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Abstract The importance of peatlands as sources of greenhouse gas emissions has been demonstrated in
many studies during the last two decades. While most studies have shown the heterogeneous distribution
of biogenic gas in peat soils at the field scale (sampling volumes in the order ofmeters), little information exists
for submeter scales, particularly relevant to properly capture the dynamics of hot spots for gas accumulation
and release when designing sampling routines with methods that use smaller (i.e., submeter) sampling
volumes like flux chambers. In this study, ground-penetrating radar is used at the laboratory scale to evaluate
biogenic gas dynamics at high spatial resolution (i.e., cm) in a peat monolith from the Everglades. The results
indicate sharp changes (both spatially and temporally) in the dynamics of gas accumulation and release,
representing hot spots for production and release of biogenic gases with surface areas ranging between 5 to
10 cm diameter and are associated with increases in porosity. Furthermore, changes in gas composition and
inferred methane (CH4) and carbon dioxide (CO2) fluxes also displayed a high spatiotemporal variability
associated with hot spots, resulting in CH4 and CO2 flux estimates showing differences up to 1 order of
magnitude during the same day for different parts of the sample. This work follows on recent studies in
the Everglades and questions the appropriateness of spatial and temporal scales of measurement when
defining gas dynamics by showing how flux values may change both spatially and temporarily even when
considering submeter spatial scales.

1. Introduction

Although peatlands only cover about 3% of the land and freshwater surface, they contain about one third of
the carbon stored in the terrestrial biosphere [Holden, 2005]. Peatlands act both as a source of greenhouse
gases, mainly by releasing methane (CH4) and carbon dioxide (CO2) to the atmosphere and as a carbon sink
by sequestering atmospheric CO2 [Whiting and Chanton, 2001]. However, the net effect (the difference
between carbon emission and sequestration) of peatlands under changing climate conditions is currently
uncertain [Page et al., 2011; Jauhiainen et al., 2012]. For that reason research in peatlands during the last two
decades has focused on better quantifying biogenic gas emissions and its potential influence in climate
change. Some of these studies have shown how biogenic gas accumulation and release in peat soils is strongly
influenced by physical properties, such as peat type or environmental factors, such as temperature, water table
depth, or atmospheric pressure [Dise et al., 1993; Shannon and White, 1994; Valentine et al., 1994; Panikov and
Dedysh, 2000; Kellner et al., 2005; Coulthard et al., 2009]. For that reason peat development conditions as related
to latitude (i.e., boreal versus subtropical) may influence biogenic gas dynamics, and therefore, the spatial dis-
tribution of biogenic gases within the peat matrix may vary considerably due to structural changes within the
peat matrix in relation to changes in plant composition, porosity, organic content, or permeability of layers.
Rosenberry et al. [2003] suggested that denser peat and regions with higher concentration of poorly decom-
posed plant remains (branches and roots) may favor bubble trapping and higher biogenic gas buildup. For that
reason, certain physical properties (such as fiber distribution within the peat’s matrix or degree of decomposi-
tion) may favor or prevent gas bubbles from escaping the peat and therefore influence its spatial distribution.
These physical controls on gas distribution and release are supported by recent studies such as Ramirez et al.
[2016], where variability in ebullition patterns in different peat soils is attributed to changes in peat structure.

During the last decade hydrogeophysical methods like ground-penetrating radar (GPR) have been used to
investigate biogenic gas accumulation and release from peat soils both at the laboratory and the field
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scales, proving GPR as an ideal method for noninvasively identifying areas of increased gas activity (i.e., hot
spots) in peat soils. For example, in a study of a boreal peatland in Maine, Comas et al. [2011] detected varia-
bility exceeding 10% in gas content per volume attributed to changes in the internal structure of the peat
matrix. Similar areas with increased gas content were described in an earlier work in the same peatland by
Comas et al. [2005] and were attributed to the presence of hot spots of about 2–5 m wide and 1–2 m thick.
Similar studies in boreal systems in Minnesota have shown 1–2m thick areas of gas content reaching 25–30%
in gas content that extended 10 to 100 m laterally as related to the presence of confining wood layers
[Parsekian et al., 2011]. Other studies have shown the contrast between boreal systems in different latitudes
(i.e., Maine versus Wales, UK), describing the presence of hot spots below wood layers in Maine (with differ-
ences exceeding 20% in gas content per volume), while nonexisting in Wales where gas distribution was
more homogenous (i.e., consistent peat humification throughout a 7 m thick peat column) and wood layers
were absent [Comas et al., 2013]. While these studies demonstrate the importance of changes in peat struc-
ture for defining hot spots of biogenic gas accumulation, it is important to note that (1) they are mostly field
based and therefore imply transects of several tens or hundreds of meters that represent large measuring
volumes ranging at scales between 100–1000 m3 and (2) they are conducted almost exclusively in northern
peatlands, while very few studies have been centered on tropical and subtropical peatlands [i.e., Comas and
Wright, 2014;Wright and Comas, 2016] despite the fact that peat composition is different (i.e., Sphagnum peat
in boreal system versus sawgrass or water lily peat in the Everglades). Given the heterogeneous nature of
peat soils and the fact that different methods use different sampling volumes, it is important then to consider
how smaller-scale variability may affect dynamics of biogenic gas accumulation within the peat matrix and
release into the atmosphere and what is the spatial extent of hot spots in peat soils at smaller (i.e., submeter)
scales and particularly for subtropical soils.

