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Multi-scale temporal variation of methane flux and its
controls in a subtropical tidal salt marsh in eastern China
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Abstract CH, emissions could vary with biotic and
abiotic factors at different time scales. However, little
is known about temporal dynamics of CH, flux and its
controls in coastal marshes. In this study, CH, flux was
continuously measured with the eddy covariance
technique for 2 years in a subtropical salt marsh in
eastern China. Wavelet analysis was applied to
explore the multi-scale variations of CH, flux and its
controls. Additionally, partial wavelet coherence was
used to disentangle confounding effects of measured
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variables. No consistent diurnal pattern was found in
CH, fluxes. However, the hot-moments of CH, flux
were observed after nighttime high tide on days near
the spring tide. Periodic dynamics were also observed
at multi-day, semilunar and seasonal scales. Tide
height in summer had a negative effect on CH, flux at
the semilunar scale. Air temperature explained most
variations in CH, fluxes at the multi-day scale but CHy
flux was mainly controlled by PAR and GEP at the
seasonal scale. Air temperature explained 48% and
56% of annual variations in CH, fluxes in 2011 and
2012, respectively. In total, the salt marsh acted as a
CH, source (17.6 £3.0g C-CH4 m—? yearfl),
which was higher than most studies report for inland
wetlands. Our results show that CH, fluxes exhibit
multiple periodicities and its controls vary with time

C. Gu
Hydrological Station of Chongming County, Shanghai,
China

X. Xiao

Department of Botany and Microbiology, Center for
Spatial Analysis, University of Oklahoma, Norman, OK,
USA

Z. Ge

State Key Laboratory of Estuarine and Coastal Research,
East China Normal University, Shanghai 200062, China

@ Springer


https://doi.org/10.1007/s10533-017-0413-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-017-0413-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-017-0413-y&amp;domain=pdf
https://doi.org/10.1007/s10533-017-0413-y

Biogeochemistry

scale; moreover, CH, flux is strongly modified by tide.
This study emphasizes the importance of ecosystem-
specific measurements of CH, fluxes, and more work
is needed to estimate regional CH, budgets.

Keywords CH, flux - Tide height - Wavelet
analysis - Eddy covariance

Introduction

Wetlands are the dominant natural source of atmo-
spheric methane (CH4) and have profound effects on
atmospheric CH, concentration dynamics in recent
decades (Bridgham et al. 2013; Kirschke et al. 2013).
Many studies have estimated global wetland CHy
fluxes (Fcpq), but with great uncertainties (IPCC
2013), mainly due to the lack of detailed information
on temporal dynamics of Fcys and its mechanistic
drivers. Ecosystem-specific continuous measurements
of Fcyy are important to capture the high spatial and
temporal variability in wetlands (Nicolini et al. 2013).
While salt marshes have high rates of carbon seques-
tration (Chmura et al. 2003), they can act as sources of
CH,4 (Chanton and Whiting 1996; Holm et al. 2016;
Poffenbarger et al. 2011). Thus, there is an urgent need
to obtain ecosystem-specific information on methane
emission dynamics and to refine the understanding of
its controls in tidal salt marshes.

Several studies have attempted to investigate
temporal Fcy, dynamics and its controls in wetlands
over the last decade (see Table S1 for some examples,
which was modified from Koebsch et al. (2015)), with
most studies focusing on dynamics on diurnal and
seasonal scales. Some studies have found diurnal
cycles of Fcpy, which could be related to temperature,
plant-mediated transport, and root exudation (refer-
ences in Table S1). Seasonal variations were mostly
controlled by temperature and water table level (ref-
erences in Table S1). To date, few studies have
analyzed ecosystem Fcyy and its corresponding reg-
ulating factors on multiple temporal scales (Hatala
et al. 2012; Koebsch et al. 2015; Sturtevant et al.
2015), with a lack of studies on tidal salt marshes. In
addition, potential confounding effects on Fcy4 among
those environmental drivers, such as temperature and
photosynthetic active radiation (PAR), were rarely
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disentangled (Hatala et al. 2012; Sturtevant et al.
2015).

Compared to inland wetlands, a specific hydrolog-
ical process—tidal activity with different periods
compared to temperature and radiation—can affect
CH, emissions in coastal wetlands. Tidal cycling has
the potential to affect Fcyy via various ways, such as
sulfate, water level, and physical action of the ebbing
and flowing of tides in salt marshes. The flood tide
often brings sulfate into coastal wetlands, leading to an
increase in salinity and sulfate content from the neap
tide to spring tide in some marshes (Bu 2013; Tong
etal. 2013). The presence of SO427 in salt marshes as a
more favorable terminal electron acceptor can com-
petitively suppress CH4 production based on thermo-
dynamics (Holm et al. 2016; Neubauer et al. 2013;
Poffenbarger et al. 2011; Weston et al. 2014). Water
level changes have complex and interacting effects on
many processes influencing Fcyy (Christensen et al.
Christensen et al. 2003; Granberg et al. 1997,
Homineltenberg et al. 2014; Long et al. 2010).
Generally, a high water-table level promotes anaero-
bic conditions conducive to the production of CH, and
limits the zone of aerobic oxidation of CH, within the
soil. However, a rapid drop of water table can release
CH, from pore water and result in a large episodic
burst of Fcys (Bubier and Moore 1994; Windsor et al.
1992). Moreover, there are only few studies observing
a direct relationship between tide cycle and Fcyy by
using chamber technique. On the one hand, Tong et al.
(2013) found that CH, emissions on neap tide days
were higher than those on spring tide days, which was
also observed by Bu et al. (2015). On the other hand,
Yamamoto et al. (2009) reported that diurnal varia-
tions of Fcys were positively correlated to water
table depth during spring tide. On the contrary, Tong
et al. (2013) concluded that Fcyy was significantly
related to soil temperature and not to tide height,
salinity, or redox potential at the diel scale. These
studies improved our understanding of Fcpy4 in coastal
wetlands, but due to the deficiencies of the chamber
technique, which does not provide continuous ecosys-
tem-scale Fcyy (e.g. during tidal inundations), the
processes regulating Fcyy in tidal salt marshes remain
unclear.

