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Abstract
Aims and methods To evaluate the seasonal and spa-
tial variations of methane (CH4) emissions and under-
stand the controlling factors, we measured CH4 fluxes
and their environmental variables for the first time by
a static chamber technique in high Suaeda salsa marsh
(HSM), middle S. salsa marsh (MSM), low S. salsa
marsh (LSM) and bare flat (BF) in the northern Yellow
River estuary throughout a year.
Results CH4 emissions from coastal marsh varied
throughout different times of the day and signifi-
cant differences were observed in some sampling
periods (p<0.05). Over all sampling periods, CH4

fluxes averaged between −0.392 mgCH4 m−2h−1

and 0.495 mgCH4 m
−2h−1, and emissions occurred dur-

ing spring (0.008 mgCH4 m−2 h−1) and autumn
(0.068 mgCH4 m

−2h−1) while sinks were observed dur-
ing summer (−0.110 mgCH4 m−2h−1) and winter
(−0.009 mgCH4 m−2h−1). CH4 fluxes from the four
marshes were not significantly different (p>0.05), and
emissions occurred in LSM (0.026 mgCH4 m

−2h−1) and
BF (0.055 mgCH4 m

−2h−1) while sinks were observed
in HSM (−0.035 mgCH4 m−2 h−1) and MSM
(−0.022 mgCH4 m

−2h−1). The annual average CH4 flux
from the intertidal zone was 0.002 mgCH4 m−2h−1,
indicating that coastal marsh acted as a weak CH4

source. Temporal variations of CH4 emission were re-
lated to the interactions of abiotic factors (temperatures,
soil moisture and salinity) and the variations of limited
C and mineral N in sediments, while spatial variations
were mainly affected by the vegetation composition at
spatial scale.
Conclusions This study observed a large spatial vari-
ation of CH4 fluxes across the coastal marsh of the
Yellow River estuary (CV=7856.25 %), suggesting
that the need to increase the spatial replicates at fine
scales before the regional CH4 budget was evaluated
precisely. With increasing exogenous nitrogen loading
to the Yellow River estuary, the magnitude of CH4

emission might be enhanced, which should also be
paid more attentions as the annual CH4 inventory
was assessed accurately.
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Introduction

Methane (CH4) is an important greenhouse gas (GHG)
that has more global warming potential than carbon
dioxide (CO2) and has been recognized to contribute
global warming by 25 % (Mosier 1998). The globally
averaged atmospheric CH4 concentration increased
from 715 ppb in 1750 to 1,774 ppb in 2005 (IPCC
2007), and increased by 8.3±0.6 ppb during 2007 and
4.4±0.6 ppb in 2008 (Dlugokencky et al. 2009). In
2010, the globally averaged CH4 concentration
reached 1,808 ppb, which exceeded the highest annual
mean abundance so far (World Meteorological
Organization 2011). Emission of CH4 from various
natural ecosystems has significant influences on the
global climate change since it accounts for 30~40 %
of the total CH4 emissions (150~237 TgCH4year

−1)
(Allen et al. 2007). Tropical soil and wetlands play an
important role in the global carbon biogeochemical
cycles and are considered significantly natural sources
of CH4, contributing approximately 24 % towards this
inventory (Whalen 2005).

CH4 fluxes from wetlands are the result of CH4

production, consumption and transportation from the
anaerobic zone to the atmosphere (Bubier and Moore
1994). Considerable efforts have been widely made to
investigate the CH4 fluxes and key controlling factors
(such as water table, temperature, vegetation, substrate
availability for methanogens and redox condition) in
different natural wetland ecosystems (Allen et al.
2007; Ganguly et al. 2008; Turetsky et al. 2008;
Pennock et al. 2010; Danevčič et al. 2010; Sun et al.
2011). The complex processes of CH4 fluxes and the
variability of their controlling factors cause dramatic
spatial and temporal variations of CH4 fluxes. The
accurate global CH4 budget from different wetlands
is very important for forecasting the future climate.
However, one of the primary problems in attempting
to develop accurate CH4 budgets for global wetlands
is the large spatial and temporal variability in CH4

emission rates that are reported from all over the
world. A clear understanding these spatial and tempo-
ral variations and their primary controlling factors in
site measurements will be favorable for obtaining the
optimal possible up-scaled emission estimation
(Dinsmore et al. 2009).

Coastal marsh is characterized by high temporal and
spatial variation related to topographic features, envi-
ronmental factors and astronomic tidal fluctuation, and

is very sensitive to global climate changes and human
activities. Above all, the intertidal zone between terres-
trial and coastal ecosystems may represent a high dy-
namic interface of intense material processing and
transport, with potentially high GHGs emission (Hirota
et al. 2007). In the past two decades, considerable efforts
have been made to quantify the CH4 fluxes in different
coastal ecosystems, especially in estuarine salt marshes
(Shingo et al. 2000; Wang et al. 2009), mangrove
swamps (Allen et al. 2007; Ganguly et al. 2008), coastal
lagoons (Gregorich et al. 2006; Hirota et al. 2007) and
coastal marshes (Sun et al. 2002; Amouroux et al.
2002). In China, the studies on CH4 emission from
coastal marshes started quite late (in the 2000s), and
the related research mainly focused on the coastal tundra
marshes in Antarctica (Sun et al. 2002; Zhu et al. 2008),
the mangrove swamps in southeast coastal area (Lu et al.
2000; Ye and Lu 2001), and the salt marshes in the
Yangtze River estuary (Yang et al. 2007; Cheng et al.
2007; Wang et al. 2009; Cheng et al. 2010) and the Min
River estuary (Tong et al. 2009; Zeng et al. 2010).
However, few studies have reported on coastal marshes
in northern estuaries, such as Liao River estuary and
Yellow River estuary.

