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A B S T R A C T   

The tide plays a crucial role in maintaining the carbon sink strength in salt marsh ecosystems. Furthermore, the 
effects of tides on ecosystem carbon exchange could vary with different timescales. Using the eddy covariance 
technique combined with wavelet analysis, we analyzed the time-frequency characteristics of net ecosystem CO2 
exchange (NEE) to address the tidal effects on NEE at multiple timescales. The wavelet analysis showed that NEE 
displayed a tidal-driven pattern with distinct characteristics at the multiday scale (i.e., 8–16 days) and the 
seasonal scale (i.e., 64–128 days). Moreover, a more significant controlling effect of light rather than air tem-
perature on NEE was found at the diel scale. Tides also affected the variation of the diurnal pattern of NEE. Tidal 
flooding inhibited nighttime CO2 emissions (NEEnighttime) as well as decreased temperature sensitivity (Q10) of 
NEEnighttime from 1.37 to 1.16. In contrast, the response of daytime NEE (NEEdaytime) to tidal activities was more 
complicated, as the NEEdaytime reacted differently with different months during the growing season. Overall, our 
findings can contribute to a better understanding of tidal effects on ecosystem carbon exchange in salt marshes.   

1. Introduction 

Salt marshes are an important component in the blue carbon sink 
system and play a vital role in the global carbon balance (McLeod et al., 
2011; Macreadie et al., 2019; Meng et al., 2019). Moreover, the carbon 
cycle in salt marshes is also a crucial part of the global carbon cycle. Due 
to the unique geographical location, the carbon cycle in salt marshes 
includes several carbon exchange processes between various kinds of 
carbon pools. These carbon pools mainly include five kinds: the plant 
carbon pool, the water carbon pool, the microbial carbon pool, the soil 
carbon pool, and the greenhouse gas pool (Chen et al., 2018). Besides, 
these carbon exchange processes are influenced by a unique environ-
mental factor – the tide. 

Currently, there is a growing body of literature that recognizes the 
tide as a major factor for ecosystem CO2 exchange in salt marshes. Tides 
can directly or indirectly affect ecosystem CO2 exchange in several 
pathways (Knox et al., 2018). For example, results from several studies 

suggest that tides can directly influence not only the emission (respira-
tion) but also the uptake (photosynthesis) of CO2 over the ecosystem 
scale (Kathilankal et al., 2008; Moffett et al., 2010). A study conducted 
in a saline coastal marsh reported that ecosystem CO2 exchange is 
completely suppressed under prolonged tidal inundation (Moffett et al., 
2010). Moreover, it is known that tides can lead to changes in the hy-
drological condition and soil properties of salt marshes due to the 
tide-induced dry-wet alternation (Chmura et al., 2011; Han, 2017). Soil 
alternate drying-wetting is an important determinant of soil redox 
condition, which will further influence microbial activity and decom-
position rates of soil organic matter (Chivers et al., 2009). Also, several 
studies have considered the effects of tide-affected changes in soil 
salinity due to its significant impact on ecosystem CO2 fluxes in salt 
marshes (Abdul-Aziz et al., 2018; Doroski et al., 2019; Helton et al., 
2019). Thus, the tide is undoubtedly a major environmental factor that 
drives the variation of ecosystem CO2 exchange in salt marshes. 

Although previous studies have found that tides have a vital 
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significance for ecosystem CO2 exchange in salt marshes, only limited 
investigations discussed the effects of tides at multiple timescales. Re-
searchers have found that the biweekly spring-neap tide cycle signifi-
cantly influence net ecosystem CO2 exchange (NEE) of salt marshes at 
the multiday scale (Guo et al., 2009; Knox et al., 2018). This tidally 
driven pattern of NEE at the multiday scale was affected by a collective 
effect with other environmental factors, such as light, temperature, 
water table level, and vapor pressure deficit (Knox et al., 2018). In 
particular, the response of the photosynthesis to light and the ecosystem 
respiration to temperature are also changed with the spring-neap tide 
cycle (Guo et al., 2009). At a shorter timescale, tides can also affect the 
diurnal pattern of NEE through the direct effect of tidal inundation 
(Kathilankal et al., 2008; Moffett et al., 2010). For instance, several 
studies have found the negative correlation between tidal inundation 
and ecosystem CO2 emissions (Guo et al., 2009; Barr et al., 2013), while 
the response of ecosystem CO2 uptake to tidal effects is more variable 
(Kathilankal et al., 2008; Guo et al., 2009). Overall, these results provide 
valuable insights into the regulation of ecosystem carbon exchange by 
tides at multiple timescales. 

