida and others 2007). Pres-
sure change is mainly related to ebullition of CH, in
wetlands, which is difficult to differentiate from
diffusive fluxes using the EC method since ebuli-
tion is often filtered out, unlike when using floating
chamber methods which can be set up to specifi-
cally separate and quantify ebullition (Staudham-
mer and others 2022; Deemer and Holgerson
2021). Although our findings of significance be-
tween biophysical variables and CH,; were in
agreement with previous research, our results
present more complex functional relationships
with CH,4 fluxes, which show predicting future CH4
release in tropical and subtropical wetlands will be
challenging even with known drivers.

Water Level Dynamics

Examination of water level changes in the Ever-
glades could aid our ability to predict CH, fluxes as
water level rises and falls (Kottek and others 2006;
WRDA 2000). Precipitation’s impact on water level
is reflected by wet and dry seasons, and water
distribution by the water management is apparent,
for example, observed at the end of 2020 (Fig-
ure 1b). In addition, water levels in tropical and
subtropical wetlands may fluctuate further due to
climate change-related increases in intense rainfall
events, especially in the wet season.

Future climate change may subject the Ever-
glades to seasonal alterations in precipitation,
leading to changes in water levels and inundation
periods (Stanton and Ackerman 2007; IPCC 2013).
Wet season precipitation is projected to decrease by
5-10%, and annual precipitation is estimated to be
altered by — 2 to + 14%, with greater dry periods
between heavier rain events (Christensen and
others 2007; IPCC 2013). Therefore, we used a 30-
day moving average to characterize prognostic,
longer-term wetting, and drying trends. Although
the model showed that SRS-2 could be a CH, sink
when there was longer-term drying (Figure 5d),
addtional CH4 observations when water levels are
low are needed to enhance our understanding of
CH, sequstration. This possible sink could be due to
more CH, oxidation when soil is saturated but
there was no water above soil to ensure the

anaerobic conditions for CH4 production (Whalen
and Reeburgh 1996).

Aside from greater water level change on a 30-
day scale, daily water level fluctuations were also
examined. Past studies have explored concurrent
water level’s impact on CHy emission under dif-
ferent depths (for example, Knox and others 2015);
however, the impact of small-scale water level
fluctuation on CH,4 release with the EC method is
still uncertain, since the EC footprint covers a larger
area which incorporates greater topography and
variation in water table depths versus estimates
from static chamber measurements. Small and
intermediate scale water level change allowed us to
explore timing of water level management since
various scales of water fluctuations during different
seasons and hydroperiods could lead to changes in
CH, emissions. In contrast to the results from the
biophysical model, the water dynamics model
provides evidence that water level fluctuation
could have significant impacts on CH, fluxes (Fig-
ure 5b, e). Moreover, compared to TS/Ph-1, the
SRS-2 site is more stable. Since water level does not
drop below the soil surface in SRS-2, a decrease in
the number and magnitude of rainfall events and/
or sudden drops in water level may have less im-
pact on CH, (Ho and others 2018).

Lastly, water level change over 10-days provides
an intermediate measure, between daily water
fluctuation and 30-day water level trend. This
measure could capture potential lagged effects of
water level change on CH4 emission (Tangen and
Bansal 2019). In this research, direction of water
level change was only significant during the wet
seasons in both sites (Figure 5¢, f). Previous re-
search that explored the impact of changing water
levels suggests that there is more CHy emission
when water level decreases (Hondula and others
2021), as seen in TS/Ph-1 during the wet season. In
contrast, a drop of water level in SRS-2 during the
wet season led to lower CH, emission. These site-
specific models, however, had differences in
explanatory power. As with the biophysical model,
the short hydroperiod model had lower explana-
tory power, suggesting that additional factors not
included the model could be driving CH,, indicat-
ing the need for additional studies that specifically
investigate this uncertainty. Nonetheless, the tim-
ing of water distribution to the Everglades and fu-
ture precipitation shift due to climate change could
cause changes in CH,4 fluxes both seasonally and by
site based on topography and inundation periods.
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Uncertainties and Limitations

The greatest uncertainty in this research stems from
the large data gaps due to instrument malfunction
and Hurricane Irma (Figure 2). Different from
previous studies with similar aims which focused
on examining drivers for CH, fluxes in wetlands,
this research used non-gap filled CH, data (Yu and
others 2013; Li and others 2018, Dai and others
2019). The gaps in 2016 in TS/Ph-1 led to insuffi-
cient data for analysis, which was exacerbated by
the different water level patterns present, that is,
with less difference between the short and long
hydroperiod site. Without these data, we were
unable to compare the two sites when they had
similar inundation conditions throughout the year
(Figure 1b).

For this research, our filtering protocols resulted
in retaining more spikes of CH, emissions com-
pared to previous research with CH, flux data
processed with Eddypro diagnostics flag on. This
approach may have led to a higher amount of noise
in our data and a lack of ability to pick up signifi-
cant trends. We also acknowledge that summary
variables computed at 30- and 10- day time scales
are arbitrary; however, they provide a coarse
measure of how prognostic, longer-term wetting,
and drying trends, as well as the water level change
in the Everglades, could impact CH4 emissions. The
results provide insights into the impact of future
water management in natural wetlands, such as
how distributing water in different seasons could
impact CHy fluxes.

CONCLUSIONS

Our research provided new insight into the drivers
of CH, emissions in subtropical/tropical natural
wetlands using continuous data from EC observa-
tions. It also explored a new direction of under-
standing how different temporal scales of water
level change impact CH, fluxes. Using 5 years of EC
data from 2016 to 2020, we examined the patterns
of diurnal and seasonal CH4 fluxes, as well as the
drivers of CH, in short and long hydroperiod sites
in the Everglades. Although there were no dis-
tinctive diurnal patterns of CH,4 emissions in both
the short and long hydroperiod sites, a seasonal
pattern with higher CH, release during the wet
season and lower CH, emissions during the dry
season was observed, especially in the long
hydroperiod site. Ta and water level were signifi-
cant drivers of CH, in both seasons and both sites.
Although previous studies have suggested that
plant productivity was considered as one of the

most important predictors for CH4 our results
showed that GEE was significantly associated with
CH; only during the dry season in the long
hydroperiod site. In addition, pressure change was
not a significant driver for CH, in either site, which
may be due to the fact that CH, fluxes through
ebullition might not be captured by the EC method.
Importantly, prolonged drying and wetting condi-
tions, daily water level change, and 10-day water
level change all had impacts on CH,4 release which
varied between seasons and sites. These results
indicate that water dynamics interact strongly with
site characteristics in determining CH, emissions.
Therefore, CH, release pattern, and its drivers, such
as Ta and water level, will likely be altered by fu-
ture climate change. Moreover, as the implemen-
tation of CERP moves forward, the amount and
timing of water distribution are predicted to change
and could potentially lead to different seasonal
hydrological patterns. The knowledge gained in
this study will help to better estimate CH, budgets
in the future and allow better predictions of the
CH, source or sink capacity for the Everglades.
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