The Yellow River is well known as a sediment-
laden river. Every year, approximately 1.05×107 tons
of sediment is carried to the delta (Cui et al. 2009) and
deposited in the slow flowing landform, resulting in
vast floodplain and natural marsh landscape (Xu et al.
2002). Sediment deposition is an important process for
the formation and development of coastal marshes in
the Yellow River Delta. The deposition rate of sedi-
ment in the Yellow River not only affects the forma-
tion rate of coastal marshes, but also, to some extent,
influences the water or salinity gradient and the suc-
cession of plants from the land to the sea. With an area
of 964.8 km2, coastal marsh is the main type of marsh
in the Yellow River Delta and accounts for 63.06 % of
total area (Cui et al. 2009). Suaeda salsa, an annual C3

plant, is one of the most prevalent halophytes in coast-
al marshes of the Yellow River estuary. As a pioneer
plant, it has strong adaptations to environmental
stresses, such as high salinity, tidal inundation and
sediment burial (Han et al. 2005). In the intertidal
zone, three phenotypes are generally formed due to
the differences of water and salinity conditions in
high, middle and low tidal flats (marshes). In recent
years, the nitrogen (N) and organic matter (OM) load-
ings of the Yellow River estuary have significantly
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increased due to the effects of human activities, and
approximately 4, 650 tons of nutrient and 4.33× 105

tons of CODcr are discharged into Bohai Sea every
year (State Oceanic Administration of China 2010).
Increases in N and OM loadings to estuarine and
coastal marshes can stimulate microbial processes
and associated GHGs emission (Seitzinger and
Kroeze 1998; Purvaja and Ramesh 2001). However,
CH4 fluxes from different coastal S. salsa marshes in
the Yellow River estuary remains poorly understood
till now.

In this paper, we investigated CH4 fluxes from the
coastal marshes in the Yellow River estuary during the
spring, summer, autumn and winter of 2010/2011. The
objectives were: i) to determine the spatial and tem-
poral variations of CH4 fluxes from different coastal S.
salsa marshes and bare flat, ii) to identify the key
factors controlling the variations and assess the poten-
tial effects of exogenous N loading on CH4 emission.

Materials and methods

Site description

The study was carried out in the northern intertidal
zone of the Yellow River estuary, which is located in
the Nature Reserve of Yellow River Delta (37°35′N~
38°12′N, 118°33′E~119°20′E) in Dongying City,
Shandong Province, China. The nature reserve is of
typical continental monsoon climate with distinctive
seasons. The annual average temperature is 12.1 °C
and the frost-free period is 196 day. The average
temperature in spring, summer, autumn and winter
are 10.7 °C, 27.3 °C, 13.1 °C and −5.2 °C, respective-
ly. The annual evaporation is 1,962 mm, the annual
precipitation is 551.6 mm, and about 70 % of precip-
itation occurring between June and August. The soils
are dominated by intrazonal tide soil and salt soil (Tian
et al. 2005). The main plant communities include S.
salsa-Phragmites australis, S. salsa-Tamarix chinensis
and S. salsa.

In the intertidal zone, natural geomorphology and
depositing zones are distinct and high, middle and low
tidal flats (marshes) develop from the land to the sea.
The high tidal flat (marsh) is predominated by S. salsa
(>90 %) and P. australis (<10 %), while middle tidal
flat (marsh) is predominated by S. salsa (>95 %) and
T. chinensis (<5 %). Low tidal flat (marsh) includes

two distinct ecosystem-types. One is pure S. salsa
community (100 %), with sparse distribution in tidal
flat, and the other is bare flat (Fig. 1). The coverage
and maximum aboveground biomass of S. salsa-P.
australis, S. salsa-T. chinensis and S. salsa communi-
ties are 95 %, 80 %, 60 % and 902.08±195.81, 564.89
±99.66, 252.97±29.24 gm−2, respectively (Mou
2010). In this study, four sampling sites were laid in
high S. salsa marsh (HSM), middle S. salsa marsh
(MSM), low S. salsa marsh (LSM) and bare flat (BF)
on the northern coastal marshes of the Yellow River
estuary (Fig. 1). The tide in the intertidal zone of the
Yellow River estuary is irregular semidiurnal tide
(twice a day) and the mean tidal range is 0.73~
1.77 m (Li et al. 1991). The salinity of the floodwater
in the intertidal zone is greatly affected by the runoff
of Yellow River and the values throughout a year
average between 2.2 % and 3.1 % (Tian et al. 2005).