Previously, it is difficlut for researchers to study ecosystem carbon 
exchange and its influncing factors at multiple timescales (Baldocchi 
et al., 2001). Fortunately, recent work has established that wavelet 
analysis offers the ability to study ecosystem carbon exchange at mul-
tiple timescales (Hong and Kim, 2011; Koebsch et al., 2015; Montagnani 
et al., 2018). For example, using wavelet analysis, researchers investi-
gated how the timescale affects the relative importance of environ-
mental variables in explaining NEE (Montagnani et al., 2018). In 
another study, researchers used wavelet analysis to investigate the Asian 
monsoon system and to determine its impact on NEE (Hong and Kim, 
2011). Wavelet analysis has several advantages over traditional analysis 
methods including the following aspects: (1) it can investigate the 
time-frequency characteristics of a variable at multiple timescales 
(Grinsted et al., 2004); (2) it can identify the correlation between two 
time series after eliminating the influence of a third dependence (Ng and 
Chan, 2012); (3) it is capable of showing the combined effect of multiple 
independent variables on a dependent variable (Ng and Chan, 2012). 

To date, global climate change, especially sea-level rise, has a serious 
threaten to carbon sink strength of salt marshes. Sea-level rise impacts 
directly upon the frequency and range of tidal activities, which will 
further affect the carbon cycle in salt marshes (Najjar et al., 2010; Lewis 
et al., 2014; Jones et al., 2018). Therefore, there is an urgent need to 
address how the tide-induced variation of the carbon exchange process 
in salt marshes may respond to global climate change. To evaluate how 
tidal effects could influence NEE at multiple timescales, we conducted 
the study in a salt marsh in the Yellow River Delta based on the eddy 
covariance technique combined with wavelet analysis to answer the 
following questions: (1) At which timescale does the tide influence the 
variation of NEE? And (2) Does the tide alter the response of NEE to light 
and air temperature? 

2. Materials and methods 

2.1. Study site 

The study site is located at the intertidal zone observation site of the 
Research Station of Coastal Wetland in the Yellow River Delta, Chinese 
Academy of Sciences (37�3605600N, 118�5705100E). The Yellow River 
Delta is one of the most active regions of land-ocean interaction. The 
region is characterized as a warm-temperate and continental monsoon 
climate with distinctive seasons and rainy summer. The mean annual 
temperature is 12.9 �C, and the mean annual precipitation is 560 mm, 
and nearly 70% of the annual precipitation is concentrated from July to 
September (Han et al., 2015). The soil type of coastal wetlands in the 
Yellow River Delta varies from fluvo-aquic to saline soil, and the soil 
texture is mainly sandy clay loam (Nie et al., 2009). The dominant plant 
species in our study site is Suaeda salsa, with a maximum height of 

20–30 cm during the growing season. Suaeda salsa is an annual herba-
ceous plant, with the germination stage in April, flowering in July, and 
fade in late November (He et al., 2017). 

The hydrological condition of the study site is mainly controlled by 
tidal activities. Since the study site is located in the middle-high tidal 
flat, the soil and plant will be periodically submerged in tidal water or 
exposed to the atmosphere. Tidal flooding occurs mostly during the 
growing season, while tidal flooding usually occurs twice a month 
during the non-growing season (Fig. 1C). Moreover, tidal activities are 
also affected by meteorological factors such as wind speed and wind 
direction. 