Since the presence or not of hot spots in a specific sampling volume will directly influence spatial variability in
terms of gas dynamics, the timing and sampling interval for a specific measurement will also determine this
variability. For example, recent studies in peat soils from the Everglades have shown increases in gas flux
rates up to threefold larger when comparing hourly to daily scales [Comas and Wright, 2012, 2014]. While
these studies question the appropriate temporal scale of measurement to properly capture dynamics of bio-
genic gas in peat soils, the extent of hot spots and its potential influence on spatial and temporal scales of
measurement is still poorly understood. Therefore, it is important to understand how gas distribution in peat
soils changes in relation to the presence (or absence) of areas of enhanced accumulation and/or release (i.e.,
hot spots) at smaller scales (i.e., submeter) that are more relevant for methods that use smaller sampling
volumes like flux chambers.

The main aim of this paper is to investigate the spatial variability in biogenic gas accumulation and release in
peat soils at high resolution (i.e., cm) and identify the presence (or not) of hot spots in a subtropical peat soil
monolith using a combination of GPR, biogenic gas traps, and surface deformation rods. Variability in bio-
genic gas composition (i.e., CH4 and CO2 concentrations) is concurrently monitored using gas chromatogra-
phy. The importance of scales of measurement (both spatial and temporal) for gas distribution (as different
areas within the monolith may evolve differently over time) is also investigated. This study has therefore
implications for better understanding carbon dynamics in subtropical peat soils (such as the Everglades)
and for better defining the heterogeneous nature of hot spots of enhanced biogenic gas (i.e., CH4 and
CO2) accumulation and release. This is particularly important when defining rates of gas release from subtro-
pical systems that can be used as inputs for climate models.

2. Experimental Design and Methodology

A large peat monolith 0.53 m × 0.43 m × 0.30 m) was extracted from the Loxahatchee Impoundment
Landscape Assessment (LILA) project which is an experimental wetland complex constructed at the Arthur
R. Marshall Loxahatchee National Wildlife Refuge in Boynton Beach, Florida. Construction of the complex
involved shifting of peat soils from one location to another within the impoundment; however, no offsite
materials were brought in to the site [Sklar et al., 2004]. Therefore, and given its geographical location, soils
at LILA correspond to Loxahatchee peat as defined by Craft and Richardson [2008] after Gleason and Stone
[1994]. These peat soils are characterized by high organic content (up to 92%), and higher degree of decom-
position (compared to other peat soils in the Everglades), and are originally formed from vegetation of

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003714

MUSTASAAR AND COMAS SPATIOTEMPORAL VARIABILITY IN GAS FLUX 2220



sloughs (i.e., water lily or Nymphaea odorata). The site where the monolith was extracted from, was adjacent
to a tree island, and was mostly dominated by Panicum hemitomon and Sagittaria lancifolia. Average peat
thickness was 0.8 m, and the water table was about 0.35 m above the peat surface. Peat soil was
moderately decomposed averaging H5–H6 in the von Post scale. The peat monolith was extracted by
cutting and pulling back the surrounding peat and base of the block and transported to the laboratory
where it was fitted into a plastic container. Deionized water with fluid conductivity matching field
conditions (~308 μS m�1) was added into the container until the sample was covered by approximately
15 cm of water in order to mimic field conditions. The water level was kept constant throughout the
experiment (49 days total) by adding water with conductivity matching field conditions to compensate for
water loss due to evaporation. In order to investigate the spatial distribution of gas flux and directly
measure gas releases at different locations within the sample, nine individual gas traps (active footprint of
0.016 m2) were installed and evenly distributed on the surface of the sample. Figure 1 shows both a three-
dimensional diagram (Figure 1a) and a plan view (Figure 1b) displaying the dimensions and spatial
distribution of gas traps (1–9), GPR transects (1–9), and location of peat surface deformation
measurements. Traps (with dimensions 0.16 m × 0.10 m × 0.08 m) were constructed from clear plastic and
were inverted, submerged into the water column, and floated above the peat’s surface. Direct contact
between the surface of the peat and the traps was avoided in order to prevent disturbance of the peat
matrix and causing potential degassing.

GPR is a geophysical method that uses a transmitter to generate a pulse of electromagnetic waves that tra-
vel through the subsurface and returns to a receiver after reflecting from certain interfaces. Such interfaces
represent contrasts in the dielectric permittivity (εr), the primary physical property that governs GPR, and are
strongly dependent on water content [Topp et al., 1980]. In our study, we targeted changes in travel time to
a reflector located at approximately 18 ns (two-way travel time) in a common offset profile interpreted as
the bottom of our sample holder (i.e., peat-sample holder interface, Figure 2). Since the peat monolith
was fully saturated, changes in travel time from the peat surface to reflector were only related to changes
in biogenic gas content within the peat matrix as explained later. In the common offset mode, the transmit-
ter and receiver are kept at a fixed distance and moved simultaneously across the transect. A total of nine
GPR common offset profiles (line numbers indicated as 1–9 arrows in Figure 1b) separated 5 cm was
collected by placing a shielded antenna at the cover of the sample holder. A Mala-RAMAC system equipped
with 1.2 GHz antenna was used for all GPR measurements. A total of 34 traces per profile was collected using
a trace spacing of 2 cm, a time window of 47 ns, and a stacking of 16 in order to improve signal-to-noise
ratio. Six traces from the beginning and seven traces from the end of each profile were not considered
due to container edge effects. Also, it is important to note, however, that each radar trace represents a sam-
pling volume that resembles an elliptical cone with a base defined by an ellipse with 4.9 cm and 2.4 cm

