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Tidal effects on net ecosystem exchange of carbon in an estuarine wetland
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A B S T R A C T

One year of continuous data from two eddy-flux towers established along an elevation gradient in

coastal Shanghai was analyzed to evaluate the tidal effect on carbon flux (Fc) over an estuarine wetland.

The measured wavelet spectra and cospectra of Fc and other environmental factors demonstrated that

the dynamics of Fc at both sites exhibited a tidal-driven pattern with obvious characteristics at scales

between 10 and 20 days (256–512-h). Environmental factors exerted major controls on the carbon

balance at finer temporal scales. Fc was more sensitive to tides at the low-elevation site than at the high-

elevation site. Overall, the mean nighttime Fc during spring tides was lower than that during neap tides,

indicating suppressed ecosystem respiration under inundation. Larger differences were observed at the

low-elevation site due to longer inundation durations. In contrast, daytime Fc was more variable since

plants reacted differently in different growth periods and under different tidal elevations. The

amplitudes of diurnal Fc during tidal periods were larger than those reported for other wetland types,

implying a great potential for future carbon sequestration. Whilst tides would also transport organic

matter to nearby estuaries and hence may incur carbon emission in the receiving ecosystems. Thus,

further study on lateral carbon transport is required to investigate the tidal effect on the carbon sink/

source role of the wetland.
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1. Introduction

Increased atmospheric concentrations of carbon dioxide (CO2)
and methane (CH4) have stimulated great interest in studying the
carbon exchange between terrestrial ecosystems and the atmo-
sphere. However, coastal wetlands, especially salt marshes, have
not been well-investigated in spite of their high net primary
productivity (Howes et al., 1985) and high carbon sequestration
strengths in the soils (Chmura et al., 2003). Furthermore, coastal
wetlands worldwide are disappearing and degrading under
pressure from development and land use change as well as the
spread of invasive species (Zedler and Kercher, 2005).

Coastal wetlands are influenced by tides, which not only
change the groundwater level but also water chemical properties
such as pH, redox potential and nutrient content (Armstrong et al.,
1985; Pennings and Callaway, 1992). These effects are likely to
influence ecosystem processes and functions. For example, it is
known that water availability exerts great effect on the decom-
position of soil carbon (Chapin et al., 2002) and thus controls soil
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respiration (i.e., carbon loss to the atmosphere). Excess water
constitutes a direct barrier to gas diffusion and suppresses soil
respiration (Heinsch et al., 2004) and indirect regulations on
carbon assimilation by plants (McHugh and Dighton, 2004; Wang
et al., 2006). On a broad scale, tidal elevation largely accounts for
the striking plant zonation found in most salt marshes (Bertness
and Pennings, 2000). Tides also play an important role in lateral
matter exchange, such as the import of inorganic nutrients into
marshes and the export of organic nutrients from marshes, which
in turn nourish the oceanic food chains (Teal and Howes, 2000).
However, current knowledge of the tide-induced regulation of
carbon fluxes in coastal wetlands remains limited, which also
impedes forecasting how these systems may respond to climate
change.

In this paper, we evaluated the tidal effect on the estuarine
ecosystem carbon exchange by analyzing continuous carbon flux
(Fc) data collected for one year from two sets of tower-based eddy
covariance systems installed in different tide-affected areas. We
hypothesized that carbon flux in the two areas would change as a
function of the tidal phase and height because tidal influences
would decrease with increasing distance from the sea and the
accompanying elevation change. Consequently, differences in Fc

between the two sites would be determined by differences in the
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Fig. 1. Locations of Hengsha tidal station and the wetland study sites (H: high-elevation site; L: low-elevation site) at which eddy-flux towers were established.
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suppression of respiration and alteration of photosynthesis due to
tidal inundation.