2.2. Flux and micrometeorological measurements 

Net ecosystem CO2 exchange (μmol m� 2 s� 1) was continuously 
measured using the eddy covariance (EC) system. The eddy covariance 
technique is a quasi-continuous, non-destructive, and micro- 
meteorological approach to carbon and water fluxes measurements 
over the ecosystem scale (Baldocchi, 2003). The EC system includes an 
integrated three-dimensional ultrasonic anemometer and open-path 
infrared CO2/H2O analyzer (IRGASON, Campbell Scientific Inc., USA), 
which was mounted on a scaffold tower at the height of 2.5 m. The raw 
data were recorded at 10 Hz by a data logger (CR6, Campbell Scientific 
Inc., USA) at 30 min intervals. Continuous micrometeorological mea-
surements included standard meteorological, and soil parameters were 
measured simultaneously around the eddy covariance system. The 
micrometeorological system mainly included air temperature and rela-
tive air humidity (HMP155A, Vaisala, Helsinki, Finland), photosynthetic 
photon flux density (Li-190R, Li-COR Inc., USA), net radiation (CNR4, 
Kipp & Zonen USA Inc., Bohemia, NY, USA), wind speed, and wind di-
rection (034B, Campbell Scientific Inc., USA), precipitation (TE525 
tipping bucket gauge, Texas Electronics, Texas, USA), soil temperature 
(109SS, Campbell Scientific Inc., USA), and soil salinity (ECH2O-5 TE, 
Decagon Devices, USA). The hydrological condition was monitored by 
continuous measurements of surface water level (SR50A-L, Campbell 
Scientific Inc., USA). Meteorological and hydrological data were moni-
tored every 15 s and then averaged half-hourly by a data logger 
(CR1000, Campbell Scientific Inc., USA). 

2.3. Flux data processing and quality control 

Due to the interference of weather conditions, instrument failures, 
and power outages, erroneous data could be generated during long-term 
field measurements. Therefore, raw flux data needs to be further pro-
cessed. Data processing was performed by calculation programs built 
into CR6 data logger with standard methods, which mainly included 
despiking, time delay removal, coordinate rotation, and Webb-Pearman- 
Leuning (WPL) correction (Webb et al., 1980). Subsequently, quality 
control was applied to the half-hour flux data following steps according 
to Han et al. (2015). After post-processing and quality control, 44% of 
daytime data were gap-filled to obtain continues data set, compared to 
nearly 76% during nighttime. In addition, the negative and positive 
values of NEE represent the absorption and emission of CO2, 
respectively. 

2.4. Flux gap filling 

In order to obtain a continues data set for data analysis, the gaps 
were filled with the following steps. Small gaps (less than 2 h) were filled 
by linear interpolation. For large gaps (more than 2 h), the gaps were 
filled based on empirical models separately for daytime and nighttime 
data. 

When PAR was > 5 W m� 2, daytime NEE data were filled with the 
Michaelis-Menten model (Falge et al., 2001): 
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NEE¼ �
AmaxαPAR

Amax þ αPAR
þ Reco (1)  

where the coefficient α is the apparent quantum yield (μmol CO2 μmol� 1 

photon), Amax is the light-saturated net CO2 exchange (μmol CO2 m� 2 

s� 1), Reco is the daytime ecosystem respiration (μmol CO2 m� 2 s� 1), and 
PAR is the photosynthetically active radiation (μmol m� 2 s� 1). Partic-
ularly, photosynthetic photon flux density (PPFD) was used instead of 
PAR for calculation in our study (Ratcliffe et al., 2019). 

When PAR was < 5 W m� 2, the missing nighttime NEE (i.e., night-
time ecosystem respiration, Reco, nighttime) was filled using the expo-
nential relationship between Reco, nighttime and air temperature (Ta) 
(Lloyd and Taylor, 1994): 

Reco;nighttime¼R0expðbTaÞ (2)  

where Reco, nighttime is nighttime ecosystem respiration, Ta is air tem-
perature (�C), R0 and b are two empirical coefficients, where R0 

represents the rate of ecosystem respiration at 0 �C and b represents the 
temperature response coefficient. Moreover, Q10 can be estimated as: 

Q10¼ expð10bÞ (3)  

2.5. Wavelet analysis 

Previous studies have demonstrated that wavelet analysis is suitable 
for ecological time series analysis (Grinsted et al., 2004; Cazelles et al., 
2008; Ng and Chan, 2012). Here, we only briefly introduce the related 
concepts involved in our study. Detailed descriptions of wavelet analysis 
have already been well documented in Torrence and Compo (1998), 
Grinsted et al. (2004), and Cazelles et al. (2008). 

