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Abstract Seasonally flooded subtropical pastures are major methane (CH4) sources, where transient
flooding drives episodic and high-magnitude emissions from the underlying landscape. Understanding the
mechanisms that drive these patterns is needed to better understand pasture CH4 emissions and their
response to global change. We investigated belowground CH4 dynamics in relation to surface fluxes using
laboratory water tablemanipulations and compared these results to field-based eddy covariancemeasurements
to link within-soil CH4 dynamics to ecosystem fluxes. Ecosystem CH4 fluxes lag flooding events, and this
dynamic was replicated in laboratory experiments. In both cases, peak emissions were observed during water
table recession. Flooding of surface organic soils and precipitation driven oxygen pulses best explained the
observed time lags. Precipitation oxygen pulses likely delay CH4 emissions until groundwater dissolved oxygen
is consumed, and emissions were temporally linked to CH4 production in surface soil horizons. Methane
accumulating in deep soils did not contribute to surface fluxes and is likely oxidized within the soil profile.
Methane production rates in surface organic soils were also orders of magnitude higher than in deep mineral
soils, suggesting that over longer flooding regimes CH4 produced in deep horizons is not a significant
component of surface emissions. Our results demonstrate that distinct CH4 dynamics may be stratified by
depth and flooding of surface organic soils drives CH4 fluxes from subtropical pastures. These results suggest
that small changes in pasture water table dynamics can drive large changes in CH4 emissions if surface soils
remain saturated over longer time scales.

1. Introduction

Methane (CH4) is a globally important greenhouse gas, with a radiative forcing ~25 times higher than CO2 in
the atmosphere, and global CH4 concentrations have increased 2.5fold since the preindustrial era [Stocker
et al., 2013]. Emissions from wetlands and flooded ecosystems are the largest global source of CH4; however,
the magnitudes and controls of these fluxes remain poorly quantified. Much of this uncertainty stems from a
poor resolution of flooded area, a lack of measurements across varied wetland ecosystems, and fewmeasure-
ments of the belowground microbial and transport processes mediating surface fluxes [Riley et al., 2011;
Bridgham et al., 2013; Kirschke et al., 2013]. Emission estimates are particularly uncertain for seasonally flooded
ecosystems where transient flooding drives large and variable CH4 emissions that are difficult to quantify
using traditional in situ chamber measurements [Melack et al., 2004; Chamberlain et al., 2015]. A better under-
standing of fluxes from these ecosystems is needed to improve our estimates of ecosystem CH4 emissions
and their response to environmental change.

Methane fluxes from flooded ecosystems are the product of CH4 production, consumption, and transport
within soils and water. Here CH4 is produced exclusively by Archaea (methanogens) that convert end
products of fermentation, most notably acetate or CO2 and H2, to CH4 for energy. Methanogens are most
active in anaerobic and highly reduced environments, and their activity is generally limited by high oxygen
(O2) concentrations, substrate (C) availability, and the presence of alternative electron acceptors used
for respiration [Conrad, 2007]. In contrast, CH4 consuming bacteria (methanotrophs) oxidize CH4 for energy
in the presence of O2. Methanotrophs are primarily aerobic, and their activity is often limited by low
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O2 and CH4 concentrations [Conrad,
2007]. Methanotrophic bacteria are
an important moderator of surface
emissions and consume significant
amounts of soil-produced CH4 before
it reaches the atmosphere [Oremland
and Culbertson, 1992; Le Mer and
Roger, 2001; Teh et al., 2006].
Methane production and consump-
tion in soils is often stratified by water
table position and oxygen status [King
et al., 1990; Roulet et al., 1993; Conrad
et al., 1999]; however, both processes

can co-occur in well-drained soils that maintain anoxic microsites [Silver et al., 1999; Teh et al., 2005; Hall
et al., 2013].

We can better understand the mechanisms controlling ecosystem fluxes by examining flux patterns relative
to environmental drivers. In seasonally flooded subtropical pastures, transient flooding produces large and
variable CH4 fluxes that consistently lag flooding events [Chamberlain et al., 2015]. Lagged CH4 fluxes are
commonly observed under fluctuating water table conditions, where maximum fluxes occur during water
table recession. In temperate peatlands, it is hypothesized that these patterns are driven by the flooding of
a “critical zone”within the soil profile where CH4 production is maximized (due to favorable redox conditions
and substrate availability) or by outgassing of CH4 produced and stored in deep horizons of the soil profile
[Moore and Dalva, 1993; Moore and Roulet, 1993; Brown et al., 2014]. Subtropical pastures are quite different
than temperate peatlands and are characterized by well-drained precipitation-recharged mineral soils. Here
oxic conditions may persist below the water table due to large inputs of oxygenated rainwater [Datry et al.,
2004; Schilling and Jacobson, 2014]. Under these conditions, consumption of oxygen may be incomplete
and redox and hydrologic status can become decoupled, allowing anoxic (methanogenesis) and oxic (metha-
notrophy) processes to co-occur [Hall et al., 2013]. Common observations of flux lags across such contrasting
ecosystems suggests that similar mechanisms may drive CH4 flux dynamics under fluctuating water tables,
but these mechanisms have not been evaluated in seasonally flooded subtropical ecosystems.

The goals of this work were to (1) examine patterns in ecosystem CH4 fluxes under transient flooding events
and (2) determine the mechanisms that influence flux time lags. We measured CH4 fluxes from seasonally
flooded subtropical pastures for 3 years using eddy covariance to examine flux patterns relative to hydrologic
drivers. To link these ecosystem-scale observations to mechanistic processes, we conducted experimental
water table manipulations on intact soil columns to evaluate belowground CH4 consumption, production,
and transport in relation to net surface fluxes. We also conducted an incubation experiment to determine
variation in CH4 production rates throughout the soil profile. These three approaches were used to describe
ecosystem flux patterns across transient flooding events and to characterize the mechanistic processes that
produce these patterns.