2. Materials and methods

2.1. Study sites

Our study wetland lies on the easternmost side of Chongming
Island in the estuary of the Yangtze River (318250–318380N, 1218500–
1228050E) and has an area of 230 km2 (Fig. 1). Due to the large
amounts of sediment brought 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). Along the altitudinal gradient, fine particle in
the soil increases with increasing nitrogen and organic matter
content (Wu et al., 2005). The inclination of the tidal flat is normally
<1% (Yang et al., 2002). The dominant plant species include
Phragmites australis (hereafter, Phragmites), Spartina alterniflora
Fig. 2. Seasonal variations in major meteorological variables in 2005: (a and d) daily

precipitation (Precip) and mean relative humidity (RH); and (c and f) daily averaged soil

the high-elevation (H) site and the figures below are for the low-elevation (L) site.
(hereafter, Spartina) and Scirpus mariqueter (hereafter, Scirpus),
which all form their respective monocultures. Compared to other
two plants, Scirpus only accounts for a small portion of plant and
ecosystem production. The climate of the area is characterized by
strong seasonal variation and an abundance of precipitation. The
annual precipitation in the study area was 1957–2192 mm in 2005
and the air temperature ranged from �5.2 8C to 36.5 8C, with an
annual mean of 15.6 8C (see more details in Fig. 2).

Three eddy-flux towers were established on different elevations
over the wetland in August of 2004 (Fig. 1). In this study, we used
two of the three sites that are 1100 m apart and represent different
elevation zones (0.5 m difference) and sensitivities to tidal
activities. The site at the low elevation (L; 31831.0140N,
121858.3000E) is ca. 1600 m away from the sea wall constructed
in 1998 and is dominated by Phragmites, Spartina and Scirpus. The
site at the high elevation (H; 31831.0000N, 121857.6430E) is 500 m
from the sea wall and dominated by Phragmites and Spartina. At
maximum and minimum air temperature (Tmax and Tmin); (b and e) daily total

temperature (Ts) and soil volumetric water content (VWC). The figures above are for



Table 1
General characteristics of soil carbon content and salinity at the high- (H) and low-

(L) elevation wetland study sites. Soil sample was obtained in early August, and the

values were averaged for at least 30 samples at each depth for each site. The

standard errors of the characters are given in parentheses.

Depth (cm) Total carbon content (g C cm�3) Salinity (%)

H L H L

0–10 0.019 (0.001) 0.016 (0.001) 3.8 (1.4) 4.6 (0.3)

10–20 0.018 (0.001) 0.016 (0.001) 4.6 (1.8) 3.3 (1.3)

20–30 0.016 (0.001) 0.015(0.001) 4.7 (1.4) 3.4 (1.1)

30–50 0.015 (0.001) 0.014 (0.001) 3.8 (1.0) 2.6 (0.9)

Average 0.017 0.015 4.2 3.5
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site H, almost 95% of the source area was spontaneous plant, with
an average leaf area index (LAI) of 5.14 m2 m�2 in August. In
contrast, approximately 70% of the source area was spontaneous
plants, with 30% of bare ground and an average LAI of 2.58 m2 m�2

at site L. The average carbon contents in the surface 0.5 m soils
were 0.017 � 0.001 (mean � SE) and 0.015 � 0.001 g C cm�3 at site H
and L, respectively (Table 1). These values were in the range of but
were lower than the mean value of carbon density in the salt marsh
soils (0.039 � 0.003 g C cm�3, Chmura et al., 2003).

Tides in our study area are typically semidiurnal, with mean
tidal ranges from 1.96 to 3.08 m (Sun et al., 2001) and maximum
tidal ranges from 4.6 to 6.0 m above the Wusong Datum Plane
(Yang et al., 2001). During the period of spring tides, most of the
wetlands are inundated by seawater. Because of the lack of field
records on tidal elevation during the study period, reference data
were extracted from tide tables of the nearest tidal station
(Hengsha station). Because the reference data were taken at 1-h
intervals, interpolation procedures were used to obtain the tidal
elevation for half-hour intervals, corresponding to our sites.

2.2. Flux system and meteorological instruments

Fc and sensible and latent heat were measured by the eddy
covariance method with a three-axis sonic anemometer (CSAT-3,
Campbell Scientific Inc., Logan, UT, USA) and open path infrared gas
analyzer (IRGA, Li 7500, Li-Cor Inc., Lincoln, NE, USA), which were
mounted 4.8 m above the ground at both sites. Some data gaps
inevitably due to routine calibration of the Li7500 (from November
27th to December 9th, 2005).