The continuous wavelet transform (CWT) of a time series (xn, n ¼ 1, 
…, N) with a constant time interval (δt) is defined as the convolution of 
xn with a scaled and translated mother wavelet, ψ0(η): 

Fig. 1. Temporal variation in (A) daily mean air temperature (Ta); (B) daily mean photosynthetic photon flux density (PPFD); (C) maximum daily tide height (MTH); 
and (D) net ecosystem CO2 exchange (NEE). 
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WX
n ðsÞ¼

ffiffiffiffi
δt
s

r
XN

n’¼1

xn’ψ*
0

hðn’ � nÞδt
s

i
(4)  

where * denotes the complex conjugate, s is the wavelet scale at which 
the transform is applied (Grinsted et al., 2004). In addition, we used the 
Morlet wavelet (with ѡ0 ¼ 6) as the mother wavelet in our study as it 
provides a good balance between the localization of time and frequency 
domain. The Morlet wavelet is a complex function with both a real and 
an imaginary part, therefore allowing for separate investigations of 
phases and amplitudes (Grinsted et al., 2004). The wavelet power 
spectrum (Sn) of xn is defined as: 

SnðsÞ¼
�
�Wx

nðsÞ
�
�2 (5) 

In the study, we also used wavelet coherence (WTC) to investigate 
the local correlation between two time series (environmental factors and 
NEE) in the time-frequency domain (Stoy et al., 2005; Vargas et al., 
2010). The wavelet coherence of two time series X and Y is defined as 
(Grinsted et al., 2004): 

R2
nðsÞ ¼

�
�S
�
s� 1WXY

n

�
s
���
�2

S
�

s� 1
�
�Wx

nðsÞ
�
�2
�

S
�

s� 1
�
�WY

n ðsÞ
�
�2
� (6)  

where S is a smoothing operator, s is the set of scales used as in Eq. (4), 
and W is the wavelet coherence operator. 

Partial wavelet coherence (PWC) is a technique that facilitates the 
identification of the resulting WTC between two time series y and x1 
after eliminating the influence of their common dependent time series x2 
(Ng and Chan, 2012). The PWC square is defined as: 

RP2ðy; x1; x2Þ ¼
jRðy; x1Þ � Rðy; x2ÞRðy; x1Þ

*
j
2

½1 � Rðy; x2Þ �
2
½1 � Rðx2; x1Þ �

2 (7)  

where R is the WTC operator. 
Multiple wavelet coherence (MWC) works like multiple correlation 

that is capable of seeking the resulting coherence of multiple in-
dependents on a dependent (Ng and Chan, 2012). The MWC is defined 
as: 

RM2ðy; x2; x1Þ¼
R2ðy; x1Þ þ R2ðy; x2Þ � 2Re½Rðy; x1ÞRðy; x2Þ

*Rðx2; x1Þ
*
�

1 � R2ðx2; x1Þ
(8)  

where R is the WTC operator. MWC gives the resulting wavelet coher-
ence squared that computes the proportion of wavelet power of the 
dependent time series y that is explainable by the two independents x1 
and x2 at a given time and frequencies (Ng and Chan, 2012). 

2.6. Data analysis 

We applied wavelet analysis with non-gap-filled data (zeros were 
padded in gaps) because gap-filling could produce spurious peaks and 
artificial co-spectral correlation in wavelet analysis (Mitra et al., 2019). 
All time series were normalized to have zero means before wavelet 
analysis. The statistical significance (at 5% level) of wavelet spectra was 
tested using Monte Carlo methods against red noise (Grinsted et al., 
2004). Also, we only focused on the results of wavelet analysis outside 
the “cone-of-influence” (COI), in which the wavelet transform suffers 
from edge effects due to incomplete time-locality across frequencies 
(Vargas et al., 2010). All wavelet analyses were calculated in Matlab 
2019a software by codes distributed by Grinsted et al. (2004) and Ng 
and Chan (2012). 

Gap-filled data were used to investigate the temporal variation in 
NEE and other environmental factors. Besides, the CO2 flux were 
calculated after grouped into the tide-affected condition (during and 
after tidal flooding within two days) and non-tide-affected condition 
(before tidal flooding) in order to investigate the effect of tides on NEE. 

All statistical analyses were performed using SPSS 13.0 (SPSS for Win-
dows, Chicago, IL, USA), and all graphs were made by Origin 2017 
(OriginLab Inc., Northampton, Massachusetts, USA). 

3. Results 

3.1. Environmental factors and NEE variation in the time-frequency 
domain 

Seasonal patterns of daily averaged Ta and PPFD were similar. The 
minimum daily average Ta of � 7.57 �C was observed in late December of 
2018, while the maximum daily average value of 31.56 �C occurred in 
early August of 2018 (Fig. 1A). Daily mean PPFD ranged from 27.81 
μmol m� 2 s� 1 in December 2018 to 659.34 μmol m� 2 s� 1 in July 2018 
(Fig. 1B). Furthermore, the wavelet analysis of Ta and PPFD showed a 
significant pattern at the diel scale (Fig. 2A and B). 