2. Methods
2.1. Study Site

Flux measurements and soils were collected within a fenced improved pasture (92.1 ha) located at the
MacArthur Agro-ecology Research Center in Lake Placid, Florida, USA (27.1632004°N, 81.187302°W). The
MacArthur Agro-ecology Research Center is a 4290 ha beef cattle ranch that operates as an ecological field
station and division of Archbold Biological Station. The pasture is planted with Paspalum notatum and is rota-
tionally grazed at a density of ~1.6 cowha�1. Herbicide and fertilizers have not been applied to the pasture
since August 2006 and April 2007, respectively. The pastures receive an average of 1300mm of rain per year,
75% of which falls during the summer wet season [Gathumbi et al., 2005]. Pastures are developed on
Immokalee fine sand spodosols, which are characterized by near-surface organic horizons (0–0.15m depth)
and sandy mineral horizons at depth (0.15–0.50m depth; Table 1). Within these soils, a spodic horizon is also
found at depths greater than 0.5m below surface. Extensive networks of ditches throughout the pasture

Table 1. Percent Carbon (C) and Nitrogen (N) Throughout the Pasture Soil
Profile (n = 3 for All Depths)a

Depth (m) %C %N

0.0–0.05 (0) 8.48 ± 0.92 a 0.49 ± 0.07 a
0.05–0.15 (0.1) 3.57 ± 1.58 a 0.20 ± 0.10 b
0.15–0.25 (0.2) 0.63 ± 0.19 b 0.03 ± 0.01 b
0.25–0.35 (0.3) 0.20 ± 0.02 b 0.09 ± 0.08 b
0.35–0.45 (0.4) 0.09 ± 0.01 b 0.03 ± 0.02 b

aStandard errors are reported for all percent C and N values, and letters
indicate significant differences between soil horizons for each element
(Tukey’s honest significant difference (HSD), P< 0.05). Depth column
indicates the depth range for bulked samples and, in parentheses, the
designation used in incubations and mesocosm treatments.

Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003283

CHAMBERLAIN ET AL. TRANSIENT FLOODING AND METHANE FLUXES 966



drain these soils, though flooding occurs during heavy rain periods. Mean annual temperature throughout
the measurement period was 23.0°C, with a temperature maximum of 35.7°C and minimum of �2.6°C. By
area, the study pasture is 74.2% pasture grassland, 10.9% depressional wetland, 9.2% cabbage palm (Sabal
palmetto) hammock, 4.0% drainage ditch, and 1.7% drainage canal [Chamberlain et al., 2015]. All soil samples
were collected from pasture grassland, the primary land cover.

2.2. Eddy Covariance and Environmental Measurements

Methane, CO2, and H2O fluxes were measured continuously from May 2013 to November 2015 with an eddy
covariance tower installed in the pasture center (27.1632004°N, 81.187302°W). Wind speed and direction
were measured with a three-dimensional sonic anemometer (CSAT3, Campbell Scientific Inc., Logan, UT),
and CH4, CO2, and H2O concentrations were measured with open-path infrared gas analyzers (LI-7700;
LI-7500A, Licor Inc., Lincoln, NE). These instruments were installed 2.6m above the pasture surface and inter-
faced with a LI-7550 data logger (Licor Inc., Lincoln, NE). Data were collected at 10Hz and transferred by
modem for processing. Water table depth (WTD; meter below surface) was measured at the tower site with
a pressure transducer (CS451, Campbell Scientific Inc., Logan, UT), volumetric water content (VWC) was mea-
sured at 5, 10, and 20 cm depths with water content reflectometers (CS-616, Campbell Scientific Inc., Logan,
UT), and groundwater dissolved oxygen (DO; mg/L) was measured with an optical DO probe installed within
the water table well (Aquistar DO2, INW USA, Kent, WA). All auxiliary measures were collected as 30min
averages and logged to a CR3000 data logger (Campbell Scientific Inc., Logan, UT) time synchronized to
the LI-7550. Rainfall was measured at 30min intervals with a tipping bucket gage (TB4, Hydrologic Services
America, Lake Worth, FL) at a weather station 1.7 km southwest of the tower (27.150475°N, 81.198568°W).
Groundwater DO measurements began in July 2015, and the optical DO probe was installed 0.95m below
the land surface. DO measurements were rejected from analysis if the water table was 0.90m below surface
or deeper. This method has been used in previous studies to continuously monitor groundwater DO concen-
trations [Datry et al., 2004; Foulquier et al., 2010; Schilling and Jacobson, 2014, 2015].

Methane fluxes were calculated from the covariance of vertical wind speed and CH4 concentration over
30min intervals. Raw data were screened for spikes, dropouts, amplitude resolution, absolute value limits,
and skewness and kurtosis as described in Vickers and Mahrt [1997] and designated default in commercial
software (Eddy Pro 4.2, Licor Inc., Lincoln, NE). We used double-rotation tilt corrections to align the anem-
ometer with mean wind streamlines and block averaging to calculate mean wind speed and CH4 concentra-
tion over the 30min interval. Time lags were corrected with the covariance maximization method. Webb,
Pearl, and Leuning corrections for density fluctuations were applied according toWebb et al. [1980], and fully
analytic spectral corrections were applied according toMoncrieff et al. [1997]. All of the above corrections and
processing were conducted using commercial software (Eddy Pro 4.2, Licor Inc., Lincoln, NE). We also rejected
all fluxes when the open-path CH4 analyzer was blocked, when CH4 concentrations were below 1.74 ppm or
above 5 ppm, and when fluxes were above 1500 nmolm�2 s�1 or below �500 nmolm�2 s�1, as extreme
fluxes and unrealistic concentrations are observed when CH4 measurement quality is low [Dengel et al.,
2011; Baldocchi et al., 2012].

