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ABSTRACT: Rivers and streams contribute significant quantities of 10000y " 7.
methane (CH,) to the atmosphere. However, there is a lack of CH, flux |Ebullition ~99% woo] w' by — 1
and ebullitive (bubble) emission data from urban rivers, which might ‘ " ;-/;r?- F,=104.95¢" """
lead to large underestimations of global aquatic CH, emissions. Here, o % %';1001 ” M F.*2i-0141g0‘f o
we conducted high-frequency surveys using the boundary layer model - o] & " Doplition

(BLM) supplemented with floating chambers (FCs) and bubble traps to Dillsion< 1%
investigate the seasonal and diurnal variability in CH, emissions in a E i =
eutrophic urban river and to evaluate whether the contribution of g8
bubbles is important. We found that ebullition contributed nearly 99%
of CH, emissions and varied on hourly to seasonal time scales, ranging
from 0.83 to 230 mmol m™* d™', although diffusive emissions and CH,
concentrations in bubbles did not exhibit temporal variability. Ebullitive CH, emissions presented high temperature sensitivity (r =
0.6 and p < 0.01) in this urban river, and eutrophication might have triggered this high temperature sensitivity. The ebullitive CH,
flux is more likely to be underestimated at low temperatures because capturing the bubble flux is more difficult, given the low
frequency of ebullition events. This study suggests that future ebullition measurements on longer time scales are needed to
accurately quantify the CH, budgets of eutrophic urban rivers.
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1. INTRODUCTION

Inland freshwater ecosystems (particularly ponds, lakes, rivers,
and reservoirs) play significant roles in the global carbon
cycle'™ and inventories of greenhouse gases (GHGs).”™” It
has been suggested that methanogenesis accounts for as much
as 10—50% of the overall carbon mineralization in freshwater
environments,” resulting in a Iar%e amount of methane (CH,)
outgassing to the atmosphere.”'’ Streams and rivers are
considered significant sources of CH,, with estimated
emissions of 1.5-26.8 Tg yr ',''™"* corresponding to 1—
18% of global nonanthropogenic emissions and 0.3—5.3% of
total CH, emissions.">'® Eutrophic fluvial systems, especially
those located in urban areas and impacted by human activities,
emit considerable CH,'" = and are expected to have a greater
contribution to aquatic CH, emissions in the future with the
continuous development of urbanization.”> However, critical
uncertainties still exist in terms of the magnitude and
regulation of CH,, emissions from eutrophic fluvial systems”***
due to the coméplexities of the processes underlying aquatic
CH, emissions” and the lack of available measured data in
urban rivers and streams.'' More attention on fluvial CH,
emission measurements and better recognition of inland waters
as CH, sources can not only substantially affect global GHG
inventories but also broaden the understanding of ecological
carbon cycle functioning in rivers and streams.
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There are three flux pathways for the emission of CH, from
freshwater: the plant-mediated flux (not discussed in this
study), molecular diffusion, and bubble transmission (ebulli-
tion)."" Ebullition prevents CH, from being oxidized in the
water column and emits it to the atmosphere directly.”*™*’
Previous studies have reported that the ebullition of CH,
accounts for a large proportion (up to 90%) of the total CH,
emissions.'”*°7>* Nevertheless, few studies have simultane-
ously investigated CH, diffusion and ebullition in urban rivers,
and the contribution of ebullitive CH, emissions from urban
rivers to the global carbon budget is likely underestimated.””
To understand the magnitude of aquatic CH, emissions, it is
necessary to integrate these pathways and understand the
spatiotemporal variations in their relative contributions across
aquatic systems.26

Aquatic CH, emissions are driven by CH, production,
which is believed to occur mostly in shallow sediment pore
waters stimulated by carbon-rich substrates and anoxic
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conditions.””**** In addition, methanogenesis is highly

sensitive to temperature, and ebullitive CH, fluxes may be
more sensitive to changes in temperature than diffusive
fluxes.”™*” A synergistic interaction between the influence of
increasing temperature and nutrient enrichment has been
observed in many freshwater systems, which leads to a
disproportional increase in aquatic CH, emissions.”**" In
the case of urban areas, streams and rivers, which generally
receive effluent discharges that are rich in organic matter
(OM) and nutrients, contribute greatly to CH, produc-
tion.'®* In addition, the urban heat island effect causes higher
temperatures in urban areas than in surrounding areas.*” Thus,
considering the trend of global mean temperature and the
increasing eutrophication of rivers by human activities,"’ a
more mechanistic understanding of the CH, emissions in
urban rivers is required if we hope to predict the global aquatic
CH, inventories and to achieve a more integrated under-
standing of the current and future role of fluvial systems in
regional and global C cycles.

