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• The CH4 flux is on average higher at
night than during the day, although
considerable scatter exists in the diurnal
pattern.

• Sediment temperature is a dominant
driver that determines daily to seasonal
variations of the CH4 flux.

• The CH4 flux shows a low temperature
sensitivity (Q10 = 1.79) in the sub-
merged aquatic vegetation zone of the
lake.

• Carbon loss via CH4 emission is about
3.5% of the annual net ecosystem
production.
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Submerged macrophytes are important primary producers for shallow lake systems. So far, their overall role in
regulating lake methane flux is a subject of debate because the oxygen produced by their roots can promote
methane oxidation in the sediment but they can also enhance methanogenesis through organic substrate pro-
duction. In this study, we used the eddy covariance method to investigate the temporal dynamics of the CH4

flux in a habitat of submergedmacrophytes in Lake Taihu. The results show that the nighttime CH4 flux is on av-
erage 33% higher than the daytime flux, although a clear diurnal pattern is evident only in the spring. At the daily
to the seasonal time scale, the sediment temperature is themaindriver of the CH4flux variations, implying higher
methane production in the sediment at higher temperatures. The annual CH4 emission (6.12 g C m−2 yr−1) is
much higher than the published whole-lake mean flux (1.12 g C m−2 yr−1) and that reported previously in
the eutrophic phytoplankton zone of the lake (1.35 g Cm−2 yr−1), indicating that the net effect of the submerged
macrophytes is to enhancemethane emission. At the annual time scale, 3.5% of the carbon gained by the net eco-
system production is lost to the atmosphere in the form of CH4.
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Keywords:
Methane flux
Submerged aquatic vegetation
Subtropical shallow lake
ironmental Studies, Yale University, 21 Sachem Street, New Haven, CT 06510, USA.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.03.466&domain=pdf
https://doi.org/10.1016/j.scitotenv.2019.03.466
xuhui.lee@yale.edu
Journal logo
https://doi.org/10.1016/j.scitotenv.2019.03.466
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


401M. Zhang et al. / Science of the Total Environment 672 (2019) 400–409
1. Introduction
Global lakes are an important natural source of atmospheric
methane (Walter et al., 2006, 2007), releasing 72 Tg per year or about
70% of the total freshwater methane emission to the atmosphere
(Bastviken et al., 2004 & 2011). Shallow lakes (average depth lower
than 3 m), existing in a greater number and occupying a larger area
than deep lakes (Downing et al., 2006; Radomski and Perleberg, 2012;
Verpoorter et al., 2014; Davidson et al., 2015), are a large contributor
to the global lake methane emission (Palma-Silva et al., 2013;
Davidson et al., 2015). Submerged macrophytes, plants rooted in the
sediment and growing in water, are a common feature of shallow lake
systems (Wetzel, 2001; Scheffer, 2004). The role of these aquatic plants
in methanogenesis is debatable. Some researchers report that sub-
merged macrophytes inhibit methane emission because oxygen pro-
duced by the root of these vascular plants promotes methane
oxidation in the sediment (Sorrell et al., 2002; Sorrell and Downes,
2004; Xing et al., 2006). On the other hand, submerged macrophyte
may promotemethane emission because they provide organic substrate
formethanogenesis through their primary production (Xing et al., 2006;
Schütz et al., 1991). So far, few long-term (None year) and continuous
measurements are available to quantify the net consequence of these
two competing effects (Sorrell et al., 2002; Xing et al., 2006).

The presence of submerged macrophytes may alter the diurnal and
seasonal rhythms of the methane flux in relation to meteorological
and biological factors. In lake margins and wetlands dominated by
emergent vegetation, strong diurnal variations of the CH4 flux are ob-
served. These variations are characterized by higher fluxes in the day-
time and lower fluxes at night, the primary reason being that CH4

emitting through aerenchyma of vascular plants is a major CH4 trans-
port pathway (Dalal et al., 2008; Miller, 2011; Knoblauch et al., 2015;
Nielsen et al., 2017). However, a different diurnal pattern has been re-
ported, with higher CH4 fluxes at night and lower fluxes in the daytime,
for lake habitats of emergent vegetation (Podgrajsek et al., 2014) and
submerged vegetation (Franz et al., 2016), the primary cause being
stronger water-side thermal convection at night than during the day.
At the seasonal scale, the flux variations are driven by variations in
water temperature in lakes with macrophytes (Kankaala et al., 2004;
Duan et al., 2005; Franz et al., 2016; Xiao et al., 2017) or without
macrophytes (Liu et al., 2017). Because aquatic vegetation grows faster
in warmer temperatures, some of the flux seasonal variations in
macrophyte-dominated sites may also be contributed by variations in
primary production. A precise understanding of the flux temporal vari-
ations and their controlling factors can reduce uncertainties in model
studies and in field observations aiming to quantify the lake annual
methane emission.

Another question regarding aquatic ecosystems is how much of the
organic substrate produced by photosynthesis is used to support CH4

production. Answers to this question are generally expressed as the
ratio of the CH4 emission to the net ecosystem productivity (NEP). In
wetlands and rice ecosystems, methane emission increases with in-
creasing NEP, with about 3.3% of the carbon sequestered through NEP
lost via methane emission (Whiting and Chanton, 1993). However, in
some lakes dominated by aquatic vegetation, the CH4 emission does
not always increase with primary productivity. For example, in a eutro-
phic shallow lake in the Peene River Valley, Germany, CH4 emission in
the submerged and floating vegetation area is larger than that in the
emergent vegetation area, even though the primary production in the
submerged and floating vegetation area is lower than that in the emer-
gent vegetation area (Franz et al., 2016). Currently, we lack sufficient
field data to constrain the relationship between the methane flux and
NEP for lake ecosystems.