Meteorological parameters were measured with an array of
sensors. Net radiation was measured with a four component net
radiometer (CNR1, Kipp and Zonen, Delft, Holland) positioned
4.5 m above the ground. Photosynthetically active radiation (PAR)
was measured at 4 m above the ground using a Li190SB (Li-Cor Inc.,
Lincoln, NE, USA). Relative humidity and air temperature were
measured with shielded sensors (HMP-45C, Vaisala, Helsinki,
Finland) at heights of 1.6, 2.8 and 4.7 m at the higher-elevation site
and at heights of 1.8, 2.5 and 4.8 m at the lower-elevation site.
Rainfall was measured with a tipping bucket rain gauge (TE525,
Texas Electronics, Texas, USA) mounted 4.5 m above the ground.
Three replicates of soil temperature (0.05 m deep) were measured
at each site using thermistors (model 107, CSI). Volumetric soil
moisture was measured with a reflectometry sensor (CS616, CSI) at
a depth of 0.05 m. Soil water potential was measured with soil
moisture sensors (model 257, CSI) in two replicates at 0.05 m
depth at each site. Thirty-minute averages were calculated for all
micrometeorological measurements for use in further analyses.

2.3. Quality control of eddy covariance data

Turbulence fluxes were calculated as described by Saito et al.
(2005) and implemented with EdiRe developed by the Institute of
Atmospheric and Environmental Sciences, School of GeoSciences,
The University of Edinburgh, England. Before calculating the fluxes
of CO2 and sensible and latent heat, wind velocity components
were rotated so that the 30-min mean vertical and cross-wind
components equated to zero. Corrections were made to rectify the
influence of water vapor on the sonic temperature measurement
(Kaimal and Gaynor, 1991), high frequency loss of signals due to
equipment malfunction (Moore, 1986) and the effect of air density
fluctuation on CO2 and heat fluxes (Webb et al., 1980).

Other dispersed data gaps occurred due to rainfall events, dew
or power failure. Stationary tests and integral turbulence tests
were introduced to maintain quality control. During stationary
tests, the procedure suggested by Foken and Wichura (1996) was
applied, with the rejection threshold set to 30%. For the integral
turbulence test, we utilized the tests for sw/u* (Kaimal and
Finnigan, 1994) and sc/c

* (Ohtaki, 1985), where u* is the friction
velocity, sw and sc are the 30-min standard deviations of vertical
wind speed (w) and CO2 density (c), respectively. c* is defined as
c� ¼ �w0c0=u�, where the over bar indicates a time average and the
primes indicate fluctuations of the mean. The threshold values for
rejecting sw/u* and sc/c

* were set at 30% and 100% difference from
the references, respectively.

As a result of the stationary test, about 25% and 33% of the Fc

data was rejected for the high- and low-elevation sites, respec-
tively, while about 2% and 6% of the data was rejected using the
integral turbulence test. In total, about 29% and 41% of the Fc data
was rejected for the sites H and L, respectively. By convention,
positive values of Fc indicate a net loss of CO2 to the atmosphere
and the negative values indicate a net gain by the ecosystem.

2.4. Spectral analysis

To quantify the variability in Fc and the micrometeorological
data caused by tidal cycles, the variance and covariance spectra
were analyzed following the methods of Mallat (1989a, b),
Meneveau (1991), Gamage and Blumen (1993), Qiu et al. (1995),
Katul et al. (2001) and Stoy et al. (2005). The data was first
normalized to zero mean and unit variance and was then
transformed using orthonormal wavelet transformation (OWT),
with a Haar function providing the basis for the temporal
differencing characteristics and locality in the time domain
(Mallat, 1989a, b). In the Haar transformation, the mother wavelet
is defined as:

’ðxÞ ¼

1; x2 0;
1

2

� �

�1; x2 1

2
;1

� �

0;otherwise

8>>>><
>>>>:

(1)

The basis functions are scaled and translated based on w(x),
which can be processed across signals and hence transformed from
a one-dimensional signal to a two-dimensional temporal repre-
sentation. Though the spectral leakage inherent in orthonormal
Haar functions (Meneveau, 1991; Gamage and Blumen, 1993; Qiu
et al., 1995) was not examined in this paper, the large features of
the spectral peaks reflecting diurnal and annual variability were
hopefully resolved. The data gaps were padded with zero until 214

data points were obtained, which represented 94% of the one-year
data and covered 13 time scales from 0.5 to 4096 h (six months).