Figure 1. (a) Schematic showing the experimental setup. The dotted line marks water table, and the grey area represents
the peat soil. (b) Setup view of the experiment setup showing the location of the nine gas traps. Dashed lines (numbered
1–9 on the right-hand side) mark the location of the GPR profiles, whereas the arrowheads indicate the profiling direction.
The black dots denote the locations where surface deformation was measured.
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radius at the bottom of the sample (as
determined from the definition of
radar-footprint size) [i.e., Neal, 2004].
Figure 2 shows an example GPR
common offset profile where both indi-
vidual traces and the interpreted
peat-bottom interface can be observed.
For each GPR survey (generally every
2–3 days), travel times to this particular
reflector were picked at the peak of the
first sidelobe of the reflected wavelet
and an average velocity for the entire
peat column was estimated using the
thickness of the sample at each mea-
surement location corrected for peat
matrix deformation as later explained.
Differences in travel time to the peat-
bottom reflector reached values up to
1.26 ns between surveys.

Estimates of the average electromag-
netic wave velocity (v) for the peat
column at each measurement location

and time were expressed in terms of dielectric permittivity assuming a low-loss medium with low magnetic
permeability as follows:

v ¼ c0ffiffiffiffiffiffiffiffiffiεr bð Þ
p (1)

where c0 is the electromagnetic wave velocity in vacuum (3 × 10�8 m s�1) and εr(b) is the bulk relative dielec-
tric permittivity of the soil [Davis and Annan, 1989].

Calculated values of εr(b) for each particular velocity were converted to gas content by applying the complex
refractive index model (CRIM) [Huisman et al., 2003]:

ε α
r bð Þ ¼ θε α

r wð Þ þ 1� nð Þε α
r sð Þ þ n� θð Þε α

r að Þ (2)

where εr(w), εr(s), and εr(a) represent the relative dielectric permittivity values of water (temperature depen-
dent and averaging 79.3 at 22°C for the entire sample), peat matrix [=2; as per Comas et al. [2005]) and air
(=1), respectively; n is porosity (determined at the end of the experiment as explained below), θ is volumetric
soil water content, and α is the index of anisotropy accounting for the orientation of the electromagnetic field
and spatial distribution of peat fibers (typically 0.35 for peat soils as per Kellner et al. [2005]).

Errors in gas content measurements utilizing CRIM model arise from uncertainties of measured parameters
(porosity and peat matrix deformation), predetermined values (εr(w),εr(s)), and the empirical constant α. The
error in gas content changes estimated from the CRIM model and based on propagation of errors
[Bevington, 1969] reached values of ±1.4% when assuming errors of 0.5% for εr(w), 0.5% for the electromag-
netic wave velocity, 1.1% for porosity, and 2% for εr(s) as per reported errors in Comas and Wright [2014].
Similar errors were estimated when considering variability in α between 0.35 and 0.5 (i.e., typical ranges in
peat soils) [Roth et al., 1990; Weitz et al., 1997].

Surface deformation was monitored relative to a fixed datum (top of sample holder) by placing a graduated
rod at selected locations as explained below and prior to each GPR measurement. Surface deformation was
measured in a total of 31 locations distributed across the sample as follows: 13 points on line 3 and line 6, 2
points on line 1 and line 7, and 1 point on line 4 (Figure 1b). This distribution was based on area availability at
the surface of the sample not covered by the gas traps described in Figure 1. This approach follows that
described by Price [2003] and assumes that the change in thickness of the peat is caused by biogenic gas
accumulation and release within the sample’s matrix and that all change occurs only in the vertical direction

Figure 2. Typical common offset profile with interpreted peat-bottom
interface.
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(i.e., no lateral displacement is considered). Estimated maximum error in all surface deformation measure-
ments was 0.003 m.

Porosity was estimated as a weight difference between water saturated sample and oven dried sample for a
cylindrical volume (3.2 cm long and 4.95 cm in diameter) extracted at selected locations. Although acquisition
of at least one porosity measurement per gas trap location was initially intended, issues with soil collapse
during extraction resulted in sample extraction in only six traps (traps 2, 3, 4, 7, 8, and 9). Peat samples for
porosity measurements were extracted at about 7 cm from the surface. However, three samples at different
depths were extracted underneath trap 7 to investigate how porosity may vary vertically within the peat
monolith. Since the nature of these porosity measurements is destructive and therefore requires the extrac-
tion of a subsample of soil, porosity determination was performed only at the end of the experiment.
Following the approach described in Comas and Slater [2007], the initial porosities for each particular data
set over time (nt) used in our CRIM model were adjusted relative to the measured value of final porosity
(nf) taking into account surface deformation as follows:

nt ¼ nf
ht

hf

� �
(3)

where ht and hf denote the thickness of the peat on day t and at the final day, respectively. The final thickness
of the peat was determined at each particular trace location where GPRmeasurements were performed (total
of 176 GPR traces/thickness locations) by inserting a thin metal rod into the sample until resistance due to the
bottom of the sample holder was noted. By adding the relative changes in surface deformation over time (as
described above) to those final depths, thickness at each particular day (t) was estimated.