Lake Taihu, a large and shallow subtropical lake located in the Yangzi
River Delta, China, is an ideal location for investigating the role of sub-
mergedmacrophytes in lakemethane emission. The lake varies spatially
in terms of eutrophication status, vegetation type and abundance, and
wind-current interactions (Liu et al., 2007; Qin et al., 2007; Lee et al.,
2014). The east zone of the lake is dominated by submerged macro-
phyte, where the highest diffusion methane flux occurs (Xiao et al.,
2017). The rest of the lake is open water habitat with varying degrees
of eutrophication. A comparative analysis of the flux observed inmacro-
phyte habitats and the flux in other open-water zones will be helpful to
determine biotic (phytoplankton versus aquatic vegetation) and abiotic
(temperature, wind, turbulent mixing) controls on the methane emis-
sion fluxes.

The current study builds on several published observational studies
onmethane emission in Lake Taihu (Wang et al., 2006; Xiao et al., 2014;
Xiao et al., 2017). These published studies either have limited temporal
coverage (b30 days,Wang et al., 2006), are restricted to hypereutrophic
open-water and littoral zones (Wang et al., 2006; Xiao et al., 2014), or
only examine the diffusion component of the methane emission (Xiao
et al., 2017). In this study, we deployed the eddy covariance technique
tomeasure the totalmethane flux (diffusion plus ebullition) at a habitat
of submerged macrophytes for three years. In parallel to the eddy co-
variance measurement was a gradient-diffusion measurement of the
total methane flux in the northeastern portion of the lake that was
free of aquatic vegetation but experienced heavy algal growth. We
aim (1) to examine the temporal dynamics of the CH4 flux in this mac-
rophyte habitat, (2) to discern meteorological factors that control the
diurnal and seasonal variations in the observed CH4 flux, and (3) to in-
vestigate the relationships between the CH4 flux and the NEP of this
aquatic ecosystem.

2. Methods

2.1. Site description

Lake Taihu is a large lake (area 2400 km2) situated in a humid sub-
tropical climate zone. The annualmean air temperature and annual pre-
cipitation are 16.2 °C and 1120mm, respectively. The lake is divided into
seven zones according to pollution status, wind-current interactions,
and vegetation type, including a submerged aquatic vegetation zone
in the east (Zhao et al., 2011; Liu et al., 2007; Qin et al., 2007; Lee
et al., 2014). The flux site (site ID: BFG; 31.14°N, 120.40°E) is located
in this zone (Fig. 1). Themeanwater depth is about 2.1m. The dominant
species are Hydrilla verticillata and Potamogeton malaianus. The water
quality parameters for this zone, including concentration of dissolved
organic carbon (DOC), concentration of dissolved oxygen (DO), concen-
trations of total phosphorus (TP) and total nitrogen (TN), and water
clarity, are given in Supplementary Table S1.

2.2. Measurements

The CO2 flux (Fc) and the CH4 flux (Fm) between the lake surface and
the air were measured by the eddy covariance method,

F ¼ w0c0 ð1Þ

where w′ is the fluctuating of vertical air velocity, c′ is the fluctuating
CH4 or CO2 density, and the overbar denotes time averaging. The Fc
and Fm measurements started at BFG in December 2011 and April
2014, respectively. The data used in this study were collected between
May 2014 and May 2017. Two eddy covariance (EC) systems were
used, one consisting of a three-dimensional sonic anemometer/ther-
mometer (Model CSAT3, Campbell Scientific Inc., Logan, UT, USA) and
an open-path infrared CO2 and water vapor analyzer (Model EC150,
Campbell Scientific Inc., Logan, UT, USA), and the other consisting of a
CSAT3 anemometer/thermometer, an EC150 CO2/H2O analyzer, and an
open-path CH4 gas analyzer (Model Li-7700, LI-COR Inc., Lincoln, NE,
USA). The raw data were collected at 10 Hz and stored by two
dataloggers (Model CR3000, Campbell Scientific Inc., Logan, UT, USA),
and then were block-averaged over 30-min intervals to calculate the



Fig. 1. Map of Lake Taihu showing the location of the eddy covariance site (Bifenggang;
BFG) and the flux-gradient site (Meiliangwang; MLW).
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CO2 and CH4 fluxes. Both EC systemsweremounted at a height of 8.5 m
above the water surface. The footprint model of Hsieh et al. (2000) pre-
dicts that the peak contribution to the EC fluxes is at a distance of about
200 m from the flux tower. The distance between the EC platform and
the nearest lake shore is 4 km. Therefore, the EC flux signal was unaf-
fected by land sources and sinks.

In parallel to the EC measurement, air temperature and humidity
were measured with a temperature/humidity probe (Model
HMP155A; Vaisala, Inc., Helsinki, Finland). Wind speed and wind direc-
tion were measured with an anemometer and a wind vane (Model
05103; R M Young Company, Traverse City, Michigan, USA) at the
height of 8.5 m above the water surface. Water temperature at the
depths of 20, 50, 100, and 150 cm and sediment temperature at the
depth of 3 cm below the water column were monitored with tempera-
ture probes (Model 109-L, Campbell Scientific Inc., Logan, UT, USA).
These meteorological variables were sampled at 1 Hz by a datalogger
(Model CR1000, Campbell Scientific Inc., Logan, UT, USA) and were av-
eraged to 30-min intervals.