The eddy covariance (EC) technique represents a
direct and quasi-continuous measurement technique
integrating turbulent fluxes over the scale of ecosys-
tems with minimal disturbance (Baldocchi et al.
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2001). The widespread application of EC has greatly
improved our understanding of the biogeochemical
processes driving greenhouse gas fluxes (Baldocchi
2014; Chu et al. 2014; Hatala et al. 2012). However,
there were very few studies that measured Fyyy in tidal
salt marshes using the EC technique (Holm et al.
2016). Wavelet coherence allows us to obtain the
correlation between two signals both in the time and
frequency domain and yields the phase shift between
the signals, which is a meaningful criterion for a
potential cause-and-effect relationship (Grinsted et al.
2004; Hatala et al. 2012; Koebsch et al. 2015; Stoy
et al. 2005; Vargas et al. 2010). Particularly, this time
series analysis tool can separate the tidal effect on
Fchg4 as its semi-diurnal and semi-lunar periods differ
from other environmental variables in tidal salt
marshes. Moreover, the comparison of wavelet coher-
ence and partial wavelet coherence can help disentan-
gle confounding effects (Ng and Chan 2012; Ouyang
et al. 2014), and multiple wavelet coherence is capable
of determining the resulting coherence of multiple
independent variables on a dependent variable.
Although wavelet analysis shows great potential for
promoting our mechanistic understanding of ecosys-
tem processes, these time series analysis approaches
have yet been rarely applied to investigate time scale-
specific controls on Fcyy (but see few exceptions in
Hatala et al. (2012), Xu et al. (2014), Koebsch et al.
(2015) and Sturtevant et al. (2015)), and have never
been used for Fcyy in salt marshes.

For the first time, we investigate Fcyy from a
subtropical tidal salt marsh in China derived with the
EC technique using wavelet analyses. The main
objectives of this study are: (1) to determine annual
budgets of Fcyy from the salt marsh; (2) to analyze the
variation in characteristics and time scale-specific
regulating factors of Fcyy. As tide acts as an important
hydrological process in tidal salt marshes, we partic-
ularly investigate the role of tidal activity in regulating
Fena.

Materials and methods
Study site
Our study site (31°31’0.12"N, 121°57'38.52"E) is a

part of the FLUXNET network (CMW3 in Fig. 1),
located in the Dongtan wetland of Chongming Island,

northeast of Shanghai city, China (Fig. 1). Given the
large amounts of sediment (mostly silt with grain size
of 4-13 pm) delivered by the Yangtze River, the
wetland continues to expand at a rate of 64 m per year
toward the East China Sea (Zhao et al. 2008). The
climate is a subtropical monsoon climate, and mean
temperature and annual precipitation were 17.1 °C
and 868-1532 mm from 1991 to 2012, respectively.
The dominant plant species are Phragmites australis
and Spartina alterniflora. The study area is affected by
semidiurnal and semilunar tidal activity, with tidewa-
ter salinity ranging between O ppt (part per thousand)
and 25 ppt between 2005 and 2007. While, soil sulfate
content was between 0.2 and 1.2 ppt with an average
of 0.7 ppt in 2010 (Bu 2013).

Flux and ancillary data

The eddy covariance (EC) technique was used to
quantify carbon dioxide flux (Fco,) and Fcy4 between
the tidal salt marsh and atmosphere from March 23,
2011 to December 3, 2012. Sensors were mounted 5 m
above the soil surface. Sensor height was determined
to ensure that the EC system is mounted at least twice
the height of the plant canopy (1.5-2.5 m) during the
peak growing season. The EC system included a sonic
anemometer[CSAT3, Campbell Sci., Inc., Logan, UT,
USA (CSD], an open path CO,/H,O infrared gas
analyzer [LI7500A, LI-COR, Cor., Lincoln, NE, USA
(LI-COR)], and an open path CH, gas analyzer
(LI7700, LI-COR) during March 23 to April 16,
2012. The CSAT3 was then replaced by a Gill
Windmaster Pro sonic anemometer (Gill Instruments
Limited, Lymington, Hampshire, United Kingdom).
The raw data were sampled with a frequency of 10 Hz
and recorded by a CR5000 data logger. Additionally,
nighttime (approximately 0:00 am—8:00 am) data
were missing for lack of electrical power supply
between September 13 and December 3 in 2012.
Fcoz and Feyy were calculated using EddyPro
(Version  5.1.1, www.licor.com/eddypro). The
advanced settings included angle of attack corrections
for Gill WindMaster Pro, despiking, time lag detec-
tion, double coordinate rotation, spectral correction,
compensation of density fluctuations (WPL terms),
instrument sensible heat adjustment for LI7500A,
steady state test, and the well-developed turbulence
test (for detailed information see Text S1 and Fig. S1).
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Fig. 1 Location (a) and a photo (b) of the study site (CMW3, Chongming Wetland 3). The shaded areas (a) labeled Chongming

Dongtan is a salt marsh. (Color figure online)

The relative signal strength indicator (RSSI) was
adopted to filter for periods when the mirror of LI7700
was contaminated by rainfall or dust (RSSI < 20%).
Data were removed when rainfall occurred. In addi-
tion, to ensure well-developed mixing conditions, we
used friction velocity (u*) as a criterion for atmo-
spheric mixing (Reichstein et al. 2005), and applied a
threshold of u* > 0.15 m s~'. The steady state test
and the well-developed turbulence test were used as
quality flags (Foken et al. 2004). The test (Foken et al.
2004) (1-9 system) provided the flag “1 ~ 3” for high
quality fluxes, “4 ~ 6” for intermediate quality
fluxes, and “9” for poor quality fluxes. Thus, only
data for which the quality flag was < 7 were used for
further analysis. These quality criteria and occasion-
ally occurring sensor failures led to gaps of different
duration. For the entire observation period, the
remaining data coverage was 46% for Fco, and 44%
for FCH4-