Experimental design

Fluxes of CH4 were measured by using opaque, static,
manual stainless steel chambers and gas chromatogra-
phy techniques. The chamber is an open-bottom a
square box (50 cm×50 cm×50 cm) and equipped with
an electric fan installed on the top wall of each cham-
ber to make turbulence when chamber was closed.
Outside of the chamber was covered with 2 cm thick-
ness white foam to reduce the impact of direct radiative
heating during sampling. In addition, a thermometer
sensor was installed to measure temperature, a three-
way stopcocks was fixed to collect gas sample, and a
balance pipe was used to equalize the air pressure be-
tween the inside and the outside of the chamber. In
August 2010, the stainless steel base (50 cm×50 cm×
20 cm) with a water groove on top was installed at the
four sampling sites. During observations, the chamber
was placed over the base filled with water in the groove
to ensure air-tightness and the plant was covered within
the chamber.

Sampling campaigns were undertaken in autumn
(September, October and November in 2010), winter
(December in 2010), spring (April and May in 2011)
and summer (June and July in 2011). Each measure-
ment campaign consisted of 12 chambers set up at four
sites (3 chambers per position): HSM and MSM were
located near the shore and which were submerged only
at high or middle tide, and LSM and BF were adjacent
to the sea and which were frequently submerged at
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low tide. Since the tide in the Yellow River estuary is
irregular semidiurnal tide, the sampling campaigns in
the LSM and BF were sometimes affected by tidal
inundation. In this study, the sampling campaigns in
the LSM and BF in May and the BF in June were not

carried out due to the influence of tidal inundation. On
each sampling date, measurements were conducted at
7:00, 9:30, 12:00, 14:30 and 17:00 h. Measurements
representing different times of day were from sedi-
ments exposed during low tide, over a number of days.

Fig. 1 Sketch of the Yellow River estuary and sampling sites
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Four air samples inside the chamber were collected
every 20 min over a 60 min period by using 100 ml
syringe equipped with three-way stopcocks. Samples
were injected into pre-evacuated packs, transported
back to the laboratory and analyzed within 36 h using
gas chromatography (Agilent 7890A) equipped with
an FID. The CH4 was separated from the other gases
with a 2 m stainless-steel column, with an inner diam-
eter of 2 mm 13XMS column (60/80 mesh). The oven,
injector and detector temperatures were 80 °C, 200 °C
and 200 °C, respectively. The flow rate of the carrier
gas (N2) was 30 mlmin−1. Flame gases (H2 and O2)
were set at 20 and 30 mlmin−1. Gas concentrations
were quantified by comparing peak areas of samples
against standards run every 8 samples, ensuring each
sample run maintained RSD below 6 %. CH4 fluxes
were calculated from the linear changes in the cham-
ber concentration over time with an average chamber
temperature (Song et al. 2006). Only samples with a
regression determination coefficient R2 greater than
0.95 were used for analysis (2.5 % measurements were
rejected).

Environmental measurements

Air temperature and soil temperatures (0, 5, 10 and
15 cm) were measured in each position during gas
sampling. Soil volumetric moisture and electrical con-
ductivity (EC) in 0–5, 5–10 and 10–15 cm depths were
determined in situ by high-precision moisture measur-
ing instrument (AZS-2) and soil & solution EC meter
(Field Scout), respectively. Soil moisture and EC were
not determined in December 2010 since the topsoil (0–
10 cm) was frozen. On each sampling date, two soil
samples (0–10, 10-20 cm) per position were taken for
analyzing total carbon (TC) and total nitrogen (TN)
contents by element analyzer (Elementar Vario Micro,
German) and ammonium (NHþ

4 � N) and nitrate
(NO�

3 � N) contents by sequence flow analyzer (San++

SKALAR, Netherlands). The total sulfur (TS) and sulfate

(SO2�
4 ) data in the coastal marshes of the Yellow River

estuary were cited from Sun et al. (2009) and Fan et al.
(2010).

Statistical analysis

The results were presented as means of the replica-
tions, with standard error (S.E). Statistical significance
of differences at p<0.05 between samples were

analyzed using analysis of variance (ANOVA).
Multiple comparison of samples was undertaken by
Tukey’s test with a significance level of p=0.05.
Correlation analyses and stepwise linear regression
analyses were used to examine the relationship between
fluxes and the measured environmental variables. In all
tests, differences were considered significantly only
if p<0.05.

Results

Spatial variation of CH4 fluxes

Variation of CH4 fluxes in spring

CH4 fluxes in spring averaged between −0.781 mgCH4

m−2h−1 and 0.822 mgCH4 m−2h−1, but the values
among the four marshes showed no significant differ-
ence (p>0.05) (Fig. 2). Similar variations of CH4 flux in
HSM and MSM were observed both in April and May.
In April, with the exception of 12:00 sampling, the other
sampling periods showed CH4 consumptions. In May,
both HSM andMSM showed consumptions before 9:30
sampling and emissions afterward. CH4 fluxes from
LSM ranged from −0.067 mgCH4 m−2 h−1 to
0.190 mgCH4 m

−2h−1 and a significant peak occurred
in 14:30. The BF was found to release CH4 with the
exception of 7:00 sampling, with the maximum oc-
curred in 17:00. The mean CH4 fluxes from HSM,
MSM, LSM and BF in spring were −0.056, 0.049,
0.034 and 0.027 mgCH4 m

−2h−1, respectively, indicat-
ing that coastal marshes represented weak emission
except HSM.