Normalized difference vegetation index (NDVI) was used as a proxy
to represent the development and growth of the submerged aquatic
vegetation. The NDVI data was obtained from the MODIS sensor on
NASA's Terra platform. The temporal and spatial resolution of NDVI
are 16 days and 250 m, respectively.

The measurement systems were visited every one to two months.
The EC gas analyzers were calibrated every year using primary standard
CO2 and CH4 gases (1% uncertainty) made by the National Institute of
Metrology of China and a portable dew point generator (Model LI-610,
LI-COR, Inc., Lincoln, NE, USA). The 30-min flux data andmicrometeoro-
logical data were downloaded weekly by a cellular communication
device (Model H7118 GPRS/EDGE DTU, Hongdian Technologies Corpo-
ration, Shenzhen, China). The 10 Hz raw EC data were retrieved on
site visits.

2.3. Data processing

2.3.1. CH4 flux data
We processed the raw time series with the Eddy Pro software (ver-

sion 6.2.1, LI-COR, Lincoln) to produce 30-min CH4 flux. The sonic tem-
perature was corrected for humidity effects (Van Dijk et al., 2004). A
double coordinate rotation was used to force the average vertical veloc-
ity to zero and to align the horizontal wind to the mean wind direction
(Baldocchi et al., 2000; Wilczak et al., 2001). Statistical tests were car-
ried out on the high frequency data to remove spikes (Vickers and
Mahrt, 1997). The time lag caused by the separation between the ane-
mometer and the CH4 analyzer was compensated by a covariance max-
imization procedure (Horst and Lenschow, 2009). The loss of flux in the
low and high frequency parts of the spectrumwas compensated by the
methods of Moncrieff et al. (1997, 2004). The Webb-Pearman-Leuning
(WPL) correction was applied to remove the density effects of temper-
ature andwater vapor variations on themeasured CH4 flux (Webb et al.,
1980).

The 0–1-2 system (Mauder and Foken, 2004) was used for the CH4

flux data quality control. The data flagged by 0 and 1 represent mea-
surements whose 10 Hz time series of w′ and c′ satisfy the stationarity
criterion. According to Mauder and Foken (2004), random flux errors
are minimal if this criterion is met. The flux data with quality flag 2
does not satisfy stationarity and was excluded from further analysis.
The percent of valid half-hourly CH4 data was 38% from May 2014 to
May2017. The remaining gaps (62%)weremostly caused by instrument
problems (power failure, dirty optical window, and rain interference).
No gap-filling was applied at half-hourly intervals. Daily and monthly
CH4 flux were calculated on the basis of the valid half-hourly data. If
the valid flux data exceeded 20% in a month, a diurnal composite flux
variation was calculated for that month. A daily mean flux was calcu-
lated if there were 30% or more valid 30-min data in that day. The per-
cent of valid daily datawas 50%. Amonthly average fluxwas produced if
the valid 30-min flux data exceeded 20% in that month. These daily and
monthly flux calculation criteria were a compromise between adequate
temporal coverage and robustness of the daily and month mean fluxes.
Use of gap-filled data resulted in essentially the same annual flux
(Section 4.3) The flux relationshipswith environmental factors were in-
vestigated at half-hourly and daily time scales.

2.4. CO2 flux data

We used the CO2 flux measured with EC to understand the relation-
ship between the CH4 flux and the net ecosystem production. The CO2

flux data was processed using the same procedure as the CH4 flux,
with the following additional steps. In addition to the standardWPL cor-
rection, a small correction was applied to the CO2 flux to remove the
spectroscopic effect caused by the slow response of the temperature
sensor integrated in the EC gas analyzer (Bogoev, 2014; Wang et al.,
2016). Abnormal CO2 flux data was filtered according to the following
conditions, (1) when precipitation happened, (2) when the flux was
lower than −1.5 mg m−2 s−1 or N1.5 mg m−2 s−1, and (3) when the
standard deviation of CO2 concentration was larger than 20 mg m−3.

After data quality control, the valid half-hourly CO2 data was about
77% from 2014 to 2017. Gaps in the CO2 flux data were filled with a
lookup table. The table was created based onmonthly periods. A diurnal
composite data table was calculated for everymonth using the valid 30-
min flux. Themissing data in a certain half-hourwas filledwith the data
in the corresponding half-hour of the table. The monthly and annual
fluxes were calculated using the filled continuous 30-min CO2 flux
data time series. Additional information on the CO2 flux data processing
and interpretation can be found in Lee et al. (2018) (manuscript submit-
ted). An implicit assumption is that the monthly and annual CO2 flux
measured above the water column represents the true NEP of the sub-
merged aquatic habitat. The net water transport of dissolved organic
and inorganic carbon into and out of the local domain was omitted.
(At the monthly and annual time scales, changes in the CO2 concentra-
tion in the water column are negligible.)

2.5. Modeling turbulent diffusion coefficient of water

Lake CH4 flux is affected by water turbulence (Podgrajsek et al.,
2014). We used the one-dimensional k-ε model developed by Herb
and Stefan (2005) to characterize turbulent motion in the lake. The
model calculates the budget of the turbulent kinetic energy (TKE)
from wind-driven turbulence, density gradient, and dissipation by



Table 1
CH4 flux indaytime andnighttime in the four seasons (Unit: μg CH4m−2 s−1). The range of
variation is ± one standard deviation.