Micrometeorological variables were also measured
(details are listed in Table S2), including long-/short-
wave radiation, PAR, air temperature, relative humid-
ity, and precipitation. Tidal data were measured at the
nearest tide station (Hengsha station, 31°17'36"N,
121°50'54"E, approximately 25 km distant of our flux
tower). The mean and maximum tide ranges above the
Wusong Datum Plane (zero reference level for sea
level with widespread use in the Yangtze River basin)
were 2.0-3.1 and 4.6-6.0 m during the study period,
respectively (Yang et al. 2001). We measured the tide
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height at the EC tower station for almost half year and
found that there was a certain time lag between the
tower location and Hengsha tidal station, which rarely
exceeded one half hour (Xie et al. 2013). The semi-
diurnal tide, including an entire flooding and ebbing
process, is characterized by a period of about 12 h.
Therefore, there are commonly two high tides and two
low tides each day. Heights of high and low tides
change from day to day, with a period of about
15 days. This periodic variation is defined as a semi-
lunar tidal cycle, including neap and spring tide
periods. The intertidal zone can be inundated by
tidewater for several days during the spring tide
period. Meanwhile, on the neap tide day, tidal heights
are relatively low, thus most of the vegetated zone is
unaffected by tidewater.

Gap filling and partitioning

Gaps in Fco, were filled using the marginal distribution
sampling method, and were further partitioned into
gross ecosystem production (GEP) and ecosystem
respiration (ER) following Reichstein et al. (2005).
The above partitioning was implemented online (http://
www.bgc-jena.mpg.de/ ~ MDIwork/eddyproc/),  and
variables such as DOY (day of year), time of day, Rg
(global radiation), Ta (air temperature), RH (relative
humidity), VPD (vapor pressure deficit), u* (friction
velocity), and P (precipitation) were used. Both GEP
and ER are presented with positive signs
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(Fcoz = ER — GEP). The meteorological variables
(Ta, RH, precipitation) were gap-filled using regres-
sions with complimentary data from adjacent sites
(CMW1, 1000 m distant) or using linear interpolation
for short gaps within 24 h.

Fcyq was gap-filled using the artificial neural
network (ANN) approach, which is an expanded
version of the Matlab “nnstart”. For training the
network, we used the following variables as potential
drivers of CHy: four fuzzy sets of seasons, Ta, PAR,
RH, rainfall, air pressure, u*, u (u wind speed), TH
(tide height) and maximum of TH. Season was coded
using four fuzzy variables (winter, spring, summer and
fall) each having a value between 0 and 1 depending
on the time of year (Jarvi et al. 2012; Papale and
Valentini 2003). A two-layer feed-forward network
with sigmoid hidden neurons and linear output neu-
rons was used to obtain a fitting model. Ten eligible
models were chosen for prediction. The mean of the
ten model predictions was used for the calculation of
the annual balance (for more details, see Text S2). And
the standard deviation was used to estimate the
uncertainty in the gap-filling.

Wavelet analyses

Continuous wavelet transform (CWT) was used to
investigate periodicities of Fcyy. We deployed wave-
let coherence (WTC) to quantify the relationship
between Fcys and one variable. Moreover, partial
wavelet coherence (PWC) was used to identify the
coherence between Fcpys and one variable after
eliminating the confounding effect of other variables.
At last, we used multiple wavelet coherence (MWC)
to assess the resulting coherence of multiple indepen-
dent variables on Fcpg.

We used the CWT with Morlet wavelet (Grinsted
et al. 2004) to investigate the spectral characteristics of
Fcn4 and the variables of interest. The WTC spectrum
is interpreted as the local correlation between two
variables in frequency-time space (Grinsted et al.
2004). R(x, y)2 is defined as the WTC of two time
series x and y (Grinsted et al. 2004). The WTC allows
us to examine whether or not the highest coherency
areas in the frequency domain have a consistent phase
angle, which indicates a phase-locked relationship
between two variables. For time periods with signif-
icant wavelet coherence, we used the phase angle to
calculate  the time lag  (timelag = phase

angle*wavelength/2m) between the correlated oscilla-
tions of the two series. The relative phase relationship
is shown as arrows (with in-phase pointing right, anti-
phase pointing left. Arrows pointing up are interpreted
as X leading Y by 270° or lagging Y by 90°).

The PWC is a technique similar to partial correla-
tion that facilitates the identification of the resulting
WTC between two time series y and x; after elimi-
nating the influence of their common dependent time
series x, (Ng and Chan 2012). The PWC squared (after
the removal of the effect of x,) can be defined by an
equation similar to the partial correlation squared, as
follows:

|R(y,x1) B R(y,x2) X R(yaxl)‘z
RP? ,X1,X3) = 5
i) [1 = R(y,x2)]"[1 — R(x2,x1)]

(1)

which ranges from O to 1, like the simple WTC. R is
the WTC operator in (1). In this case, a low PWC
squared shown at the position of a high wavelet
coherence squared implies that the time series x; does
not have a significant influence on the time series y at
that particular time—frequency space, and time series
X, dominates the effect on the variance of y, and vice
versa for the opposite case. If both RP? (y, X1, X2) and
RP? (¥, X2, X1) continue to have significant bands, both
x; and x, have significant influences on y.

