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Abstract

Methane (CH,) emissions from aquatic ecosystems require accurate monitoring in the context of

climate

change. Among the several methods for CH4 flux measurement, open dynamic chambers (ODC) are a reliable
option. This method consists of a floating chamber through which a carrier gas is constantly flowing, providing
accurate flux measurement with high temporal resolution. However, this method requires expensive and heavy
CH, analyzers with high sensitivity, as well as a carrier gas system that comprises a gas cylinder and a gas flow
controller, among other components. This system involves significant weight and cost challenges, limiting
method implementation in certain settings and hindering its wider adoption. To address these limitations, we
developed a simplified ODC configuration using atmospheric air as the carrier gas and a light and relatively less
expensive detector. We applied this method to a 450-ha urban lake with CH4 emissions ranging from moderate
diffusive to high ebullitive fluxes. Concurrent measurements using a high-sensitivity CH, analyzer allowed us to
compare the accuracy of the simplified ODC method and to assess its advantages and disadvantages. Results
show that our method provides accurate CH,4 flux measurements with a spatial resolution comparable to high-
sensitivity analyzers. This offers a more cost-effective, straightforward, and lightweight alternative to high-

sensitivity detectors and carrier gas systems, simplifying ODC deployment in aquatic ecosystems.

Methane (CHy) is a significant, long-lived greenhouse gas
emitted in substantial quantities by aquatic ecosystems. Moni-
toring its emissions is crucial for establishing accurate green-
house gas budgets in the context of climate change. It is
estimated that ~ 175.2 + 81.0 Tg of CH, are emitted every
year from lakes and reservoirs (Rosentreter et al. 2021).
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Additionally, other aquatic systems like wastewater infrastruc-
tures, treatment plants, stabilization ponds, constructed wet-
lands and others, are also important sources of atmospheric
CHy (Saunois et al. 2020). In these natural and man-made sys-
tems, CH, emissions are largely variable, both temporally and
spatially, within and among ecosystems, diel cycles, seasons,
or regions of the world, varying over several orders of magni-
tude (Bastviken et al. 2011). The correct assessment of CH,
emissions therefore requires significant field efforts as well as
high-throughput methods to provide accurate and
spatially representative data (D’Ambrosio and Harrison 2022).
Among the several reported methods for quantifying CH,
emissions from aquatic surfaces, floating chamber methods
are the predominant approach, used under numerous configu-
rations. Chambers consist of an enclosure with an open bot-
tom, floating on the water surface and capturing CHy
emissions (Czepiel et al. 1993). In the standard application of
the floating chamber, commonly referred to as closed dynamic
chamber (CDC; Livingston and Hutchinson 1995), the CH,
detector is connected to the chamber in a closed-circuit
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configuration. This CDC configuration, also known as the
non-steady-state method, is based on a CH4 concentration
build-up within the chamber, where flux can be determined
from the increase rate. Chamber headspace is ventilated
between measurements, either manually or through automatic
venting systems (e.g., Duc et al. 2013; Martinsen et al. 2018).
In a distinct configuration, named open dynamic chamber
(ODC, Gerardo-Nieto et al. 2019), a well-defined carrier gas
flows through the chamber, the CH,; concentration is mea-
sured continuously at the outlet of the chamber, and CH, flux
is determined from a mass balance equation. This method is
also referred to as a steady-state method, since the system
reaches equilibrium, it allows continuous measurements and
does not require ventilation between measurements.

Whatever the method used, analyzers with high sensitivity
(i.e., low limit of detection (LOD), standardly at sub-part-per-
million, ppm) and high data acquisition frequency (standardly
above 1 Hz) are often used because of their capability to quan-
tify accurately low CH,4 emissions as well as to detect and
interpret phenomena like ebullitive events (Villa et al. 2021)
or non-linear concentration build-ups, often observed (Levy
et al. 2011; Pihlatie et al. 2013; Silva et al. 2015). However, it
is noteworthy that high sensitivity CH,4 analyzers (as listed on
Supplementary Table S1) are often associated with elevated
costs, significant weight (ranging from 5 to 15 kg), and sub-
stantial energy consumption (in the range of 20-50 W). These
are obstacles that limit the spreading-out of high throughput
chamber methods. To overcome these limitations, the use of
low-cost semiconductor sensors has been suggested as a prom-
ising tool at an unrivaled low cost (Morawska et al. 2018;
Bastviken et al. 2020). Despite the potential benefits of these
semiconductor sensors for CH, flux measurements, their use is
still limited by some drawbacks, including cross-sensitivity to
non-target gases, the related need for calibration under the
specific conditions of each ecosystem, and the requirement for
self-made hardware/software assembling (Dey 2018; Bastviken
et al. 2020). However, it is undeniable that these low-cost sen-
sors hold the potential for significant improvement in CH,4
emissions studies in the future. In the meanwhile, the current
market includes several models of ready-to-use medium-
sensitivity detectors commercially available, which are signifi-
cantly more cost-effective compared to high-sensitivity
analyzers (Supplementary Table S1). These detectors could
offer a more economical, straightforward, and lightweight
alternative than high-sensitivity detectors while being widely
available. Therefore, while we wait for semiconductor sensors
to become more efficient and thoroughly applicable, medium-
sensitivity analyzers could be a viable option for CH, flux
measurements in aquatic ecosystems.

