
1.  Introduction
Tidal mangroves are one of the most important blue carbon ecosystems that have been increasingly recog-
nized as effective long-term natural carbon sinks for climate change mitigation (Howard et al., 2017; Nelle-
mann & Corcoran, 2009). As a carbon-rich and highly productive coastal ecosystem (Ouyang & Lee, 2020), 
mangrove forests can sequester atmospheric greenhouse gas (GHG) of CO2 and capture suspended carbon 
during tidal inundation at much larger rates per unit area than inland forests (Alongi, 2014; Breithaupt 
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3.1 g C m−2, and the CH4-induced warming effect can offset 4.6% (9.8%) of the CO2-induced cooling effect 
at a 100-year (20-year) time horizon using the metric of sustained-flux global warming potentials; (b) net 
CO2 and CH4 fluxes showed different diurnal and seasonal variation patterns, with stronger CO2 sink and 
CH4 source in colder and warmer seasons, respectively; (c) drought-induced salinity enhancement due to 
reduced rainfall and river discharge weakened GHG cycling, lowering both CO2 sink and CH4 source in 
the drier year. This study confirms that ecosystem-level CH4 emissions from estuarine mangroves are not 
negligible and could substantially offset the CO2-induced cooling effect. Future increases in temperature 
and salinity with expected global warming and sea level rise will likely weaken the climate benefits of 
mangroves.

Plain Language Summary  Tidal mangroves have a climate benefit via sequestering 
atmospheric carbon dioxide, but this benefit could be offset by their methane emissions. Due to the lack 
of long-term continuous and simultaneous measurements of these two greenhouse gas fluxes, we're 
short of the knowledge on the extent of this climate offset. Drought-induced salinity enhancement could 
suppress carbon dioxide and methane exchanges given the recognized role of salinity stress on mangrove 
biogeochemistry. Based on one-and-a-half-year flux tower measurements capturing a severe spring/
summer drought event, we examine the responses of greenhouse gas fluxes to environmental factors in 
particular for drought in a subtropical estuarine mangrove in the Southeast China. As a carbon dioxide 
sink and a methane source, this mangrove sequesters more carbon dioxide in colder seasons but emits 
more methane in warmer seasons. Drought-induced salinity enhancement due to reduced rainfall and 
river discharge weakens greenhouse gas cycling, simultaneously lowering carbon dioxide sink and 
methane source. This study confirms that the warming effect from methane emissions could substantially 
offset the cooling effect from carbon dioxide uptake. Future climate change including higher temperature 
and salinity will likely weaken the climate benefits of mangroves.
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et al., 2012; McLeod et al., 2011). Despite of their small global extent (<0.1% of continental surface (Giri 
et al., 2011)), mangroves play a disproportionately large role in regional and global carbon cycling (McLeod 
et al., 2011). The world's mangroves are being alarmingly lost at an average annual rate of 0.16% between 
2000 and 2012 (Hamilton & Casey, 2016). This deforestation reduces mangrove blue carbon by ∼0.08 Pg 
C year−1, accounting for 6% of the world's annual carbon emissions from land use and land cover change 
(Hamilton & Friess, 2018; Le Quéré et al., 2018). Therefore, the priority of protection and restoration of 
mangroves as blue carbon ecosystems has been widely called (McLeod et al., 2011; Murdiyarso et al., 2010; 
Sasmito et al., 2019).

Globally, the net primary productivity of mangroves is estimated to be ∼200 Tg C year−1 (Alongi, 2014), of 
which ∼20% is returned back to the atmosphere via sediment respiratory efflux, ∼60% is laterally exported 
via litters or particular/dissolved carbon, and the remaining (i.e., natural carbon sinks) is stored in vegeta-
tion biomass or buried in sediments (Alongi & Mukhopadhyay, 2014; Rosentreter et al., 2018a). During the 
process of carbon burial, methanogenic archaea produce another GHG of CH4 in anoxic sediments (Al-Haj 
& Fulweiler, 2020; Bridgham et al., 2013), and consequent CH4 emissions offset carbon sinks initially re-
moved from the atmosphere. Despite the magnitude of CH4 emissions is relatively small, only accounting 
for <10% of total carbon mineralization (Kristensen, 2007), the radiative forcing of CH4, expressed as sus-
tained-flux global warming potential (SGWP), is 45 (or 96) times of CO2 over a 100-year (or 20-year) time 
horizon (Neubauer & Megonigal, 2015). Therefore, CH4 emissions have the potential to weaken the contri-
bution of mangrove blue carbon to climate change mitigation (Rosentreter et al., 2018b; Zheng et al., 2018). 
A recent global estimation of the CH4 offset potential indicated that mangrove sediment and water CH4 
emissions offset 20% of blue carbon burial over a 20-year time horizon (Rosentreter et al., 2018b).