The MWC is an extension of the bivariate case to
the multivariate case. In this case, the correlation of
the variables with each other is taken into account
when calculating coherency. The MWC operates in a
similar manner to multiple correlation, in that it is
capable of assessing the resulting coherence of
multiple independent variables on a dependent vari-
able. The application of MWC can be defined with the
following equation:

RMP(y, x2,%1)

_ Ry, x1) +R*(y,x2) — 2Re[R(y, x1) X R(y,x2) X R(xa, x1)]
- ] — Rz(Xz7 X]) ’

(2)

which provides the resulting wavelet coherence
squared that computes the proportion of wavelet
power of the dependent time series y that is explained
by the two independent variables x; and x, at a given
time and frequency. R is the WTC operator in (2).
Since MWC is very sensitive to the dependencies of a
time series, the assurance of the independence of x;

@ Springer



Biogeochemistry

and x, is necessary before conducting MWC (Ng and
Chan 2012). In the present study, the WTC of tide
height & Ta and tide height & PAR showed only few
significant regions indicating that they were mostly
independent. Considering that Ta and PAR/GEP are
not independent from each other, they cannot be used
together for MWC analyses.

We applied CWT, WTC based on the software
package provided by Grinsted et al. (2004). The PWC,
and MWC analyses were based on the software
package provided by Ng and Chan (2012). A 5%
significance level against red noise was tested through
Monte Carlo simulations for CWT, WTC, PWC and
MWC (Grinsted et al. 2004; Mihanovic et al. 2009; Ng
and Chan 2012). Gaps in Fcyy were filled with the
mean of the normalized data instead of using the ANN
approach, similar to Hatala et al. (2012) and Ouyang
et al. (2014), thereby avoiding spurious correlations
between Fcps and the variables of interest. To
simplify, we defined the range of the five general time
scales in this study as follows (Figs. 4, 5, 6): (1) hourly
scale (2'~2 half hours, 1-2 h), representing perturba-
tions such as passing clouds and turbulent scales up to
intervals of 30 min; (2) diel scale (2>~ half hours, 4 h
to 1.3 days), representing the day-night cycle of
sunlight, PAR, temperature, and tide; (3) multi-day
scale (2’77 half hours, 2.6-10.7 days), identifying
synoptic weather variability and variations in temper-
ature; (4)  half-to-one-month  scale (29_“,
10.7-42.7 days), representing tide cycle between
spring tide and neap tide; (5) seasonal scale (2'' "7,
42.7-170.7 days), representing the annual solar cycle
and phenology (referring to Sturtevant et al. (2015)).

Results
Environmental conditions during the study period

Both air temperature and PAR showed distinct
seasonal variations. Annual (July 1, 2011-June 30,
2012) mean air temperature and total rainfall were
16.2 °C and 886.9 mm, respectively. According to
field observations, most of the flux footprint area was
flooded when the tide height was > 3.7 m. There were
364 (58.4%) of 623 days with a maximum height of
the high tide reaching 3.7 m. Variations in tide height
showed quasi-semidiurnal and quasi-semilunar cycles.
Although the seasonal or annual amplitude of
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variations were relatively small, the seasonal-aver-
aged tide height in summer was higher than in other
seasons (Fig. S2).

Diurnal variation, seasonal variation, and annual
budget of Fcyy

The study site was a source of CH, during the
measurement period (Fig. 2a). The annual (July 1,
2011-June 30, 2012) median and mean of half-hourly
Fcia were 40.8 and 58.6 nmol m™—2 s™', respectively.
Daily mean Fcy, values were positive throughout the
study period (Fig. 2a, green lines), except for six days.
Few negative half-hourly Fcyy were observed during
the measurement period (Fig. 2a), such as in August
2012 at around noon. After gap-filling, the annual
(July 1, 2011-June 30, 2012, according to the amount
of high quality data) carbon loss as CH; was
17.6 + 3.0 ¢ C—-CH, m > year™ ' and annual carbon
uptake as CO, was estimated to be 637.6 £ 52.4 g C—
CO, m™? year™ ', resulting in a net carbon uptake of
—620 g C m ™2 year ' by the marsh.

Fcps exhibited a distinct seasonal pattern, with
larger emissions during the growing season than
during the non-growing season (Fig. 2a). At the start
of the growing season in April, Fcys increased
continuously and peaked at 0.27 g m~* day~' on
7nd July 2011 and 0.47 g m~% day~' on 10th July
2012.

From hourly to monthly scales, the pattern of Fcpy
differed from that of F-o,. No consistent pattern of
diurnal variations in F4 was observed at the tidal salt
marsh (Fig. 3a), unlike for Fcg,, which exhibited
significantly strong oscillations at a diel scale during
the growing season (Fig. 3b). Spectral peaks of Fcpy
were also observed at the multi-day scale (e.g.,
5.3 days), half-to-one-month scale (e.g., 10.7 days to
21.3 days), and seasonal scale (between 42.7 and
170.7 days) (Fig. 3a).

Regulation of Fcyy

Correlations between Fcyy and several potential
driving variables (see Table S1) were tested using
traditional correlation analysis and WTC analyses.
Since no significance or little significant regions in the
time—frequency domain between VPD, u*, LE, and air
pressure and Fy4 were observed, these variables were
not used for further analyses in this study.