The gas accumulated in the traps was collected approximately every 2–3 days by submerging 2.4 mm ID
Tygon tubing below the trap that was connected to a 60 mL syringe. Total volume at each trap was recorded,
and extracted volumes were expressed in terms of fluxes by considering surface area (i.e., footprint of gas
trap) and time between sample collection (i.e., sampling interval). Once extracted, gas content analysis for
CH4 and CO2 was performed in triplicate using a SHIMADZU GC-8A gas chromatograph. Extracted volumes
of CH4 and CO2 over time were used for estimating gas fluxes by considering surface area of gas traps. It is
important to note that our gas content analysis was limited to carbon-based gases only, and therefore, other
species were not analyzed (i.e., such as N2 or O2 as described in other studies investigating the composition of
gas bubbles in the Everglades) [Chanton et al., 1988]. Atmospheric pressure and temperature was also mea-
sured in the laboratory using a HOBO Microstation data logger (with sampling interval of 5 min) with tem-
perature and barometric pressure smart sensors.

3. Results
3.1. Temporal Variability in Overall Gas Dynamics

Overall variability in GPR gas content and fluxes for the entire peat monolith can be explored by calculating
averages for both GPR-estimated gas content and entrapped gas volumes in the gas traps expressed as a gas
flux. As previously explained, a total of 88 measurement distributed equally over the sample was used to
calculate the average GPR gas content for the entire peat monolith (considering that a few centimeters along
the edges were not included in the estimate as explained above) from surface to the bottom and for each
day. Average GPR-estimated gas content within the peat matrix at the beginning of data collection was
8.5% and exhibited an overall decreasing trend for the remainder of the experiment, reaching 6.2% at the
end of the experiment (average radar gas content for each day in bottom graph of Figure 3). By defining
trends when more than two consecutive datapoints show a consistent increase or decrease in gas content,
the overall temporal behavior can be divided into four major periods of gas content decrease within the peat
matrix (periods I–IV shaded in grey in Figure 3) separated by periods of gas buildup (periods 1–4 shown in
white in Figure 3). The first gas content decreasing period from day 0 to day 7 (I in Figure 3) is characterized
by a gas content decrease from 8.48% to 7.28% (0.14% decrease per day), whereas the second major period
of decrease in gas content (II in Figure 3) takes place between day 11 and day 14 and shows a gas content
decrease from 7.45% to 6.85% (0.20% decrease per day). The noticeable gas content buildup event between
days 14 and 18 with average rate of gas accumulation of 0.31% per day separates the second and the third
period of gas content decrease (III in Figure 3). The third gas content period of decrease between days 18 and
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25 is characterized by a gas content decrease from 8.06% to 6.68% (0.2% decrease per day). During the fourth
noticeable gas content decreasing period between days 37 and 44 (IV in Figure 3) the gas content decreases
from 7.01% to 6.22% (0.11% decrease per day). Although it is important to consider that maximum-estimated
errors in gas content may exceed 1% and thus be larger than some of these rates, we are confident on the
validity of our measurements for two reasons: (1) the smoothness in trends for gas content variability,
showing periods of increase and decrease with consecutive datapoints generating smooth slopes as
opposed to random distributions; and (2) the fact that changes as later reported for individual traps are
much larger and well above reported errors and show similar trends.

Overall gas flux averaged for the entire peat monolith was calculated by averaging estimated fluxes from all
nine traps (flux in bottom graph of Figure 3). It is important to consider that while gas flux represents a cumu-
lative measurement between days (i.e., value is a response of gas release during 2–3 days), GPR gas content
represents a discrete measurement at each particular day (i.e., every 2–3 days) that should reflect those
changes in flux release (i.e., periods of increased flux should result in lower gas contents). For that reason it
seems reasonable to compare the two. Flux dynamics, similarly to GPR gas content, is characterized by a gen-
eral decreasing trend from day 0 to day 49. A direct comparison between gas content and gas flux through
regression analysis shows a weak but significant positive linear correlation with R2 = 0.35% and P value<0.05.
This correspondence is, however, counterintuitive when the two variables are plotted together over time
(Figure 3), showing an overall increasing trend in flux release coinciding with periods I–IV (periods of gas
content decrease) and an overall decreasing trend in flux release coinciding with periods 1–4 (periods of
gas content increase). Surface deformation measurements show an opposite correspondence (when com-
pared to flux) with periods I–IV characterized by an overall decrease in deformation and periods 1–3 showing
an overall increase in deformation. For example, highest deformation (reaching almost 8 mm) coincides with
high gas content and decreased flux values during period III, while low deformation coincides with the end of
periods marked by decreasing trends in gas content (i.e., III and IV). Linear regression analysis reveals a statis-
tically significant positive linear relationship between gas content and surface deformation (R2 of 0.92 and P
value <0.05).