The spreading-out of high throughput ODC methods is
also limited because they require a carrier gas, which implies
heavy compressed gas cylinders and flow control systems
onboard an accompanying boat. To simplify this requirement,
the carrier gas could be replaced by fresh atmospheric air,
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flowing through the chamber, driven by a small pump. This
modification would mean a much simpler and lighter cham-
ber, promoting its deployment on aquatic ecosystems. More-
over, it is worth noting that most medium-sensitivity CH,
detectors are equipped with an internal air pump, but do not
have a point gas output, thus discarding their potential use in
a closed circuit, as required in standard CDCs applications,
but compatible with ODCs. Medium-sensitivity detectors
therefore might fulfill both functions: measuring the CH, con-
centration and driving the carrier air flow through the cham-
ber. This configuration would enable an easier assessment of
CH, emissions in aquatic ecosystems, offering advantages
such as cost-effectiveness and simplified deployment in
remote locations while maintaining the high temporal resolu-
tion. Furthermore, since ODC methods involve a gas flowing
through the chamber, their use limits the gas concentration
build-up, observed in standard CDCs, in which the gas head-
space is not renewed. Thus, the simplified ODC method
suggested here might be compatible with medium- or long-
term deployment without supervision.

Our aim in this study was to evaluate the feasibility of a
simplified ODC configuration using (1) a commercially avail-
able and medium-sensitivity detector and (2) atmospheric air
as a carrier gas. Specifically, we focused on assessing the accu-
racy of the proposed setup in quantifying CH, emissions from
an aquatic ecosystem, analyzing its benefits and limitations.
With these purposes, the simplified ODC setup was applied
in a 450-ha urban lake, where CH, was previously identified
to occur in a wide range from medium diffusive to
high ebullitive flux. To assess the simplified ODC perfor-
mance, the same measurements were done concomitantly
with a high-sensitivity CH, analyzer. This strategy allowed the
examination of methodological efficacy, as well as equipment
performance in the measurement of diffusive and ebullitive
CH,4 emissions under actual conditions, and comparing the
results obtained with a well-validated detector.

Materials and procedures

Simplified ODC method

The simplified ODC method presented here shares some
conceptual similarities with standard ODC methods and, for
instance, with previous developments for the measurement of
CH,4 macroseeps in lakes (Thalasso et al. 2020), or for the
measurement of ebullitive fluxes in aquatic ecosystems
(Gerardo-Nieto et al. 2019). However, the notable differences of
the present method are: (1) the use of atmospheric air as a car-
rier gas instead of compressed gases, (2) the measurement of
both diffusive and ebullitive emissions, in a wide range of mag-
nitude, (3) the stationary deployment of the chamber during
measurements, and (4) the use of a medium-sensitivity detec-
tor. Hence, the concept of the simplified ODC method is based
on atmospheric air flowing constantly through a chamber that
has an open bottom and that is floating on the water surface,
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Fig. 1. Operation of the ODC: an open, inverted container (in blue) is
positioned on the surface of a water body (in green). Methane emitted at
the water surface is collected by the chamber and homogenized using a
small fan. The air inside the chamber is extracted by the internal pump of
a medium-sensitivity analyzer (Ex-Tec, see next section for details) and is
replaced with fresh atmospheric air through the vent stack. A high-
sensitivity detector analyzer (UGGA, see next section for details) operates
in a closed loop, continuously sampling, analyzing, and discharging the
measured air back into the chamber.

capturing CH,4 emissions that can be diffusive and/or ebullitive.
The CH4 emitted by the water surface and captured by the
chamber is mixed with the carrier air, which is then measured
by the detector, at the outlet of the chamber (Fig. 1).