2.5. Light and temperature influences on Fc

The relationship between daytime Fc and PAR was estimated
with the Landsberg Model (Chen et al., 2002):

Fc ¼ Pmax � ð1� expð�a� ðQPAR � IcompÞÞÞ (2)
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where Pmax is the maximum rate of photosynthesis
(mmol m�2 s�1), a is apparent quantum yield, QPAR is PAR
(mmol m�2 s�1), and Icomp is the light compensation point.

For nighttime Fc, we followed the methods of Xu and Baldocchi
(2004) to employ a model depicting the exponential relationship
between nighttime Fc and soil temperature:

Fc ¼ b0 � expðb1 � TsÞ (3)

where b0 (mmol m�2 s�1) is a scaling factor and b1 is a parameter
that represents the shape of the curve.

3. Results

3.1. Periodicity of Fc and the driving factors

The temporal changes and variations in Fc and other meteor-
ological variables were characterized with clear diurnal and
seasonal patterns (Fig. 3a and b). As expected, the normalized
wavelet spectra of air temperature (Ta) and soil temperature (Ts)
were similar across time scales. Net radiation (Rn) and PAR shared
similar magnitudes of spectral energy. Generally, the wavelet
spectra of solar radiation and temperature parameters varied in
similar magnitudes at both sites over time. At both sites, Fc

experienced a diurnal-scale peak and did not exhibit weekly
spectral gaps, which was more obvious at site L. In our case, the
tidal activities corresponded to lunar cycles with a periodicity of
two weeks.

The cospectral analysis was conducted to inspect the relation-
ships between meteorological variables and Fc and stronger
correlations were observed at site H (Fig. 3c and d). We restricted
the range of the normalized wavelet cospectrum to �0.3 to 0.2 in
order to focus on the major driving factors at scales corresponding
to the lunar cycle. For time scales of 10–20-d (256–512-h), tidal
elevation (TE) showed stronger negative correlations with Fc at site
H than at site L. Both Rn and PAR were negatively correlated with Fc

at the two sites but the correlations were stronger at site H. At both
sites, Rn and PAR showed stronger negative correlations with Fc

than TE. The ratios of the wavelet cospectra between TE and Fc to
Fig. 3. Normalized wavelet spectra of CO2 flux (Fc) and environmental drivers (a and b) an

and d) for the two wetland study sites (H: high-elevation site; L: low-elevation site). Rn:

temperature; VWC: volumetric water content of soil; TE: tidal elevation.
that between PAR and Fc were calculated to smooth the effects of
the major factor (e.g., PAR) in 256–512-h scales. At the 256-h scale,
a higher ratio was observed at site L (1.67 vs. 0.10 at site H), while
at the 512-h scale, a slightly higher value was observed at site H
(0.25 vs. 0.24 at site L), suggesting that tides exerted a greater effect
on Fc of site L among the scales.

Interestingly, both Ta and Ts were negatively correlated with Fc

at site H on the 256- and 512-h scales, whereas at site L, Ta was
negatively correlated with Fc but Ts was positively correlated with
Fc. The cospectral analysis of nighttime data showed that both Ta

and Ts were positively correlated with Fc at both sites (not shown),
which suggested that the response of daytime assimilation
exceeded that of nighttime Fc and hence led to an overall negative
relationship at site H; however, a stronger response of nighttime Fc

led to a positive relationship at site L.

3.2. Tides and seasonal variation of Fc

During the growing season, the daily maximum Fc (i.e., daily
maximum respiration) fluctuated at an interval of �15 days,
coinciding with the tidal period, and the periodicity was more
obvious in site H than in site L. However, no obvious trends related
to the tidal cycle were observed in the daily minimum Fc at either
site (Fig. 4).