Spring Summer Autumn Winter

Daytimea 0.14 ± 0.05 0.33 ± 0.10 0.23 ± 0.07 0.14 ± 0.07
Nighttimeb 0.25 ± 0.12 0.47 ± 0.11 0.31 ± 0.10 0.22 ± 0.08

aSolar elevation angle is higher than 25°.
bSolar elevation angle is lower than−25°.
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macrophytes, and uses the predicted TKE to parameterize the turbulent
diffusion coefficient K in the one-dimensional heat diffusion equation.
We forced the model using the observed meteorological variables (in-
coming solar and longwave radiation, wind speed, air temperature
and humidity). The important parameters included light extinction co-
efficient of water (2m−1), light extinction coefficient of the submerged
vegetation (0.02 m2 gdw−1), the depth of water (2 m), the height of
submerged vegetation (1.2 m), and the maximum biomass density
(300 gdw m−3). Its lower boundary condition was the measured sedi-
ment temperature at the 3-cm depth below the water column. The ver-
tical turbulent diffusion coefficient at the 20-cm depth of the water
column simulated by the model was used to investigate the effect of
water turbulence on the observed CH4 flux.

3. Results

3.1. Temporal variations of meteorological factors

The general meteorological conditions experienced in this experi-
ment are shown in a series of averaged diurnal variations, including
net radiation (Rn), air temperature (Ta), 20-cm depth water tempera-
ture (Tw), sediment temperature (Ts) and wind speed (WS) for each of
the four seasons (spring, fromMarch toMay; summer, from June to Au-
gust; autumn, from September to November; winter, fromDecember to
February in next year; Supplementary Fig. S1 and Fig. S2). The midday
seasonal mean Rn varied from 325 W m−2 (winter) to 515 W m−2

(summer). The highest Ta and Tw occurred in the afternoon, at about
16:00 local time (Fig. S1), with seasonal mean midafternoon values of
8.0 and 8.0 °C in thewinter and 28.4 and 28.7 °C in the summer, respec-
tively. The sediment temperature (Ts) did not show diurnal variations,
was on average 0.5 °C higher than Tw in the winter and 1.9 °C lower
than Tw in the summer (Fig. S1).Wind speed (WS)was generally higher
in the nighttime than that in the daytime (Fig. S2). The diurnal variation
in WS was largest in the summer, showing the seasonal mean peak
value of 4.8 m s−1 at 21:00, and mean minimum value of 3.7 m s−1 at
12:00. The diurnal variations of turbulent diffuse coefficient at the 20-
cmwater depth (K) were similar to the patterns forWS. In the summer,
the seasonal mean peak value of 12.9 cm2 s−1 occurred at 23:00 and
mean minimum value of 6.9 cm2 s−1 at 12:30 (Fig. S2). The monthly
mean Ta reached a maximum of 28.0 °C in July, and the monthly mean
Tw and Ts were the highest, at 29.0 and 27.8 °C, respectively, in August
(Supplementary Fig. S4).

3.2. Temporal variations of the CH4 flux

According to all valid 30-min and 5-day mean CH4 flux from DOY
(day of year) 121 (May 1st), 2014 to DOY 150 (May 30), 2017, the
flux was higher in the summer and the autumn (June to November,
mean value 0.33 μg CH4 m−2 s−1) and lower in the winter and the
spring (December toMay in next year,meanvalue 0.18 μg CH4m−2 s−1;
Fig. S5).

In general, CH4 fluxwas lower in the daytime than at night (Table 1).
The mean nighttime flux was 43%, 29%, 25%, and 36% higher than the
mean daytime flux in the spring, summer, autumn, and winter, respec-
tively. Averaged over the four seasons, the nighttime fluxwas 33%± 8%
higher than the daytime flux. However, large fluxes were often ob-
served in the daytime, resulting in scatters in the diurnal flux compos-
ites, except in the spring when a clear diurnal pattern was evident
(Fig. 2).

Clear season variations in the flux are shown by the monthly values
(Fig. 3). Eight of the monthly values were averages of at least two
monthly data from different years, and the remaining monthly values
were based on data collected in one year only. The lowest monthly
mean was 0.14 ± 0.001 μg CH4 m−2 s−1 in February, and the highest
was 0.49 ± 0.03 μg CH4 m−2 s−1 in August. The annual mean flux
based on the 12 monthly mean values shown in Fig. 3 was 0.26 ±
0.10 μg CH4 m−2 s−1, corresponding to an annual total of 6.12 ±
0.11 g C m−2 yr−1.

3.3. Effects of environmental factors on the CH4 flux

To probe the mechanisms that drove the diurnal flux variations, we
first computed themean values of the flux andmeteorological variables
for each 30-min period of the day and correlated the 30-min flux with
the 30-min meteorological variables. We found positive and significant
correlation between the fluxwithwind speedWS and the turbulent dif-
fusion coefficient K in the summer (Fig. 4a and b) and in the other three
seasons (Supplementary Fig. S6). Moreover, Fm showed significant rela-
tionship with sediment temperature in the summer only and did not
show significant relationship with air pressure in any of the four
seasons.

The daily mean flux increased exponentially with sediment temper-
ature Ts (Fig. 4c), resulting in a Q10 value of 1.79. The exponential fit
function explains 71% (or R2 of 0.71) of the observed flux variations.
Here the daily data were first grouped into 1 °C bins and the regression
was applied to the bin-averaged flux. If the water temperature instead
of the sediment temperature was used as independent variable in this
regression, the coefficient of determination would be slightly lower at
R2=0.63, indicating that sediment temperature exerted a stronger con-
trol than water temperature on methane production at this habitat of
submerged aquatic vegetation.