In addition, CH, ebullition is most likely underestimated
due to the episodic characteristics and high spatiotemporal
heterogeneity of bubble events. Previous studies, however,
mostly concentrated on spatial (horizontal and vertical)
differences in ebullitive CH, emissions,””*"** and few have
studied the temporal variability, especially with short-term
measurements. Random ebullition “hotspots” are easily missed
by the usual short-term (<24 h) and low-frequency (>1 h
interval) measurements,””*' resulting in the underestimation
of total CH, emissions. Accordingly, higher sampling
frequencies and longer sampling periods are required to
precisely describe the magnitude and regulation of ebullitive
emissions from rivers,*®***°

In this study, we selected a mesotrophic river located in
Shanghai, China, which has undergone intense urbanization
over the past decades. We used three different methods, the
boundary layer model (BLM), floating chambers (FCs), and
bubble traps, to conduct high temporal resolution continuous
measurements of diffusive and ebullitive CH, emissions over a
year. The BLM flux measurement is convenient and easy to
operate, but it omits the potentially important fluxes of
ebullition events.”>*>*” The FC method and bubble traps are
advantageous since they capture ebullition,'”**** but they are
laborious and can cause disturbance of the air—water interface
in running water. Each approach has pros and cons, and it is
necessary to choose or integrate multiple methods to minimize
the estimation error due to the sampling method.*’

The objectives of this study are to (1) document the
important role of ebullition events on CH, transport from an
urban river and explore what determines the release of
bubbles; (2) compare the differences among the magnitudes of
CH, fluxes measured by three different approaches; and (3)
explore the temporal variation in CH, fluxes in river systems to
minimize the error in estimating regional and global CH,

budgets.

2. MATERIALS AND METHODS

2.1. Study Area. Shanghai, located in eastern China, is the
economic and financial center of the Yangtze Delta. There are
more than 3000 rivers in Shanghai, and Suzhou Creek is one of
the major rivers in this area. It is the tributary of the Wusong
River and is approximately 53.1 km long from west to east and
40—50 m wide on average. The urban reach of Suzhou Creek
has suffered severe water pollution since the 19th century due
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to intense urbanization, accompanied by the discharge of large
amounts of industrial wastewater and domestic sewage directly
into the river. After more than 20 years of pollution treatment,
the water quality in Suzhou Creek has been greatly improved
and has remained at level V (Standard for Environmental
Quality of Surface Water of the People’s Republic of China,
2002) since 2011. The average river discharge is only 10 m/s,
with a slow annual water velocity of approximately 0.1 m/s.
The climate of the study area is characterized by hot summers
and warm winters, and the annual average temperature is 17.5
°C. The average annual precipitation is 1510 mm, with 70% of
the total precipitation occurring from May to September.

In this study, we selected a sampling point located in the
urban reach of Suzhou Creek that is almost entirely
surrounded by residential areas (Figure S1). All the sampling
work was carried from a pier (Figure S1) that extends into the
river (approximately 10 m from the bank). The river width and
water depth at sampling sites are ~40 and ~2 m, respectively.
According to our measurements, the annual mean ammonia
(NH,*), nitrate (NO;~), and chlorophyll a (Chla) concen-
trations in the water column are 1.54 mg/L, 1.91 mg/L, and
474 upg/L, respectively (Table S1). The surface sediment
organic carbon (OC) content is approximately 2% by mass,
and the dissolved organic carbon (DOC) concentration is
approximately 17 mg/L, as measured in July 2018.

2.2. Rate of Bubble Release. We deployed opaque
inverted funnel-style bubble traps to determine the volume of
bubbles emitted from the sediments. The sampling equipment
was deployed from a pier that extends into the middle of the
river. All sampling in this study, including dissolved gas and FC
measurements, was performed on the platform of this pier. We
set three adjacent (~5 m) traps to eliminate the spatial
differences and highlight the temporal variations in the
ebullition events. The sampling was conducted during different
seasons: autumn (November 2018), winter (January 2019),
spring (April 2019), and summer (July 2019). Each sample
was taken continuously for 36 h, from 9:00 to 15:00 on the
next day.

The bubble trap is similar to a large funnel with a bottom
surface area of ~0.79 m?* and the stem was replaced by a
syringe with a three-way stopcock (Figure S2). The narrow
neck of the trap could limit the potential diffusion of CH, back
into the water. Traps were affixed to steel poles on the pier and
installed almost completely submerged. Traps were filled
completely with water and contained no headspace at the start
of each sampling event. The ebullition rates were calculated by
recording the volume of gas and sampling time. The
cumulative gas volume was recorded by the scale on the
syringe. The sampling frequency was determined by the rate of
bubbles trapped in the syringe, and measurements were
generally recorded once every S min. Higher frequency (<$
min) measurements were required when the ebullition rate was
so fast that the gas filled the whole syringe. In contrast, when
the ebullition rate was too slow for gas to accumulate in the
syringe (generally occurring at night), gas was collected until
the gas volume could be recorded. By dividing the cumulative
volume of gas by the time interval, we calculated the ebullition
rates over the corresponding period. We assumed that the rate
within each time period was constant, and then, we obtained
the change in minute-scale ebullition rates.