Figure 3 also shows atmospheric pressure and temperature values during the experiment and their corre-
spondence with periods I–IV and 1–4. Although a direct correspondence between changes in atmospheric

Figure 3. CRIM-estimated averaged gas content and gas flux estimated from gas traps for the whole peat block. Surface
deformation of peat block averaged over all measurements, atmospheric pressure (AtmP), and air temperature (Temp)
as a function of time is also shown. Grey areas indicate periods of decreasing gas content.
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pressure and changes in gas content and/or flux cannot be derived from the data set, overall tendencies
show periods of high atmospheric pressure during periods I, II, III, and IV. While temperature remains fairly
constant throughout the experiment, some variability was recorded during periods 3 and 4. Linear regression
analysis also reveals (1) a statistically significant negative linear correlation between air temperature (aver-
aged during the period representing the flux measurement) and flux (P < 0.05) despite a low R2 (0.24), thus
indicating a weak correlation; (2) no statistical significant relationship between atmospheric pressure (aver-
aged during the period representing the flux measurement) and gas flux (P > 0.05 and R2 = 0.12) despite
the fact that certain low-pressure events resulted in increased fluxes (i.e., Day 9, Day 25, Day 35, and Day
44 in Figure 3); and (3) no statistical significant relationship between atmospheric pressure (at the time gas
content was measured) and gas content (P > 0.05 and R2 = 0.0006).

3.2. Spatial Variability in Gas Dynamics Within the Peat Monolith

To further understand how GPR gas content and gas flux release may vary spatially within the peat monolith
and investigate the presence and extent of hot spots for gas accumulation and release, we can consider the
peat surface as split into nine areas coincident with the location of the nine gas traps and average the value of
the traces coincident with the footprint of each particular gas trap (generally representing a total of 9 or 12
GPR traces, i.e., less traces in those areas influenced by edge effects). Figure 4 shows GPR gas content and gas
flux for each particular trap (1–9). As shown in Figure 4, the highest calculated gas content values for a single
region reached up to 13% (trap 3) at the beginning of the experiment whereas the smallest values were
around 4% (traps 7 and 8). Gas content and flux values vary from trap to trap (e.g., gas content under traps
4 and 7 wasmainly around 5% and 6%, whereas gas content under trap 3 stayed above 10% during the entire
length of experiment). Overall spatiotemporal variability in gas flux values for the nine traps differ by more
than 50 times and 2 orders of magnitude, i.e., the lowest flux for a 5 day period was 50 mL/m2/d in trap 4,
while the highest was 2625 mL/m2/d in trap 9 (Figure 4). Gas flux measurements estimated from gas traps
as shown in Figure 4 also reveal high temporal variability in gas releases (almost 1 order of magnitude).
The maximum value of gas flux under trap 9 was 2625 mL/m2/d, whereas under trap 4 the maximum calcu-
lated flux was 281 mL/m2/d (almost 1 order of magnitude difference). Furthermore, a similar difference close
to an order of magnitude also exists when comparing minimum values, i.e., 406 mL/m2/d for trap 9 and
50 mL/m2/d for trap 4. Linear regression analysis reveals a statistically significant positive linear correlation
between gas flux and gas content for three traps: traps 2, 3, and 8, all showing P < 0.05 and R2 = 0.6, 0.3,
and 0.3 respectively, whereas a statistically significant negative correlation was noticed for trap 5 (R2 0.37
and P < 0.05). Furthermore, it is important to consider that individual traps show different behaviors when
comparing one to the other. For example, trap 5 shows an overall increase in flux values after day 28, while
the rest of traps show either overall steady values or decreases.

To further investigate spatial variability in gas content and gas flux at finer spatial resolution, two-dimensional
(2-D) plots of changes in gas content (relative to day 0) were generated for selected time periods. Static
distribution of 2-D gas during the experiment reveals GPR gas content variability exceeding 4% over the
0.17 m2 extent of the peat block, much larger than the estimated maximum errors of 1.4% reported earlier.
Figure 5 depicts the 2-D distribution of gas content for day 0, followed by the change in gas content during
days 14, 25, and 46 relative to day 0. Negative numbers indicate decreases in gas content relative to day 0.
Color scale shows dark to light colors as indicative of smaller to larger decreases in gas content, respectively
(and thus associated with smaller to larger flux, respectively). Gas content change relative to day 0 remains
between 1.4 and 2.9% on selected days (as shown in Figures 5b–5d). Figure 5a depicts gas content distribu-
tion on day 0 with gas content variability of 4.5% and a trend of decreasing gas content from bottom right
to top left (gas content decrease from 11.8% to 7.3%). The variability of gas content change relative to day 0
for each particular day ranges between 0.8% (on day 14 Figure 5b), 1% (on day 25 Figure 5c), and 1.2% (on
day 46 Figure 5d). All selected days show a consistent preferential gas release location in the top right
corner (Figures 5b–5d) with an approximate surface area of 5 cm by 5 cm that coincide with the location
of trap 9 (which showed the highest flux values throughout the experiment as reflected in Figure 4).
Regions with smaller gas content change relative to day 0 do not exhibit a regular pattern and concentrate
along different locations during different days; however, representative dimensions are similar, for example,
in the bottom left and in the central part of the sample on day 14 (coinciding with traps 1 and 4; Figure 5b),
both with surface areas of about 5 cm by 5 cm, in the bottom part of the sample on day 25 (coinciding with
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traps 1, 2, and 3; Figure 5c) with representative surface areas of about 8 cm × 8 cm and in the top left part of
the sample on day 46 (coinciding with trap 4; Figure 5d) with a representative surface area of
about 10 cm × 5 cm.