The temperature response here (at BFG) contrasted sharply with that
observed atMeiliangwan (Site IDMLW, Fig. 1), a site located in the eutro-
phic zone in the northern part of the lake, with the latter showing a
threshold instead of a continuous pattern (Fig. 4c). Below the tempera-
ture of 23 °C, the flux at MLW was insensitive to temperature. When
the sediment temperature was higher than 23 °C, the flux at MLW in-
creased rapidly with temperature. Forcing a regression fit with an expo-
nential function resulted in an unrealistically high Q10 of 239 at MLW.

The daily mean flux at BFG also showed a weak negative but signif-
icant correlation with air pressure (P) (Fig. 4d).

A stepwise multiple linear regression was applied to the monthly
data, with the monthly flux Fm as the dependent variable and the
monthly mean Tw, Ts, P, and NDVI as the independent variables. The
final regression model is Fm = (0.011 ± 0.002) Ts + (0.073 ± 0.041)
(R2 = 0.50, p b 0.01). The result shows that the monthly mean Ts was
the best predictor for Fm.

3.4. Relationship between the CH4 flux and the net ecosystem productivity

When presented in a scatter plot, themonthlymeanmethane flux is
uncorrelated with the monthly NEP (Fig. 5a). The ratio of the monthly
mean CH4 flux to the monthly mean CO2 flux or NEP is given in
Fig. 5b. Both fluxes are expressed in g C m−2 s−1. This flux ratio varied
between a low value of −0.4% in November to a maximum value of
12.3% in December, with both showing large inter-annual variability
(standard deviation 6.4 to 14.9%), because the NEP fluctuated greatly
in these two months. If these two months were excluded, the flux
ratio was higher in the warm season (5.9%, June to September) than in
the cold season (2.5%, January to May and October).

At the annual scale, the methane flux was 6.57 g C m−2 yr−1 and
6.37 g C m−2 yr−1 in 2015 and 2016, respectively, based on the mean



Fig. 2. Average diurnal composite CH4 flux (Fm) at BFG in the spring (a), summer (b), autumn (c), and winter (d) from 2014 to 2017 at BFG. Error bars are ± one standard deviation.
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value of valid daily flux data without gap-filling. In comparison, the an-
nual NEP was 165 g C m−2 yr−1and 215 g C m−2 yr−1 in 2015 and
2016, respectively. On average, about 3.5% of the carbon taken up from
the atmosphere by the submerged vegetation was lost in the form of
methane to the atmosphere.

4. Discussion

4.1. Diurnal variations of the CH4 flux in wetlands and lakes

Four processes, plant transport, production, diffusion and oxidation,
can potentially result in diurnal changes in the methane flux. In some
Fig. 3. Monthly CH4 flux (Fm) from May 2014 to May 2017 at BFG. Error bars are ± one
standard deviation of average monthly values.
wetlands, eddy covariance observations show higher CH4 flux values in
the daytime than at night (Matthes et al., 2014; Koebsch et al., 2015;
van den Berg et al., 2016). This is because the plant-mediated transport
is themain pathway of CH4 emission in ecosystemswith emergent vascu-
lar vegetation whose stomata remain open in the daytime (Miller, 2011;
Bhullar et al., 2013; Knoblauch et al., 2015). In this study, the generally
higher CH4 flux at night than during the day (Table 1) does not support
the plant-mediated transport mechanism. Furthermore, our observed di-
urnal pattern cannot be explained by changes in methane production in
the sediment because the diurnal amplitude of the sediment temperature
was negligible (Supplementary Fig. S1). If we used the 20-cmwater tem-
perature as a predictor for the half-hourly bin averaged flux, the regres-
sion equation is y = (0.151 ± 0.033) e(0.032±0.081) x (R2 = 0.58), where
y is in μg CH4m−2 s−1 and x is in °C. Given a typical seasonal mean Tw di-
urnal amplitude of 1.6 °C (Supplementary Fig. S1), this equationpredicts a
diurnal change in the methane flux of 0.014 μg CH4 m−2 s−1, still too
small in comparison to the observed difference between daytime and
nighttime (average difference 0.1 μg CH4 m−2 s−1).

Diurnal patterns of higher nighttimeflux have also been reported for
shallow lakes and pondswith (Podgrajsek et al., 2014) andwithout sub-
merged vegetation (Godwin et al., 2013; Franz et al., 2016). A potential
mechanism is that water-side convection triggered by cold surface
water at night promotes diffusion of methane out of the water column
(Podgrajsek et al., 2014). In the present study, the same mechanism
was amore logical explanation for the diurnal flux pattern than changes
in methane production because of the higher eddy diffusion coefficient
K at night than during the day (Fig. S2). A contributor to the higher K at
night was higher wind speed at night than during the day (Fig. S2). Ad-
ditionally, the water column was generally well mixed at night due to
convection but was stably stratified during the day (Fig. S3). Mixing of
the water column at night can bring methane-rich water near the sedi-
ment to the surface, enhancing the flux to the atmosphere. Moreover,