Tidal activities reflected the typical hydrological condition of the 
study area (Fig. 1C). Notably, due to the influence of the Super Typhoon 
Lekima, the maximum daily tide height (2.60 m) occurred on August 11 
of 2019. In the wavelet analysis, the significant oscillated characteristics 
of tidal activities at the diel scale was indicated by a few hotspots. Be-
sides, wavelet spectral peaks of TH (tide height) were also observed at 
the multiday scale (i.e., 8–16 days), the monthly scale (i.e., 32–64 days), 
and the seasonal scale (i.e., around 128 days) (Fig. 2C). 

The variation of NEE followed a significant seasonal pattern 
(Fig. 1D). Daily mean values for NEE throughout the study ranged from 
� 3.68 μmol m� 2 s� 1 in mid-June of 2018 to 0.17 μmol m� 2 s� 1 in early 
December of 2018. Moreover, due to continuous high tides, there were 
some negative values deviated from the daily average level during the 
period from June 14th to June 21st and July 16th to July 18th of 2018. 
As expected, NEE showed a significant pattern at the diel scale (Fig. 2D). 
However, this pattern gradually disappeared during the non-growing 
season. We also found significant areas at the multiday (i.e., 8–16 
days) and monthly scale (i.e., 32–64 days). 

3.2. Regulation of NEE by Ta and PPFD at multiple timescales 

The significant correlation between Ta and NEE was located at the 
diel scale, whereas the significant anti-phase relationship between PPFD 
and NEE was also observed at the diel scale (Fig. 3A and B). At the 
multiday scale, Ta and PPFD were correlated with NEE, as shown by a 
few discontinuous bands or hotspots. 

Since the similar performance of Ta and PPFD on NEE in WTC 
analysis, we further used PWC to disentangle the confounding effects of 
Ta and PPFD on NEE. After eliminated the effect of PPFD, almost all the 
significant areas between Ta and NEE in WTC (Fig. 3A) disappeared at 
the diel scale (Fig. 4A). In contrast, the significant areas in WTC (Fig. 3B) 
remained in PWC (Fig. 4B), indicating that PPFD rather than Ta domi-
nated the effect on NEE at the diel scale. 

3.3. Regulation of NEE by tides at multiple timescales 

In WTC analysis, it is apparent that TH was significantly correlated to 
NEE at the multiday scale (i.e., 8–16 days) represented by a few non- 
continuous areas (Fig. 3C). Meanwhile, TH regulated the variation of 
NEE at the seasonal scale (i.e., 64–128 days) throughout the study 
period (Fig. 3C). In PWC analysis, significant areas at the diel scale in 
WTC (NEE-TH) (Fig. 3C) almost disappeared after eliminated the effect 
of PPFD (Fig. 4C). Further analysis showed that the significant regions at 
the seasonal scale (i.e., 64–128 days) between TH & NEE in WTC 
analysis (Fig. 3C) narrowed after eliminated the effect of Ta (Fig. 4D). 

For the MWC analysis, as a result of the combined effects on NEE, the 
significant areas of MWC (Fig. S1) were more significant than any single 
factor in WTC analysis. Thus, tidal activities collectively with PPFD and 
Ta explained most of the variability of NEE at multiple timescales during 
the study period. 
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Fig. 2. Continuous wavelet transform (CWT) for (A) air temperature (Ta); (B) photosynthetic photon flux density (PPFD); (C) tide height (TH); (D) net ecosystem CO2 
exchange (NEE). Black contour lines represent the 0.05 significance level, and the thin line indicates the cone-of-influence that delimits the region not influenced by 
edge effects. 