Variation of CH4 fluxes in summer

CH4 fluxes in summer ranged from −1.128 mgCH4 m
−2

h−1 to 0.380 mgCH4 m
−2h−1, but the values among the

four marshes were not significantly different (p>0.05)
(Fig. 2). Similar variations of CH4 flux in June and July
were observed in HSM except for 17:00 sampling. CH4

fluxes from MSM in June and July were −1.128~0.261
and −0.244~0.261 mgCH4m

−2h−1, respectively, and
they had no significant difference (p>0.05). CH4 fluxes
from LSM in June and July were in opposite except for
14:30 sampling and the ranges were −0.762–0.328 and
−0.239–0.218 mgCH4m

−2h−1, respectively. With the ex-
ception of July 14:30 sampling, the BF was found to
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consume CH4 in other periods. The mean CH4 fluxes
fromHSM,MSM, LSM andBF in summer were −0.083,
−0.175, −0.083 and −0.083 mgCH4m

−2h−1, respectively,
indicating that coastal marshes acted as a CH4 sink.

Variation of CH4 fluxes in autumn

Although CH4 fluxes in autumn covered a wide range,
from −0.742 mgCH4 m

−2h−1 to 1.767 mgCH4 m
−2h−1,

the values among the four marshes were not signifi-
cantly different (p>0.05) (Fig. 2). Over all sampling
periods, the variations of positive and negative CH4

fluxes were observed irregularly in each coastal marsh
and the maximum and minimum occurred in BF. CH4

fluxes from each coastal marsh showed no significant
difference among September, October and November
(p>0.05). The ranges of CH4 flux in HSM, MSM,
LSM and BF in autumn were −0.176~0.335, −0.162
~0.321, −0.125~0.660 and −0.742~1.767 mgCH4

m−2h−1, and the means were 0.001, 0.030, 0.121 and
0.119 mgCH4 m−2h−1, respectively, indicating that
coastal marshes represented weak CH4 emission.

Variation of CH4 fluxes in winter

CH4 fluxes in winter covered a range of −0.092 mgCH4

m−2h−1 to 0.117 mgCH4 m−2h−1, but the values
among the four marshes showed no significant dif-
ference (p>0.05) (Fig. 2). With the exception of
LSM that showed CH4 consumption during all

times of day sampled, the other marshes were
found to release CH4 in some sampling periods.
Although the variations of CH4 flux in HSM and
BF were opposite, both positive and negative val-
ues alternated regularly. With the exception of 7:00
sampling, the MSM was found to consume CH4 in
other sampling periods. The mean CH4 fluxes from
HSM, MSM, LSM and BF in winter were −0.004,
−0.016, −0.046 and 0.031 mgCH4 m−2h−1, respec-
tively, indicating that coastal marshes acted as weak
CH4 sink except BF.

Temporal variation of CH4 fluxes

CH4 fluxes from different coastal marshes varied
throughout different times of the day and significant
differences were observed in some sampling periods
(p<0.05) (Fig. 2). Although the temporal variations of
CH4 fluxes were not significant in each coastal marsh
(p>0.05), significant differences still could be ob-
served among different months (p<0.05) (Fig. 3).
Over all seasons, CH4 fluxes averaged between
−0.392 mgCH4 m−2h−1 and 0.495 mgCH4 m−2h−1,
with the maximum and minimum occurred in
September (in BF) and June (in MSM), respectively.
CH4 emissions occurred during spring (0.008 mgCH4

m−2h−1) and autumn (0.068 mgCH4 m
−2h−1) while CH4

sink were observed during summer (−0.110 mgCH4

m−2h−1) and winter (−0.009 mgCH4 m
−2h−1) (Fig. 3).

Over all sampling periods, CH4 fluxes from the four
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Fig. 2 Variations of CH4 fluxes (mgCH4 m−2h−1) from high
Suaeda salsa marsh (HSM), middle S. salsa marsh (MSM), low
S. salsa marsh (LSM) and bare flat (BF) in spring (April and

May), summer (June and July), autumn (September, October
and November) and winter (December)
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marshes were not significantly different (p>0.05). CH4

emissions occurred in LSM (0.026 mgCH4 m
−2h−1) and

BF (0.055 mgCH4 m−2h−1) while CH4 sink were ob-
served in HSM (−0.035 mgCH4 m−2h−1) and MSM
(−0.022 mgCH4 m

−2h−1). The annual average CH4 flux
from the intertidal zone was 0.002 mgCH4 m−2h−1,
indicating that coastal marsh acted as a weak source.