A detailed description of this chamber mass balance is pres-
ented in the supplementary material Data S1. Briefly, the CH,
mass balance between the chamber input and output gives:

_ (dCn  Cn-Qp
F_(dt+ ve )~

A \a to ) A W

Ve (de Cm) Ve
where F (gm 2?s™') is the flux captured by the chamber, Cy,
(gm~>) is the CH,4 concentration measured by the detector,
Qp is the air flowrate extracted by the analyzer, Ac (m?) and
Ve (m®) are the area and the volume of the chamber, respec-
tively, and @ (s) is the mean gas residence time within the
chamber (V/Qp).

Equation 1 shows that F can be continuously determined at
any time during chamber deployment, providing measure-
ments with enhanced time resolution. This approach has the
potential to enable the detection of ebullitive events, although
further demonstration is required. Moreover, it also mitigates
the possible impact of concentration build-up, which has been
observed with CDCs during medium- or long-term deploy-
ments (Xiao et al. 2016). These aspects will be further dis-
cussed in the Results and discussion section.

Experimental setup

For this work, a medium-sensitivity CH, detector was
selected (Ex-Tec, HS 680, Sewerin, Germany), which is a rela-
tively light (1 kg) and portable CH,4 analyzer equipped with an
internal pump at a measured flowrate of 2.04 + 0.05 L min .

Method to measure methane emissions

This detector includes two CH, sensors: an infrared sensor and
a gas-sensitive semiconductor, which together provide a mea-
surement range of 1 ppm-100% vol. This detector includes a
data-logger with a 1 Hz frequency. It is worth noting that the
Ex-Tec detector requires field zeroing with atmospheric air.
This was done regularly, in the field, by positioning the inlet
of the Ex-Tec at the inlet of the vent stack. This strategy
allowed for measurement of CH, concentration in excess to
atmospheric air, simplifying the mass balance equations, as
shown in the supplementary material Data S1. In complement
to the Ex-Tec analyzer, an ultraportable greenhouse gas ana-
lyzer (UGGA, Los Gatos Research Inc, USA) was also used, for
reference and comparison purposes. The Ex-Tec detector was
connected to the chamber in an open-circuit configuration,
thus measuring the CH4 concentration within the chamber
while ensuring the carrier air flow. On the contrary, the UGGA
was connected in a closed loop from/to the chamber, measur-
ing the same CH4 concentration as the Ex-Tec, but with no
effect on the gas flow passing through the chamber and there-
fore with no effect on the Ex-Tec measurements. Thus, both
detectors were measuring CH4 concentration under the same
pneumatic regime, and the UGGA measurements were used as
confirmative of those provided by the Ex-Tec.

The floating chamber previously described (Thalasso
et al. 2020), was self-made from aluminum foils, has a volume
of 7.5 x 10 *m® and an open area in contact with water of
73 x 107*m?. Inside the chamber, a small 2in. battery-
energized fan ensures gas mixing. Atmospheric air input is
done through a vent stack made of 0.04 mm internal diameter
polyurethane tubing, placed inside a 1.5 m aluminum tube.
The chamber was operated from a small boat and, between
measurements, the chamber was raised above water for 3 min,
for ventilation purposes. In total, 64 flux measurements were
done in Lago de Guadalupe, a Mexican polluted reservoir (see
the Assessment section), over 6 min each.