Fig. 4. Relationships between CH4 flux (Fm) and environmental variables: (a) relationship of half-hourly bin average fluxwith wind speed (WS) at BFG in the summer; (b) relationship of
half-hourly bin average fluxwith turbulent diffusion coefficient at the 20-cmwater depth (K) at BFG in the summer; (c) bin average daily flux and sediment temperature (Ts) at BFG and
MLW; (d) bin-average dailyfluxand air pressure (P) at BFG. The regression statistics are: y=(0.045±0.011) x+(0.241±0.081), R2=0.42,p b 0.01 inpanel (a), y=(0.011±0.003) x+
(0.344±0.083), R2=0.35, p b 0.01 in panel (b), BFG: y=(0.090±0.018) e (0.058±0.008) x, R2=0.71, p b 0.01;MLW: y=(2.256 × 10−7±2.779× 10−7) e (0.548±0.044) x, R2=0.96, p b 0.01
in panel (c), and y = (− 0.038 ± 0.015) x + (4.131 ± 1.579), R2 = 0.25, p b 0.05 in panel (d). All parameter bounds on the regression coefficients are 95% confidence intervals.
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strong water turbulence generated by convection and wind shear can
promote bubble CH4 emission from the sediment in shallow lakes
(Mattson and Likens, 1990; Podgrajsek et al., 2014). It is suggested
that water turbulence can promote bubble formation at the water-
sediment interface (Joyce and Jewell, 2003; Podgrajsek et al., 2014).

Finally, the day versus night contrastmay be related to oxygen levels
in thewater and the sediment. During the day, submergedmacrophytes
can transport oxygen to the root zone (Sorrell et al., 2002; Sorrell and
Downes, 2004; Xing et al., 2006), supporting methanotrophs and
other organisms that consume methane. During photosynthesis, oxy-
gen is released by the foliage layer, potentially increasing the oxidation
rate of methane during the process of diffusion through the water col-
umn. At night, the environment ismore anoxic, andmethane candiffuse
out of the sediment and the water column more readily. In this regard,
the diurnal CH4 flux phenomenon is similar to the diurnal variations
in hydrogen sulfide release from sediment (Lee and Dunton, 2000;
Hebert and Morse, 2003; Hebert et al., 2007).

4.2. Temperature sensitivity of the CH4 flux

In general, the lake CH4 flux increases exponentially with water or
sediment temperature (Kankaala et al., 2004; Duan et al., 2005; Xing
et al., 2005; Koebsch et al., 2015; Franz et al., 2016; Liu et al., 2017).
This temperature dependence was evident at daily time scales
(Fig. 4c) and also explained the observed seasonal variations (Fig. 3)
at Lake Taihu. This temperature relationship results from higher activity
of methaneogenic bacteria and higher methane production at higher
temperatures (Kankaala et al., 2004; Song et al., 2013; Yvon-Durocher
et al., 2014).

TheQ10 parameter is a quantitativemeasure of the temperature sen-
sitivity. Table 2 is a summary of the Q10 values found for lakes and wet-
lands in the published literature. In this study, theQ10 valuewas 1.79 for
the submerged aquatic vegetation zone. This value was close to the
value observed for Lake Poyang, another subtropical lake but without
aquatic vegetation, was generally lower than the values reported for
wetlands (2.0 to 5.6) and for temperate and boreal lakes with or
without aquatic vegetation (3.2 to 22.9). According to the incubation
experiments of soil samples collected from wetland and paddy ecosys-
tems, the range of Q10 of potential methane production is from 1.5 to
28 (Segers, 1998). Our relatively low Q10 value for the submerged
aquatic habitat may be related to the warm climate and the relative
long growing season in the Yangtze River Delta. At Lake Taihu, the an-
nual mean air temperature was 16.2 °C. The growing season of sub-
merged vegetation is from March to November according to field
surveys by Luo et al. (2017). Our EC measurement indicates that the
monthly mean CO2 flux was negative throughout the year, indicating
photosynthetic activity even in the winter (Lee et al., 2018; manuscript
in review). Active primary production in the cold season, coupled with
the death of some biomass, may have enhanced substrate supply for
methanogenesis, thus offsetting the cold temperature effect. In January
2016, the coldest month (mean air temperature 4 °C) at Lake Taihu, the
CH4 flux was 0.30 μg CH4 m−2, which is actually higher than the flux
(0.07 μg CH4 m−2) observed in rice paddies during the seeding period
(from April to May) in California (McMillan et al., 2007).



Fig. 5. Relationship between methane and carbon fluxes at BFG. (a) Scatter plot of the
monthly mean methane flux versus monthly NEP. (b) The ratio of monthly carbon lost
via CH4 emission (Fm) to the carbon gained via net primary productivity (NEP). Error
bars are ± one standard deviation. Also shown in panel (a) are regression statistics.
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In comparison, the overall Q10 value was 239 for the MLW site lo-
cated in the highly eutrophic zone of the lake where algal growth was
common in high temperatures. We suggest that this site experienced
two different states. When the sediment temperature was lower than
23 °C, the CH4 flux was low (Fig. 10b) and presumably originated
from the decomposition of organic matter in the sediment. The average
flux for temperatures lower than 23 °Cwas 0.04 μg CH4m−2 s−1. When
the sediment temperature was higher than 23 °C, the CH4 flux became
muchhigher (average value 0.47 μg CH4m−2 s−1),whichwas indicative
of more efficient methane production from dead algal biomass, and
Table 2
Temperature sensitivity of methane flux (Q10) for different inland water ecosystems.

Ecosystem type Climate zone Vegetation type

Lake Subtropical Submerged
Lake Subtropical Algal
Lake Boreal Emergent
Boreal lakes Boreal –
Lake Temperate Submerged and floating
Lake Temperate Emergent
Lake Subtropical –
Wetland Temperate Emergent
Wetland Boreal Emergent
Wetland Boreal Emergent
Wetland Subtropical Emergent
Wetland Temperate Emergent
Wetland Alpine Emergent
Peatland Boreal Emergent
Wetland Boreal Emergent
showed a rapid increase with increasing temperature. If we restricted
the regression fit to the data with temperatures higher than 23 °C, we
obtained amore reasonableQ10 value of 33.1. The unusually high overall
Q10 was an artifact of the regression fit to two different methane pro-
duction regimes. Nevertheless, the threshold behavior of the methane
flux suggests a higher temperature sensitivity of the flux for eutrophic
waters than for more clean waters.