2.3. Measurements of CH, Emissions. Three measure-
ment methods, bubble traps, the BLM, and FCs, were used to
estimate ebullitive, diffusive, and total CH, fluxes, respectively.

https://doi.org/10.1021/acs.est.1c00114
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The ebullition rates and ebullitive CH, emissions that appear
below were all measured by the bubble trap approach.

2.3.1. Ebullitive CH, Emissions. We collected bubbles
during different time periods (morning/noon/evening/mid—
night) and from different traps in every sampling season to
examine the CH, concentration in the bubbles. Collected
bubbles were transferred into prevacuumed gas bags, taken
back to the lab, and analyzed by an Agilent HP7890 gas
chromatograph equipped with a flame ionization detector
(FID).

The ebullitive CH, fluxes were calculated using eq 1

ebullitive CH,, flux = C X Vj (1)

where Cy is the CH, concentration in the bubbles (umol L™")
and Vy is the bubble rate (mL m™ d™").

2.3.2. Diffusive CH, Emissions. We sampled surface water
for dissolved gas analysis, and the measurements were carried
out every 3 h, from 9:00 to 15:00 on the next day, with 11
sampling events in total. Samples were taken in 138 mL
polymethyl methacrylate glass tubes with no headspace,
capped with butyl rubber stoppers, and field preserved with
saturated mercuric chloride to avoid microbial activities.
Samples were transported to the laboratory and analyzed
within 48 h.

A headspace equilibration technique was created by injecting
60 mL of ultrapure N, into the water sample. The tube was left
with ~78 mL of the water sample, and then, we shook the tube
vigorously for 3 min to let gas diffuse out and CH, equilibrate
between the water—air interface. After the gas in the sampling
tube reached balance (setting for approximately 20 min), we
obtained gas samples from the top of the tube and analyzed the
CH, concentration as described above.

Diffusive CH, emissions were calculated using the BLM
method””

diffusive CH, flux = k(C,, — C,) ®)
where k is the piston velocity (m h™"); C,, is the measured CH,
concentration in the water calculated with the Bunsen
coefficient (umol L™'); and C,, is the water saturation of the
CH, concentration (umol L™"). For this study, the gas transfer
velocity was calculated using eq 3°'

k = 1.91¢%Y%(5./600)™"/> 3)

where S¢ is the Schmidt number for CH, corrected by the in
situ water temperature and Uy is the long-term wind speed at
a height of 10 m above the river. Because the wind speed
fluctuates frequently in a short period of time, we obtained
hourly average 10 m wind speeds at the sampling site from the
website of the Shanghai Meteorological Bureau (http: //www.
weather.com.cn) for the whole study period and calculated the
monthly average wind speed for a conservative CH, flux
calculation.

2.3.3. Total CH, Emissions. Floating chambers with a 0.6 m
diameter and a total volume of ~28 L were used to measure
total CH, emissions (Figure S2). Each chamber was covered
with aluminum foil to reduce sun heating, and a rubber tube
was connected to the inside of the chamber and used to collect
the air sample. Each chamber was deployed near a bubble trap.
To measure the CH, flux, gas samples were withdrawn from
the chamber space with a syringe through a three-way stopcock
10, 20, and 30 min after the chambers were set on the water
surface. First, we extracted 60 mL of gas twice to expel the
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remaining gas in the rubber tube, and then, 60 mL of gas was
extracted for a third time as a sample. The gas samples for CH,,
were stored and analyzed similar to the bubble samples. We
carried out chamber measurements every time we sampled
headspace gas for diffusive flux calculation. The total CH,
fluxes were calculated using the following equation

total CH, flux = (As X V.)/(At X A) (4)
where As (umol L™") is the difference in the gas concentration
in the chamber over time; V. (L) is the volume of the
chamber; At (h) is the sampling time; and A (m?) is the
surface area of the chamber.

2.4. Other Measurements. In each sampling event, we
measured the water temperature, dissolved oxygen (DO)
concentration, and pH using a multiparameter probe (HACH,
Danaher, Loveland, CO, USA). Water samples were taken at
0.2 m below the surface in each field campaign. These samples
were used to measure the concentrations of Chla, NH,", and
NO;~. Chla was determined spectrophotometrically on
Whatman GF/F-filtered samples following sonication and
pigment extraction with 90% acetone. Dissolved NH," and
NO;™ were analyzed using Nessler’s reagent spectrophotom-
etry and zinc cadmium reduction, respectively. The surface
sediment OC content was analyzed via potassium dichromate
oxidation spectrophotometry.

2.5. Ecosystem-Level Q,, and Activation Energy (E,).
The Qo value is often used to represent the proportional
changes in a process per 10 °C temperature change. Due to the
combined effects of multiple factors on CH, emissions, we
used the ecosystem-level Qo not the physiological Q,,, to
evaluate the temperature dependency of CH, emissions. We
calculated the ecosystem-level Q,, using the equation Qy
10", where b is the slope of the linear regression between a
data set of water temperatures and log-transformed CH,
emissions.”