Biogeochemistry

S <
~ 2] (a) Half hourly <
(\Ilcn ° = = Zero reference line o
‘s S 1 —— Daily < ‘TF'O
- N g
Qo =) <
g )
< h =B
=
&

! }‘ M =
= o ,__4_¢Jh_l!i ______ h ________ ‘f}l_‘__:_:_m.dy_ux_____ ____________“!!'_' ______ wly =
2
~ 5{®) _
" i 2 3

- o

% E o ) ‘{ = ‘h' = ;-L-‘-\'“‘*trr! ----- LEA I -i} -G5S T °© q
= 3 4R U | £ x
= g 9 , o =
S 3. 1 e LI) >
2 % -
1 (e} N—
5 S ¥ 8
o = S

~ g4© s

o T

IE F ) (T'P

Y 5

e -2

& = %

&)

(= (=]
T T T T T T T
11/03/31 11/ 06/ 30 11/9/ 30 11/12/31 12/ 03/ 31 12/ 06/ 30 12/9/ 30
Year/ Month/ Day

Fig. 2 Time series of half-hourly (gray circles) and daily (green
lines) fluxes, including (a) net ecosystem CH,4 exchange (Fcpa),
(b) net ecosystem CO, exchange (Fcoy), (€) gross ecosystem
photosynthesis (GEP). Half -hourly zero reference lines (black
dotted lines) for right Y axis were added (a, b). Between 13

Wavelet coherence analysis showed that Ta, PAR,
GEP and TH were significantly correlated to Fcpa,
whereas these environmental and biological variables
played different roles at each scale (Fig. 4). At the diel
scale, all four environmental variables significantly
co-varied with Fcpy at some time domains, but these
significant areas were discontinuous (Fig. 4). At
longer time scales, the significant phase-locked area
of Fcpy with Ta was located at a multi-day scale with
in-phase relationship (Fig. 4a); Fcyy and TH was
located at the half-to-one-month scale with a constant
or slowly changing anti-phase relationship, particu-
larly between June and September, 2011 (Fig. 4c).
Tide height led Fcy4 by ca. 0.7 days at the half-to-one-
month scale. Additionally, the significant phase-
locked areas of Fcys and PAR (Fig. 4b), GEP
(Fig. 4d) were located at both the multi-day scale
and the seasonal scale. Large data gaps in March and
August in 2012 may be the primary reason for less

September and 3 December in 2012, daily Fco, was not
calculated (b), and thus, GEP (¢) were not estimated as
nighttime (approximately 0:00 am-8:00 am) data were missing
for lack of electrical supply. (Color figure online)

significant phase-locked areas in WTC of Fcyy with
GEP or TH during 2012.

The effect of Ta on F-ys confounded the effect of
PAR on Fpy at the multi-day scale. After eliminating
the effect of Ta on PAR and Fcyy by the analysis of
PWC (Fcns4, Ta, PAR), almost all the significant
regions in WTC (PAR, Fcyy) (Fig. 4b) disappeared
(Fcua, PAR, Ta) at the multi-day scale (Fig. 5b). In
contrast, after eliminating the effect of PAR on Ta and
Fcna, the significant regions in WTC (Ta, Fcpg)
(Fig. 4a) remained in PWC (Fcpy, Ta, PAR) at the
multi-day scale (Fig. 5a). Moreover, the PWC (Fcpa,
Ta, PAR) squared was comparable to the WTC (Ta,
Fchg) at the multi-day scale. The results of PWC
(Fcpa, Ta, GEP) were similar to PWC (Fcpa, Ta,
PAR). Thus, Ta rather than PAR or GEP dominates the
effect on the variance of Fcyy at the multi-day scale.

The combination of TH, Ta and PAR explained
most variations of Fyy from diel to seasonal scales.
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Fig. 3 Continuous wavelet
transform for methane flux
(Fcaa) (a) and carbon
dioxide flux (Fcop) (b) time
series. The 5% significance
level against red noise is
shown as a black thick
contour. The cone of
influence (COI) is shown as
a thin line. The blue vertical
stripes are the result of long
data gaps. The degree of red
color indicates the wavelet
power. (Color figure online)
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At the diel scale, as a result of the combined impact on
Fcpy, the significant areas of MWC (Fcpg, TH, Ta)
(Fig. 6a) and MWC (Fcp4, TH, PAR) (Fig. 8b) were
much larger than that of any single variable in Fig. 4.
From the diel-to-month scales, the areal extent and
amplitude of significant regions of MWC (Fcpy, TH,
PAR) (Fig. 6b) were not comparable to those of MWC
(Fcug, TH, Ta) (Fig. 6a). Thus, TH and Ta collectively
provide a better explanation for the variability of Fcpy
than using TH and PAR from diel-to-month scales. In
contrast, TH and PAR collectively explained more
variability of Fcys from month to seasonal scales
(Fig. 6). In summary, TH collectively with Ta and
PAR explained most of the variability of Fcyy from
diel to seasonal scales, even though Ta and PAR
played different roles at each scale (Fig. 6).
Exponential regression analysis was adopted to
reveal the annual controls on Fcpy. Annually, Fepg
exhibited exponential dependence on air temperature
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(Fig. 7, R* =0.48 and 0.56 in 2011 and 2012,
respectively).

Tidal effects on Fcpy

To better illustrate the tidal effect on the variability of
Fcpq at half-to-one-month scales, non-gap-filled high
quality (quality flags < 4) data for 31 days (July to
August, DOY 191-222), including two full cycles of
spring and neap tides, are analyzed (Fig. 8). The
highest daily tide heights were above 3.7 m during
most days, indicating that the flux footprint was
flooded during these days (Fig. 8). Daily-averaged
Fcpg4 gradually increased from spring to neap tide and
decreased from neap to spring tide, except for the days
after a heavy rainfall event. After the heavy rainfall on
DOY 215 (2 days after the spring tide), Fcpa
decreased over the next two days (Fig. 8). Neverthe-
less, Fcpg started increasing before the day of neap
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Fig. 4 Wavelet coherence (WTC) of methane flux (Fcpy) with
air temperature (Ta) (a), PAR (b), tide height (c¢), GEP (d). The
5% significance level against red noise is shown as a thick
contour. The cone of influence (COI) is shown as a thin line. The
relative phase relationship is shown as arrows. The degree of red
color indicates the strength of the localized determination
coefficient (wavelet coherence R square closely resembles that

tide arrived as expected (Fig. 8). In other words, Fcpy
was significantly negatively correlated to the daily
maximum tide height (p < 0.001, R? = 0.58), but not
to Ta (p > 0.05) or GEP (p > 0.05).