Data quality were flagged according to Foken et al. [2005] using commercial software (Eddy Pro 4.2, Licor Inc.,
Lincoln, NE). Quality flags range from 1 (best) to 9 (worst). All fluxes with flags greater than 6 were rejected
from time series analysis (see section 2.5), and all fluxes with quality flags greater than 3 were rejected when
regressing CH4 fluxes to environmental variables. Overall, 37% of all half-hour fluxes were removed from the
time series analysis data set, and 64% of fluxes were removed from the regression analysis data set. For time
series analysis, we calculated median daily fluxes and omitted days from analysis with coverage less than 33%
as outlined in Chamberlain et al. [2015]. Linear regression was used to determine significant relationships
between environmental variables and log-transformed daily CH4 fluxes using only high-quality measured
data (quality flags 3 or lower, nongap filled, 33% or higher daily coverage). We calculated daily-integrated
fluxes as medians because episodic CH4 emissions from grazing cattle amplified daily mean fluxes.

2.3. Water Table Manipulations

We conducted laboratory water table manipulations on five intact soil columns. Intact columns were used in
this experiment to preserve the pasture soil structure and avoid inaccuracies introduced by slurry-based
experiments [Teh and Silver, 2006]. Soil columns with live Paspalum notatum cover were collected randomly
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in 0.15 × 0.60m PVC sleeves from pasture within the flux tower footprint in January 2015. PVC sleeves were
driven 0.55m into the ground, and the top 0.05m was left aboveground to allow surface flux measurements
during manipulations. Columns were removed and immediately driven back to Cornell University where
water table manipulations were conducted. In all five columns, soil gas and pore water sampling ports were
installed at 0, 0.1, 0.2, 0.3, 0.4, and 0.5m depths with Luer lock fittings. All columns were placed in separate
0.52 × 0.66m mesocosms, and water was directly added to or removed from the mesocosms to adjust the
water table depth. The columns base was left open, allowing water to enter or exit during water table adjust-
ments and equilibrate to the mesocosm water level.

The water table in five replicate mesocosms was increased by 0.1m increments every 24 h from 0.55m to 0m
below the surface (seven levels; 0.55, 0.45, 0.35, 0.25, 0.15, 0.05, and 0m below surface). The water table was
left at the surface for 48 h and then decreased at 24 h intervals until mesocosms were dry. The total experi-
ment length was 14 days. While precipitation recharge events in the field are often characterized by sharp
jumps in the water table (Figure 1), we chose to simulate a water table recharge and recession event with
even tails to fully examine potential hysteresis in the recharge and recession phases. Oxygenated water
was introduced to the columns to simulate precipitation recharge groundwater dynamics observed in these
pastures (Figure 1). All mesocosms were placed under artificial light (Sunlight Supply, Vancouver, WA) with a
12 h photoperiod, and air temperature was maintained at 22°C.

Wemeasured CH4 surface fluxes in addition to profile CH4 concentration and isotopic composition (δ13C-CH4)
in three of five experimental mesocosms (trace gas mesocosms). Only soil gas O2 and pore water DO were
measured in the remaining two mesocosms (oxygen mesocosms). We measured trace gases and oxygen
from separate mesocosms to minimize the total volume of soil gas or pore water removed from each column
at each time point. By segregating trace gas and oxygen measurements to separate mesocosms, we never
evacuated more than 6% of total column soil pore space.

In the trace gas mesocosms, 30ml of soil gas was removed by syringe from unsaturated soil horizons to mea-
sure CH4 concentrations and δ13C-CH4. In saturated horizons, 10ml of pore water was removed by syringe,
and dissolved CH4 was measured by equilibrating pore water with a pure N2 headspace within the syringe
at a 3:1 N2 to water equilibration ratio [Jahangir et al., 2012]. Equilibrating syringes were placed on an orbital
shaker for 10min and vigorously shaken by hand prior to headspace measurements. All soil and headspace

Figure 1. Time series of (a) daily CH4 fluxes (blue points) and half-hourly CH4 fluxes (grey points), (b) water table depth and
daily mean groundwater DO concentration (red line), and (c) cumulative rainfall. Long periods without flux measurements
in July–August 2013 and 2014 correspond to periods of instrument signal dropout. Arrows on Figure 1amark the beginning
and end of flooding periods used in cross-correlation analyses.
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equilibrated gas samples were analyzed for CH4 concentration and δ13C-CH4 on a wavelength-scanned cav-
ity ringdown spectrometer (G2201-i, Picarro Inc., Sunnyvale, CA) equipped with a SSIM2 Small Sample
Isotope Module (Picarro Inc., Sunnyvale, CA). Gas concentrations in pore water were calculated from head-
space concentrations using Henry’s law and Bunsen coefficients. Surface fluxes were measured from trace
gas mesocosms using a closed dynamic PVC chamber attached to the column surface. The chamber was a
closed flow-through design, which circulated the chamber headspace through the spectrometer (G2201-i;
flow rate 300mlmin�1). When measuring fluxes, the PVC chamber was attached to each column for 5min,
enclosing a 2.55 L volume, and fluxes were calculated by applying a linear regression to concentration
increases over the total enclosure period. Concentration and δ13C-CH4 measurements were precise to
within 0.05 ppm CH4 and 0.8‰. The spectrometer and SSIM2 were calibrated with known concentration
and isotope standards of CH4 in air (Air Liquide, Philadelphia, PA; Isometric Instruments, Victoria, BC). In
the two oxygen mesocosms, 30ml of soil gas was removed from unsaturated horizons by syringe, and soil
gas O2 concentrations were measured with a modified flow-through oxygen sensor (SO-210; Apogee
Instruments Inc., Logan, UT). In saturated horizons, 20ml of pore water was removed and DO was immedi-
ately measured using an optical DO sensor (YSI ProDO, Xylem Inc., Rye Brook, NY). Linear regression was
used to determine significant relationships between surface CH4 fluxes and concentration dynamics at
different depths within the mesocosms. All mesocosm CH4 fluxes and concentration measurements were
log transformed to meet assumptions of normality.

