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Abstract
The potent greenhouse gas methane (CH4) is readily emitted from tropical reservoirs, often via ebullition (bub-

bles). This highly stochastic emission pathway varies in space and time, however, hampering efforts to accurately
assess total CH4 emissions from water bodies. We systematically studied both the spatial and temporal scales of ebul-
lition variability in a river inflow bay of a tropical Brazilian reservoir. We conducted multiple highly resolved spatial
surveys of CH4 ebullition using a hydroacoustic approach supplemented with bubble traps over a 12-month and a
2-week timescale to evaluate which scale of variation was more important. To quantify the spatial and temporal
variability of CH4 ebullition, we used the quartile coefficients of dispersion at each point in space and time and
compared their frequency distributions across the various temporal and spatial scales. We found that CH4 ebulli-
tion varied more temporally than spatially and that the intra-annual variability was stronger than daily variability
within 2 weeks. We also found that CH4 ebullition was positively related to water temperature increase and pres-
sure decrease, but no consistent relationship with water column depth or sediment characteristics was found, fur-
ther highlighting that temporal drivers of emissions were stronger than spatial drivers. Annual estimates of CH4

ebullition from our study area may vary by 75–174% if ebullition is not resolved in time and space, but at a mini-
mum we recommend conducting spatially resolved measurements at least once during each major hydrologic
season in tropical regions (i.e., in dry and rainy season when water levels are falling and rising, respectively).

Inland waters have been recognized as relevant carbon sources
to the atmosphere (Cole et al. 2007; Tranvik et al. 2009; Del-
Sontro et al. 2018; Drake et al. 2018) and integrated into the
greenhouse gas budget of the Intergovernmental Panel on Cli-
mate Change (IPCC 2013) report. It has been suggested that the
impoundment of rivers may increase emission due to flooding of
terrestrial organic matter, and additionally through accumulation
of sediment containing degradable organic material (St. Louis
et al. 2000; Prairie et al. 2018). Tropical reservoirs, in particular,
have been indicated as strong sources of the powerful greenhouse
gas methane (CH4; Barros et al. 2011) because these warmer

regions of the earth are rich in biomass (St. Louis et al. 2000). As
greenhouse gas emission from reservoirs can be highly variable
across space and time (Abril et al. 2005; DelSontro et al. 2011;
Maeck et al. 2013; Maeck et al. 2014; Musenze et al. 2014;
Paranaíba et al. 2018), it is difficult to upscale from single mea-
surements at discrete sampling occasions or locations to a whole-
system flux estimate. Ebullition (bubbling), often, although not
always, the dominant CH4 emission pathway from reservoirs
(Deemer et al. 2016), has been described as stochastic with high
variability in space and time (DelSontro et al. 2011, 2015) and is
especially difficult to representatively measure for system-wide
estimates. Consequently, ebullition has often been excluded from
CH4 emission studies (Deemer et al. 2016) not only leading to
underestimation of CH4 emissions from reservoirs, but also to a
substantial lack of knowledge regarding the spatiotemporal vari-
ability of CH4 ebullition in reservoirs.

Previous studies have shown that lake or reservoir CH4

ebullition can peak at certain points in space (“hot spots”) or
time (“hot moments”). Hot spots were predominantly found
in shallow areas (Ostrovsky 2003; Grinham et al. 2011; Zheng
et al. 2011; Deshmukh et al. 2014; Natchimuthu et al. 2016;
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de Mello et al. 2018), in areas close to tributary river inflows
(DelSontro et al. 2011; Zhao et al. 2013; Musenze et al. 2014;
Beaulieu et al. 2016; Descloux et al. 2017; Harrison et al. 2017;
Tušer et al. 2017; de Mello et al. 2018; Hilgert et al. 2019), and
in areas with high sediment accumulation (Sobek et al. 2012;
Maeck et al. 2013; Hilgert et al. 2019), high organic carbon
content (Grinham et al. 2018; Hilgert et al. 2019), or high
organic matter reactivity (Sobek et al. 2012). Hot moments of
ebullition tend to correlate positively with air temperature
(Delsontro et al. 2010; Maeck et al. 2013; Wik et al. 2013;
Peixoto et al. 2015; Wilkinson et al. 2015; Natchimuthu et al.
2016), bottom water temperature (Deshmukh et al. 2014), sed-
iment temperature (Tušer et al. 2017), low hydrostatic pressure
(Ostrovsky 2003; Varadharajan and Hemond 2012; Wik et al.
2013; Deshmukh et al. 2014; Harrison et al. 2017; Grinham
et al. 2018), and low air pressure (Mattson and Likens 1990;
Deshmukh et al. 2014; Grinham et al. 2018; Marcon et al.
2019). Interestingly, some authors have mentioned a shift in
spatial variability of CH4 ebullition over time. For example,
high-flux zones can shift seasonally from shallower to deeper
regions in subarctic lakes (Wik et al. 2013) or temperate reser-
voirs (Tušer et al. 2017), presumably as a result of seasonal
changes in sediment temperature (Tušer et al. 2017). Similarly,
it has also been suggested that CH4 emission from shallower
lakes responds stronger to temperature than that from deeper
lakes (Natchimuthu et al. 2016).