Hot moments of CH, emissions occurred after the
high tide height. Considering that there was a distur-
bance of heavy rainfall during the period of DOY191-
222, the data of another tidal cycle (DOY 182 to 190)
were added for diel Fcp4 dynamic analysis. But these
data were not used for statistical analysis (e.g. daily
average), due to data gaps (Fig. 9). For periods near
the spring tide, large CH, emission pulses were

10

12 1212 4
Year / Month

10

11/4 6 8

of a traditional coefficient of determination) in time frequency
space. 1 (red) means the two signals are highly correlated and 0
(blue) means no correlation. The relative phase relationship is
shown as arrows (with in-phase pointing right, anti-phase
pointing left. Arrows pointing up are interpreted as X [e.g. Ta
(a), PAR (b), tide height (c), GEP (d)] leading Y (e.g. Fcpa) by
270° or lagging Y by 90°). (Color figure online)

observed after the high tide (convert to ebb tide) on
2-3 days (DOY 182-183, 197-198 and 211) before
the spring tide and 1-4 days (DOY 186-189, 201-204
and 214-217) after the spring tide (Fig. 9). We defined
these large emissions, with greater than threefold
standard deviation + average of Fcyy within £ 6 h,
as hot moments in this study. There were 17 days
(81%) of the 21 days near the spring tide days with
CH, hot moments, while no pulse emissions were
observed on the neap tide days. Moreover, all of these
CH, hot moments on these days occurred 2-5 h after
the nighttime high tide. The timing of these hot-

@ Springer



Biogeochemistry

(a)PWC (F

char T2 PAR)

] '.',‘ ]\ 11.«

i “\' |\|
It

|
bl
i

Diel Nt, v

AL b“l,

W

Multi-day

Half-month
Month

Seasonal

ilh I ‘ |
1 i | 4 ‘ Ay
kil T A
‘1’1 by

Ta, GEP)

(¢) PWC (F,,,.
P i

Hourly 4

Diel i
\

Multi-day

Half-month -
Month

Seasonal 1

11/4 6 8 10 12 12/2 4 6 8
Year / Month

Fig. 5 Partial wavelet coherence (PWC) (Fcyg, Ta, PAR) (a),
PWC (FCH4, PAR, Ta) (b), PWC (FCH4, Ta, GEP) (C) and PWC
(Fcua, GEP, Ta) (d). The result in (a, ¢) showed the coherence
between Fcpy and Ta after removing the effect of the time series
PAR (a) or GEP (c). Similarly, the effect of the time series Ta
was eliminated in the results of the coherence between Fcy4 and

moments changed with the timing of the high tide. For
example, when the high tide appeared at 23:30 and
24:00 of DOY 182 and 183, respectively, the hot
moments of DOY 182 and 183 occurred at 2:00 and
1:30, respectively (Fig. 9). One day before and on the
spring tide day (DOY 184-185, 199-200, 212-213),
Fcuq was gradually decreased to the lowest value until
the ebb of tide (DOY 186, 201 and 214) (Fig. 9). The
episodic fluxes were up to 11-fold of the daily mean,
and thus removal of these episodic fluxes would
reduce the daily estimation up to 30% (e.g. DOY 187,
188).
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PAR (b), Fcpy and GEP (d). The 5% significance level against
red noise is shown as a thick contour. The cone of influence
(COI) is shown as a thin line. The sections marked by red color
indicate high correlation between the two variables. (Color
figure online)

Discussion
Magnitude of Fcyy4 over the tidal salt marsh

The annual mean half-hourly Fcpy at the tidal salt
marsh was higher (mean and median: 38.1 and
57.9 nmol m™> sfl) than most of the Fcyy reported
for inland wetlands (see Table S3). Nicolini et al.
(2013) concluded that 50% of reported average fluxes
obtained by the micrometeorological approach fell
between 11.02 and 68.48 nmol m~2 s~ !, with a
median of 24.24 nmol m 2 s~ However, most of
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Fig. 6 Multiple wavelet
coherence (MWC) of
methane flux (Fcps) ~ tide
height + air temperature
(Ta) (a), MWC of

Fcug ~ tide height + PAR
(b). The 5% significance
level against red noise is
shown as a thick contour. Diel
The cone of influence (COI)
is shown as a thin line. The
sections marked by red color
indicate high correlation
between Fcpy and these
multiple variables. (Color
figure online)
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those measurements were conducted in boreal regions
(Nicolini et al. 2013).

As reviewed by Poffenbarger et al. (2011), meso-
haline (salinity: 5 ~ 18 ppt) marshes had average
methane emissions of 12.3 & 8.25 ¢ C-CH, m ~ -
year ™', which was close to but slightly lower than our
current study (17.6 g C—CH, m~2 year™'). Another
annual estimate of Fcpys with the EC technique
[10.35 g C—CH, m~? year™'; (Holm et al. 2016)]
was also lower than our study. Reported annual Feyyy
show a wide range as wetlands differ in their
biological and environmental conditions. A study of
the northern Yellow River estuary with a higher
salinity exhibited a smaller magnitude of methane
emission (Sun et al. 2013a). Moreover, CH, emissions
from the marshes dominated by vascular plants appear

10 12 12/2 4 6 8 10
Year / Month

to be higher than those of marshes dominated by other
vegetation types (Table S4) (Sun et al. 2013a, b).
Remarkably, the hot moments of Fcyy were cap-
tured by the EC technique in a tidal salt marsh for the
first time. Although there was no consistent diurnal
pattern of Fcyy during the measurement period, we
found hot moments of methane flux after nighttime
high tide on the days near the spring tide. This
phenomenon has not been reported by studies in the
same region (Bu 2013; Bu et al. 2015) or in a similar
marsh near the study site (Cheng et al. 2010; Cheng
et al. 2007). On the contrary, in another subtropical
tidal salt marsh, Tong et al. (2010) found that CH,
emissions during the flooding and ebbing process were
significantly lower than before flooding and after
ebbing, and no large hot moments of methane
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emissions were found. Missing hot moments in salt
marshes could reduce estimates of daily emissions by
up to 30%. However, there were very few studies
using the EC technique to measure CH, emissions in
tidal salt marshes (Holm et al. 2016). Thus, more
measurements of CH, are required to quantify regional
and global CH, budgets in the future.
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Factors regulating Fcpy at the tidal salt marsh
The control of tide on Fcpy