Fig. 3. Wavelet coherence (WTC) between NEE and (A) air temperature (Ta), (B) photosynthetic photon flux density (PPFD), (C) tide height (TH). The phase dif-
ference is shown by arrows. Arrows pointing up indicate environmental factors lagging NEE by 90� or leading NEE by 270�, while arrows pointing down indicate 
environmental factors leading NEE by 90� or lagging NEE by 270�. Arrows pointing right (left) indicate environmental factors and NEE vary in-phase (anti-phase). 
Black contour lines represent the 0.05 significance level, and the thin line indicates the cone-of-influence that delimits the region not influenced by edge effects. 
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3.4. The response of NEE to light and air temperature with tidal effects 

Fig. 5 shows the effects of tides on the diurnal pattern of NEE aver-
aged over different months during the growing season for 2018 and 
2019. What stands out in Fig. 5 was the reduction of nighttime NEE 
(NEEnighttime) for all months due to the tidal effects. For instance, in July, 
the average NEEnighttime influenced by the tide (0.25 μmol m� 2 s� 1) was 
reduced by 55% compared to that of non-tide-affected condition (0.55 
μmol m� 2 s� 1), although its air temperature was higher than that of tide- 
affected condition (Fig. S2). Moreover, we found that NEEnighttime 
exhibited exponential dependence on Ta (Table 2, R2 ¼ 0.151 and 0.025 
of the non-tide-affected condition and tide-affected condition, respec-
tively). In addition, the temperature sensitivity coefficient Q10 
decreased from 1.37 of non-tide-affected to 1.16 of tide-affected, indi-
cating that tidal flooding weakened the response of NEEnighttime to Ta. 

Compared with the nighttime NEE, the response of daytime NEE 
(NEEdaytime) to tidal effects was more complicated. The peak values of 
NEEdaytime were higher under the impact of tides than the non-tide- 
affected condition in the first three months (May, June, and July). In 
contrast, the maximum daytime CO2 uptake was greater of the tide- 
affected condition than non-tide-affected in August and September, 
with peak values reaching � 2.07 and � 1.84 μmol m� 2 s� 1 of tide- 
affected condition, as compared to � 1.75 and � 1.70 μmol m� 2 s� 1 of 
non-tide-affected condition. Furthermore, the effects of tides on the 
response of NEEdaytime to PPFD is shown in Fig. 6. A significant corre-
lation was found between NEEdaytime and PPFD for both tide-affected 
(R2 ¼ 0.56) and non-tide-affected (R2 ¼ 0.50) using equation (1). 
Interestingly, we found that daytime CO2 uptake increased dramatically 
as the PPFD increased during two special periods (June 14th to June 
21st, 2018, and July 16th to July 18th, 2018) in the study (Fig. 6). The 
differences of the coefficients (Amax, α, and Reco, day) in equation (1) 
between two conditions are listed in Table 1. Both the Amax and α of tide- 
affected condition (4.76 � 0.20 μmol m� 2 s� 1 and 0.0034 � 0.0002 

μmol μmol� 1, respectively) were lower than that of non-tide-affected 
condition (4.45 � 0.19 μmol m� 2 s� 1 and 0.0031 � 0.0002 μmol 
μmol� 1, respectively). Meanwhile, the Reco, day was also reduced due to 
tidal effects (decreased from 0.21 � 0.04 μmol m� 2 s� 1 to 0.17 � 0.04 
μmol m� 2 s� 1). 

4. Discussion 

4.1. The effects of PPFD and Ta on NEE at the diel scale 

The results of this study indicated that significant diurnal variation of 
NEE was mainly driven by light rather than Ta. Both PPFD and Ta were 
significantly related to the NEE variation at the diel scale (Fig. 3A and 
B). However, since there was no delay (as shown by phase arrows 
pointing left in Fig. 3B) between NEE & PPFD, NEE was more tightly 
related to PPFD rather than Ta. More importantly, PWC analysis disen-
tangled the confounding effects of PPFD and other factors (Ta and TH) 
on NEE and further proved that PPFD dominated the effect on NEE at the 
diel scale (Fig. 4B and C). 

Ecosystem CO2 exchange includes two processes: photosynthesis and 
respiration (Zhao et al., 2019). It is generally accepted that photosyn-
thesis is mainly driven by light, while respiration is a function of tem-
perature (Jia et al., 2014). Previous studies have proved that 
photosynthesis, rather than respiration, control the diurnal variation 
pattern of NEE (Hong and Kim, 2011; Ouyang et al., 2014). Thus, light 
dominates photosynthesis and further controls the diurnal variation of 
NEE. Moreover, since researchers have found that photosynthesis or 
photosynthetically active radiation (PAR) can regulate soil respiration at 
the diel scale (Vargas et al., 2011; Jia et al., 2018a; Mitra et al., 2019), 
this result further emphasizes the essential role of light in driving NEE. 