Additionally, the sensitivity of ebullitive CH, emissions to
temperature was also assessed through the apparent activation
energy (E,), which was obtained from the slope of the
Arrhenius equation

E, 1
In(F;) = In(A) (R X T) )
where In(Fy) (umol m™ h™') is the log-transformed bubble
flux at the absolute temperature T (K); A is the Arrhenius
constant, which is experimentally determined; and R is the
universal gas constant (8.314 J mol™ K™").

2.6. Analysis. 2.6.1. Calculation of the Total CH,
Emissions. In addition to obtaining the total CH, emissions
via the FC approach, we can also calculate the total CH,
emissions by adding the diffusive and ebullitive CH, emissions.
Since the diffusive emissions comprise many discrete values,
the ebullitive emissions were averaged over the corresponding
period first, and then, the diffusive and ebullitive emissions
were added together. For instance, we calculated the total CH,
emissions at 9:00 by adding the diffusive emissions at 9:00
with the mean ebullitive emissions in the period of 9:00—
10:00. The total emissions obtained by this addition were
approximately the same as the emissions obtained by the FC
approach.

2.6.2. Estimating the Representative Measurement
Duration by Subsampling. Our data set consists of ebullitive
CH, emission measurements taken over 36 h in each sampling

https://doi.org/10.1021/acs.est.1c00114
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season. Subsets of data covering 1—16 h were randomly
selected from the total data set (~36 h in total). The mean
ebullitive emissions of the subset (Ep,.;) were compared with
the 90% confidence interval (CI) of the total data set. When
Eqbset Was in the range of the CI of the total data set, Eg .
could represent the values in the whole sampling period. Each
subset was tested 1000 times, and we calculated the probability
that E . was within the 90% CI of the total data set for each
subset. When this probability reached 80% for a subset, we
considered the time of that subset to be the representative
measurement duration.

2.6.3. Statistical Analysis. All statistical tests were
performed using SPSS (Version 23.0, SPSS Inc., Chicago, 1L,
USA). We examined the seasonal and hourly temporal
variability in all CH, fluxes, and data were log-transformed
to a normal distribution before the statistical analysis was
performed. Differences among seasons and sampling points
were examined using independent sample t-tests. Differences in
total fluxes calculated based on different sampling times were
examined using one-way ANOVA. Linear regression between
individual or combined variables and CH, emissions was
conducted and tested for significance. Pearson correlation was
used to examine the correlations among independent variables.
All statistical tests used a significance level of $% (a = 0.05).

3. RESULTS

3.1. Ebullition Events. There were significant differences
in ebullition rates among seasons, with the exception of no
obvious differences between November and January or
between November and April (Table S2). The mean ebullition
rate over 36 h was the highest in July (3300 + 1400 mL m™
d™"), followed by April (1100 + 450 mL m™> d™"), November
(950 + 1600 mL m™* d™'), and January (570 + 910 mL m™>
d™"), consistent with the mean temperatures (30.8 °C in July,
20.9 °C in April, 18.8 °C in November, and 8.3 °C in January).
The high standard deviations of the mean rates illustrate the
stochastic nature of ebullition events. In addition, we
compared the ebullition rates from different sampling traps
in each sampling season, and the results (Table S3) also
suggested that ebullition was a stochastic event.

The ebullition rates showed distinct diurnal changes in all
seasons. In November and January, the daily peak occurred
during the period from 10:00 to 15:00, followed by a second
peak during the period from 21:00 to 1:00 (Figure 1a,b). High
ebullition rates occur frequently for long durations in April and
July (Figure 1lc,d). The coeficients of variation were greater in
November and January (174 and 160%, respectively) than in
April and July (40 and 43%, respectively).

The frequency distributions of ebullition rates (in 24 h, from
13:00 to 13:00 the next day) in November and January were
highly positively skewed, with median values (240 and 160 mL
m~2 d7’, respectively) smaller than the mean values (380 and
600 mL m™* d™', respectively) (Figure 2a,b). The frequency
distributions in April and July were less skewed and closer to a
normal distribution, with medians (1200 and 3100 mL m™>
d™’, respectively) close to the means (1200 and 3200 mL m ™
d™!, respectively) (Figure 2c,d).

To quantify the contribution of ebullition events to CH,
emissions, the concentrations of three GHGs were measured in
bubbles at each of the sampling points. Table S4 shows that
each collected bubble had a similar proportion of GHGs, and
among the three GHGs, CH, had the highest concentration
(66.3 + 4.3% by volume).
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Figure 1. Ebullition rates at each sampling point (A, B, and C) in
November 2018 (a), January 2019 (b), April 2019 (c), and July 2019
(d). The sampling event in July 2019 was affected by a high frequency
of passing ships during the daytime period (9:00—13:00), which
resulted in some defaulted values during the daytime.
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3.2. Comparison of CH, Fluxes. The total CH, flux can
be calculated by summing the ebullitive flux and the diffusive
flux, and the results show that the ebullition events contributed
up to 98 + 6.3% of the total flux (Table SS). The chamber
CH, flux was equal to the total CH, flux because the floating
chamber can simultaneously measure both diffusive and
ebullitive fluxes. The chamber CH, fluxes were strongly
correlated with ebullitive CH, fluxes (r = 0.81 and p < 0.05),
and there was no obvious correlation with diffusive CH, fluxes
(Table S6). We calculated the total CH, flux over different
time intervals (10, 20, and 30 min) by the FC approach, and
the results show that the fluxes calculated for the first 10 min
were significantly higher than those calculated for the two
other intervals (F = 4.236 and p = 0.017). In addition, the
chamber fluxes calculated for 20 min and 30 min intervals were
consistent with the change in bubble fluxes (Figure 3).
However, the total CH, fluxes measured by the FC method
were underestimated compared with the sum of the ebullitive
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and diffusive fluxes. The total CH, fluxes via the FC method
might be underestimated by 61 + 27% (20 min interval) and
57 & 30% (30 min interval) (Table S5). The following analysis
was based on the chamber flux at 30 min time intervals to
minimize the sampling biases.