Environmental variables in coastal marsh

Similar variations of air temperature and ground tem-
perature (0, 5, 10 and 15 cm) in the four marshes were
observed over all sampling periods (Fig. 4a). Air tem-
perature did not show significant difference among the
four marshes (p>0.05). Ground temperatures general-
ly decreased with increasing soil depth, but no signif-
icant differences were found within the four marshes
(p>0.05). Significant correlations between CH4 fluxes
and temperatures were observed in different marshes
during spring or summer (p<0.05 or p<0.01). By
comparison, most correlations between CH4 fluxes
and temperatures were not significant during autumn
or winter (p>0.05) (Table 1). Dissimilar variations of
soil moisture and EC (0–5 and 5–10 cm) in the four
marshes were observed over all sampling periods
(Fig. 4b,c). With increasing depth, soil moisture in-
creased (Fig. 4b), while EC generally decreased
(Fig. 4c). Soil moisture did not show significant differ-
ences among the four marshes (p>0.05), while signif-
icant differences of EC were observed (p<0.05).
Although both positive and negative influences of soil
moisture and EC on CH4 emissions were observed
within the four marshes, only the correlations between
soil moisture (5–10, 10–15 cm) and CH4 fluxes in

HSM (p<0.01) and between EC (0–5 cm) and CH4

fluxes in LSM (p<0.05) were significant (Table 2).
Seasonal dynamics of sediment substrate in the

four marshes were observed over all sampling
period (Fig. 5). TC, TN and NH4

+-N in the sur-
face (0–10 cm) and subsurface sediment (10–
20 cm) of BF were generally higher than those
in other marshes (Fig. 5a, b, c). Both TC in
surface and subsurface sediment had significant
differences among the four marshes (p<0.05),
while only TN in subsurface sediment showed
significant difference (p<0.01). Both NH4

+-N and
NO3

−-N in sediment (0–10, 10–20 cm) were not
significantly different within the four marshes (p>
0.05). Lacks of correlations between CH4 fluxes
and substrate variables were observed (p>0.05)
except the correlations occurred in subsurface sed-
iment of HSM (p<0.01) (Table 3). Moreover, the
correlations between environmental variables deter-
mined during all times of day and CH4 diurnal
emissions were not significant (p>0.05).

Discussion

Temporal variations of CH4 fluxes

The magnitudes of CH4 fluxes from coastal marshes in
the Yellow River estuary were in the range of
−0.392 mgCH4 m−2h−1 to 0.495 mgCH4 m−2h−1,
which were generally lower than those from salt
marshes in the Yangtze River estuary and the Min
River estuary, and mangrove swamps in the Brisbane
River and Puerto Rico, but approximated emissions
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recorded at the Macrotidal Salt Marsh Bay, the sand
shore of Lake Nakaumi, the intertidal zone of
Maritime Antarctica, and the mangrove swamps in
the Moreton Bay and the Dong zhai Harbor
(Table 4). Differently, CH4 emissions from the salt
marshes (Carex rugulosa, P. australis, Solidago altis-
sima) of Lake Nakaumi under light condition recorded
by Hirota et al. (2007) were 184~495 times greater
than the maximum CH4 emission reported by our
study, which was probably owing to large aerobic
respiration by plant and microbes with continuous
anaerobic condition. Existing abundant both live and
dead aboveground biomass in salt marsh were impor-
tant supporting evidences (Hirota et al. 2007).

Seasonal variations in CH4 emissions from coastal
marshes were observed in this study (Fig. 3) and also
reported by others (Inubushi et al. 2003; Allen et al.
2007; Zhu et al. 2008). Whalen (2005) observed that
seasonal patterns of trace gas emission were influ-
enced by latitude, with arctic, austral and some tem-
perate regions characterized by pronounced CH4

emission (Gregorich et al. 2006; Allen et al. 2007),
which are governed by seasonal variability in temper-
atures affecting water availability, production of sub-
strate precursors and microbial activity. However, CH4

emissions from the coastal marshes in the Yellow
River estuary seemed not to be affected by seasonal
variability in temperatures though the estuary located
in temperate region (37°35′N~38°12′N). CH4 emis-
sions generally occurred during spring and autumn
while CH4 sink were observed during summer and
winter. We considered that the seasonal variations in
CH4 emissions observed in this paper were probably
related to the complex interactions of temperatures and
other biotic/abiotic factors, such as water and salinity
status (Whalen 2005; Tong et al. 2009), plants (Tong
et al. 2009) and sediment substrate (Allen et al. 2007).
Although significant positive/negative correlations be-
tween CH4 fluxes and temperatures were observed in
some periods (Table 1), the effects of seasonal vari-
ability in temperatures on CH4 emissions, to a great
extent, might be covered by above biotic/abiotic
parameters.

We found that CH4 emissions occurred during
spring and autumn while CH4 sink were observed
during summer and winter. Because the environmental
variables determined in coastal marshes were all ex-
cluded in the stepwise liner regression, we considered
that CH4 fluxes in different seasons were controlled byT
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the interactions of multiple factors. Among them, the
variations of limited C and mineral N in the sediments
might have significant influences on CH4 emissions.
As was shown in Fig. 5, TC, TN and NH4

+-N in
different coastal marsh sediments (0–10, 10–20 cm)
were higher in spring and autumn (especially in au-
tumn), while NO�

3 � N were generally higher in sum-
mer and winter, indicating that the increase of C and N
(especially NHþ

4 � N) during spring and autumn
might promote CH4 production and inhibit CH4 up-
take, while the increase of NO�

3 � N during summer
and winter was unfavorable for CH4 production.
Similar results were drawn by Mancinelli (1995) and
Bodelier and Laanbroek (2004). For one thing, the
increase of C and N (NH4

+-N) improved the limited
status of C and N in sediment and provided enough C
and N sources for the growth of methanogens, which
was favorable for the production of CH4. For another,
the NHþ

4 � N addition could inhibit the uptake of
CH4, which was related to two underlying mecha-
nisms: i) NH4

+ is a competitive inhibitor of CH4

oxidation due to lack of specificity of methane mono-
oxygenase (MMO) in methanotroph (Saari et al.
2004); ii) hydroxylamine and nitrite produced by
methanotrophic ammonia oxidation are toxic to meth-
anotrophic bacteria (Jiang et al. 2010). The inhibition
of NO�

3 � N on CH4 production has been reported by
many studies (Banik et al. 1996; Kluber and Conrad
1998; Chidthaisong and Conrad 2000), which could
be partly applied to explain the formation of CH4 sink
during summer and winter.

This study also showed that the coastal marsh in the
Yellow River estuary represented weak CH4 emission
(0.002 mgCH4 m

−2h−1) throughout the year and there

were three probable causes. Firstly, although the high
soil moisture in sediment (Fig. 4b) was favorable for
CH4 production, the interaction of moisture and salin-
ity might reduce CH4 emissions. Magenheimer et al.
(1996) showed that the CH4 fluxes from a macrotidal
salt marsh (Bay of Fundy) were inversely correlated
(r2=0.23, p=0.001) with salinity of the upper pore-
water at the sampling site. Chidthaisong and Conrad
(2000) indicated that high salinity could inhibit the
activities of methanogens or did harm to methanogens
which reduced CH4 emission. In this paper, the salin-
ity (represented by EC) of the coastal marshes in the
Yellow River estuary were high (0–5 cm,14.44±
3.96 mS cm−1; 5–10 cm, 12.10±2.96 mS cm−1; 10–
15 cm, 11.50±2.63 mS cm−1) (Fig. 4c), which might
reduce CH4 production. Secondly, the SO2�

4 concen-
trations in sediment substrate resulting from high

SO2�
4 content in seawater (Ivanou 1992) were also

considered dominant factor controlling CH4 emissions
from coastal marsh (Kreuzwieser et al. 2003). Because
sulfate reducing bacteria (SRB) compete for H2/CO2

and ethylic acid (CH3COOH) with methanogen and
the former had more strong affinity to the reaction

substrates, the coexistence of SRB and SO2�
4 would

inhibit the production and emission of CH4 (van der

Gon et al. 2001). In this study, the TS and SO2�
4

contents in the coastal marshes of the Yellow River
estuary were 3.0~6.2 % (Sun et al. 2009) and 0.62~
1.50 % (Fan et al. 2010), respectively, indicating that
the high S content and the anoxic condition in sedi-
ment could enhance the dissimilatory reduction of

SO2�
4 , which inhibited the CH4 emission from S. salsa

marsh. Thirdly, the microbially mediated AOM (an-
aerobic oxidation of methane) process occurring

Table 2 Pearson correlation analysis between CH4 fluxes and soil moisture or electrical conductivity (EC)

Sites Soil moisture Electrical conductivity (EC)

0–5 cm 5–10 cm 10–15 cm 0–5 cm 5–10 cm 10–15 cm

HSM −0.029 0.855** 0.910** 0.542 −0.109 −0.073
MSM −0.304 −0.075 0.002 0.007 −0.003 0.128

LSM 0.356 0.601 0.226 0.830* 0.642 0.722

BF 0.537 −0.457 0.155 0.492 0.503 0.594

Values with bold and asterisk symbol indicate that correlations are significant at the 0.05 level (one asterisk, *) or at the 0.01 level (two
asterisks, **). HSM, High S. salsa marsh; MSM, Middle S. salsa marsh; LSM, Low S. salsa marsh; BF, Bare flat

Pair sample size, n=8 for soil moisture and EC in 0–5, 5–10 and 10–15 cm depths in HSM and MSM; n=6 for soil moisture and EC in
0–5, 5–10 and 10–15 cm depths in LSM; n=5 for soil moisture and EC in different depths in BF except the soil moisture in 10–15 cm
depth (n=4)
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mainly in anoxic sediments also has crucial effects on
CH4 emission (Raghoebarsing et al. 2006). AOM cou-

pled to SO2�
4 reduction is performed by a consortium

of anaerobic methanotrophic archaea (ANME) and
SRB (Strous and Jetten 2004; Mileto et al. 2008;
Knittel and Boetius 2009). During AOM, CH4 is ox-

idized with SO2�
4 as the terminal electron acceptor

(CH4 + SO4
2− → HCO3

− + HS− + H2O) (Knittel and
Boetius 2009). As mentioned above, the high S con-
tent in sediment might enhance the AOM process
under anoxic condition, which further inhibited the
CH4 emission from S. salsa marsh.