Data treatment and statistical treatment

The Ex-Tec detector used in this study provides rounded
values of Cy, (measured concentration) and rounding depends
on the magnitude of the measured value. Specifically, for con-
centrations in the range of 1-10 ppm, C,, is rounded to the
nearest whole number in ppm units. For concentrations in the
range of 10-100 ppm, C,, is rounded to the nearest two-unit
ppm interval. For concentrations in the range of 100-
1000 ppm, Cy, is rounded to the nearest 20-unit ppm interval.
For concentrations above 1000 ppm, C,, is registered with
200 ppm intervals. Because of this rounding, the C, data
exhibit step increases or decreases that do not accurately reflect
the actual behavior of C,,. To address this issue, a polynomial
smoothing technique was employed to mitigate the impact of
rounding on the C, data, using a Savitzky-Golay filter
(Krishnan and Seelamantula 2013). From the smoothed C,,
data obtained during chamber deployment, the instantaneous
flux obtained with the Ex-Tec (Fgyrec) Was determined
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according to Eq. 1. In parallel, data obtained with the UGGA
were treated according to Gerardo-Nieto et al. (2019). The dif-
ferent data treatment approaches for the Ex-Tec and the UGGA
are based on two reasons. First, unlike the Ex-Tec detector, the
UGGA detector incorporates a cavity—a container through
which the laser beam passes as it interacts with the sampled air.
This design feature introduces a notable response time, caused
by the mixing of the incoming sampled gas with the gas
already contained in the cavity. Consequently, UGGA data
treatment is slightly more extensive than Ex-Tec data treat-
ment, in order to accurately calculate the real-time concentra-
tion of the gas entering the analyzer, as described in detail in
Gerardo-Nieto et al. (2019). Secondly, unlike the Ex-Tec, the
UGGA does not automatically adjust atmospheric concentra-
tion to zero, but measures the actual CH, concentration. Both
the UGGA and the Ex-Tec provide results in volume fraction
(ppm). The conversion to mass concentrations (mg m~3) was
done using the ideal gas law, considering the atmospheric pres-
sure (0.77 atm) and temperature (20-23°C) during the measure-
ment campaign.

According to Eq. 1, a key factor for data interpretation is
the mean gas residence time within the chamber (9), which
depends on the flowrate extracted by the Ex-Tec (Qp) and the
volume of the chamber. The first option to determine 6 is to
measure the gas flowrate extracted by the Ex-Tec and calculat-
ing the volume of the chamber. Another option is to deploy
the chamber in a section of the lake where diffusive fluxes are
observed and to maintain the measurement until steady state
is observed. According to Eq. 1, an asymptotic shape is then
observable, that can be described by a logistic function of a
continuous stirred tank reactor (Eq. 2), which can be easily cal-
ibrated using Cf and 6 as adjustment parameters, minimizing
the root mean square error with the solver function of Excel.

Cr=Co+ (Cs—Co) x (1 - exp(—t/0)) 2)

where C; is the measured concentration at a given time ¢,
Co is the initial concentration, and C; is the final
concentration.

From the emissions data, we built contour maps by interpo-
lation using Surfer 20.1.195 (Golden Software, USA). Surfer
provides 10 interpolation methods, from which the best was
chosen by evaluating the mean absolute error (MAE) and the
mean bias error (MBE; Willmot and Matsuura 2006). From
the interpolated flux matrices, we examined the flux spatial
distribution, using a numerical homogeneity model (NHM;
Gonzalez-Valencia et al. 2019) on two datasets, each con-
taining all Lago de Guadalupe fluxes obtained by Ex-Tec and
UGGA. Briefly, the model establishes a homogeneity factor (h)
that gives a numerical value to the spatial distribution of CHy
fluxes over the entire lake, i.e., one h value for the entire eco-
system. For the determination of &, the interpolated emission
data of Lago de Guadalupe were used as a set of areas (A = A,
As, ... Aj ... A,), each associated with a flux (F=Fy, F,, ... F;
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F,). Next, we multiplied the flux data F; by the
corresponding A; to obtain a quantity of CH4 emitted per unit
of time (M =M,;, M,, ... M; ... M,)). The vector M was then
reordered so that M;>M,>...>2M,, keeping the
corresponding A; for each M;. We finally established a cumula-
tive normalized parameter M’; (Eq. 3) ranging from O to
1, which is coupled to a cumulative normalized A’ func-
tion (Eq. 4).

0<Aj=C1—<1 (4)

The spatial distribution of CH,4 fluxes in the ecosystem was
then obtained by plotting the pair (M’;, A’j), and homogeneity
was described by h (%; Eq. 5). The significance of this quantity
is that for a homogeneous distribution, # = 100%, while for a
nonhomogeneous distribution, 0 < h < 100%.

1
17J M'dA’
0<h

<h=——0-—"100<100% (5)

In addition, a second parameter, denoted as A% was intro-
duced to quantify the proportion of the entire ecosystem area
that contributes a specific percentage of the overall emission.
The superscript % corresponds to the designated percentage,
ranging from 0% to 100% of the total emission. For instance,
AB0 represents the percentage of the ecosystem area responsi-
ble for 80% of the total emission. Importantly, it should be
noted that if a particular section of the ecosystem does not
emit CH,, the corresponding A'% value will be < 100%.