To better illustrate the tidal effect on the diurnal variations of Fc,
the 4–5 days binned diurnal variation of Fc between spring and
neap tides were presented (January, DOY 10–14 and DOY 16–20;
April, DOY 114–118 and DOY 107–111; July, DOY 203–207 and
DOY 195–198; October, DOY 289–293 and DOY 297–300; Fig. 5). In
January, the differences between the two tidal phases were small
at both sites and the amplitude of Fc was also small, fluctuating
around zero. In April, the daytime C uptake was greater during
spring tides than neap tides at both sites, with peak values reaching
�7.0 and �12.0 mmol m�2 s�1 during spring tides at sites H and L,
respectively, as compared to �3.8 and �3.3 mmol m�2 s�1 during
neap tides. The greater effect at site L correlated well with the
longer inundation durations. The effect of tidal phases in July was
different from that in April, with larger differences of daytime Fc

between spring and neap tides observed at site H. In October, the
d normalized wavelet cospectra between CO2 flux (Fc) and environmental drivers (c

net radiation; PAR: photosynthetically active radiation; Ta: air temperature; Ts: soil



Fig. 4. Daily (a) maximum; (b) minimum CO2 flux (Fc); and (c) daily maximum tidal

elevation at the two wetland study sites in 2005 (H: high-elevation site; L: low-

elevation site).

Fig. 6. Relationships between daily mean nighttime Fc and daily peak tidal elevation

in: (a) January; (b) April; (c) July; and (d) October. Filled circles represent the high-

elevation (H) site and open circles represent the low-elevation (L) site.
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differences between the two tidal phases decreased but greater
daytime uptake was observed during neap tides at site L. Since tidal
phase was also associated with cardinal changes in wind direction,
we compared the wind sectors associated with the tidal phases but
did not detect consistent changes at either site.

Generally, lower nighttime emission was found during neap
tides at both sites and a greater reduction was observed in site L,
which could be explained by the higher water table and longer
inundation duration during spring tides. However, no consistent
relationships between daily mean nighttime Fc and daily peak tidal
elevation was observed in April and July at either site; while
nighttime mean Fc in January and October remained relatively
steady (Fig. 6). The difference of the daytime Fc was more variable,
which was the combined result of photosynthetic and respiratory
processes.
Fig. 5. Diurnal variations in CO2 flux from 4 to 5 days in January (a and e), April (b and f),

elevation site, a–d; L: low-elevation site, e–h). Spring and neap tides, respectively, corres

(April); DOY 203–207 and DOY 195–198 (July); DOY 289–293 and DOY 297–300 (Octo
3.3. Response of Fc to biophysical variables with tidal effects

The assimilation parameters Pmax and alpha exhibited distinct
responses to tidal phases (Fig. 7 and Table 2), whereas temperature
explained little variability of nighttime Fc regardless of the tidal
phase (Table 3). The ecosystem light response was evaluated from
leaf emergence (April) to before plant senescence (October).
Generally, PAR showed stronger correlations with Fc at site H,
although the ranges of PAR differed throughout the three months.
The peak values of Pmax were observed in July at about �44 and
�33 mmol m�2 s�1 for sites H and L, respectively. Alpha (a) was
slightly greater at site L, although the differences were not always
statistically significant and the compensation points (Icomp) were
similar at both sites. In April and July, lower Pmax (i.e., higher Pmax

value) was observed during spring tides, while lower Pmax was
observed during neap tides in October, which may reflect
undermined photosynthetic capacity at site L.

Relationships between daytime Fc and PAR were simulated on a
daily basis and the resulting Icomp exhibited different trends in the
daily peak tidal elevation in different months (Fig. 8). Maximum TE

reached 450 cm in July and 420 cm in October but only 395 cm in
April. For site H, in April, Icomp varied widely when TE was less than
July (c and g) and October (d and h), 2005, for the two wetland study sites (H: high-

ponded to: DOY 10–14 and DOY 16–20 (January); DOY 114–118 and DOY 107–111

ber). Error bars represent one standard error.



Fig. 7. Light response curves of CO2 flux (Fc) based on the Landsberg Model for April (a and b), July (c and d) and October (e and f) for the two wetland study sites (H: high-

elevation site; L: low-elevation site). The filled circles represent data from spring tides and the open circles represent data from neap tides.