2.4. Soil Incubations

To compliment the water table manipulations, we also conducted laboratory incubations to assess CH4

production rates and δ13C-CH4 of production throughout the soil profile. We removed three intact
0.1 × 0.55m cores randomly from the eddy tower footprint in July 2015 following methods described above.
In the field, each core was divided into 0–0.5, 0.5–0.15, 0.15–0.25, 0.25–0.35, and 0.35–0.45m depth sections,
homogenized by depth and stored in ziplock bags; these depths correspond to the mesocosm experiment
measurement ports (0, 0.1, 0.2, 0.3, and 0.4 depth). Soils were immediately shipped to Cornell University
for incubations. Incubation results are reported relative to column measurement ports (0, 0.1, 0.2, 0.3, and
0.4 depth).

For all incubations (15 total), 50 grams of homogenized soil and 100ml of degassed deionized water were
added to 473ml airtight mason jars fitted with thick butyl rubber stoppers (Geo-Microbial Technologies
Inc., Ochleata, OK). All incubation jars were gently swirled by hand to ensure mixing of soil and water.
Connection points were further sealed with silicone adhesive. The jar headspace was then purged with
100% N2 gas for 10min (flow rate; 500mlmin�1) to create an anaerobic environment. We conducted a
14 day preincubation phase to ensure depletion of O2 and alternative electron acceptors prior to the
measured incubation phase. At the end of preincubation, jars were once again flushed with N2 for 10min
and measurements began immediately following headspace flushing. Jars were incubated for 21 days in
the dark at 22°C, and headspace gases were sampled every 3–4 days. An equivalent volume of 100% N2

was added when samples were taken to maintain the internal air volume. All gas samples were analyzed
for CH4 concentration and δ13C-CH4 on the spectrometer (G2201-i) equipped with a SSIM2 Small Sample
Isotope Module (Picarro Inc., Sunnyvale, CA). An additional jar filled with 10 ppmv CH4 in air was sampled
in tandem with incubations to track potential leakage from jars. No leakage was observed from the 10 ppmv
CH4 jar throughout the 21 day sampling period. After incubations, soils were dried and weighed to allow for
calculation of production rates per gram of dry soil (nmol CH4 g soil�1 d�1). Soil CH4 production rates were
then calculated by applying a linear regression to concentration increases across the entire 21 day incubation
period (for all regressions; r2> 0.85; P< 0.05). All δ13C-CH4 data from incubations is presented in supporting
information (Figure S1).

We compared mesocosm pore water and anaerobic incubation δ13C-CH4 values to assess potential fractiona-
tion of CH4 by aerobic oxidation within the mesocosm experiment. The rationale behind this comparison was
that aerobic methanotrophic bacteria require oxygen for metabolism [Conrad, 2007], and CH4 produced in
anaerobic incubations will not experience aerobic methanotrophic fractionation effects. We also quantified
percent carbon (C) and nitrogen (N) for soils collected in the incubation experiment. Homogenized soils were
dried for 24 h at 40°C, sieved to 2mm, and were then analyzed for percent C and N using a LECO C/N analyzer
(TruMac, LECO Corporation, St. Joseph, MI).
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2.5. Time Series and Diffusive Flux Analysis

We used cross-correlation analyses to quantify the time lag between CH4 fluxes and water table fluctuations for
184days for the 2013 and 2014 wet seasons (1 May to 31 October). Cross-correlation analyses were only con-
ducted for wet season periods because the water table did not fluctuate or approach the land surface during
other parts of the year. In 2015, cross-correlation analysis was conducted for the active flooding period only
(1 August to 31 October). Cross correlations were computed between daily eddy covariance CH4 fluxes (median;
nmol CH4 m

�2 s�1) and water table depth. We rejected daily CH4 fluxes from cross-correlation analysis when
less than 33% of CH4 flux measurements were available. Such periods occurred during July–August of 2013
and 2014 when CH4 concentration data were not available due to power dropouts and sensor blockage.