Assessment

The method was tested in Lago de Guadalupe on November
274, 3" and 8™, 2022, during the day, from ~ 10:00 h until
16:00 h. Lago de Guadalupe is located within Mexico City
metropolitan area at 2240 m a.s.l. and 25 km northwest of the
center of Mexico City (lat. 19.6325, long. —99.2555), Lago de
Guadalupe is a eutrophic 450-ha urban reservoir previously
characterized (Septlveda-Jauregui et al. 2013; Aguirrezabala-
Campano, et al. 2021). The lake has a maximum depth of
19 m, and three polluted rivers carry urban rain/wastewater
discharges into the reservoir, at its western section (Sepulveda-
Jauregui et al. 2013).

The simplified ODC method was implemented at 64 strate-
gically chosen sites spanning across the diverse regions of
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Fig. 2. Correlation between CH4 concentrations (a) and fluxes (b) mea-
sured with the UGGA and Ex-Tec analyzers.

Lago de Guadalupe, including the littoral and limnetic zones,
as well as areas with prominent wastewater discharges and
more preserved areas. Hence, the sampling strategy covered
the widest possible range of CH, emissions, from medium dif-
fusive to high ebullitive fluxes. During flux measurement,
both the Ex-Tec and the UGGA detectors recorded similar CH4
concentrations (Fig. 2a). Overall, the coefficient of determina-
tion (r’) between both measurements was 0.971 and the slope
of the correlation was 1.045 (p<0.001), suggesting that
Ex-Tec overestimated by 4.5% the CH, concentration. The
main factor that might explain the differences between both
methods is the value rounding by the Ex-Tec detector, which
is observable in Fig. 2a with clusters of horizontally dispersed
data points. In this regard, to evaluate the impact of Ex-Tec
data smoothing using the Savitzky-Golay filter, we compared
UGGA CHj; concentrations with Ex-Tec smoothed data
(Supporting Information Fig. S2). The results showed a similar
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Fig. 3. Example of ODC chamber deployment; (a) CH4 concentration
measured with the Ex-Tec (blue lines) and the UGGA (orange continuous
line) and the best asymptotic model calibration based on Ex-Tec data; (b)
instantaneous flux determined with both detectors (same colors as
panel a).

correlation (slope 1.08; r* = 0.950; p < 0.001), indicating that
data smoothing had no significant impact on the mean con-
centration readings.

An example of CH4 concentrations observed during flux
measurement is depicted in Fig. 3a, and three additional exam-
ples are provided in Supporting Information Fig. S3 for refer-
ence, covering a wide range of CH, fluxes. As anticipated, in
accordance with the expected behavior of the ODC, the CH,
concentration exhibited an asymptotic increase toward steady-
state values, with noticeable irregularities, likely attributable to
emissions variability and ebullitive events. Nonetheless, the
overall trend of the asymptotic curves aligned well with the
anticipated behavior, with a 6 value of 180.3 + 4.5 s, experi-
mentally determined. This confirms the appropriateness of the
continuous stirred tank reactor model in describing the pneu-
matic behavior of the ODC chamber. Notably, Fig. 3a (as well as
Supporting Information Fig. S3) shows that the UGGA provided
continuous unrounded data, while the Ex-Tec data exhibited
clear step increases due to rounding and range switching, which
were successfully smoothed with the Savitzky-Golay filter.
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After applying Eq. 1, Fig. 3b (and Supporting Information
Fig. S3) shows the instantaneous flux determined with the Ex-
Tec (Fextee, EQ. 1), and the UGGA. Notably, Fygga indicates
clear ebullitive events, noticeable by peaks in the instanta-
neous flux curve. These peaks allow to segregate diffusive and
ebullitive flux data as previously described in Gerardo-Nieto
et al. (2019). Briefly, the data interpretation consists in segre-
gating peaks in the Fygga graph, to calculate the mean diffu-
sive flux from the remaining data. Then, the total flux is
determined from the average of all measurements, and
ebullitive flux is determined from the difference between total
and diffusive flux. In the case of Fgx.rec also presented in
Fig. 3b, the peaks appear significantly smoothed, due to the
automatic rounding by the Ex-Tec detector and the subse-
quently applied Savitzky-Golay filter. Hence, in many cases,
the data provided by the Ex-Tec prevented a clear identifica-
tion of ebullitive events, although the determination of the
total flux was not affected.