While there are a number of studies that measured CH4 ebul-
lition in reservoirs at low latitudes, both in the tropics (Keller
and Stallard 1994; Abril et al. 2005; Ramos et al. 2006; DelSontro
et al. 2011; de Mello et al. 2018) and subtropics (Grinham et al.
2011; Deshmukh et al. 2014; Beaulieu et al. 2016; Guérin et al.
2016; Grinham et al. 2018; Yang et al. 2018; Hilgert et al. 2019;
Marcon et al. 2019), only a few of them (Keller and Stallard
1994; Deshmukh et al. 2014; Yang et al. 2018; Marcon et al.
2019) have studied temporal trends of ebullition in enough
detail to identify seasonal trends. None of these studies have sys-
tematically compared the magnitude of the variability of CH4

ebullition over scales of both space and time. Furthermore, very
few studies have measured ebullitive emission from reservoirs at
a high spatial resolution using an echosounder (Delsontro et al.
2010; DelSontro et al. 2011; Maeck et al. 2013; Maeck and Lorke
2014; Tušer et al. 2017), and only one of those studies was on a
tropical reservoir (DelSontro et al. 2011). Hence, our understand-
ing of CH4 ebullition in low-latitude reservoirs is limited by a
lack of quantitative information on its spatiotemporal variabil-
ity, despite indications that CH4 emissions from reservoirs of
these regions are some of the highest worldwide (St. Louis et al.
2000; Barros et al. 2011; Deemer et al. 2016).

Here, we present results from a large bay with a river inflow
in the oligotrophic water supply reservoir Chapéu d’Uvas
(CDU) in the Atlantic Forest biome of Southeastern Brazil, sit-
uated at the threshold of the tropical and subtropical climate
zone. We performed measurements of CH4 ebullition at high
spatial resolution using a hydroacoustic echosounder and

bubble traps at (1) an intra-annual scale, with one survey per
month over 1 year and (2) an intra-monthly scale with one sur-
vey every 2–3 d over 3 weeks (2 weeks with hydroacoustics). We
also include results from (3) a diel study with continuous mea-
surements at 3-h time intervals over 24 h (A. Linkhorst et al.,
unpubl.). For further understanding of variability, we studied the
drivers of CH4 ebullition at each timescale. Thus, we quantify
the magnitude and variability of CH4 ebullition over different
timescales (from diel to seasonal) at a high spatial resolution
along with its main drivers in a low-latitude reservoir. The over-
all aim was to determine the best way to representatively mea-
sure CH4 ebullition with minimum sampling effort.

Methods
Sampling site and general setup

The studied bay of CDU reservoir in Brazil (see Table S1 for
its characteristics) is roughly 2 km long, with an area of
0.326 km2 and a maximum depth of 15 m, and it is character-
ized by a river inflow in its northern end with a catchment area
of 20 km2 covered by grass land and forest patches. We mea-
sured CH4 ebullition with high spatial resolution using bubble
traps and a hydroacoustic echosounder at three temporal scales:
once a month between August 2015 and August 2016 (intra-
annual scale), every 2–3 d over a period of 22 d in November to
December 2016 (intra-monthly scale), and continuously over
24 h with the data binned in 3-h intervals on 09–10 May 2016
(diel study; A. Linkhorst et al., unpubl.). We also measured CH4

concentrations in sediment pore water before and after the
intra-monthly study on 18 November 2016 and 16 December
2016, and further analyzed sediment and preflooding soil prop-
erties from cores taken on 29 March 2018.

CH4 ebullition
We measured CH4 ebullition using bubble traps combined

with a spatial hydroacoustic echosounder survey at each sam-
pling occasion. For the intra-annual scale, we covered the whole
bay, and for the intra-monthly scale, we covered only the north-
ern part of the bay closest to the river inflow, which was
expected to be a hot spot of CH4 ebullition (DelSontro et al.
2011; Maeck et al. 2013). The sampling scheme is illustrated in
Fig. S1. For the intra-annual scale, we sampled on 18 August
2016, 19 September 2016, 24 October 2016, 09 March 2017,
31 March 2017, 21 April 2017, 25 May 2017, 03 July 2017, and
03 August 2017. For the intra-monthly scale, we sampled on
25 November 2016, 28 November 2016, 30 November 2016,
02 December 2016, 05 December 2016, 07 December 2016,
09 December 2016, 12 December 2016, 14 December 2016, and
16 December 2016. November is often the beginning of the
rainy season, which was expected to result in changes of system
properties and potentially ebullition fluxes.

For hydroacoustic measurements, we used a Simrad EY60 por-
table scientific echosounder (Kongsberg Maritime AC, Norway)
with a 120-kHz split-beam transducer (downward facing,
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7� beam angle, ping rate: 5 s−1) mounted downward facing to
our boat while traversing across and along the bay (Fig. S1b,c).
Hydroacoustic data were analyzed with Sonar5 Pro (Lindem
Acquisition, Norway), which enables distinction between bub-
bles and fish/plankton based on their travel path, velocity and
signal intensity (Ostrovsky et al. 2008; DelSontro et al. 2011).
Each hydroacoustic file was divided into segments of 300 � 5
pings, which equates to distances of ~24 m for the intra-annual
scale and ~10 m for the intra-monthly scale. Bubble density was
determined per water volume covered by the echosounder beam
and converted into bubble gas flux following DelSontro et al.
(2011, 2015) and accounting for bubble dissolution during rise
using the model described in McGinnis et al. (2006), assuming
an average CH4 content of 70% in the bubbles (discussed in Text
S1). We used only the 3 m closest to the sediment for further
data analysis and excluded any hydroacoustic measurement in
the near-field zone of the transducer (~1.5 m). During the intra-
monthly study, echosounder measurements were conducted
only over 15 d of the 22-day study period (02–16 December
2016) due to an instrument failure.