Table 2
Parameters and R2 values of the Landsberg Model (Eq. (2)) fitted to the daytime Fc data based on PAR at the two wetland study sites (H: high-elevation site; L: low-elevation

site). Daytime Fc (mmol m�2 s�1) is based on PAR (mmol m�2 s�1). The parameters of the Landsberg Models (Eq. (2)) were fitted separately for six subsets of three months,

April, July and October. For each month, 4–5 continuous clear days during spring and neap tides were selected separately.

Site Month DOY Parameters (�standard error) R2

Pmax a Icomp

H April 114–118 �16.8 (7.5)* 0.0004 (0.0002) 273 (31)* 0.79

107–111 �5.9 (2.2)* 0.0007 (0.0004) 259 (34)* 0.70

July 203–207 �43.8 (4.4)* 0.0011 (0.0002)* 81 (15)* 0.91

195–198 �37.5 (4.3)* 0.0012 (0.0002)* 99 (15)* 0.89

October 289–293 �18.1 (2.0)* 0.0019 (0.0005)* 75 (20)* 0.79

297–300 �20.6 (2.2)* 0.0020 (0.0004)* 91 (18)* 0.85

L April 114–118 ns ns ns 0.32

107–111 ns ns ns 0.00

July 203–207 �32.9 (11.0)* 0.0007 (0.0004) ns 0.60

195–198 �25.9 (2.6)* 0.0015 (0.0003)* 106 (34)* 0.77

October 289–293 �5.8 (0.4)* 0.0038 (0.0011)* ns 0.36

297–300 �10.4 (0.8)* 0.0029 (0.0006)* 73 (19) 0.73

* Statistically significant at p < 0.05 (t-test) and ns stands for no statistical significance. All models are significant at p < 0.001 (F-test).
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350 cm; as TE rose above 350 cm, Icomp decreased slightly. Certain
levels of TE seemed to act as barriers to soil respiration. At site H, in
July, Icomp increased when TE was less than 370 cm but then
decreased quickly and remained relatively steady around
100 mmol m�2 s�1 as TE rose above 390 cm. Interestingly, Icomp

of site H varied considerably when TE was between 370 and
390 cm. After carefully inspecting our data, we found that the
points of high Icomp were from the day prior to flooding of the
wetland and the points of low Icomp came from the day after
flooding. Icomp at site L tended to decline with increasing TE. In
October, as soil moisture rose to 1.0, Icomp at both sites showed a
slight increase with increasing TE.

4. Discussion

In general, strong spectral peaks of meteorological variables
and Fc occurred at a diurnal scale due to sunrise and sunset; broad
spectral peaks were observed at a seasonal scale corresponding to
changing weather conditions and plant phenology (Stoy et al.,
2005). Previous studies have reported weekly or monthly spectral



Table 3
Parameters and R2 values of nighttime Fc fitted to soil temperature (Eq. (3)) for the

two wetland study sites (H: high-elevation site; L: low-elevation site). Nighttime Fc

(mmol m�2 s�1) is modeled (Eq. (3)) based on soil temperature at a depth of 0.05 m

(8C).

Site Month DOY Parameters (�standard error) R2

b0 b1

H January 10–14 0.45 (0.16)* �0.55 (0.17)* 0.12

16–20 0.05 (0.03) 0.26 (0.12)* 0.08

April 114–118 0.73 (0.19)* 0.06 (0.01)* 0.00

107–111 0.32 (0.20) 0.10 (0.04)* 0.00

July 203–207 0.12 (0.13) 0.11 (0.04)* 0.10

195–198 0.13 (0.08) 0.13 (0.02)* 0.34

October 289–293 3.22 (1.69) �0.05 (0.03) 0.03

297–300 0.20 (0.11) 0.11 (0.3)* 0.19

L January 10–14 ns ns 0.00

16–20 1.01 (0.70) �0.39 (0.15)* 0.12

April 114–118 �0.03 (0.08) 0.21 (0.14) 0.05

107–111 0.34 (0.37) 0.06 (0.05) 0.02

July 203–207 ns 0.59 (0.26)* 0.16

195–198 0.09 (0.05) 0.14 (0.02)* 0.43

October 289–293 ns ns 0.15

297–300 0.24 (0.10)* 0.09 (0.02)* 0.22

* Statistically significant at p < 0.05 (t-test) and ns stands for no statistical

significance.
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gaps (Baldocchi et al., 2001; Stoy et al., 2005), but our data did not
show such pattern at these scales, suggesting that Fc might be
driven by factors such as weather fronts or ocean tides resulting
from lunar cycles (Baldocchi, 1997; Baldocchi et al., 2001; Gu et al.,
Fig. 8. The light compensation point (Icomp) derived on a daily basis from the