Although tidal activities act as an important hydro-
logical process in salt marshes, very few studies
investigated the effect of tide on Fcy, using the EC
technique. Recently, one study reported 14 months of
measurements from the Mississippi River Delta (Holm
et al. 2016). However, they did not report the
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Fig. 9 The relationship of half-hourly (purple dot) methane
flux (Fcpgq) without gap-filling and tide height (gray line) at diel
scale in summer. The figures with light green background
presented days of the spring tide (DOY 186, 200, 213). Most of
the hot moments (dark green diamond, greater than threefold

relationship between Fcyy and tide activities on semi-
diurnal and semi-lunar scales.

Extreme high tide water levels reduced CHy
emissions in the tidal salt marsh. A high water
table usually enhances CH,4 production by providing
anaerobic conditions and inhibiting root zone CHy
aerobic oxidation. Indeed, there was some evidence
showing that extended flooding could have minor or
no significant effect on Fcyy, as excess water can
provide a direct barrier to the release of gases from the
soil layer or the water column (Christensen et al. 2003;
Heinsch et al. 2004; Long et al. 2010). In our case, we
found that Fcy, and tide height had a significant
coherency at the half-to-one-month scale, with a
negative correlation from June to September in 2011
(Fig. 4). The phase-locked domain indicated a cause-
and-effect relationship. The tide height led Fcyy by
0.7 days at the semi-lunar scale. In addition, the
coherence at half-to-one-month scale was not con-
founded by weather variations in our case study (Fig
S4). Moreover, the high-quality data of two full semi-
lunar cycles of spring and neap tides clearly demon-
strated that the effect of the tidal semi-lunar cycle on
Fcng was significant (Fig. 8). This negative effect can
be explained by several primary mechanisms. (1)
When exposed soil layers were fully flooded, espe-
cially near the spring tide days, gas diffusion was
hindered as the air space in the soil was replaced by
water. (Tong et al. 2013; Yamamoto et al. 2009). (2)

standard deviation + average of Fcps (hot-moment-points —
average > 3 x SD) within £ 6 h) occurred at 2-5 h after the
nighttime high tide (convert to ebb tide) on 2-3 days before the
spring tide and 1-4 days after the spring tide. (Color
figure online)

Hydrostatic pressure decreased when water levels fell
near the neap tide days, and the storage of CH, in the
soil layers or water column could be released (Bubier
and Moore 1994; Rosenqvist et al. 2002). Yet, further
efforts to obtain more data of water table depth in the
footprint areas are needed to better constrain the
relationship of water table and methane emissions.

In addition, sulfate reduction may be another
primary reason for the response of Fcyy to the semi-
lunar cycles of spring and neap tides. The variation of
tide height was an indicator of tidal dynamics, which
not only represented the variation of water level, but
also indicated potential variations in the intertidal
zone, such as sulfate content, soil temperature, and
physical action of the tidal ebb and flow. The constant
supply of SO4>~, which as a more favorable terminal
electron acceptor by tidal exchange in tidal salt
marshes, can suppress CH, production based on
thermodynamics (Bartlett et al. 1987; Poffenbarger
et al. 2011; Holm et al. 2016). The soil salinity and
sulfate content increased from the neap tide to the
spring tide at our study site (Bu 2013; Bu et al. 2015).
Thus, the sulfate reduction can also explain why Fcpg
decreased from the neap tide to the spring tide (Fig. 8).
One previous study conducted in the same area also
concluded that the inhibition of methanogenesis by the
increased soil salinity and sulfate was likely the
primary reason of the decrease in soil CH, emissions
during spring tide periods in the Dongtan wetland (Bu
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et al. 2015). Furthermore, air temperature and GEP
fluctuated in a narrow range during this period. We
have also made a statistical tested and did not find any
significant effect (p > 0.05) of any of the two
variables on Fcyyy during this period, even after taking
into account potential time lags.

Moreover, the ebbing of the tide led hot moments of
CH, emissions on the days near the spring tide. We
found a sharp increase in Fcyy after the nighttime high
tide on the days near the spring tide (Fig. 9). During
the pulse day, the soil was almost saturated and thus
favorable for CH, production. Considering that the
transport by plants was weak at nighttime as there was
no photosynthesis, diffusion and bubbling could be the
primary transports of CH, at night in the marsh.
However, excess water could constitute a direct barrier
to gas diffusion and ebullition and then CH, would be
stored in the water/soil layer near high tide on the days
near the spring tide. The ebbing with a decrease of the
water level can reduce the pressure on soil layer
storing CH,4 and can help releasing the stored CH,
from the water or soil in the marsh. Meanwhile, the
pulse of CH, did not happen after the daytime high tide
(Fig. 9). On the pulse days, the height of the daytime
high tide was much lower than that of the nighttime
high tide (Fig. S5). Thus, the difference between the
nighttime and daytime emissions can be attributed to
the difference (the daily inequality) in the height of the
two high tides (Fig. S5). Additionally, the plant-
mediated transport of CH, at daytime can play an
important role in vascular plants, when soil layers
were flooded with tide water near the high tide (Van
Der Nat et al. 1998; Wang et al. 2009). Yet, it probably
is not the dominant transport pathway when the soil is
exposed as there was no consistent diel pattern of
Fcps. Meanwhile, our multiple wavelet coherence
analysis (Fig. 6) showed significant explanatory
coherency at the diel scale when the tide height and
PAR were combined. Thus, the plant-mediated trans-
port of CH, at daytime which resulted in a small CHy
storage in the water/soil layer would not lead to hot
moments after the daytime high tide.