3.3. Temporal Variability of CH, Fluxes. There were
obvious seasonal differences in ebullitive CH, emissions, with
the maximum value in July (4800 + 1800 pmol m™ h7%),
followed by April (1600 + 500 umol m™> h™'), November
(1400 + 2200 umol m™2 h™"), and January (800 + 1200 ymol
m~ h™') (Figure 4a). Similar seasonal variations in chamber
CH, fluxes were found, with the highest values in July (3100 +
2300 ymol m™> h™'), followed by April (1100 + 590 gmol m™>
h™'), January (530 + 910 gmol m™> h™"), and November (450
+ 800 umol m™> h™') (Figure 4c). However, Figure 4b
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Figure 4. Seasonal variations in ebullitive CH, fluxes (a), diffusive
CH, fluxes (b), and CH, fluxes via the FC method (c) compared with
temperature changes.
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illustrates the opposite seasonal characteristics: the diffusive
CH, flux reached the peak value in January (8.63 =+ 8.60 ymol
m~>h™?), followed by November (5.90 + 3.86 umol m™>h™*),
April (3.53 + 2.22 ymol m™>h™"), and July (1.59 + 1.55 pmol
m~2h™!).

In this study, diurnal fluctuations in CH, fluxes were
analyzed by successive observation experiments over 36 h in
each sampling season. For the diurnal fluctuations in ebullitive
emissions, there were similar diurnal changes in November and
January and complex variations in April and July (Figure Sa).
There were two peak values that occurred in November and
January, with the maximum value at noon and the second peak
value at midnight, but no significant peak value was observed
in April or July. Similar mean ebullitive fluxes between the
daytime and the nighttime were found in January (950 + 1300
and 620 + 950 ymol m~> h™", respectively), April (1600 + 580
and 1600 + 400 ymol m~2 h™, respectively), and July (5000 +
1800 and 4600 + 1700 pumol m™> h™', respectively) (Figure
Sb). There was a significant difference in ebullitive emissions
between the daytime (2100 + 2700 umol m™ h™") and the
nighttime (490 + 480 ymol m™> h™") in November (¢ = 2.394
and p = 0.028, Figure Sb).

The diurnal variation in diffusive CH, fluxes showed only a
slight fluctuation in all seasons (Figure Sc). However, there
was an obvious difference (¢ = 2.253 and p = 0.03) in diffusive
fluxes between day and night. The average diffusive fluxes
during the daytime (6.87 + 4.62 in November, 11.0 & 9.82 in
January, 4.24 + 2.41 in April, and 1.95 + 1.81 ymol m > h™" in
July) were larger than those during the nighttime (4.20 & 1.01
in November, 4.47 + 4.1S in January, 2.27 + 1.26 in April, and
0.96 + 0.79 umol m™> h™" in July) (Figure 5d).

As shown in Figure Se, the highest chamber flux generally
occurred during the period of 9:00—12:00. The average CH,
fluxes during the daytime (660 + 950 in November, 690 +
1100 in January, 1200 + 570 in April, and 3600 + 2500 pmol
m~ h™" in July) were larger than those during the nighttime
(62.5 + 96.4 in November, 243 + 246 in January, 970 + 670
in April, and 2000 + 1400 ymol m™> h™" in July) (Figure 5f).

3.4. Temperature Effect and Ecosystem-Level Q,,. We
analyzed the correlation between the CH, fluxes and water
temperature and found that both ebullitive fluxes and chamber
fluxes were positively correlated with temperature (r = 0.6 and
p < 0.05 and r = 0.54 and p < 0.0S, respectively), but the
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Table 1. Linear Regression Equations