We also demonstrated that CH4 emissions from
coastal marshes varied throughout different times of
the day and significant differences were observed in
some sampling periods (p<0.05) (Fig. 2). Diurnal
variations in trace gas flux have been reported in other
coastal marsh studies. Hirota et al. (2007) indicated
that the diurnal variation of CH4 fluxes from salt
marsh in dark contrition was influenced by soil tem-
perature (r=0.47, p<0.05). Lu et al. (1999) showed
that CH4 fluxes from Bruguiera sexangula mangrove
swamp sediment had large diurnal fluctuation, which
was caused by the changes of tidal inundation rather
than the changes of air or sediment temperatures.
Since environmental factors are involved directly with
different microbe and plant activities and are change-
able in relative short term (diurnal) scale, the diurnal
variations of CH4 emission from different coastal
marshes are affected by different principal factors.
But this study showed that any environmental varia-
bles determined during all times of day had no signif-
icant correlations with CH4 diurnal emissions (p>
0.05). Similar result was drawn by Hirota et al.
(2007) who found that any environmental factors

seemed to not affect diurnal variation of CH4 flux
under light condition. Because our study did not mea-
sure CH4 fluxes and environmental variables over the
complete tidal inundation cycles, the variations of
some major factors during all times of night might
be missed, which probably covered the main factors.
Besides, the variations of environmental variables in
the coastal marshes of the Yellow River estuary might
be more complicated than those in other coastal
marshes, which caused the CH4 diurnal emissions to
be affected by two or more factors. However, these
explanations require to be verified in the following
study.

Spatial variations of CH4 fluxes

Over all sampling periods, we found that the physical
(temperature, soil moisture and EC) and chemical (TC,
TN, NH4-N and NO3-N) parameters of sediment dif-
fered in their magnitude among the four marshes.
Significant differences in TC, TN and EC in sediment
were observed (p<0.05). Such differences among the
four marshes would be due to the site-specific con-
ditions such as topography, slope, hydrology and spe-
cies composition which determine the magnitudes and
variations of CH4 at spatial scale (Allen et al. 2007;
Hirota et al. 2007). From the stepwise linear regression
analysis, soil moisture (X1) and EC (X2) were the
dominant factors that controlled the CH4 emissions
(Y) in HSM (Y=−3.091+0.080X1, R

2=0.773, p=
0.004) and LSM (Y=−0.566+0.060X2, R

2=0.682,
p=0.043), respectively, while in MSM and BF, the
environmental variables determined during sampling
periods were all excluded, indicating that CH4 fluxes
were controlled by multiple factors.

Table 3 Pearson correlation analysis between CH4 fluxes and soil substrate

Sites TC TN NH4
+-N NO3

−-N

0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm

HSM 0.070 −0.235 −0.063 0.310 0.693 0.355 −0.134 −0.892**

MSM 0.305 0.187 0.308 0.231 0.006 −0.026 0.109 −0.422
LSM −0.031 0.194 0.153 0.171 0.286 0.219 0.200 0.322

BF −0.168 0.177 −0.265 0.203 0.295 0.543 0.451 0.450

Value with bold and asterisk symbol indicates that correlation is significant at the 0.01 level (two asterisks, **); HSM, High S. salsa
marsh; MSM, Middle S. salsa marsh; LSM, Low S. salsa marsh; BF, Bare flat. Pair sample size, n=8 for TC, TN, NH4-N and NO�

3 �
N in 0–10 and 10–20 depths in HSM and MSM; n=7 for TC, TN, NH4-N and NO�

3 � N in 0–10 and 10–20 depths in LSM; n=6 for
TC, TN, NH4-N and NO�

3 � N in 0–10 and 10–20 depths in BF
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This study observed a large spatial variation of CH4

fluxes in the coastal marshes of the Yellow River
estuary. The coefficient of variations (CVs) of CH4

fluxes in the four marshes were 133.70 %, 712.06 %,
562.02 % and 425.49 %, respectively, while the value
across the coastal marsh was 7856.25 %, indicating
that, to evaluate the regional budget of CH4 emissions
precisely, measurements should be designed at fine
scales and the number of spatial replicates should be
increased. Although CH4 fluxes from the four marshes
had no significant differences (p>0.05), CH4 emission
patterns were different during all times of day and the
seasons measured (Fig. 2). Previous studies have in-
dicated that temperatures had great influence on CH4

emissions at spatial scale (Sun et al. 2002; Gregorich
et al. 2006). Although air temperature and ground
temperatures did not show significant difference
among the four marshes during all the seasons mea-
sured (p>0.05), strong positive/negative correlations
still could be found in some sampling periods (p<
0.05) (Table 1). This indicated that thermal condition
was an important factor affecting CH4 emission across
the coastal marsh, but its function might be covered by
the interactions of other biotic or abiotic factors, such
as moisture, salinity, sediment substrate and plant. For
spatial variations of CH4 fluxes in coastal marsh, we
considered that the differences of vegetation composi-
tion were the main driving forces. van den Pol-van
Dasselaar et al. (1999) suggested that vegetation was
the most important factor in predicting the spatial
variability of CH4 fluxes because it was a comprehen-
sive reflection of environmental conditions such as
climate, soil moisture and nutrient status. The impor-
tance of vegetation for carbon fluxes in wetlands also
has been described in many studies (Joabsson et al.
1999; Hirota et al. 2006). Especially, it has been well
known that wetland plants have complex gas transport
system via their body and emit CH4 from soil to the
atmosphere (Schimel 1995; Hirota et al. 2004). As
mentioned before, because the vegetation composition
and biomass in the four marshes were different, the
plant distributed continuously across the coastal marsh
would be one of the key factors for the CH4 emissions
at spatial scale.