Influence of other factors on Fcpy
Temperature, PAR, and GEP could be important
factors regulating Fcpy. Change in temperature is

known to have a major effect on Fcyy (Christensen
et al. 2003; Rinne et al. 2007; Yvon-Durocher et al.
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2014). The exponential dependence of Fcpyq on
temperature (Fig. 7, R* = 0.48, 0.56 in 2011 and
2012, respectively) in the marsh was similar to that in
many reported wetlands (Helbig et al. 2017; Hominel-
tenberg et al. 2014; Rinne et al. 2007). In addition,
significant relationships between Fcyy4 and PAR, GEP
have also been reported by a few studies (Chu et al.
2014; Hatala et al. 2012; Koebsch et al. 2015; Long
et al. 2010). This could be attributed to the following
processes: (1) the provision of photosynthates, which
were subsequently used as substrates for methano-
genic microbes (Chanton and Whiting 1996; Dorod-
nikov et al. 2011; Minoda and Kimura 1994); (2)
plant-mediated transport, as increased radiation can
increase stomatal conductance and promote the pres-
sure-driven CH, transport via aerenchyma tissue of
vascular plants (Brix et al. 1992). Hatala et al. (2012)
found that GEP and Fcps show strong spectral
coherency at the diurnal scale, which results in a
diurnal pattern in methane emission from a Califor-
nian rice paddy. Koebsch et al. (2015) also found that
PAR as a proxy for plant activity controls the variation
of Fcpy on a diel scale at the beginning of the growing
season in a degraded fen. However, these pioneering
multi-scale studies only covered one growing-season
and were therefore not exploring the seasonal scale
controls on Fcpy.

Temperature, PAR, and GEP played different roles
in regulating Fcyy at each time scale in the tidal salt
marsh. Although they were identified as Fcy,4 controls
in many studies, it is difficult to disentangle scale-
specific confounding effects as they are characterized
by similar cycles and patterns. In our study, the
combination of WTC and PWC analyses has elimi-
nated the confounding influences of Ta, PAR, and
GEP on Fcpy. The results show that air temperature
was the most important control on Fcyy compared to
PAR, GEP, and tide height at the multi-day scale. In
contrast, PAR and GEP rather than temperature were
the dominating factors in regulating Fcpy at the
seasonal scale (Figs. 4 and 5). The variability of Ta
was relatively strong (Fig. S3) in comparison to PAR
and GEP, which can be a proxy for plant activity
integrated over a few days. Meanwhile, the growth and
phenology of Phragmites australis and Spartina
alterniflora have clear seasonal variations. Therefore,
carbon substrate supply was likely an important
control on the magnitude of Fcyy in the marsh. GEP
was not significantly coherent to Fcyy at the seasonal
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scale in 2012, which may result from the large gaps
and the uncertainty in the estimation of GEP. One
study conducted in the same study area also reported
that vegetation activity was one of the primary factors
controlling Fcyy during its growing stage (Wang et al.
2009). Yet, we cannot separate the contribution of
PAR, which related to both transport and carbon
supply of CHy. To better understand the mechanisms
behind CH,4 processes, more experiments of gradient
changes are required, e.g. tracing the source of CH4—C
to separate the processes of transport and carbon
supply of plants on CH, at the seasonal scale.

Limitations

Two limitations highlight ways in which the wavelet
analyses could be improved. First, the time series
length was not long enough to analysis the periodicity
or coherence on the annual scale. However, many
studies reported the annual exponential dependence of
Fcpg on temperature (Christensen et al. 2003; Long
et al. 2010; Rinne et al. 2007). Therefore, in this study,
we added the exponential regression analysis for
temperature dependence on daily-averaged Fcpy.
Second, a large number of short gaps in Fcyy may
sometimes bias wavelet calculation at scales longer
than the length of the gaps and therefore information at
time scales shorter than the length of the gaps would be
lost. However, gap-filling can bring artificial correla-
tions that will contribute to wavelet common power or
coherence. Thus, the Fcps we used for wavelet
analysis was filled using the mean of the normalized
data instead of using the ANN approach.

More auxiliary data can help understand the
mechanisms of tidal effects. Water table and sulfate
were both reported as important factors on seasonal
methane fluxes in coastal wetlands. We did design a
set of devices to measure water table depth and salinity
around the EC tower. However, the sonde was often
blocked by the sediment brought by the tide, and thus
the sonde did not work continuously. Therefore, a new
way or new instrument to measure water table is
required.

Conclusions

For the first time, we combined the EC technique and
wavelet analyses to investigate the dynamic of Fcpy

and its multiple scale-specific temporal controls in a
subtropical tidal salt marsh in China. The tidal salt
marsh acted as a strong CH, source (17.6 + 3.0 g C—
CH, m~? year '), which was larger than most reports
from inland wetland sites. There was no consistent
diurnal pattern of Fcyy for the whole measurement
period; thus, the periodicity at diel scale was relatively
weak compared to that of Fcop. Interestingly, hot
moments of CH, emissions were observed after the
nighttime high tide (convert to ebb tide) on the days
near spring tide in summer. In addition, periodic
variations at the multi-day scale (e.g., 5.3 days), half-
to-one-month scale (e.g., 10.7-21.3 days), and sea-
sonal scales (between 42.7 and 170.7 days) were
observed, which were significantly regulated by air
temperature, tidal activities, and PAR (and GEP),
respectively. Tide height had a negative effect on Fcyy
at the semilunar scale. Our findings indicated that CH,
flux exhibited multiple periodicities and its controls
varied with time scale; moreover, CH, flux was also
strongly modified by the tide in this specific area. Our
results call for incorporating tide in biogeochemical
models to improve our ability to predict regional CHy
budget.
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