For the ebullition measurements with the bubble traps,
we used custom-built conical plastic frames (50 cm in diame-
ter, 43 cm tall) covered with impermeable tarp and equipped
with 220-mL glass bottles screwed into threads at the narrow
ends of the funnels. For the intra-annual scale, we distrib-
uted four to seven bubble traps along the northern part of
the bay. For the intra-monthly scale, we distributed 14 bub-
ble traps along a longitudinal transect in the northern part
of the bay, alternatingly close to the shore and in the middle
(Fig. S1b,c). Each bubble trap was attached to a buoy in
1.5-m distance, which was anchored, so that it could move
around the buoy in a radius of 1.5 m. The bubble traps were
completely submerged in water, and the bottles were filled
with water and screwed on top of the traps at the beginning
of each trap deployment. Gas in the glass bottles was sam-
pled after 3–5 h with a syringe, and CH4 concentrations were
determined by injection into an ultraportable greenhouse
gas analyzer (UGGA, Los Gatos Research) within the same
day (see Paranaíba et al. 2018, for details on manual gas
injection of discrete samples into the UGGA). We injected
3–7 mL as we found that at our concentrations, we need at
least 3 mL of gas for robust CH4 concentration measure-
ments. The volume of the captured gas was determined by
measuring the water volume in the glass bottle after deploy-
ment and subtracting this volume from its maximum capac-
ity of 220 � 2 mL.

Hydroacoustic measurements can cover space but are lim-
ited in temporal coverage. Bubble traps are fixed in space and
cover a very small area, but integrate over the duration of
deployment. In shallow water depths (0–3 m), hydroacoustics
cannot be used at all, whereas bubble traps as ours (50 cm
height) can be deployed at depths of less than 1 m. Therefore,
the results gained from these two methods cannot be directly
compared to each other.

The data sets for the intra-annual scale and the intra-
monthly scale are presented as independent data sets, as the
methodological approach slightly differed; whereas we cov-
ered the whole bay with hydroacoustic surveys for the intra-
annual scale, we covered only the northern part of the bay for
the intra-monthly scale. Although at both intra-annual and
intra-monthly study we had bubble traps distributed only in
the northern part of the bay, they were differently distributed,
and twice as abundant for the intra-monthly than for the
intra-annual study.

Sediment properties and CH4 pore-water concentrations
Sediment cores for determination of sediment characteristics

were taken using a UWITEC gravity corer equipped with a ham-
mer device on 29 March 2018, directly at the spots where bub-
ble traps had been deployed during the intra-monthly
sampling (Fig. S1c). Each core was separated into post-flooding
sediment and pre-flooding soil by visual distinction in color
and texture, and each of the layers was homogenized sepa-
rately. We analyzed each homogenized layer of each core for
grain size distribution, total organic carbon (TOC) content and
total nitrogen (TN) content (methods are described in Text S2),
and calculated the molar carbon to nitrogen (C/N) ratio. Sedi-
ment cores for CH4 pore-water content were taken at spots as
illustrated in Fig. S1c once before and once after the intra-
monthly sampling, on 18 November 2016 and 16 December
2016. CH4 concentrations were analyzed for each 2-cm layer
down each of the cores, as further described in Text S3.

Environmental variables
A 24-h average of air temperature and barometric pressure was

taken from the nearest weather station in Juiz de Fora (INMET,
Brazilian National Institute of Meteorology) for each sampling
day. During each survey, we measured water temperature (YSI
6600 V2 for intra-annual scale; HOBO Water Temperature Pro v2
for intra-monthly scale) every 1 m depth in the water column at
one location with a mean depth of ~12 m (10–17 m) for the
intra-annual scale and ~8 m (7.7–8.7 m) for the intra-monthly
scale (see Fig. S1b,c for the profile locations). Temperature depth
profiles were assumed to apply to the entire bay area. The range
in maximum depth at the locations for the water temperature
profiles varied mostly with variations in water level, but also
because of minor variations in location of the profile. Total pres-
sure change at the sediment–water interface per sampling day
was calculated from the difference in water level (measured daily
and provided by the dam operator CESAMA) between the previ-
ous day and the actual sampling day, where we assumed a pres-
sure of 100 mbar per 1 m water column height, plus the
difference in atmospheric pressure (as averaged over 24 h)
between the previous day and the actual sampling day.

Bathymetry was extracted from the data points of all
hydroacoustic surveys, which yielded a total number of 3869
depth measurements, where each depth measure represents an
area of about 7–17 m2 (segments of 10 and 24 m for intra-annual
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and intra-monthly study, respectively, multiplied by a mean
beam width of 0.7 m at a mean depth of 6 m). The total coverage
for the bathymetry and hydroacoustic flux measurements is
shown in Fig. S2.