We estimated diffusive gas flux rates following Striegl [1993] to better understand CH4 fluxes observed in meso-
cosms relative to physical properties during water table recession. We estimated diffusive fluxes rates based on
three observed mesocosm conditions; when (1) soils were flooded and emissions were low, (2) water tables
were recessing and emission peaked, and (3) the water table was lowest, emissions were zero, yet deep horizon
CH4 concentrations were high. Here we estimated diffusive gas fluxes according to the equation:

q ¼�DABθDτ
dCa

dz

where q= surface flux (nmolm�2 d�1), DAB = effective diffusion constant for CH4 (1.69m2 d�1 at STP),
θD=gas-filled porosity, τ = tortuosity, dCa/dz=CH4 concentration gradient across depth. τ was assumed to
be θD

1/3 following Striegl [1993]. For calculations 1 and 2, we held the concentration gradient constant to
quantify the influence of changing gas-filled porosity during water table recession. Here we calculated the
gradient using mean atmospheric (0.075μM CH4) and 0.1m depth (0.478μM) concentrations from days 6
to 9 of the mesocosm experiment. For 3, we calculated q based on the observed concentration gradient
on the final day of the mesocosm treatment between the atmosphere (0.075μM CH4) and 0.4m depth
(32.85μM CH4). θD values used in all estimates were calculated as the difference between soil effective por-
osity and a range of VWC values measured at the eddy tower site during representative pasture conditions
(VWC at WTD>= 0m for scenario 1, 0.15m>WTD> 0.1m for scenario 2, and 0.5m>WTD> 0.4m for sce-
nario 3). Here effective porosity was assumed to be 0.424, equal to the maximum soil VWC (5 cm depth) mea-
sured when pastures were fully flooded. θD values used in diffusive flux calculations ranged from 0.000–0.054
for (1), 0.014–0.067 for (2), and 0.020–0.155 for (3). In all calculations, we estimated θD from field data because
we did not measure VWC in mesocosms. All data processing, analysis, and visualization was conducted in R
3.2.0 using the ‘dplyr’ and ‘ggplot2’ packages [R Core Team, 2015].

3. Results

Pasture CH4 emissions were highest during summer wet seasons (Figure 1a), and CH4 fluxes positively corre-
lated to water table fluctuations (r2= 0.49, P< 0.0001; Figure S2). Transient flooding events were common in
these pastures and were characterized by a rapid increase in the water table followed by a more gradual
recession following flooding (Figure 1b). Flooding events were most frequent during the wet season and
coincided with large and/or frequent precipitation events (Figure 1c). Large and extended ecosystem CH4

emissions were observed during periods when the water table reached the land surface for more than one
day. These events were observed throughout the 2013, 2014, and late 2015 wet seasons (Figure 1). In con-
trast, appreciable CH4 emissions were rarely observed during short duration (less than 1 day) or incomplete
flooding events that did not reach the land surface. These observations were common from November 2014
to July 2015, when many recharge events occurred, but the water table never reached the land surface for
more than a day and no appreciable emissions occurred (Figure 1).

We observed a delay between ecosystem CH4 fluxes and pasture flooding events, where peak emissions gen-
erally occurred during water table recession (Figure 2). This was particularly evident during May–June 2013
when multiple flooding events drove lagged surface fluxes (Figure 2a) and during September–October of
2013, 2014, and 2015 when late season flooding events drove similar lags (Figure 2a—2014 only and
Figure 2b—2015 only). These dynamics were observed across year, flooding duration, and emission magni-
tude (Figure 2). Lags were less evident at the height of the wet season due to periods of sensor dropout when
the water table was near the surface for extended periods; however, CH4 emissions were sustained and
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lagged the decreasing water table in August of 2013 and 2014 (Figure 1). Correlations between CH4 fluxes
and water table depth were maximized at 3–4 day lags. In 2013, correlations were maximized at a 4 day
lag (cross correlation = 0.59; Figure S3), in 2014 at a 3 day lag (cross correlation = 0.56; Figure S3), and in
2015 at a 3 day lag (cross correlation = 0.59; Figure S3). These analyses suggest maximum CH4 fluxes occur
3–4 days after peak flooding.

Pasture groundwater DO concentrations exhibited pulse dynamics that coincided with periods of pasture
flooding and heavy precipitation (Figure 1). During precipitation recharge events that flooded pastures,
DO concentrations in groundwater spiked to nearly 30 times background levels (range 0.29–8.08mg L�1).
Following these DO pulses, groundwater DO rapidly reduced to background levels during water table reces-
sion (Figures 1 and S4). Connections between CH4 flux lags and DO were most marked in August 2015 when
groundwater DO rapidly increased with flooding (3.96mg L�1) and then returned to anoxic levels within
1 day (<1.0mg L�1). Here CH4 emissions were minimized when DO was high and then rapidly increased
when DO concentrations decreased (Figure 2b). After the initial flood event, subsequent flooding did not
increase groundwater DO concentrations and CH4 fluxes continued to increase (Figure 2b).

Dissolved oxygen dynamics were reproduced in the mesocosm experiment (Figure 3), and the overall range
of DO concentrations in mesocosms were similar to those measured in the field (0.77–7.13mg L�1 in meso-
cosm; 0.29–8.08mg L�1 in field). Dissolved oxygen concentrations were elevated during water table recharge
(days 1–6), rapidly deoxygenated during the flooded phase (days 7–8), and remained reduced during recession
(days 9–14; Figure 3). In unsaturated soils, oxygen concentrations were 20.7% (range 19.9–21%) during water
table recharge and 19.6% (range 18.5–20.4%) during recession. During recession, soil horizons above the water
table adjustment height remained saturated, likely due to capillary action within the soil columns (Figure 3).

Figure 3. Pore water dissolved oxygen concentrations (DO; mg L�1) throughout water table manipulations. Dissolved
oxygen concentrations represent the mean from two replicate mesocosms. The dashed white line represents the location
of the water table level outside of the column each day. Grey area represents the unsaturated zone within the soil profile.