CH, emissions

diffusion

ebullition

chamber fluxes

predictor

T,

T, + DO
T,

T, + DO
T,

w

T, + DO

equation N p value r
log,o(CH, diffusion) = —0.025 X T,, + 0.936 4 0.014 0.14
log,o(CH, diffusion) = —0.021 X T,, + 0.76 X log,o(DO) + 0.455 41 0.005 024
log,o(CH, ebullition) = 0.051 X T, + 2.021 40 <0.001 0.40
logio(CH, ebullition) = 0.047 X T, — 0.66 X log;o(DO) + 2.452 40 <0.001 0.47
log,o(chamber CH, fluxes) = 0.061 X T,, + 1.381 42 <0.001 0.32
log;o(chamber CH, fluxes) = 0.055 X T,, — 0.875 X log;((DO) + 1.963 41 <0.001 0.35

diffusive fluxes were negatively correlated with temperature (r
= —0.48 and p < 0.05) (Table S6). Based on the strong
temperature dependency of CH, emissions, the ecosystem-
level Q;, and E, for ebullition were 3.25 and 0.86, respectively,
and the Q, value of diffusive CH, emissions was 0.56 (Table
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S7). The linear regression between water temperature and CH,
emissions further supported the effect of warming on diftusive
fluxes and especially on ebullitive fluxes (Figure 6), explaining
14 and 40% of the variability, respectively (Table 1). Multiple
regression models with water temperature and DO explained
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higher proportions of the variability in both diffusive and
ebullitive CH, emissions (24 and 47%, respectively) (Table 1).

4. DISCUSSION

4.1. Contribution of Ebullition to Total CH, Emis-
sions. With the addition of the data in this study, bubble
releases have now been reported among different seasons,
documenting the frequent occurrence of ebullition events in
urban rivers. Compared with the limited CH, ebullition studies
of freshwater systems, we found that the ebullition rates in the
studied urban river were much higher than those in other rivers
or lakes (from 2 to 200 mL m™2 d~1*%2%3%%%), Althou§h the
ebullition rates in streams given by Baulch et al. (2011) *and
Crawford et al. (2014)* were observed to be as high as >2000
mL m™2 d7}, these rates are still lower than the mean ebullition
rate in the studied river during summer (>3000 mL m™> d™").
Our ebullition rates are comparable to those from another
megacity in China (Beijing: 77 + 62 mL m™> h™'), which
further confirms that ebullition plays an important role in CH,
transport in shallow aquatic environments.'"*>*

In addition, the CH, concentration in bubbles (% CH,) is
another important factor because it directly impacts ebullitive
CH, emissions.”® Several studies have reported a wide range of
% CH, (<1 to >90%, Table S8), resulting in large variability in
ebullitive CH, emissions.”®*> CH, concentrations are
regulated by both production and consumption processes.
High sediment OC contents, low DO concentrations, and
shallow water depths promote CH, production and reduce
CH, dissolution and oxidation in the water column, which
increase % CH,.”” In addition, temporal variations in CH,
production and transport may affect the relative concentration
of CH, in bubbles.”* A large increase in %CH, was observed
during summer in a subarctic lake.* However, our study found
a similar CH, content (65%) in the collected bubbles among
different seasons, which is consistent with the results of
Crawford et al. (2014).”> We hypothesize that the high OC
content and high nutrient levels (Table S1) with little substrate
limitation resulted in the high % CH, and the lack of seasonal
variation in % CH, in this study.’® The temperature effect on
% CH, might be limited in shallow and OC-rich sediments.

Combining ebullition rates and % CH, in bubbles, our
research indicates that ebullition might be a largely under-
estimated pathway of CH, emissions in rivers and streams.
Bubble fluxes in the studied river accounted for up to 99% of
the total CH, fluxes, and the total CH, fluxes in the studied
river were higher than those in other rivers and were
comparable to those in some lakes and reservoirs (see Table
S8). Some agricultural streams and rivers have developed high
ebullitive emissions because of OM-rich sediments, which
came from either autochthonous or allochthonous OM inputs.
A large amount of OM has been buried in the sampling reach
of Suzhou Creek, which used to be the densest industrial area
in central Shanghai city, due to the large input of pollutants
and sewage. We found that agricultural and urban rivers
(~11.7 mmol m™2 1192122 2430405%55) have a greater
potential for CH, emissions than pristine rivers (~1.63
mmol m™2 d~1'*!%3»30739) (Figure S3). These results are
consistent with higher concentrations of OM and other
nutrients (NH,*, NO;*, and Chla) in urban river water
columns and sediments. In addition, the OM composition and
quality also affect CH, production.” Urban rivers receive OM
from large inputs of domestic sewage, which increases the
amounts of anthropogenic fulvic acid-like and protein-like
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dissolved organic matter (DOM)® and is more easily
degraded than OM from agricultural waste. The high nutrient
levels in the studied urban river also stimulate phytoplankton
or macrophyte growth and thus provide more inputs of
autotroghic OC, which promotes methanogenesis and bubble
release.”*> Thus, our results indicate a higher proportion of
ebullition in the studied river than in other agricultural-
dominated freshwaters (see Table S8). In addition, the
increase in CH, production by labile OM far exceeds the
potential dissolution of CH,, resulting in enhanced CH,
ebullition.”” Given that urban rivers might receive high
nutrient inputs from human activities, further studies of
ebullitive CH, fluxes cannot be excluded when upscaling
aquatic CH, emissions, and future attention should be focused
on the linkage between OM composition and ebullitive CH,,
emissions.