Calculations and statistics
The CH4 ebullition from each hydroacoustic survey was

interpolated with Inverse Distance Weighting (ArcGIS version
10.6.1) across the whole bay for the intra-annual scale, and
across the northern part of the bay for the intra-monthly
scale. It was then gridded to cells of 0.0006� × 0.0006� (deci-
mal degrees, dd; see Text S4 for optimal cell size determina-
tion), which is equivalent to 66.43 × 66.17 m at 21� latitude.
For each sampling day, we extracted the mean CH4 ebullition
of each grid cell, which is the mean of all values produced by
the interpolation within each grid cell.

For each grid cell, we then averaged the means from all sam-
pling days, which we hereafter refer to as the “temporally
resolved mean” for each grid cell. For our “spatiotemporally
resolved” total CH4 ebullition estimate for the whole bay, we
then averaged all temporally resolved means from the intra-
annual scale, and multiplied them by the total area of grid cells.
In addition to these calculations, we interpolated the temporally
resolved means of all grid cells, separately for the intra-annual
and the intra-monthly scale, to create maps of temporally
resolved CH4 flux for each temporal scale study. For each grid
cell, we also calculated the coefficient of variance (CV) between
the means of the different sampling occasions as an expression
of temporal variability, which was then interpolated for map-
ping purposes for the two temporal scale studies.

For comparing the variability of ebullition at different tem-
poral and spatial scales, we used the frequency distribution of
the quartile coefficient of dispersion (QCD), which is a mea-
sure of variability suitable for comparisons of data sets with
non-normally distributed residuals (Bonett 2006),

QCD=
Q3−Q1
Q3+Q1

, ð1Þ

where Q1 and Q3 are the first and third quartile of a data set,
respectively. The QCD can have values between 0 and 1, where
a high value indicates high variability. The methods behind
these frequency distribution plots for spatiotemporal compari-
sons are explained in further detail in Text S5 and Fig. S3.

Calculations were done in R version 3.5.2 and Matlab ver-
sion R2018a, spatial analyses in ArcGIS version 10.6.1 and all
other graphics in R.

Results
Spatial variability of CH4 ebullition

We found that high CH4 ebullition (up to 1572 mg C m−2 d−1

annual mean in one grid cell) can occur at multiple depths and
locations along the bay, from the shallow northern part of the bay

close to the river inflow (0–5 m) to the deeper part further south
(10–15 m; Fig. 1a). In the intra-annual data, which cover the entire
bay, we observed areas of high annual mean CH4 ebullition closest
to the river inflow, but also in the middle and in the southern end
of the bay (Fig. 1b). The intra-monthly data,which cover thenorth-
ern part of the bay only, also reveal highest mean CH4 ebullition
closest to the river inflow as well as patches of high ebullition fur-
ther downstream (Fig. 1d). The mean spatiotemporally resolved
CH4 ebullition at the intra-monthly scale (Fig. 1d, 270 mg C m−2

d−1) was similar to themean temporally and spatially resolved CH4

ebullition at the intra-annual scale (Fig. 1b, 281 mgCm−2 d−1), but
the spatial variability of mean CH4 ebullition between grid cells
was much larger at the intra-annual scale (Fig. 1b, range:
38–1572 mg C m−2 d−1) compared to at the intra-monthly scale
(Fig. 1d, range: 64–704 mgCm−2 d−1).

There was no apparent relationship between water depth
and CH4 ebullition. Binning all hydroacoustic CH4 ebullition
flux data (intra-annual + intra-monthly scale) into categories of
1.5–3, 3–5, 5–10, and 10–15 m (Fig. 2a) and all bubble trap data
into categories of 0.9–3, 3–5, and 5–8 m (Fig. 2b) revealed a simi-
lar magnitude and variability of CH4 ebullition flux for all depth
categories. Mean fluxes in the shallowest depth categories from
the hydroacoustic and bubble trap data sets were similar (1.5–
3 m : 256 mg C m−2 d−1 vs. 0.9–3 m : 230 mg Cm−2 d−1). Inter-
estingly though, highest fluxes observed in the bubble trap data
were in this shallow zone, whereas CH4 ebullition was highest
in the deepest bins of the hydroacoustic data set (10–15 m,
569 mg C m−2 d−1). Ultimately, CH4 ebullition estimated via
the hydroacoustic approach varied over four to five orders of
magnitude within each depth category, presumably due to the
much higher spatial resolution achieved at all depths with the
echosounder surveys (Fig. 2a) compared to that achieved with
bubble trap deployments (Fig. 2b).