3.3. Spatial and Temporal Variability in Gas Flux and Composition

Measured CH4 and CO2 flux values display high spatial and temporal variability as shown in Figures 6a and 6b.
The highest CH4 and CO2 fluxes (852.8 and 179.5 mg/m2/d, respectively) were recorded on day 14 of the
experiment at trap 3, resulting from the highest gas volumes released but also due to the high CH4 and
CO2 compositions (i.e., 71% CH4 and 5.4% CO2). Overall gas compositions throughout the entire experiment
ranged between 9–77% CH4 and 2.5–18% CO2, with some gas traps consistently showing high values (i.e.,
traps 3 and 6 show values between 43–74% CH4 and 3.4–18% CO2), while others were characterized by con-
sistently low values (i.e., traps 1 and 2 show values between 11–34% CH4 and 3.2–7.2% CO2). The variable
nature of gas flux and composition over time is illustrated by the fact that some of the lowest CH4 and
CO2 flux values were also recorded along trap 3 (as 33.3 and 12.2 mg/m2/d, respectively, with gas composi-
tions of 43% CH4). The smallest flux values recorded under trap 3 are more than 1 order of magnitude lower
than the highest values calculated from the same trap and show nearly half the composition recorded during
high volume releases. Spatial variability in gas flux is also remarkable as revealed by the differences in flux
values recorded on the same day from different parts of the sample. For example, on day 14 the difference
in both maximum and minimum CH4 and CO2 values both exceeded 1 order of magnitude (i.e., CH4 flux in
trap 3 was 852.8 mg/m2/d and 28.2 mg/m2/d in trap 4, whereas CO2 flux values from the same traps were
179.5 and 13.3 mg/m2/d).

Figure 4. CRIM-estimated gas contents and gas fluxes as a function of time for equally spaced portions of the peat block. For trap locations see Figure 1. Estimated
error in gas content is up to 1.4%.
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Figures 6a and 6b also reveal two marked periods of higher CH4 and CO2 flux values: one period between
days 14 and 23 and the second period between days 44 and 46. These periods are separated by a marked
low during day 37. It is important to note that the period of lower CH4 and CO2 flux around day 37 coincides
with (1) an overall increasing trend in GPR gas content; (2) two lower temperature events on days 27 and 35
when temperature fell from room temperature (averaging 22°C) to 19.5°C and 18.5°C, respectively, due to
malfunctioning of temperature controller; and (3) an overall period of decreasing atmospheric pressure
(Figure 3).

Figure 5. Gas content on day 0 and changes relative to (a) day 0, on (b) day 14, on (c) day 25, and on (d) day 46. Note the
differences in color scales. Estimated error in gas content is up to 1.4%.

Figure 6. (a) CH4 flux in traps as a function of time and (b) CO2 flux in traps as a function of time. Scale temperature is also shown as a secondary ax.
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3.4. Other Results: Surface
Deformation, Porosity, and
Atmospheric Pressure

Surface deformation data show consis-
tent results when compared to the
trends in gas content and fluxes. For
the sake of brevity and to exemplify
such trends, Figure 7 shows averaged
surface deformation for line 3 and line
6 (see Figure 1b for location of the
1transects) relative to the last day of
the experiment. Both lines display
decreasing trends from the beginning
of the experiment, consistent with the
decreasing trend in average radar gas
content displayed in Figure 3 through-
out the experiment. Spatiotemporal
variability in surface deformation along

the peat surface is well reflected from the difference in absolute values between the two lines, i.e., of surface
deformation for line 6 is about half the values for line 3 for the first 32 days of the experiment. Figure 7 also
reveals a strong correspondence between changing surface elevation and corresponding GPR gas content
change in the soil. The prominent decrease in surface elevation (on day 14 and 25) and subsequent rise in
surface elevation coincide with the contrasting gas content decreasing and increasing events along line 3
and line 6 during the same time.

Porosity measurements for all samples ranged between 89.3% and 93.9%. The highest porosity was recorded
under trap 3 (93.9%), while the lowest porosity value was measured under trap 8 (89.3%). Traps 2, 4, and 9
recorded porosities of 91.6%, 93.0%, and 92.2%, respectively. Below trap 7 porosity values from the three dif-
ferent depths averaged 92.1% and showed the highest value in middle part of the sample (93.7%) and the
top and bottom parts showing consistent values (91.0 and 91.4%, respectively). From these measurements,
and although a clear correlation cannot be described from the limited amount of samples, it is important
to note that (1) trap 3 showed the highest porosity while consistently recording both the highest flux an high-
est GPR gas content from all traps (Figure 4), (2) trap 8 showed the lowest porosity while recording one of the
lowest flux and GPR gas content (Figure 4), (3) trap 7 shows a low GPR gas content while recordingmedium to
high flux values when compared to the other traps, and (4) a final average porosity of 92.0% for the entire
peat monolith was used for (a) correcting for surface deformation according to equation (3) and (b) calculat-
ing gas content according to the CRIM model in equation (2).