Figure 2. Daily CH4 fluxes (nmolm�2 s�1) across flooding events in (a) 2013 (black line) and 2014 (blue line), and (b) 2015.
Events vary in length, year, and emission magnitude. The 2013 event was 9 days (10–19 May 2013), the 2014 event was
26 days (18 September to 14 October 2014), and the 2015 event was 30 days (25 August to September 2015). In 2015, daily
mean groundwater dissolved oxygen concentrations (DO; mg L�1) are included as a point heat map. Arrows show
directionality of each time series.
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Lags were reproduced in the mesocosm experiment (Figure 4); however, fluxes in mesocosms were lower than
those observed in the field. This difference is likely due to lower levels of C substrate in laboratory water and the
relatively short flooding duration (2days in mesocosm treatments). In mesocosms, near-zero emissions were
observed during the recharge phase; emissions began or increased when columns were flooded, peaked,
and then tapered back to zero during recession (Figure 4a). Emissions peaked when the water table was
0.05m below surface during recession (1day after peak flooding), and fluxes did not return to zero until the
water table was 0.35m below surface, 4 days after peak flooding (Figure 4a). Diffusive flux calculations generally
followed these trends; flux estimates were low during flooding (0.00–1.59 nmol CH4m

�2 s�1 at 0–0.054 θD) and
increased as soil gas-filled porosity increased during water table recession (0.26–2.12 nmol CH4m

�2 s�1 at
0.014–0.067θD). Diffusive flux calcula-
tions also suggest that surface fluxes
should be high on the final day of the
mesocosm treatment (8.60–131.86 nmol
CH4m

�2 s�1 at 0.020–0.155 θD); how-
ever, we observed zero emissions when
water tables were lowest and CH4

concentrations at depth were highest
(Figure 4). On the final day, we observed
a strong CH4 concentration gradient
from 0.4m to the surface, and δ13C-CH4

values enriched toward the surface up
to 0.2m depth. δ13C-CH4 values at 0.1m
were similar to ambient atmospheric
values (Figure 5).

Distinct CH4 dynamics were observed
between surface organic (0–0.1m) and
deep mineral soils (Table 1 and
Figure 4b). Within the surface horizons,
CH4 concentrations increased above
ambient at the point of surface flooding
then peaked and tapered off over the
course of the receding phase (0 and
0.1m; Figure 4b). Within deep mineral

Figure 4. (a) Surface fluxes (nmol CH4m
�2 s�1 ± SE) and (b) soil gas and pore water CH4 concentrations (μM± SE) through-

out mesocosm water table manipulations. During the rising water table, water table depth was increased by 0.1m per day
until the soil surface was flooded, and water levels were reduced by the same interval during the retreating water table.

Figure 5. Mean (a) δ13C-CH4 (‰± SD) and (b) CH4 concentrations (μM±SE)
throughout the soil profile when water table was 0.55m below surface on
the final day ofmesocosmmanipulations, including both air and pore water
measurements. δ13C-CH4 enrichment from 0.5 to 0.2m suggests CH4
oxidation toward the surface.
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horizons, CH4 concentrations increased
above ambient well after initial flooding
and continued to rise until complete dry
down (0.2–0.5m depth; Figure 4b). The
exception to this was the 0.4m horizon
where elevated concentrations were
observed during the recharge phase
when the water table was 0.25m below
surface and continued to rise throughout
the experiment (Figure 4b). Methane
dynamics in surface organic horizons
followed emission patterns (Figure 4).
Surface fluxes were correlated to CH4

concentration changes in the 0.1m
horizon (r2 = 0.42; P< 0.0001; Figure S5)
and poorly correlated to concentration
dynamics in all other horizons (r2< 0.18).

The largest increases in pore water CH4

concentrations were observed in the
0.4m horizon, where concentrations

were an order of magnitude higher than those observed in any other horizon (Figure 4b). However, this pat-
tern is likely a product of experimental design that caused deeper soils to be flooded for longer durations
than surface soils (Figure 3). To isolate the effect of flooded time in the mesocosm experiment, we conducted
anaerobic incubations to assess CH4 production rates of each soil horizon. Anaerobic incubations showed
that CH4 production rates varied by depth (Kruskall-Wallis, P = 0.02; Figure 6). Methane production rates were
highest in surface organic soils (0–0.05m; 646.21 ± 507.18 nmol CH4 g dry soil�1 d�1), intermediate in near-
surface organic soils (0.05–0.15m; 9.48 ± 6.27 nmol CH4 g dry soil�1 d�1), and low in deep mineral soils
(0.39 ± 0.15, 0.21 ± 0.10, and 1.02 ± 0.56 nmol CH4 g dry soil�1 d�1 for horizons 0.15–0.25, 0.25–0.35, and
0.35–0.45m depth, respectively). Percent C and N data through the soil profile also follow these trends, with
the highest percent C and N levels in surface soils (Table 1; Kruskall-Wallis, P< 0.05). Percent C content ranged
from 8.48 ± 0.92% in surface horizons to 0.09 ± 0.01% in deep horizons (Table 1).

Pore water δ13C-CH4 values also suggest
distinct dynamics between surface and
deep soil horizons. δ13C-CH4 values of
pore water varied through the depth
profile (analysis of variance, P< 0.0001)
and were enriched in deep mineral
soils relative to surface organic soils
(Figure 7). In general, CH4 isotope values
in deep horizons (0.2–0.5m) varied little
during the flooding treatment; how-
ever, δ13C-CH4 in surface soils (0–0.1m)
exhibited higher levels of variability
throughout the treatment (Figure S6).
Pore water and incubation δ13C-CH4

were similar in surface organic horizons
(Figure 7). In deep horizons, δ13C-CH4 in
anaerobic incubations were somewhat
deplete relative to CH4 observed in pore
water, although the range of measured
isotope values overlapped in all deep
soil horizons (Figure 7).