Temporal variability of CH4 ebullition
The variability of CH4 ebullition over time was calculated for

each grid cell as the CV, which was highest in the northern part
of the bay (Fig. 1c) in close proximity to the river inflow (Fig. 1e),
indicating more temporal variability in the northern part com-
pared to the southern part of the bay. At an intra-annual time-
scale, both bubble trap data and hydroacoustic data showed that
CH4 ebullitionwas highest on 9March during falling water level,
and lowest on 03 July during rising water level (Figs. 3a, S4, S5a;
Table S4). However, the range in mean fluxes across the year
(i.e., mean flux from all grid cells for each sampling day) using
the hydroacoustic approach was 581–1271 mg Cm−2 d−1, which
is roughly twice as high as those from the bubble traps
(44–527 mgCm−2 d−1), likely illustrating the difference in spatial
coverage resolution between the two approaches (discussed
below). At an intra-monthly timescale, bubble trap data showed
highest mean flux occurring on 07December and the lowest flux
2 days later on 09 December (Fig. 3b, Table S4), which was the
date that the hydroacoustic data recorded its highest flux of the
intra-monthly survey (lowest was 16 December; Fig. S5b). Again,
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hydroacoustic data were the most variable during the month
withmean fluxes of 5–470 mg Cm−2 d−1 compared to 5–293 mg
Cm−2 d−1 for the bubble trap data (Table S4). Ultimately, a higher
degree ofCH4 ebullitionvariabilitywas found over the entire year
(hydroacoustics: 581–1271 mg C m−2 d−1, bubble traps:
44–527 mg C m−2 d−1; Table S3) than over a single month that
was characterized by intermediate fluxes (hydroacoustics:
5–470 mg C m−2 d−1, bubble traps: 5–293 mg C m−2 d−1;
Table S4).

Comparison of spatial and temporal variability of CH4

ebullition
As the greatest spatial and temporal coverage was acquired

by the hydroacoustic surveys, we primarily use this data set to

investigate both the spatial and temporal variability of CH4

ebullition. At the intra-annual timescale, the spatial variability
of CH4 ebullition was comparable to the temporal variability
on about half of the sampling occasions, visible via the over-
lap in QCD distributions in Fig. 4a. On the other half of the
sampling occasions, however, CH4 ebullition was less variable
in space than in time as indicated by the smaller QCD values
for the intra-annual spatial data set. CH4 ebullition varied
strongly in both space and time in the intra-monthly data,
but the temporal variability was greater than the spatial vari-
ability (i.e., higher QCD range for intra-monthly temporal var-
iability in Fig. 4a).

Comparing the QCD distributions of both temporal scales
(Fig. 4a), we find that CH4 ebullition varied more at the intra-

Fig. 1 Maps of the studied bay in CDU reservoir: (a) map of bathymetry as extracted from all segments of the hydroacoustic analysis and categorized
into depth categories as further used in this study. The arrow marks the river inflow, and the bracket marks the area studied at the intra-monthly scale;
(b) map of the mean ebullitive CH4 emission at the intra-annual timescale, based on eight hydroacoustic surveys over 1 year, interpolated over the whole
bay; (c) map of the CV at the intra-annual timescale; (d) map of the mean ebullitive CH4 emission at the intra-monthly timescale, based on six
hydroacoustic surveys over 2 weeks, interpolated over the northern part of the bay, (e) map of the CV at the intra-monthly timescale.
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annual timescale than at the intra-monthly timescale. Simi-
larly, the spatial variability of CH4 ebullition was more pro-
nounced throughout the intra-annual study than during the
intra-monthly study (i.e., intra-annual QCD distribution range
was higher in Fig. 4a). We also investigated the temporal vari-
ability in CH4 ebullition at fixed locations over multiple time-
scales using bubble trap data (Fig. 4b). For this comparison, we
added measurements of CH4 ebullition over one diel cycle at
one location at the northernmost area of the same bay
(A. Linkhorst et al., unpubl.) to the bubble trap measurements
we present here. Ultimately, the temporal variability in CH4

ebullition was similarly high at diel, intra-monthly and intra-
annual timescales, but a larger range in variability was observed
at the longer timescales (Fig. 4b).

Characteristics and CH4 pore-water content of sediment
and pre-flooding soil

The thickness of postflooding sediment varied between
0 and 32 cm. TOC and TN content, as well as the C/N ratio,
were higher in the post-flooding sediment than in the pre-
flooding soil (Table S5). There was no systematic difference in
the median particle size between sediment and pre-flooding soil
(Table S5). Multivariate analyses (principal components analysis
and partial least squares regression; not shown) showed no sig-
nificant relationships between CH4 ebullition and sediment
thickness or characteristics of adjacent cores. Mean CH4 pore-
water concentration at the five cores sampled for CH4 pore-
water profiles was 323–1245 μM on 18 November 2016 and
1426–4024 μM on 16 December 2016 (Table S2; Fig. S6).

Fig. 2 Ebullitive CH4 flux both at the intra-annual and intra-monthly timescale, measured with (a) hydroacoustics, sorted into depth categories of
1.5–3 m (n = 625), 3–5 m (n = 1889), 5–10 m (n = 1538), and 10–15 m (n = 177) and (b) bubble traps, sorted into depth categories of 0.9–3 m
(n = 67), 3–5 m (n = 86), and 5–8 m (n = 43). The horizontal lines show the median flux, the whiskers show the upper and lower quartiles of the data,
and the blue stars indicate the mean flux for each depth category. Ebullition is plotted at a log scale for improvement of visibility.