Landsberg Model versus daily maximum tidal elevation in (a) April; (b) July; and (c)

October. Filled circles represent the high-elevation (H) site and open circles

represent the low-elevation (L) site. The dashed lines are trend lines.
1999). Since no weather fronts at these scales were observed in our
study, the tidal activities with a periodicity of two weeks could
account for the missing weekly spectral gap. In other words, the
dynamics of Fc at both sites exhibited a tidal-driven pattern with a
temporal scale between 10- and 20-d (256–512-h). Nevertheless,
environmental factors remained as the primary drivers for carbon
balances at finer temporal scales at our study wetland. Because of
the comparably lower plant cover, PAR, Rn and TE showed weaker
correlations with Fc at site L; however, the comparatively higher
ratios of the cospectrum between TE and Fc to that between PAR
and Fc indicated that Fc was more sensitive to TE during 256–512-h
scales at that site, which supports our hypothesis that the degree of
influence of tidal activities decreases with increasing distance from
the sea.

Tidal effect should be largely explained by the suppression of
CO2 efflux from the soil as water creates a barrier against gas
diffusion (Bouma and Bryla, 2000; Heinsch et al., 2004). Some
compensation by aquatic biotic respiration could occur during
inundation. The differences in nighttime Fc between spring and
neap tides were greater at site L, which could be attributed to
longer inundation durations due to the closer proximity to the sea.
Concerning the photosynthesis capacity, both Spartina and
Phragmites, especially Spartina, may benefit from some inundation.
In general, Spartina favors high salinity with an optimum range
around 15%, while in contrast, Phragmites favors low salinity,
suggesting high photosynthesis capacity during inundation (Wang
et al., 2006). A similar phenomenon of increased photosynthetic
activity during freshwater flooding has been reported on some low
salinity-tolerant plants (Heilman et al., 1999; Heinsch et al., 2004).
But here we have no direct evidence that Phragmites benefited
from a reduction in salinity in the sediment during flooding.

At the beginning of the growing season (i.e., April), hetero-
trophic soil respiration may have contributed significantly to the
daily Fc, so moderate inundation at this period led to higher
ecosystem C uptake even though inundation may have also
undermined the seedlings under the comparably low maximum
tidal elevation (< 395 cm). During the peak growing season (i.e.,
July), higher carbon uptake rates were observed during spring tides
at both sites; however, autotrophic respiration was high and plants
showed strong resistance to inundation, leading to steady Icomp

under high tidal elevation (Fig. 8). For example, Spartina has a well-
developed system of aerenchyma, which functions as a conduit for
gas exchange between the plant and the rhizosphere (Mendels-
sohn and Postek, 1982) and may allow autotrophic respiration to
be independent of evapotranspiration. Preceding the senescent
period (i.e., October), the differences of Fc between the two tidal
phases became less. But interestingly, at site L, the values of
daytime C uptake rates were larger during neap tides, indicating
suppressed photosynthetic capacity under longer inundation
periods (Landin, 1991; Mendelsohn and Mckee, 1988). This may
also account for the small differences of daytime Fc in July. In most
cases, larger amplitudes of mean diurnal Fc were observed during
spring tides at both sites. These two areas of the estuarine wetland
exhibited larger amplitudes of diurnal Fc when compared to other
wetland types (Aurela et al., 2002; Glenn et al., 2006; Lafleur et al.,
1997; Lafleur et al., 2001; Lafleur et al., 2003; Neumann et al., 1994;
Syed et al., 2006). For example, an amplitude of about �8 to
4 mmol m�2 s�1 was observed in a coastal wetland (Heilman et al.,
1999), and a slightly larger amplitude of about �12 to
4 mmol m�2 s�1 was observed in the same area (Heinsch et al.,
2004). In their study, the wetland ecosystem was less productive,
with low LAI (0.36 m2 m�2). In comparison, the seasonal averaged
LAI of Spartina and Phragmites communities in Jiuduansha area, an
island with a distance of ca. 35 km from our study area, were 4.4
and 2.1 m2 m�2, respectively. The mean seasonal net photosynth-
esis rates reached �24.4 and �16.3 mmol m�2 s�1 on leaf scale
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(Liao et al., 2007). Moreover, comparing with the primary
production measurement of Spartina and Phragmites communities
in Jiuduansha area by Liao et al. (2007), the high amplitudes of Fc