4.3. Comparison of annual CH4 emission

The annual CH4 flux value reported here (6.12 g C m−2 yr−1) for the
submerged aquatic vegetation habitat of Lake Taihu is near the high end
of theflux values reported previously for Lake Taihu andother subtropical
lakes in China. In a study of methane spatial variations across Lake Taihu,
Xiao et al. (2017) found the highest dissolved methane concentration in
the zone of submerged macrophytes. Using the piston velocity method
and sampling of CH4 dissolved inwater, they show large spatial variations
of the diffusion CH4 flux are controlled primarily by water quality and
vegetation type across the lake. By combining the diffusionflux and an es-
timate of the ebullition contribution, they estimated that the total whole-
lake mean CH4 flux is 1.15 g C m−2 yr−1. Using the flux-gradient tech-
nique, Xiao et al. (2014) reported an annual flux of 1.35 g C m−2 yr−1

for the eutrophic phytoplankton zone in the northern portion of Lake
Taihu. Wang et al. (2006) deployed the chamber method in an
infralittoral zone in the northern portion of Lake Taihu, yielding an annual
flux of 2.62 g C m−2 yr−1. Our annual flux is close the flux value of
6.36 g C m−2 yr−1 reported for Lake Donghu (Xing et al., 2005) but is
much higher than the flux value of 2.38 g C m−2 yr−1 for Lake Poyang
(Liu et al., 2017). Like Lake Taihu, Lake Donghu is a shallow lake, with a
meanwater depth of 2.5m, but is hypereutrophic and dominated by phy-
toplankton. On the other hand, Lake Poyang ismuch deeper (mean depth
of 8 m).

The annual lake CH4 flux varies by climate. According to Bastviken
et al. (2011), the global flux from open waters on land is about
14 g C m−2 yr−1, which is much lower than the flux of
34 g CH4 m−2 yr−1 for lakes in the tropical zone (latitude b24°)
(Bastviken et al., 2011). The annual CH4 emission from the submerged
aquatic vegetation zone of Lake Taihu is lower than the global level and
much lower than the CH4 emission from lakes in the tropical climate.
Many of the lakes located in the temperate climate surveyed by
Bastviken et al. (2004) are surrounded by bogs and forests which provide
large quantities of organic carbon as input into these lakes, thus
supporting high methane emissions. The tropical lakes in Bastviken
et al. (2004) aremostly located infloodplainswhere primary productivity
is large, temperature is high, and floodwater is shallow (Crill et al., 1988;
Devol et al. 1988 & 1990; Engle and Melack, 2000; Smith et al., 2000;
Bastviken et al., 2010). These conditions favor high methane fluxes. For
example, the CH4 flux is 38 g CH4 m−2 yr−1 in lakes near Pantanal, in a
Temperature Q10 Reference

Sediment 1.8 This study
Sediment 239 This study
Sediment 3.2–6.0 Kankaala et al., 2004
Water 15.8 Rasilo et al., 2015
Soil 22.9 Franz et al., 2016
Sediment 3.2–5.1 Duan et al., 2005
sediment 1.7–2.0 Liu et al., 2017
Soil/water 2.7 Bansal et al., 2016
Soil 2.2–2.6 Sun et al., 2018
Soil 5.6 Gill et al., 2017
Soil 3.4–3.8 Wang et al., 2015
Air 2.6–3.7 Boardman et al., 2013
Soil 2.4 Song et al., 2015
Soil 2.0 Pypker et al., 2013
Soil 4.4 Herbst et al., 2011



Table 3
The ratio of carbon lost via CH4 emission to the carbon gained through photosynthesis for
different freshwater ecosystems.

Ecosystem
type

Vegetation
type

Climate Ratio References

Rice paddy Rice Mediterranean 3.5%a Knox et al., 2016
Rice paddy Rice Temperate 4.8–5.6%a McMillan et al.,

2007
Freshwater
marsh

EVe Subtropical 14.0%a Krauss et al., 2016

Marsh EVe Subtropical 1.1%a Whiting et al., 1991
Peatland EVe Boreal 2.9%a Whiting and

Chanton, 1992
Bogs and
Fens

EVe Boreal 7.5%c Crill et al., 1988

Swamp EVe Temperate 3.5%a Chanton et al., 1992
Tundra EVe Boreal 6%a Fan et al., 1992
Wetland EVe Temperate 2.6%a Morin et al., 2014
Fen Small EVe Temperate 7.9–10.9%a Minke et al., 2016
Fen Tall EVe Temperate 8.5–16.3%a Minke et al., 2016
Bog EVe Temperate 1.5%a Wilson et al., 2013
Wetland EVe Temperate 8.7%a Brix et al., 2001
Fen EVe Temperate 9.5–14.4%a Knox et al., 2015
Fen EVe Boreal 2.3%a Ström et al., 2015
Wetland SAVd Mediterranean 11.7%a Miller, 2011
Fen SAVd Temperate 14.0%b Franz et al., 2016
Lake SAVd Subtropical 0.7–1.4%c Xing et al., 2006
Lake Phytoplankton Subtropical 15.3%c Xing et al., 2005
Lake SAVd Subtropical 3.5%a This study

aThe ratio of CH4 emission (g C m−2 yr−1) to NEP (g C m−2 yr−1).
bThe ratio of CH4 emission (g C m−2 yr−1) to GPP (g C m−2 yr−1).
cThe ratio of CH4 emission (g C m−2 yr−1) to NPP (g C m−2 yr−1).
dSubmerged aquatic vegetation.
eEmergent vegetation.
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savannah floodplain in South American (Marani and Alvalá, 2007;
Bastviken et al., 2010).