4. Discussion

The most striking observation from our study relates to the scattered distribution of hot spots for gas accu-
mulation and release, ranging between 5 and 10 cm diameter in surface area at the laboratory scale explored
here. Rate of gas accumulation and release observed within these hot spots changes both spatially and tem-
porarily and is also characterized by variable gas composition. The presence of hot spots for gas production,
accumulation, and release in peat soils has been suggested by others in boreal systems [i.e.,Waddington et al.,
1996; Baird et al., 2004; Green and Baird, 2013] and attributed to changes in peat type. We attribute these
changes to small-scale (i.e., cm) variations in the physical properties of the peat matrix, which results in
changes in behavior on how gas accumulates and gets released within the peat matrix. For example, in
Figure 4, four different behaviors can be defined that relate gas dynamics to physical properties as follows:
(a) relative high values for both gas content and flux (i.e., trap 3) indicate an area with enhanced gas accumu-
lation (as supported by the highest porosity values, i.e., 93.9% in trap 3) that also result in large releases; (b)
relative low values for both gas content and flux (i.e., trap 8) is indicative of low gas storage (as confirmed by
the lowest porosity in trap 8, i.e., 89.3%) and release; (c) relative high values for gas content while fluxes are
relatively low (i.e., trap 2 or 6) which may be indicative of increased ability to retain/store gas without

Figure 7. Change in surface deformation of line 3 and line 6 relative to
last day and GPR-estimated gas content change along the same lines as
a function of time. Locations of the lines are shown in Figure 1b.
Maximum error for gas content is 1.4% and 0.3 cm for deformation.
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releasing it (unless gas has laterally migrated to adjacent traps); and (d) relative low values for gas content
with overall high fluxes (i.e., trap 7), which are indicative of fast release and little storage (i.e., gas is released
quickly after getting produced and without being stored).

While we acknowledge that our analysis of physical properties is solely based on changes in porosity, it is
important to note that (1) recent studies [i.e., Ramirez et al., 2015, 2016] have demonstrated the importance
of porosity for dictating gas dynamics in peat soils and how even a small difference in peat porosity (i.e., 2%)
can produce large differences in patterns of gas storage and release (i.e., presence or not of diurnal produc-
tion in the bubble flux); (b) changes in porosity across our peat monolith (up to 4.6%) match well the gas
content variability estimated from the GPR (i.e., typically close to 5% difference in gas content as shown in
Figure 5a); and (c) other physical changes within the matrix were noted at the end of the experiment, when
the peat block was cut to extract samples for porosity measurements, such as the presence of a large root of
Eleocharis under trap 8 that extended for 0.2 m across the sample. These structural changes withinmatrix may
not only affect porosity (i.e., the lowest porosity values were detected below trap 8 and resulted in low gas
content and flux) but also modify gas dynamics by channelizing underground gas flow to other areas in
the monolith [Ström et al., 2003; Ding et al., 2005].

Furthermore, and as previously proposed by other studies on gas dynamics in subtropical peat soils [i.e.,
Comas and Wright, 2012, 2014], this study also shows how gas content and emission rates change when con-
sidering different spatial (i.e., sampling volume) and temporal scales of measurement. For example, biogenic
gas content over time in our study varies from 6.4 to 8.5% when averaging for the entire peat monolith;
however, gas content variability at a smaller scale (i.e., when dividing the peat monolith into nine sections)
reveals a much larger variability in gas content (from 4 to 13%). This variability is related not only to overall
gas content distribution in space and time but also in terms of gas composition as explained later.
Changes in gas dynamics when considering different scales of measurement is also confirmed when exam-
ining gas flux values estimated from both gas traps and GPR. For example, gas flux values estimated from the
gas traps for the entire peat monolith (i.e., Figure 3) vary widely and range between 361 and 965 mL/m2/d.
Flux estimates, however, become much more variable when considering individual gas traps (and thus a
smaller scale of measurement when compared to averages for the entire peat monolith), ranging between
50 and 2625 mL/m2/d (i.e., Figure 4), and showing an almost threefold increase in maximum values when
considering smaller scales of measurement (individual traps compared to entire peat monolith). GPR flux
(calculated as the change of gas content over entire volume of the peat monolith between two consecutive
GPR gas content measurements, i.e., Figure 3) shows a single maximum value of 1957 mL/m2/d followed by
values below 1045 mL/m2/d that are comparable to the larger-scale estimates from the traps. Similar to the
gas traps, maximum gas fluxes estimated from the GPR measurements below individual traps (i.e., Figure 4)
show much higher values up to 2363 mL/m2/d.

Recent studies in the Everglades have shown similar flux results when comparing different temporal scales of
measurement, both at the laboratory and field scales. For example, Comas and Wright [2012] estimated daily
gas flux values from peat up to 287 mL/m2/d at both laboratory and field scales, while hourly fluxes reached
values up to 2468 mL/m2/d in the laboratory. These results are strikingly similar to some of the fluxes in the
present work although higher than previous studies in similar subtropical environments [i.e., Happell et al.,
1993; Whiting and Chanton, 2001]. In a similar study in the Everglades Comas and Wright [2014] estimated
hourly fluxes reaching values of more than 9000 mL/m2/d and showing a threefold increase when compared
to weekly estimates. Similar to the conclusions in these two studies [Comas and Wright, 2012, 2014], we also
consider that the results presented here question the appropriateness of previous flux studies both in terms
of spatial and temporal scales of measurement by showing how flux values may change depending on scale
of measurement and time interval even when considering resolution at the cm scales.