Our finding is in agreement with the previous studies (Ouyang et al., 
2014; Jia et al., 2018b; Wang et al., 2019b). For instance, an eddy 
covariance-based study conducted in an oak-dominated forest with 

Fig. 4. Partial wavelet coherence (PWC) (A) between NEE and Ta after removing the effects of PPFD; (B) between NEE and PPFD after removing the effects of Ta; (C) 
between NEE and TH after removing the effects of PPFD; (D) between NEE and TH after removing the effects of Ta. Black contour lines represent the 0.05 significance 
level, and the thin line indicates the cone-of-influence that delimits the region not influenced by edge effects. 
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7-year measurements indicated that NEE oscillated in-phase with PAR at 
the diurnal scale (Ouyang et al., 2014). Another study conducted in 
temperate semiarid shrubland based on 5-year eddy covariance mea-
surements revealed that PAR, rather than Ta, dominates the diurnal 
variation of NEE as indicated by a shorter lag time (Jia et al., 2018b). 

4.2. The effect of tides on NEE at multiple timescales 

For the multiple timescales, our study found that tidal activities 
affected the variation of NEE at the multiday scale (i.e., 8–16 days) and 
the seasonal scale (i.e., 64–128 days) as showed by the wavelet analysis. 
Additionally, the PWC analysis further confirmed that tidal activities, 
rather than PPFD or Ta, control the variation of NEE at the multiday 
scale (Fig. 4C and D). The influence of tides at the multiday scale could 
be primarily caused by the spring-neap tide cycle. The spring-neap tide 

cycle could strongly modulate the water table level, temperature, and 
humidity. Therefore, the spring-neap tide cycle has a critical influence 
on NEE at the multiday scale (Guo et al., 2009; Schafer et al., 2014; Knox 
et al., 2018). In line with our study, in an estuarine wetland, the NEE 
measurements over one year from two eddy-flux towers demonstrated 
that the dynamics of CO2 flux exhibited a tidal-driven pattern with 
obvious characteristics at time scales between 10 and 20 days (Guo 
et al., 2009). Likewise, researchers found that NEE exhibiting a 
tidal-driven pattern in a brackish marsh at the multiday scale (Knox 
et al., 2018). 

At the diel scale, our results indicate that the response of daytime 
CO2 uptake to tidal effects varied with different months during the 
growing season (Fig. 5). In accordance with the present results, previous 
studies have demonstrated that the effects of tides on photosynthesis 
was complicated in salt marshes (Guo et al., 2009; Knox et al., 2018). It 

Fig. 5. The diurnal pattern for NEE during the growing season of our study period. Data is presented as mean � SE. The blue lines indicate a tide-affected condition, 
and the gray lines indicate the non-tide-affected condition. The comparison of PPFD and Ta between the two conditions are presented in Fig. S2. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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is difficult to explain this result, but it might be related to two aspects. 
On the one hand, the effective photosynthetic leaf area could be reduced 
due to the daytime tidal flooding, which further caused the inhibition of 
photosynthesis (Kathilankal et al., 2008; Moffett et al., 2010). This 
explanation could also be applied to another result related to photo-
synthesis, which was that the tidal effects reduced the maximum rates of 
photosynthesis (Table 1). On the other hand, the inflow of tidal water 
may dilute the soil salinity to promote the photosynthesis of plants in 
salt marshes (Han, 2017). Taken together, the response of photosyn-
thesis to tidal effects was variable with different months, but the nega-
tive effects of tides on daytime CO2 uptake may be the dominating 
aspect. 

Another important finding was that tidal flooding significantly 
inhibited nighttime CO2 emissions at the diel scale (Fig. 5). Similar re-
sults have also been found in many studies (Kathilankal et al., 2008; Bu 

et al., 2015; Knox et al., 2018). This relationship can be explained by the 
barrier effect of tidal water and the changes in soil redox status. First, 
tidal water restricted CO2 emissions from the soil and plant to the at-
mosphere. Second, part of the CO2 could dissolve in the tidal water. Also, 
standing water and water in pores reduces the availability of O2 in the 
soil, which means an inhibition effect of heterotrophic respiration 
(Jimenez et al., 2012; Han et al., 2015; Wang et al., 2019a). Further-
more, we also found that tidal flooding reduced the temperature sensi-
tivity of the nighttime ecosystem respiration (Table 2). The significant 
relationship between NEEnighttime and Ta with the reduced Q10 indicates 
that the tidal effects on NEEnighttime are a “weakening” rather than 
“offset” of the temperature effects. A similar finding has been reported in 
a brackish marsh that the temperature sensitivity (expressed in soil 
temperature sensitivity, QS10) before the tidal flooding was higher than 
that of the after ebbing (Yang et al., 2018). The decreased Q10 value of 
NEEnighttime could be mainly explained by higher soil moisture due to the 
tidal flooding. The high soil moisture could reduce soil respiration and 
subsequently affect the Q10 value of ecosystem respiration (Han et al., 
2013). 