Methodological differences are a confounding factor in the above
flux comparison. For example, micrometeorological methods measure
the total flux (ebullition plus diffusion) whereas the water equilibrium
method only measures the diffusion flux (Schubert et al., 2012). In
this regard, the comparison between BFG and MLW is noteworthy
because the measurement was made at the same time and the tech-
niques – eddy covariance at BFG and flux-gradient at MLW – bothmea-
sured the total flux with similar footprint sizes. These two sites
experienced similar wind speeds (annual mean 3.5 m s−1 at MLW and
4.5 m s−1 at BFG) and nearly identical water temperature and solar ra-
diation (Wang et al., 2014; Xiao et al., 2017). But TP, TN and chlorophyll-
a concentrations were much higher at MLW in the eutrophic phyto-
plankton zone than at BFG in the submerged aquatic vegetation zone
(Xiao et al., 2017). The flux atMLWwasmuch lower than at BFG except
during a brief period when daily mean temperature rose above 23 °C
(Fig. 4c). Because of the highly non-linear flux behavior with respect
to sediment temperature and large data gaps (daily flux gap 70%) at
MLW,we could not obtain a reliable gap-filled annual flux for the obser-
vational period. A previous study using the same flux-gradient system
reported an annual flux of 1.35 g C m−2 yr−1 for MLW.

Another confounding factor is related to data gaps. The annual CH4

emission total reported above for BFG (6.12 g C m−2 yr−1) was based
on the simple algebraic mean flux without regard to data gaps. Using
the regression equation in Fig. 4c to fill data gaps, we obtained a slightly
larger annual total of 6.48 ± 0.16 g C m−2 yr−1. Here, the uncertainty
range is ±1 standard deviation of 10,000 ensemble members of a
Monte Carlo simulation assuming that errors in the regression coeffi-
cient follow a normal distribution. In other words, our general findings
seem robust and unaffected by data gaps.

4.4. Relation of annual methane flux to net ecosystem production

An important driver of the annual CH4 flux is primary production. In
the submerged aquatic vegetation zones in a temperate fen and in a
Mediterranean wetland, the CH4 flux is 39.5 and 104 g C m−2 yr−1,
respectively (Franz et al., 2016; Miller, 2011). These values are much
higher than the CH4 emission flux from this study, largely because of
higher NEP at those sites than at BFG. Although no NEP data have
been reported for the temperate fen, the NEP is about
800 g C m−2 yr−1 for the Mediterranean wetland (Miller, 2011), or 4
times the NEP of our site (190.2 g C m−2 yr−1). Xing et al. (2006) re-
ported that the CH4 emission flux is 6.6 g C m−2 yr−1 and the net pri-
mary productivity (NPP) is 120 to 150 g C m−2 yr−1 for a submerged
aquatic vegetation habitat of Lake Biandantang in an alluvial plain in
the middle of the Yangtze River. These flux values were similar to ours.

Table 3 is a summary of the ratio of the amount of carbon lost via CH4

emission to the amount of carbon gained through photosynthesis,
expressed as NEP, NPP or gross primary productivity (GPP), found in
the published literature. In wetlands with emergent vegetation, the
ratio of methane flux to NEP varies from 1.1% to 16.3%, with a mean of
7.3%. For rice paddies, the ratio is in the range of 3.5% to 5.6%. For com-
parison, the ratio of CH4 emission toNEPwas 3.5% at the annual scale for
our study site, which is close to the mean ratio of 3.3% for wetland and
rice ecosystems (Whiting and Chanton, 1993). These broadly similar ra-
tios suggest that BFG behaved more like wetland systems than open-
water systems. Future research should test if NEP-based CH4 models
forwetland ecosystems can be applied to submerged aquatic vegetation
habitats.

5. Conclusions

At BFG, a submergedmacrophyte habitat in Lake Taihu, the eddy co-
variance measurement showed that the CH4 flux was higher at night
than during the day. Possible drivers of this diurnal pattern included
changes in the diffusion efficiency of the water column and oxygen
levels between day and night. At the seasonal time scale, the sediment
temperature was the primary driver of the CH4 flux variations, implying
higher methane production in the sediment at higher temperatures.

The sensitivity of the CH4 flux to sediment temperature was low
(Q10 = 1.79), because active primary production, coupled with the
death of some biomass in the cold season,may have enhanced substrate
supply for methanogenesis, thus offsetting the cold temperature effect.
In contrast, theQ10 value forMLW, a site in the eutrophic phytoplankton
zone in the northern portion of Lake Taihu, was 239. We suggest that
the unusually high overall Q10 at MLWwas an artifact of forcing the re-
gression fit of the exponential function to two different methane pro-
duction regimes.

The annual CH4 emission was 6.12 g Ccm−2 yr−1 at BFG, which is
much higher than that reported previously by Xiao et al. (2014)
(1.35 g C m−2 yr−1) for MLW in the eutrophic phytoplankton zone.
On themonthly time scale, the CH4 flux and the NEPwere uncorrelated.
On the annual time scale, the ratio of the CH4flux toNEPwas about 3.5%,
similar to the ratios reported previously for natural wetlands and rice
paddies.
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