Flux measurements obtained using Ex-Tec and UGGA
detectors (see Table 1, Fig. 2b) displayed a strong positive cor-
relation (* = 0.889; p <0.001). However, it is worth noting
that there was a slight discrepancy in the slopes, with Ex-Tec
measurements generally showing a 19% overestimation when
compared to those obtained using the UGGA analyzer. Fur-
thermore, as it will be shown in the next subsection, from
interpolated data, the total emission estimated with Ex-Tec
data, was 8.4% higher than the total emission determined
with UGGA data. In the absence of a third validated and exact
method for comparison, we cannot conclusively determine
which equipment provides the most accurate results. Overall,
fluxes varied over almost three magnitude orders and ranged
from a few mg to several gm 2h!, significantly higher
than fluxes reported in the literature for lakes, reservoirs
and wetlands (p <0.05; Supporting Information Fig. S4).
The latter confirms the polluted/eutrophicated nature of Lago
de Guadalupe previously reported (Sepulveda-Jauregui et al.

Table 1. Statistical parameters of flux measurements and results
of the ANOVA comparing Ex-Tec and UGGA detectors: n, number
of independent chamber deployments; m, total instantaneous
fluxes measurements; CV, coefficient of variation.

Parameter Ex-Tec UGGA Note/units
n 64 64

m 19,200 19,200

Min 7.02 9.72 mgm 2h!
Max 2001 2593 mgm=2h!
Mean 287.67 235.73 mgm=2h!
Stdev 41013 497.96 mgm 2h!
cv 143 211 %

F (ANOVA) 0.408

F-crit (ANOVA) 3.916

Method to measure methane emissions
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Fig. 4. Interpolated maps of CH4 emissions in Lago de Guadalupe, as
determined from the Ex-Tec detector (a) and the UGGA detector (b).
Color intensity is related to flux values: Blue areas indicate lower CH4 flux,
orange areas indicate higher CH, flux. Red crosses indicate sampling sites.
In Panel (a), arrows indicate wastewater discharges, and the location of
the flux measurement examples (Fig. 3 and Supporting Information
Fig. $3) are indicated in Panel (b).

2013; Gonzalez-Valencia et al. 2014; Aguirrezabala-Campano
et al. 2021).

From flux measurements with both detectors, interpolated
contour maps were constructed (Fig. 4). The best interpolation
method, among the 10 interpolation methods available in the
Surfer Software, was Kriging, which minimized the MAE and
the MBE (the fourth-lowest MAE and the MBE closest to zero).
Supplementary Table S2 presents the results obtained using
the 10 interpolation methods available in Surfer Software for
Ex-Tec flux measurements, along with several statistical
parameters. In both maps, generated through Kriging interpo-
lation, we observed higher emissions in the western and
southern arms of the lake, coinciding with the areas where
most wastewater discharges occurred. Conversely, lower
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emissions were detected near the dam and in the central
section of the lake. Overall, two arguments suggest that
medium-sensitivity detectors offer a similar spatial resolution
in CH,4 emission studies than high-sensitivity detectors. First,
the total CH4 emission of the lake, determined from the inter-
polated matrices, was 45.0 and 41.5 kg h™! from the Ex-Tec
and the UGGA data, respectively. Second, when applying the
NHM (Supporting Information Fig. S5), h was 60.0% for the
Fix.tec map and 55.3% for the Fygga map. Similarly, in both
maps, CHy emissions were always detected, and consequently
A" was 100% in both cases, i.e., no dead area. Regarding the
area percentage responsible for 50% of the total emission, A%°
was 21% for the Ex-Tec map and 16% for the UGGA map.

Discussion

The simplified ODC method, with a medium-sensitivity
detector and the use of atmospheric air, allowed to quantify CH,
total emissions, although without distinction between diffusive
and ebullitive emissions, in a range of 7-2000 mgm >h~'. A
comparison between the simplified ODC method and standard
CDCs, as well as the previously tested ODC (Gerardo-Nieto
et al. 2019), reveals distinct advantages and drawbacks, as sum-
marized in Supplementary Table S3. Furthermore, we find rele-
vant discussing two specific key characteristics of the simplified
ODC method; the LOD and the impact of concentration build
up over flux measurement.