Fig. 3 CH4 ebullition from the bubble traps in the northern part of the bay, at (a) the intra-annual timescale with monthly sampling over 1 year from
August 2016 to August 2017 and (b) the intra-monthly timescale with bi- to tri-daily sampling over 1 month in November–December 2016. The points
represent measured fluxes for each bubble trap with their respective water column depth indicated by color. The boxes show the distribution patterns
over time, where each box represents all single bubble trap fluxes for each sampling day; the horizontal lines show the medians, and the whiskers show
the upper and lower quartile of the data.
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Environmental variables
The water level fluctuated 4.9 m over the intra-annual study

with four samplings during falling water and five samplings dur-
ing rising water (Fig. S4). During the intra-monthly study, water
level fluctuated only by 0.2 m without a clear overall rising or
falling trend. Daily mean air temperature (24 h average) was on
average 18.2�C (range: 13.4–21.6�C) during the intra-annual
study and 19.9�C (range: 15.2–22.6�C) during the intra-monthly
study. Mean surface water temperature during sampling was
24.1�C (range: 19.6–29.0�C) and 27.3�C (range: 25.4–29.5�C),
and mean bottom water temperature during sampling was
23.4�C (range 19.7–28.3�C) and 25.1�C (range: 24.4–25.9�C) for
the intra-annual and intra-monthly studies, respectively (see
Tables S3, S4 for more details).

Discussion
Variability of CH4 ebullition at temporal and spatial scales

While many previous studies have pointed out the impor-
tance of spatial variability in low-latitude reservoir CH4 ebulli-
tion (Grinham et al. 2011; DelSontro et al. 2015; Hilgert et al.
2019), and some others have found seasonal patterns
(Deshmukh et al. 2014; Yang et al. 2018; Marcon et al. 2019),
this is, to our knowledge, the first study to systematically com-
pare the variability of CH4 ebullition both spatially and over
different scales of time.

We found that CH4 ebullition varied strongly in both space
and time, but that the temporal variability of CH4 ebullition
was in general more pronounced than its spatial variability, at
both the intra-annual and at the intra-monthly scale (Fig. 4a).
We conclude that measurements of CH4 ebullition made sea-
sonally are likely to capture the most pronounced variability

in emission from our study system. The variability of CH4

ebullition as measured from the bubble traps over 24 h at one
site was similar in magnitude as the variability at intra-
monthly (at 14 sites) and intra-annual timescales (at 4–7 sites).
However, the total range in variability was smaller for our diel
study than for at the intra-monthly and intra-annual time-
scales. In two studies with measuring automated bubble traps
over 5 months in a temperate reservoir (Maeck et al. 2014)
and over 1 year in a subtropical reservoir in Brazil (Marcon
et al. 2019), ebullition rates also varied strongly over different
timescales from minutes to days. Differences between seasons
were suggested to be due to seasonal temperature differences
(Maeck et al. 2013, 2014) or stratification and mixing dynam-
ics (Marcon et al. 2019). With respect to variability on shorter
time scales, no diel variability was observed during monitoring
of CH4 ebullition in the subtropical Brazilian reservoir
(Marcon et al. 2019). Eddy covariance studies (Eugster et al.
2011; Deshmukh et al. 2014; Podgrajsek et al. 2016) achieve
high temporal resolution over different scales but since they
cannot distinguish between diffusive and ebullitive emission,
their findings of temporal variability at different scales are not
directly comparable to our results.

Our analysis also shows that the spatial variability in CH4

ebullition can be high (Fig. 4a), even in relatively small areas
such as our study bay (0.326 km2). It is possible that increas-
ing the survey area will result in greater overall spatial variabil-
ity of ebullitive emission, because other areas will have
different depth, and possibly different sediment characteristics
and deposition rate, as well as bottom water properties. To
attain representative measurements of system-wide CH4 ebul-
lition, it is crucial that measurements are distributed in space
as well as in time.

Fig. 4 Frequency distributions of the QCD for comparison of the spatiotemporal variability of CH4 ebullition, shown with Gaussian smoothing, measured
by (a) hydroacoustics and (b) bubble traps. Spatial variability is the QCD between all grid cells of the northern part of the bay (Plot a, green shading,
n = 37), comparing all sampling campaigns of the respective data set. Temporal variability is the QCD for each grid cell of the northern part of the bay
between the sampling campaigns of the respective data set (Plot a, intra-annual, dark purple shading, n = 8; intra-monthly, light purple shading, n = 6;
Plot b, intra-annual red shading, n = 9, intra-monthly, yellow shading, n = 11; diel, blue shading, n = 8). Overlapping peaks suggest that variability is sim-
ilar, whereas a peak with higher QCD suggests higher variability than whichever other variability with which we are comparing. Fig. S3 aims to visualize
the methods behind this figure, and the methods are described in detail in text S5. The diel variability data in plot b is from one 24-h cycle at one loca-
tion in the study area (A. Linkhorst et al., unpubl.).
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Drivers of temporal variability
The temporal variability of CH4 ebullition measured via

both the hydroacoustic and bubble trap approaches was
related to water level, pressure changes on the sediment, as
well as surface and bottom water temperature (Fig. 5;
Tables S3, S4). The highest fluxes occurred at low water level
(see Fig. S4 for a hydrograph) for both timescales of the
hydroacoustic data (Fig. 5a,e), but patterns were less evident
for bubble trap data, which admittedly cover a much smaller
surface area. Low water level translates into lower hydrostatic
pressure on the sediment, which eases the release of bubbles
from the sediment, a phenomenon that has been observed in
temperate reservoirs (Maeck et al. 2014; Harrison et al. 2017).
Accordingly, CH4 ebullition was higher during periods of
decreasing pressure on the sediment than during periods of
increasing pressure on the sediment (Fig. 5b,f), in agreement
with previous studies (Mattson and Likens 1990; Ostrovsky
2003; Harrison et al. 2017). However, temperature variability
between dry rainy season may also likely have played a role,
and without experimental work, it is difficult to disaggregate
the physical from the biological drivers.