4.2. Temperature Effect. Aquatic CH, emissions have
temporal variability as a consequence of both biotic and abiotic
parameters, and these external forcing act on different time
scales, resulting in both short-term and long-term variabilities
in gas emissions.”” Our results show that both diurnal and
seasonal variations in bubble fluxes had significant correlations
with water temperature, which indicates that the temperature
within the shallow sediment responds quickly to water
temperature changes.”” The temperature-ebullition exponential
relationship (Figure 6a) indicated that climate warming will
increase CH, ebullition by 12.5% per 1 °C warming, which is
within the range of other freshwater ecosystems (6—20%)."
The higher ecosystem-level Qy, values for ebullition than for
diffusion also demonstrated the high temperature dependency
of bubble emissions. Similar results have been reported in
which Qy values for ebullition were higher than those for
diffusion.”*®* Although the Qo value for ebullition in our
study was lower than the Q,, values in other ponds and lakes
(Table S7), the overall higher ebullitive CH, emissions from
our studied river still grossly exceeded CH, emissions from
other aquatic systems. For example, if a 10 °C increase in water
temperature was to increase bubble emissions from our studied
river from a mean value of $3—170 mmol m™* d™" (Q,¢: 3.25),
the resulting bubble emissions from northern ponds would
increase from 4.6 to 60 mmol m™ d™" (Q: 13).%

The significant positive relationship between temperature
and bubble fluxes in this study might be a result of the
synergistic interaction between warming and eutrophication.
Several disproportional increases in ebullitive CH, emissions
with temperature have been observed in freshwater systems,
and the results have been attributed to combined
effects.”®~*>** This synergy is more likely to occur in OC-
rich sediments because the substrate limitation is alleviated,
allowing CH, production to be temperature regulated and
more CH, emissions to be released as bubbles.””*"** Due to
the tendency of eutrophic systems to accumulate more
0C,07%8 higher nutrient enrichment in water bodies
exacerbates the effect of climate warming on CH, emissions.
In addition, the increased hypoxia in water columns caused by
eutrophication may also favor methanogenesis and result in a
decrease in aerobic CH, oxidation, ultimately increasing CH,
emissions.”” This is consistent with the linear regression results
for ebullitive CH, emissions in this study (Table 1),
demonstrating the negative effect of DO on ebullitive CH,
emissions. Considering that the productivity of inland waters is
projected to increase over the next century due to climate
change and human population growth,”® a disproportionate
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increase in aquatic CH, emissions may concomitantly occur
due to their synergistic effects.

4.3. Estimation Biases among Three Measurement
Methods. We reported simultaneous diffusive and ebullitive
CH, emissions and demonstrated biases among different
measurement methods. We used the BLM approach to
estimate diffusive CH, emissions and found that the overall
diffusive CH, fluxes fell within the range of reported values
from freshwaters, but the proportion of diffusive flux to total
flux (~1%) was lower than that documented in previous
studies due to the large contribution of ebullition events in the
studied river (Table S8). In addition, the seasonal variation in
the diffusive flux, which reached its highest values in winter and
lowest values in summer, contrasted with that in the bubble
flux, indicating that the proportion of dissolution from bubbles
is negligible in summer, although more CH, was produced in
the sediment in summer than in winter.”” The higher water
temperature during summer decreases CH, solubility and DO
concentration in the water column, which promotes more CH,,
ebullition rather than oxidation or dissolution in the water
column.”" In addition, the diffusive CH, flux was slightly
higher during the daytime than during the nighttime (Figure
5b), and the reasons for this can be twofold. On the one hand,
high temperatures during the daytime could stimulate the
production of CH, in the sediment.”” On the other hand,
sunshine may suppress CH, oxidation, resulting in a larger
diffusive CH, flux in the daytime.*” Other studies of diel
diffusive CH, emissions also suggested that diffusion would
increase linearly when the weather was sunny and the air
temperature was higher than the water temperature.*®

Except for direct ebullition measurements from bubble traps,
several studies have obtained the ebullitive flux by calculating
the difference between the total CH, flux measured by the FC
method and the diffusive CH, flux.'>**”* However, our results
showed that the ebullitive fluxes were ~60% higher than the
total fluxes measured by the FC method, and the biases
measured in seasons with higher ebullition rates (July and
April) were larger than those in January and October (see
Table SS). We suggest that the stochastic nature of ebullition
events caused the difference in these two measurements, even
though we deployed the FC near the bubble trap. Stochastic
ebullition events could explain the fluctuations in CH,
emissions from FC measurements during the study period as
well. The difference in CH, emissions calculated for different
time intervals (10/20/30 min) might be due to higher
frequency of ebullition event in the first 10 min interval.