Given that the Ex-Tec has a LOD of 1 ppm (above atmo-
spheric concentration), the theoretical minimum flux (Fpin)
that can be potentially measured by the simplified ODC
method under steady state (Eq. 1) is 1.46 mg m > h~! at 20°C
and 1 atm. To determine in which fraction of aquatic ecosys-
tems the simplified ODC method is likely to perform well,
i.e., emissions above the LOD, we compiled flux data from
Bastviken et al. (2011), Ortiz-Llorente and Alvarez-Cobelas
(2012), and Deemer et al. (2016), encompassing datasets from
261 lakes, 72 reservoirs, and 318 wetlands (Supporting Infor-
mation Fig. S4). From this analysis, we anticipate that our
method would perform well in 51%, 39%, and 70% of the
lakes, reservoirs, and wetlands, respectively, or 59% of all
reported aquatic ecosystems. Thus, the method, under its cur-
rent configuration, is limited to ecosystems with relatively
large emissions, such as mesotrophic or eutrophic water bod-
ies, and man-made systems such as wastewater infrastructures.
However, the LOD of the method is not an absolute barrier,
and Eq. 1 shows that large V¢, low Qp, which together pro-
mote large 6, as well as a large Ac, would decrease the LOD of
the method and increase the fraction of the ecosystems where
the simplified ODC method could be successfully applied. To
this regard, it should be mentioned that the ODC method
presented here does not exclude a standard operation under
CDC configuration, which can be achieved by closing the
input of fresh atmospheric air and operating a detector with a
point gas output, in a closed loop (not allowed with the
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Ex-Tec tested here). Thus, a further advantageous develop-
ment of the ODC chamber would be to use a detector allowing
facultative ODC/CDC operation, to allow flux measurement
whatever the level of CH,4 emission.

Another aspect that is worth discussing is the impact of
concentration build-up that potentially reduces the gas partial
pressure gradient between the water surface and the atmo-
sphere, altering CH,4 flux measurement. This important aspect
has been well studied (Xiao et al. 2016; Mannich et al. 2019),
and it has been suggested that open chambers are advanta-
geous to this regard (Mu et al. 2022). Indeed, in standard
CDGCs, no steady state is reached, in such manner that the
CH,4 concentration within the chamber (Ccpc) depends on
flux and measurement duration (Eq. 6), while in ODCs, the
CH, concentration within the chamber (Copc) reaches a
steady-state (Eq. 7):

A

CCDC =F X—C x t (6)
Ve
A

CODC :F><7C><9 (7)
Ve

Thus, both CDC and ODC reach the same CH, concentra-
tion at a time t =60, and for any t> 6, Ccpc surpasses Copc.
Notably, 6 is relatively short (e.g., 3 min in the present work)
which is shorter than the standard deployment time of CDCs.
Thus, if applied in the same conditions, Ccpc will typically
exceed Copc, fostering the effects of CH, concentration build-
up. A corollary of the latter is that ODC could be easily oper-
ated for extended periods, unsupervised, since Copc would
never exceed the magnitude anticipated by Eq. 7. Moreover,
unsupervised long-term operation of the ODC method would
be simplified as it does not require mechanical devices to ven-
tilate chamber headspace, such as those suggested by Duc
et al. (2013) and Martinsen et al. (2018) for CDCs.

Comments and recommendations

While the simplified ODC method offers several benefits,
CDCs still have some advantages, particularly in situations
where low fluxes are observed. In such cases, CDC can be
operated for long periods of time, until detectable Ccpc levels
are reached. Therefore, a hybrid chamber design that allows
for both ODC and CDC operation could be advantageous,
especially when dealing with varying flux levels. In conclu-
sion, the simplified ODC method presented in this study
offers a cost-effective, lightweight, and easy-to-use alternative
for measuring CH,4 fluxes in aquatic ecosystems, especially in
remote areas. Our results show that the method is comparable
to others, with more expensive and high-sensitivity detectors,
in determining the spatial distribution of CH,; emissions.
Additionally, the simplified ODC allows for long-term deploy-
ments without supervision, improving temporal resolution.
However, it should be noted that the method cannot
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differentiate between diffusive and ebullitive emissions,
although it provides total emissions data. Also, the simplified
ODC method has a relatively high LOD, which may limit its
application in ecosystems with low CH4 emissions. Further-
more, we see the simplified ODC method as a technical basis
for the integration of low-cost detectors as technology
advances, allowing for more constrained and spatially resolved
CH, flux measurements in aquatic ecosystems.

Data Availability Statement
The datasets generated during the current study are avail-
able from the corresponding author on reasonable request.
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