Another striking observation from this study is the large spatial and temporal variability detected in gas com-
position during the length of the experiment. For example, CH4 content in biogenic gas varied from 9% in
trap 1 to 77% in trap 6 during the experiment. Although not as variable, CO2 concentrations in gas varied
from 2% in trap 4 to 18% in trap 6 which shows rates similar to the results obtained by Chanton et al.
[1988]. These changes in concentration result in overall CH4 flux values varying from 7 to 852 mg/m2/d.
The highest methane contents in the bubble correspond to four main traps (traps 3, 6, 7, and 9) with averages
between 63 and 57% CH4, which also correspond to the four locations with overall higher GPR-estimated gas
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contents (Figure 4). This observation may indicate that these areas within the peat monolith not only are
more efficient at accumulating biogenic gas but may also be hot spots for methane production. Previous
studies have shown that plant-mediated CH4 release (different than ebullition) from peat soils varies from
25% [Morrissey et al., 1993] to more than 90% [Frenzel and Karofeld, 2000] and depends mainly on dominant
vegetation as well as climatic conditions. In our current work the inflow of water was absent and supply of
fresh organic matter was limited by the existing vegetation remains contained within the sample and the
root exudates produced by photosynthesis. While this limitation in inflow may be the reason for the overall
decrease in gas content and gas flux release throughout the experiment, it will not explain the spatial and
temporal variability in gas content, flux, and concentration. However, the spatial heterogeneity of CH4

emission may be affected by the availability of substrate for methanogens which in turn is stimulated by
the presence of roots [Minoda and Kimura, 1994; Juutinen, 2004]. Despite lacking a proper analysis of plant
remains within the monolith, organic matter quality, or the changes in microbial population in this study,
we attribute gas composition variability to a combination of factors including: (1) composition of plant spe-
cies, (2) rhizospheric oxidation of CH4 to CO2 [Ström et al., 2005], and (3) difference in the quality of organic
matter within the sample.

Linear regression analysis did not reveal a statistically significant relationship between atmospheric pressure
(average atmospheric pressure between consecutive gas collections from gas traps) and gas flux. However, as
previously described by Comas et al. [2007] for northern peatlands or Comas andWright [2014] for subtropical
peat in the Everglades and also revealed in Figure 3, several higher flux events can be corresponded with
falling atmospheric pressure (i.e., on day 9, 25, and 44). Tokida et al. [2005] described a strong linear relation-
ship between falling atmospheric pressure and CH4 emission via ebullition. Figure 6 also supports the results
obtained by Tokida et al. [2005] by showing higher CH4 emissions on days 14, 25, and 44 during falling atmo-
spheric pressure conditions. Figure 6 reveals also a prominent decrease in CH4 emission on day 37 which
occurs simultaneously with a lower atmospheric pressure period. Despite these observations, in order to
properly describe the relationship between changing atmospheric pressure and flux, gas emission events
should be measured using shorter time intervals i.e., using shorter intervals between gas extractions from
gas traps or utilizing time-lapse cameras to autonomously estimate flux values from peat soils at subhourly
time intervals as demonstrated by Comas and Wright [2012].

The laboratory-scale measurements presented here raise questions about the appropriate spatiotemporal
scale of measurement when investigating carbon dynamics and biogenic gas emissions from peat soils in
subtropical peatland systems such as the Everglades. Understanding the spatial and temporal distribution
of hot spots for the accumulation and release of biogenic gases is critical when considering the need for rea-
listic flux estimates from peat soils as input for global carbon budget calculations. While our study supports
this understanding for small submeter scales, it is critical to expand these measurements to the field scale to
better understand such variability for larger scales (i.e., meters to tens of meters). For example, in our current
work a spatiotemporal variability up to 2 orders of magnitude in CH4 flux values over a 0.17 m2 peat sample
was detected using gas traps with a footprint area of 0.016 m2. Similarly, Comas and Wright [2012, 2014]
found variabilities in biogenic gas fluxes several orders of magnitude larger when comparing daily measure-
ments with hourly measurements in soils from the Everglades at both the laboratory and field scales. Bartlett
et al. [1989] also described CH4 flux variability of more than 1 order of magnitude in Everglades as dependent
on ecosystem habitat. Although measurements in these studies were scattered within different peat soil
types and did not explore the variability at the small scale (i.e., submeter) investigated in our study, these
examples from both lab-scale and field-scale studies still question the appropriateness of current approaches
for inferring gas fluxes from peat soils. As methodologies (such as eddy covariance) that involve large
measurement footprints (often in the order of kilometers) have become more popular for carbon studies
in peat soils during the last decade, it is important to keep in perspective the heterogeneous nature of carbon
gas emissions from peat soils, particularly when considering the range in spatial and temporal variability of
fluxes at much smaller scales as exemplified in this study.

5. Conclusions

In the work presented here, gas content estimated by GPR in conjunction with gas flux measurements
from gas traps and surface deformation measurements reveals high spatial variability in gas content
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(from 4 to 12%) and considerable spatiotemporal gas flux variations (from 50 to 2625 ml/m2/d) within a
0.04 m3 peat sample from the Everglades in the laboratory due to the scattered presence of hot spots for
gas accumulation and release. These results stress the importance of sampling volume when investigating
gas dynamics in peat soils by showing differences in flux estimates up to threefold when considering
different scales of measurement. To achieve a better understanding of the gas accumulation and releasing
patterns in peat soils, there is clear need for continuous data sets that will allow us to better temporarily
constrain releasing events. The time-lapse camera approach by Comas and Wright [2012] shows promise;
however, the potential for acquiring continuous automated GPR data sets may yield better understanding
of the internal gas dynamics in peat soils and patterns of gas release at much shorter temporal scales
(i.e., minutes) and larger sampling volumes (i.e., meters to tens of meters) that may help us better under-
stand the presence and dynamics of hot spots at different scales and to better constrain emission rates from
subtropical peatland systems to be incorporated into climate models.
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