Temperature has a strong positive effect on CH4 production
rates (Yvon-Durocher et al. 2014) and CH4 ebullition (Aben
et al. 2017). Both bottom and surface water temperature were

related to mean ebullitive CH4 flux across the study areas
(Fig. 5c,d,g,h). Surface water temperature was a good predictor
of CH4 ebullition for both timescales, albeit less so at the intra-
monthly timescale when temperature varied less (Fig. 5c,g).
Bottom water temperature from the temperature profile loca-
tions was positively related to CH4 ebullition measured via both
approaches at the intra-annual timescale (Fig. 5d).

Drivers of spatial variability
Some previous studies have found significant relationships

between CH4 ebullition and depth in reservoirs (Keller and
Stallard 1994; Deshmukh et al. 2014), whereas others have
not (DelSontro et al. 2011, 2015; Hilgert et al. 2019). We did
not find a consistent trend of CH4 ebullition variability over
water depth in our study area (Fig. 5), and even though the
bathymetric information is based on high-resolution measure-
ments (Fig. S2), we cannot exclude that averaging both water
depth and ebullition flux per grid cell may hide smaller-scale
patterns. Furthermore, spatial variability in CH4 ebullition
appears not to be related to distance from the shore as high
fluxes were found throughout the bay (Fig. 1b), contrary to
what has been reported for a tropical floodplain lake (Peixoto
et al. 2015). High ebullitive fluxes were observed in the shal-
low area (1–5 m) closest to the river inflow but also in the

Fig. 5 Mean ebullitive CH4 flux per sampling day as measured with hydroacoustics (circles) and bubble traps (triangles) during the intra-annual (a–d;
blue) and intra-monthly (e–h; red) study, plotted against water level (a, e); total pressure change, that is, the difference of pressure on the sediment
between the previous day and the sampling day (b, f); surface water temperature (c, g); and bottom water temperature (d, h). Linear regressions with a
significant slope are marked with a star. Detailed regression statistics can be found in Tables S7 (hydroacoustics) and S8 (bubble traps).
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deepest area (10–15 m) at the southern end of the bay
(Figs. 1a,b, 2), contrasting some studies that did not observe
ebullition deeper than 10 m (Abril et al. 2005). Interestingly,
the high-flux area closest to the river inflow was characterized
by high temporal variability in ebullition, while the high-flux
area in the southern end of the bay did not vary as much over
the year (Fig. 1c). The lack of direct relationship between CH4

ebullition and water depth may be related to the heterogene-
ity of sediment deposition and bottom morphometry of reser-
voirs (Mendonça et al. 2014), particularly near a river inflow;
however, in contrast to other studies (Sobek et al. 2012;
Wilkinson et al. 2015; Grinham et al. 2018; Hilgert et al.
2019), our own data do not indicate any relationship between
sediment characteristics (i.e., OC content, N content, C/N
ratio, grain size, thickness of the sediment layer; Table S5) and
CH4 ebullition (not shown). This may be due to the lower
water level in the dry seasons such as during the extreme
drought in 2014 (Kosten et al. 2018), during which we
observed that the shallowest areas closest to the river inflow
(0–5 m) had dried out and were covered with grass. This fresh
input of organic matter likely stimulated high CH4 production
rates upon inundation prior to our study (Prairie et al. 2018),
and may blur relationships with sediment characteristics. Also,
we lack core sampling sites in the southernmost part of the
bay, an area with high CH4 ebullition. We included informa-
tion on sediment accumulation from three additional sedi-
ment cores from the southern part of the bay (Table S6),
which, however, did not show higher sediment deposition
rates than in the shallower northern part of the bay.

CH4 pore-water concentration in sediment and
preflooding soil

We measured CH4 concentrations in the pore water of sedi-
ment and preflooding soil before and after the intra-monthly
study to see if we can explain total CH4 ebullition by an
equivalent loss in CH4 from the sediment. However, CH4 con-
centrations in the pore water were higher at the end of the
intra-monthly sampling campaign than at its start, indicating
that CH4 concentrations fluctuate over shorter timescales than
1 month. Nevertheless, 7 of 10 pore-water profiles contained
at least one depth layer where CH4 was oversaturated (Fig. S6),
indicating that the sediment is prone to form and release bub-
bles, in congruence with the measured ebullitive CH4 fluxes.

Interestingly, in 5 of 10 profiles, we observed supersaturated
CH4 layers in preflooding soils (Fig. S6; Table S2). However, the
sampled spots were shallow enough (<9 m) to be exposed to air
at least for 1-month long periods during previous extreme dry
seasons (see historical water level in Fig. S7). Therefore, even
though we observed ebullition coming from deep layers that
we determined as preflooded soils, it might be that those layers
were fed by fresh terrestrial organic material when roots of ter-
restrial plants have entered deeper bottom layers during expo-
sure to the atmosphere. As fresh land plant material can rapidly
be degraded to CH4 at anoxic conditions (Grasset et al. 2018),

this fresh input of organic matter likely stimulated high CH4

production rates upon inundation prior to our study (Prairie
et al. 2018). The water level fluctuated over a total range of
15 m between 2003 and 2016, with a water level fluctuation
between dry and rainy season of 6–13 m (Fig. S7). Essentially,
this means that large areas of the reservoir bottom have at some
point been exposed to the atmosphere and may contain rather
fresh organic material in their deep bottom layers. Because of
the supply of fresh organic material, these parts of the reservoir
bottom can emit CH4 even 22 years after dam construction and
initial flooding of the land.