found in this study were comparable. Further, maximum C uptake
rates were observed in July, about�26.4 mmol m�2 s�1 (site H) and
�24.0 mmol m�2 s�1 (site L) during neap tides, and
�30.6 mmol m�2 s�1 (site H) and �23.3 mmol m�2 s�1 (site L)
during spring tides, respectively. These values were substantially
higher than that measured at leaf scale, which showed Pmax values
of �30 and �28 mmol m�2 s�1 for Spartina and Phragmites, with
LAI of 7 and 5 m2 m�2, respectively (Jiang, 2006). Even when taking
into account the soil respiration rates of �1 mmol m�2 s�1

(Spartina community) and �7 mmol m�2 s�1 (Phragmites commu-
nity) in the same study, our results remained higher than that of
Jiang (2006). The nighttime respiration rates fluctuated around 1–
4 mmol m�2 s�1 during spring tides at both sites, with values
slightly higher during neap tides, suggesting that wetland
ecosystems could act as strong C sinks with typical respiration
rates and surprisingly high carbon uptake capacity, especially
during spring tides.

The fact that tidal activities reduced ecosystem CO2 emission,
especially during the growing season, indicates that these coastal
wetlands could act as strong C sinks. However, it should be noted
that, unlike other non-tidal affected wetlands, coastal wetlands
could laterally transport their redundant organic carbon to
remote estuaries or open ocean by tides (Chalmers et al., 1985;
Odum et al., 1979; Teal, 1962; Turner et al., 1979; Valiela et al.,
2000). This means the role of coastal wetlands as C sink could be
undermined since the transported carbon may also be emitted as
CO2 to atmosphere in the receiving ecosystems. Regrettably,
scientists have not obtained a consistent conclusion on the
percentage of carbon transported by tides so far. For the Spartina

marsh, the exported total organic carbon accounted for 19–63% of
the net aerial primary production of the marsh (Axelrad et al.,
1976; Dame et al., 1991; Roman and Daiber, 1989; Williams et al.,
1992). Generally, Spartina marsh on low tideland exported more
carbon than that on high tideland (Taylor and Allanson, 1995).
Odum (2000) reported that the extent of carbon export depends
on the productivity and marsh coverage within the estuary and
the tidal amplitude and the geomorphology of estuarine land-
scape. In addition, storms and high spring tides often incur large
exports (Odum, 2000; Roman and Daiber, 1989). The tidal-
induced lateral transports of carbon tend to be more site-specific
and more work is required to quantify the carbon export in this
study.

5. Conclusions

Using the eddy covariance method, we measured carbon fluxes
of two estuarine wetlands and their relationships to tidal activities.
We conclude that tides have substantial effects on carbon
sequestration in wetlands, although solar and temperature factors
exert major controls on the carbon balance at finer temporal scales
(<days). Larger differences of nighttime Fc between spring and
neap tides were recorded at the low-elevation site due to closer
distance to the sea and hence longer inundation durations.
However, the decreased nighttime Fc did not directly indicate
declining respiratory activity in the sediments during inundation
periods, rather than CO2 emission. The photosynthetic responses to
tidal activity were more complicated, as tidal flooding in July
exerted positive or moderate effect on the photosynthetic activity
at the high-elevation site, but hampered photosynthetic activity at
the low-elevation site. However, an opposite phenomenon
recorded in April indicated that great attention should be paid
when evaluating the potential effect of sea level rising on the
carbon cycling of wetland ecosystems.
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