The high-resolution monitoring also highlighted the
variability in ebullitive CH, emissions and the total CH, flux
over daily cycles. Ebullitive CH, emissions and the total CH,
flux varied by 1—2 orders of magnitude over 36 h periods in
October and January, which were larger than the correspond-
ing variations in April and July. This result demonstrates that
larger episodic ebullition events occurred frequently with
higher temperatures at both daytime and nighttime. There
were second peak values at night in all sampling seasons, and
this result may be related to the thermal convection effect
during the nighttime cooling of the surface water.”* When the
water temperature is higher than the air temperature, the
diffusive CH, emissions increase slowly, and the CH,
ebullition increases substantially.’® Due to the small increase
in CH, ebullition at night, there was no significant difference in
ebullitive CH, emissions between daytime and nighttime in
January, April, or July. A similar result was found in Beijing
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inland waters, with no significant diurnal variation in ebullition
rates.”

In this study, we found that the median value of ebullitive
flux was closer to the mean value in the warmer season,
indicating a lower probability of underestimating the mean flux
at higher temperatures. In contrast, the mean flux was more
likely to be underestimated at low temperatures. This is
because high temperatures are beneficial for the occurrence of
a high frequency of ebullition events, and bubbles can be
captured more easily within a short measurement duration.
The larger underestimation of CH, emissions by FCs in
November and January compared with the values in the same
time interval in April and July (Table SS) also confirmed this
conjecture. It has been suggested that the period of
representative measurement was mostly determined by the
temporal gap between ebullition hotspots (“bubbling epi-
sodes”), not the ebullition rate itself.*> We simulated different
continuous measurement durations in four sampling seasons to
determine the period of representative measurement. We
found that three of the four sampling seasons (January, April,
and July) had high probabilities (>80%) of achieving relatively
accurate (within the 90% CI of the mean emissions of the total
sampling time) mean ebullitive CH, emissions using measure-
ments from a randomly selected 11—12 h period (Figure S4).
Since the ebullitive emissions fluctuated the most in
November, the likelihood of ignoring some “bubbling
episodes” during randomly chosen periods was larger. Hence,
a longer sampling duration is needed when bubbling episodes
are less frequent.

4.4, Implications for Estimates of the Global CH,
Budget. Recognizing the considerable uncertainty in extrap-
olating the CH, flux from only one sampling site to the entire
river system, our goal in this study is not to make a rough
estimate of the total CH, flux. Instead, we aim to highlight
several major problems in fluvial CH, research and their
implications for future global fluvial/freshwater CH, emissions
based on the characteristics of CH, emissions in urban rivers.

Our research indicates that ebullition might be a largely
underestimated pathway of CH, emissions in rivers and
streams. The large contribution of ebullition events suggests
that ebullitive CH, fluxes cannot be excluded when upscaling
CH, fluxes. Although some studies have made great efforts to
determine the global CH, budget of rivers and streams, for
example, updating the global estimate from 1.5 Tg CH, yr™' to
26.8 Tg CH, yr~! by integrating more CH, fluxes,'"'" there
are still several uncertainties due to gaps in the data.

The first gap is the small amount of data that exist, including
data on diffusive fluxes and particularly the scarcity of studies
on the influence of ebullition on CH, dynamics. Even though
ebullition events exhibit random characteristics with high
temporal and spatial variability, their contribution to
atmospheric CH, should not be underestimated.”” In addition,
the global distribution of existing data is uneven, with heavy
representation from Europe but a remarkable scarcity in vast
continental areas such as Asia."* This study confirms the great
contribution (up to 99%) of CH, ebullition from urban rivers
to the aquatic CH, budget and provides measured data support
for global estimates. It is necessary to conduct more
investigations on CH, ebullition from urban areas in the future.

The second gap might be caused by the biases among
different measuring approaches. First, data measured via the
BLM method would strongly underestimate the CH, fluxes of
freshwater systems where ebullition dominates the emission
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pathway.”® Second, after comparing the differences in the
bubble flux measured by the FC method and bubble traps, we
suggest that the FC method is not as effective as bubble traps
for instantaneously capturing ebullition events, resulting in
underestimated ebullitive emissions via the FC method. Our
results suggest that bubble traps are more suitable for
ebullition measurement in high-frequency bubble areas. In
addition, the duration of the sampling time affects the
ebullitive flux with either method. The underestimation of
ebullitive CH, emissions is largely attributed to the monitoring
duration, which easily misses bubble episodes, especially in
areas or seasons with a low frequency of ebullition events. Our
results suggest that ebullition measurements over a period of
11-12 h during a high-frequency ebullition event period are
enough to represent the daily rate. However, ebullitive CH,
emission determinations at low temperatures require longer
measurement durations to capture potential ebullition events
to prevent significant underestimation of CH, emissions.
These findings have potential implications for future estimates
of global fluvial CH, emissions.

Finally, notably, temperature plays an important role in
controlling the ebullition events in the studied river. More
importantly, the effect of warming on CH, emissions,
especially ebullitive CH, emissions, might be grossly
exacerbated by an increase in overall system productivity,
which is projected to occur due to human population growth
and climate changes.”> Combined with the paucity of work on
how the CH, flux is affected by nutrient enrichment, there are
many more uncertainties in quantifying and understanding the
CH, balance of fluvial systems in the future since global
climate change and urbanization would strongly change the
ecologies of rivers and streams."*
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