Comparison of different upscaling scenarios
We upscaled CH4 ebullition for the entire study area using

different temporal and spatial resolutions to investigate the
effect of measurement variability on upscaled estimates. The
upscaling scenarios as shown in Fig. S8 and Table 1 are com-
pared to our spatiotemporally resolved best estimate (33 t C
yr−1; Fig. 1b), which is based on the interpolation of spatially
resolved hydroacoustic CH4 ebullition measurements at a
monthly resolution over 1 year.

The first scenario extrapolates from a single, yet spatially
resolved, measurement occasion to an annual flux, similar to
DelSontro et al. (2011). Extrapolation from the lowest and
highest mean fluxes that we observed during our annual sur-
vey (09 March and 03 July) to the whole year led to CH4 emis-
sion of 8 and 81 t C yr−1 from our study area, respectively.
Extrapolation from the months of lowest and highest flux dur-
ing the year thus differed by 76% and 145% from our best
estimate (Fig. S8b,c; Table 1), illustrating the significance of
seasonally resolved measurements of CH4 ebullition for calcu-
lating whole-system estimates.

The second scenario extrapolates total flux from measure-
ments at only a few locations but over several sampling occa-
sions, similar to Dos Santos et al. (2006). Performing
extrapolations using only data from areas with the highest
ebullitive fluxes (as derived from interpolation of our measured
fluxes, spots marked in Fig. S8d) would overestimate total CH4

ebullition by 174% (92 t C yr−1) compared to our spatiotempo-
rally resolved best estimate (33 t C yr−1). If, on the other hand,
we extrapolated using only data from the areas with lowest
ebullition (spots marked in Fig. S8e), we would underestimate
the total flux by 79% (7 t C yr−1; Table 1). Although these are
worst-case scenarios, we can conclude that disregarding spatial
variability also risks introducing large errors in whole-system
estimates of CH4 ebullition. Ultimately, spatially resolved mea-
surements at seasonal temporal resolution are required for
robust quantification of CH4 ebullition.

The third scenario extrapolates total flux from measure-
ments of the bubble traps, which compared to hydroacoustic
surveys have low spatial resolution but integrate over longer
temporal scales at fixed sites. Upscaling from the temporally
resolved bubble trap measurements of the inter-annual study
(4–7 traps in the northern part of the bay; Fig. S8f) to the
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entire bay area by means of bathymetry (i.e., applying the
CH4 ebullition means of the depth categories in Fig. 2) results
in a total ebullitive CH4 flux of 21 t C yr−1, underestimating
our spatiotemporally resolved best estimate by 36%.

This result illustrates the potential effect of low spatial reso-
lution when sampling, but also the fact that bubble traps were
only deployed at depths of 0.9–8 m in the northern part of
the bay, thereby missing high ebullition areas in the south of
the bay that were only recorded by the hydroacoustic surveys.
This difference in spatial resolution and total areal coverage
most likely led to the large discrepancy in daily mean CH4

ebullition between hydroacoustic surveys (581–1271 mg C
m−2 d−1; Fig. S5a) and bubble trap deployments (44–527 mg C
m−2 d−1; Fig. 3a). The overall lower mean fluxes measured by
bubble trap deployments compared to hydroacoustics indicate
that a better temporal resolution of CH4 ebullition does not
necessarily compensate for lower spatial resolution.

Implications
Our study shows that to derive a robust estimate of CH4

ebullition from a tropical reservoir, measurements must be
conducted during different seasons of the year, at least once
during falling and once during rising water level, and that
these measurements should be spatially well resolved as well.
Hydroacoustics is currently the most well-suited method for
accomplishing seasonally distributed samplings at high spatial
coverage. Time is the biggest constraint for using an echo-
sounder to sufficiently resolve ebullition variability over time
and space. For example, each individual hydroacoustic survey
of our studied bay took about 2.3 h, but we only covered 3%
(i.e., 0.326 km2) of this relatively small reservoir (12 km2).

While our study indicates that a few seasonally distributedmea-
surement campaigns are required to capture the most pronounced
temporal variability inCH4 ebullition, a challenge for future studies
is how to select sampling locations within individual systems for
representativemeasurements of the variability of system-wide CH4

ebullition, especially in large waterbodies in which even massive
sampling efforts will only be able to cover a minute fraction of the
total area. Unfortunately, we cannot offer a concrete advice regard-
ing the spatial resolution necessary for accurate system-wide esti-
mates of CH4 ebullition, but we do suggest measuring flux in river
inflow bays as well as regions not influenced by such external
inputs. It cannot be overstated either that the hydroacoustic
approach better resolved the spatial variability in ebullitive flux in
all regions than a dozen randomly placed bubble traps did.
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