Site-level control of CH4 emission was also attrib-
uted to the effects of soil moisture, salinity and nutri-
ent status. Although soil moisture did not show
significant differences among the four marshes (p>
0.05), strong positive correlations were observed

between soil moisture (5–10, 10–15 cm) and CH4

fluxes in HSM (p<0.01) (Table 2). This is common
because higher moisture creates a reduction condition
that is beneficial for the production and emission of
CH4. In contrast, EC showed significant differences
within the four marshes (p<0.05) and significant pos-
itive correlation was observed between EC and CH4

emission in LSM (p<0.05) (Table 2). Generally, both
positive and negative impacts of soil moisture and EC
on CH4 emissions were found in coastal marshes
(Table 2), which induced the formation of different
CH4 emission patterns at spatial scale. As discussed
before, the negative impact of soil moisture or the
positive effect of EC on CH4 emission might be relat-
ed to the interaction of soil moisture and salinity in
sediment. Similar result was drawn by Hirota et al.
(2007) who found that, in coastal ecosystems sub-
jected to the fluctuation of water level (or soil mois-
ture) by astronomic tide, there will be both positive
and negative impact on CH4 emissions. Site-level
nutrient status also influenced the spatial variations
of CH4 fluxes (Ding et al. 2004). In this study, both
positive and negative correlations between CH4 emis-
sion and nutrient status were observed, and significant
correlation between CH4 emission and NO3-N oc-
curred in HSM (p<0.01) (Table 3). Although lacks
of correlations between CH4 fluxes and substrate var-
iables were observed (p>0.05), local nutrient differ-
ences due to topography, aspect, slope, hydrology and
vegetation, to some extent, influenced the spatial dif-
ferences of CH4 emissions at spatial level.

Our study showed that the coastal marsh acted as a
weak CH4 source in the present N loading of the
Yellow River estuary. Numerous studies have demon-
strated that N was an important regulatory factor for
the production and consumption of CH4 (Bodelier and
Laanbroek 2004; Lebauer and Treseder 2008), and the
response of CH4 flux to N enrichment, both the mag-
nitude and the direction, might vary due to the N
addition level and N forms (Liu and Greaver 2009).
Jiang et al. (2012) studied the responses of N enrich-
ment (NHþ

4 � N and NO�
3 � N) on CH4 production

and consumption of the different coastal marsh sedi-
ments in the Yellow River estuary, and found that
NHþ

4 � N addition caused a general stimulation on
CH4 emission while NO�

3 � N addition generally
inhibited CH4 production. Moreover, with increasing
NHþ

4 � N addition, the suppression of CH4 uptake
enhanced (Jiang 2012). Similar results were drawn
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by Le Mer and Roger (2001), and Bodelier and
Laanbroek (2004). The increase in CH4 emssion under
N addition probably was caused by the activities of
both methanogenic archaea and methanotropic bacte-
ria (Liu and Greaver 2009). At present, the exogenous
N loading (NHþ

4 � N is dominated) of the Yellow
River estuary is increasing due to human activities
(State Oceanic Administration of China 2010). Since
N is a very limited nutrient in the coastal marshes of
the Yellow River estuary (Mou 2010), increases in
exogenous N loading to estuarine and coastal marshes
will stimulate microbial processes and CH4 emission.
In addition, increases in exogenous NHþ

4 � N loading
will also enhance the suppression of CH4 uptake
(Jiang 2012) and the multiple mechanisms have been
declared as mentioned before. Based on the above
analysis, we can conclude that the CH4 emission in the
future will be enhanced with increasing N loading to the
Yellow River estuary (especially NHþ

4 � N is the major
pollutant), and the magnitude of CH4 emission should
be paidmore attentions as the annual CH4 inventory was
assessed accurately.

Conclusions

This paper studied the seasonal and spatial variations of
CH4 emissions and associated environmental factors in
the coastal marshes (HSM, MSM, LSM and BF) of the
Yellow River estuary. Results have demonstrated that: i)
CH4 fluxes averaged between −0.392 mgCH4·m

−2·h−1

and 0.495 mgCH4·m
−2·h−1, and emissions occurred

during spring and autumn while sinks were observed
during summer and winter. CH4 emissions occurred in
LSM and BF while sinks were observed in HSM and
MSM. The annual average CH4 flux from the intertidal
zone was 0.002 mgCH4·m

−2·h−1 and coastal marsh
acted as a weak CH4 source; ii) Temporal variations of
CH4 emission were related to the interactions of abiotic
factors (temperatures, soil moisture and salinity) and the
variations of limited C and mineral N in sediments,
while spatial variations were mainly affected by the
vegetation composition and biomass at spatial scale;
iii) Both the large spatial variation of CH4 fluxes across
the coastal marsh (CV=7856.25 %) and the potential
effect of exogenous N loading to the Yellow River
estuary on CH4 emission should be considered before
the annual CH4 inventory was evaluated accurately.
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