Figure 6. Methane production rates (nmol CH4 g dry soil�1 d�1) by
depth in subtropical pasture soils (n = 3 per depth). Solid lines are
medians, boxes are interquartile ranges (IQR), and whiskers are ± IQR.

Figure 7. Mean δ13C-CH4 (‰ ± SD) by depth of pore water samples in
mesocosm treatments (bars) and anaerobic incubations (red points,
n = 3 per depth). Letters denote significant differences between pore
water δ13C-CH4 by depth in mesocosms (Tukey’s HSD, P< 0.05).
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4. Discussion

In this study, transient precipitation recharge events exerted a major influence on CH4 emissions from
subtropical grassland pastures. Flooding of surface organic soils had the largest influence on emissions,
and precipitation recharge DO dynamics appeared to delay the onset of emissions. Complete flooding for
1 day or more was necessary to sustain pasture CH4 emissions suggesting that surface flooding duration con-
trols the magnitude of emissions. The dynamics described here are potentially relevant to similar ecosystems
globally because rainfall is a major driver of inundation in the tropics and subtropics [Prigent et al., 2007], and
annual emission estimates from these pastures are similar to other flooded ecosystems in these climates
[Chamberlain et al., 2015]. Generalizability of CH4 emission estimates is highly desirable for the tropics and
subtropics due to a poor representation of flooding and CH4 dynamics for these regions in global models
[Kirschke et al., 2013].

We consistently observed peak CH4 emissions during periods of water table recession (Figure 2). These
patterns are well described in temperate peatlands [Brown et al., 2014; Goodrich et al., 2015] and perhaps
suggest common controls to CH4 fluxes in the two ecosystems. Outgassing of CH4 stored at depth and
flooding of a belowground critical zone of production have both been suggested as potential explanations
for observed lags in temperate wetlands [Moore and Dalva, 1993; Moore and Roulet, 1993; Brown et al.,
2014]. Our basic diffusive flux modeling suggests that changes in surface soil porosity can induce some
outgassing and increased surface emissions, but the gas-filled porosity of surface soils remains low when
the water table drops in the field (~1.4–6.7% gas-filled space at 0.05m depth when WTD 0.1–0.15m below
surface). Based on the small changes we observed in gas-filled porosity during recession, it is unlikely that this
factor alone drives emission lags. Additionally, our mesocosm results do not support the hypothesis that the
outgassing of CH4 stored at depth drives lags. Diffusive flux modeling suggests that we should observe the
highest fluxes on the final day of the mesocosm experiment when gas-filled pore space (2–16%) and deep
CH4 concentrations are high; however, we observe no surface emission on this day (Figure 4). Instead, it
appears that oxidation in upper unsaturated soils may be consuming all deep-produced CH4 before it reaches
the land surface. This can be clearly seen on the final day of the experiment when there is a strong concen-
tration gradient and δ13C-CH4 enrichment toward the surface (Figure 5). It appears that most of this deep-
produced CH4 is consumed by 0.2m depth, as δ13C-CH4 values at 0.1m are more similar to atmospheric
values (Figure 5a). In agreement with temperate observations, our data suggests that flooding of a near-
surface organic critical zone is needed for substantial emissions. However, in these subtropical pastures,
groundwater DO dynamics appear to control when and if surface fluxes occur.

The influx of oxygenated groundwater to pasture soils likely modulates the onset of fluxes and may explain
the observed lags. Here the influx of oxygenated water may delay CH4 production until groundwater DO is
consumed (Figure 2b), and once favorable conditions are in place (i.e., when DO pools are depleted), emis-
sions can be sustained if surface soil horizons remain deoxygenated (Figures 2b, 3, and 4). These affects
are most clearly seen in the mesocosm study, where mostly subambient CH4 concentrations and near-zero
emissions were observed during water table recharge with oxygenated groundwater, but emissions and
elevated concentrations were observed during recession when groundwater was deoxygenated (Figures 3
and 4). In this example, DO presence likely dampens CH4 production during water table recharge, though
reduced rates of production can still occur in the presence of DO [Teh et al., 2005]. Similar DO dynamics
relative to emissions were observed over the course of a 2015 flooding event, though we did not observe
additional DO influx during subsequent smaller recharge events (Figure 2b). This may result from our probe
being unable to capture surface DO influx due to the depth of installation (0.95m) or from the dilution of
oxygenated rainwater into a larger volume of deoxygenated groundwater. Regardless, it appears that DO
delays CH4 emissions during initial groundwater recharge events, though it is unclear whether subsequent
rain events dampen CH4 emissions. Our results do demonstrate that methanogens within these soils respond
rapidly to fluctuating redox conditions, in contrast to other wetland systems where CH4 production lags
anoxia from days to weeks [Cadillo-Quiroz et al., 2006].

Further research is warranted to better understand the response of microbial communities and CH4 dynamics
to transient DO influx and fluctuating redox conditions, as our work here is primarily observational. However,
our work demonstrates that groundwater DO dynamics should be taken into account when assessing green-
house gas emissions from landscapes experiencing precipitation recharge. Groundwater DO monitoring is
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uncommon, and these measurements are generally reported in hydrologic studies that do not account for
greenhouse gas fluxes [Datry et al., 2004; Foulquier et al., 2010; Schilling and Jacobson, 2015]. Studies of CH4

fluxes in precipitation-recharged soils could benefit from additional measurements of groundwater DO. As
demonstrated here, these measurements provide an additional mechanism influencing CH4 emission
patterns in ecosystems flooded by wet season rains.