4.3. Limitations 

Although this study has promoted the understanding of the tidal 
effect on ecosystem carbon exchange in salt marshes, there are still some 
limitations that highlight ways in which our further study could be 
improved. First, the time series length of our data was not long enough 
to reveal the effects of multiple environmental factors due to their 

Fig. 6. Comparison of the light-response curves for 
daytime NEE (NEEdaytime) between the non-tide- 
affected condition (gray closed circles) and the 
tide-affected condition (blue open circles). The 
blue closed circles represent data of the period 
from June 14th to June 21st and July 16th to July 
18th of 2018. The curves were fitted using equa-
tion (1), and regression coefficients are presented 
in Table 1. (For interpretation of the references to 
colour in this figure legend, the reader is referred 
to the Web version of this article.)   

Table 1 
Comparison of coefficients Amax, α, and Reco, day estimated using equation (1) between the non-tide-affected condition and the tide-affected condition.   

Amax (μmol m� 2 s� 1) α (μmol μmol� 1) Reco, day (μmol m� 2 s� 1) R2 n 

Non-tide-affected 4.76 � 0.20 0.0034 � 0.0002 0.21 � 0.04 0.50 5075 
Tide-affected 4.45 � 0.19 0.0031 � 0.0002 0.17 � 0.04 0.56 3550 

Parameter Amax is the ecosystem light-saturated net CO2 exchange, α is the ecosystem apparent quantum yield, Reco, day is ecosystem respiration in the daytime 
estimated from the NEE-PPFD response curve, R2 is the coefficient of determination, and n is the number of observations. The values of coefficients represent the mean 
� SE. 

Table 2 
Comparison of coefficients R0, b of equation (2) and Q10 of equation (3) between 
the non-tide-affected condition and the tide-affected condition.   

R0 b Q10 R2 n 

Non-tide-affected 0.206 0.031 1.37 0.151 2236 
Tide-affected 0.156 0.015 1.16 0.025 1482 

Parameter R0 and b are two empirical coefficients, Q10 is the temperature 
sensitivity coefficient, R2 is the coefficient of determination, and n is the number 
of observations. 
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relative importance varied with both time and frequency domain (Stoy 
et al., 2005; Jia et al., 2018b). For example, the temperature may drive 
the dynamics of NEE at the seasonal and annual scales (Ouyang et al., 
2014; Schafer et al., 2019). Second, since there are many studies 
emphasized the essential role of soil moisture for carbon exchange (Han 
et al., 2013; Quan et al., 2019; Wang et al., 2019b), the lack of relevant 
data could limit our understanding of the carbon exchange process 
under the influence of tides. Finally, previous studies have pointed out 
that the tidal-induced lateral transport of carbon could have an impor-
tant contribution to the carbon cycle of a salt marsh (Guo et al., 2009; 
Han, 2017). However, the lack of relevant research will further limit our 
knowledge and prediction of the potential changes in the carbon sink 
strength of salt marshes under the impact of sea-level rise. 

5. Conclusions 

This study set out to investigate the effects of tides on NEE in a salt 
marsh in the Yellow River Delta. Wavelet analysis revealed that tidal 
activities significantly influenced the variation of NEE at the multiday 
scale and the seasonal scale, while NEE exhibiting a distinct diel pattern 
under the control of light. Moreover, tidal flooding inhibited NEEnighttime 
and further decreased the Q10 of nighttime ecosystem respiration. 
However, the response of NEEdaytime to tidal effects was more compli-
cated during the growing season. The critical role of tides for NEE in our 
study emphasizes several implications: (1) the effect of tides needs to be 
considered at different timescales when illustrating the mechanism of 
the tidal effects on NEE, and (2) modeling efforts should take into ac-
count the relationship between the tide and ecosystem carbon exchange 
in salt marshes across multiple timescales. 
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