Field and laboratory results both suggest that flooding of surface organic soils influences emission lags.
Complete flooding was needed to stimulate emissions from pastures (Figure 1), and peak emissions occurred
when the water table retreated through surface horizons (Figure 2). The largest emissions likely occur post-
flooding because the water table retreats at a slower rate than it rises, and organic horizons are saturated for
longer time periods during recession (Figure 1b). These observations are consistent with laboratory results,
where CH4 dynamics in surface soils exerted the strongest influence on emissions (Figure 4), and CH4 produc-
tion rates were orders of magnitude higher in surface soils than in mineral soils below 0.15m depth (Figure 6).
Emissions correlated to CH4 concentration dynamics in surface soils, while CH4 in deep mineral soils did
not appear to influence emissions (Figure 4). This is particularly apparent on the final day of the mesocosm
study, where CH4 concentrations in deep horizons (0.3–0.5m) were maximized but surface fluxes were zero
(Figure 4). It appears that most of this deep horizon CH4 is consumed before reaching the surface (Figure 5);
however, the orders of magnitude difference in CH4 production rates between surface organic and deep
mineral soil horizons suggests that CH4 produced at depth is unlikely to be an important component of
surface fluxes even if soils are flooded over longer periods (Figure 6).

Large differences in pore water δ13C-CH4 values between surface (0–0.1m) and deep horizons (0.2–0.4m)
further points to distinct CH4 dynamics stratified through the soil profile. Pore water δ13C-CH4 in surface soils
was within the range of values expected for biogenic CH4 production; however, deep horizon values were
heavier than expected and outside the accepted range of biogenic CH4 (Figure 7) [Whiticar et al., 1986].
Enriched biogenic δ13C-CH4 values are commonly observed when methanotrophs oxidize CH4; however,
studies more commonly observe δ13C-CH4 enrichment toward the land surface, as methanotrophs are active
in aerobic surface soils [Liptay et al., 1998; Conrad et al., 1999; Teh et al., 2006].

Four mechanismsmay explain our observation of unexpectedly high pore water δ13C-CH4 values at depth. First,
methanotrophs may be active in deep horizons causing CH4 oxidation and δ13C-CH4 enrichment at depth. It is
unlikely that aerobic oxidation is responsible for observed fractionation because anaerobic incubation δ13C-CH4

values were similar to those observed in mesocosms (Figure 7); however, anaerobic oxidation, which is known
to be important in freshwater wetland environments, is also a viable explanation for this observation [Segarra
et al., 2015]. We do see clear signs of aerobic oxidation on the final day of the mesocosm experiment when soil
gas δ13C-CH4 enriched in unsaturated horizons toward the surface (Figure 5a).

Second, diffusive fractionation can lead to an enrichment of δ13C-CH4 values at depth as 12CH4 diffuses
through the soil profile more rapidly than 13CH4 [De Visscher et al., 2004]. This effect likely plays a role in
our observations at depth, but δ13C-CH4 values measured from our incubation jars were similarly enriched
relative to surface soils (Figure 7). Incubation jars were well mixed, and headspace was sampled, minimizing
the effect of diffusive fractionation and ruling out diffusion as the sole driver of enrichment at depth within
mesocosm pore water.

Third, substrate pool size may influence potential methanogenic fractionation if C substrates are limited in
deep mineral horizons. Our results suggest that methanogenic substrates may be limiting in deep horizons,
as the C content in these soils was at least 5 times lower than in organic horizons (Table 1), and CH4 produc-
tion rates were orders of magnitude lower than organic horizons (Figure 6). The impact of substrate pool lim-
itation on potential fractionation is well described for photosynthetic uptake of CO2 [Farquhar and Ehleringer,
1989], but further incubation studies would be needed to determine if pool effects are driving high δ13C-CH4

observations in soil pore water.

Finally, distinct methanogenic communities may be stratified by depth within the soil profile. It is known that
the two main functional types of methanogens (acetate fermenting versus CO2 reducing) fractionate CH4 to
varying degrees [Chanton et al., 2004], and methanogenic communities vary across environmental gradients.
This community variation is often described through changes in the δ13C of pore water CH4 andmethanogenic
fractionation factors [Hodgkins et al., 2014; Holmes et al., 2014; McCalley et al., 2014]. We observed clear
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differences in δ13C-CH4 between surface and deep soils (Figure 7), which suggests that community composition
may vary between organic andmineral soil horizons. In the nearby Everglades, methanogen communities shift
across nutrient gradients [Holmes et al., 2014], suggesting that similar mechanismsmay be important at our site.
Further research is needed to determine methanogen community compositions between soil horizons and
disentangle these complex isotope effects.

Pasture CH4 emissions were largely driven by transient flooding of surface organic soils with high CH4 pro-
duction rates. This suggests that changes in pasture flooding could cause large changes in net CH4 emissions
if surface organic soils remain saturated over longer time scales. These results are globally significant because
pastures are a major land use in subtropical and tropical regions worldwide. Pastures cover 31.4%, 22.7%,
and 30.1% of total land area in Central America, tropical South America, and tropical Africa, respectively
[Ramankutty et al., 2008], so our findings are likely generalizable to areas within these regions that experience
wet season flooding. Regionally, pasture is the most common land use in the northern Everglades and covers
35% of total land area [Hiscock et al., 2003]. Our results are particularly relevant to the northern Everglades
region where water retention practices are implemented to hold floodwater on pastures to reduce nutrient
inputs into the downstream Everglades ecosystems [Bohlen and Villapando, 2011]. These practices are widely
implemented across south Florida [Bohlen et al., 2009], and the potential impacts to greenhouse gas emis-
sions have not been assessed. Further research is needed to assess potential emissions resulting from these
practices, as our research documents high-magnitude CH4 emissions from these systems during periods of
transient flooding.
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