Mangroves are generally assumed to be weak CH4 sources due to the presence of sulfate in mangrove 
sediments, in which anaerobic methanogenesis is outcompeted by sulfate reduction (Alongi, 2009; Kris-
tensen,  2007). However, in comparison with mangrove CO2 uptakes, the uncertainty in mangrove CH4 
emissions is much larger, varying from −0.8 to 874.4 mg CH4-C m−2 day−1 (Al-Haj & Fulweiler, 2020). This 
large uncertainty limits the ability to accurately quantify the potential of CH4 emissions to offset mangrove 
blue carbon. In addition to physical inaccessibility of harsh mangrove habitats, the uncertainty is mainly 
caused by diversified habitats with contrasting hydroperiod/salinity settings, strong temporal and spatial 
heterogeneity of GHG fluxes, and imperfect sampling/measuring techniques. First, according to hydro-
logical influence, mangrove habitats can be classified into three types including estuarine/riverine, fringe, 
and basin/interior mangroves (Ewel et al., 1998), which experience contrasting hydroperiod and salinity 
gradients. Among these three habitats, estuarine mangroves are likely the strongest CH4 emitter with lower 
salinity from more freshwater inputs and higher nutrient concentrations from heavier anthropogenic activ-
ities (Zheng et al., 2018). Second, mangrove CH4 emissions are mainly determined by CH4 production below 
water table, oxidation above water table, and transport processes (diffusion, ebullition, and plant-mediated 
paths) (Bridgham et al., 2013). These processes are temporally varying and/or spatially heterogeneous since 
they are regulated by a variety of biotic and abiotic factors including mangrove species/sediment compo-
sitions, hydroperiod/salinity regimes, and meteorological conditions. For estuarine mangroves, CH4 emis-
sions might be more regulated by variable freshwater-saltwater inputs, and thus temporal variations in rain-
fall, river discharge, and tidal activities could significantly change the magnitudes of salinity/sulfate and 
CH4 emissions (Cabezas et al., 2018; Welti et al., 2017). Third, most of mangrove GHG flux studies are based 
on chamber-based gas flux techniques, which suffer from several issues such as chamber disturbances on 
in-situ temperature/light conditions, logistical inability to conduct continuous measurements with period-
ical tidal inundation, and spatial/temporal misrepresentation of measured fluxes. On the one hand, man-
grove GHG fluxes are diurnally and seasonally variable (Alongi, 2014) and thus temporally discontinuous 
chamber-based measurements could lead to large bias in GHG budgets. On the other hand, the significance 
of plant-mediated CH4 transport paths including stems (Jeffrey et al., 2019), canopies (Keppler et al., 2006), 
and pneumatophores (Kreuzwieser et al., 2003) has been identified and thus chamber-based measurements 
without covering plant-mediated emissions could underestimate total mangrove CH4 emissions.

The EC technique has been widely used in various ecosystems to measure GHG fluxes over the past two 
decades (Baldocchi et al., 2001; Baldocchi, 2019), with recently increasing EC applications in mangroves 
(Alvarado- Barrientos et al., 2020; Barr et al., 2010; Chen et al., 2014; Cui et al., 2018; Leopold et al., 2016; 
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Liu & Lai, 2019; Rodda et al., 2016). These EC studies provide long-term continuous ecosystem fluxes with 
improved spatial/temporal representations, but few of them simultaneously measure CO2 and CH4 fluxes 
in mangroves (Knox et al., 2019), which strongly limits the ability to accurately quantify the magnitudes of 
GHG fluxes and their contributions to net GHG balance. Based on 3-year continuous EC measurements in 
a subtropical estuarine mangrove, Liu et al. (2020) found that ecosystem CH4 emissions could offset half of 
the radiative cooling effect by CO2 uptakes over a 20-year time horizon, highlighting the critical role of CH4 
emissions in regulating net GHG balance. However, more EC-based GHG flux measurements are highly 
needed to assess whether this strong CH4 offset potential is applicable to other estuarine mangroves.

In this study, we analyze 1.5-year EC measurements of simultaneous CO2 and CH4 fluxes in a subtropical 
estuarine mangrove of Southeast China between August 2019 and December 2020, when a severe drought 
occurred with reduced rainfall than the multi-year average. Less freshwater inputs from reduced rainfall 
and river discharge will increase the salinity level in estuarine mangroves, which could suppress both eco-
system CO2 and CH4 fluxes given the recognized role of salinity stress on plant/sediment biogeochemistry 
in mangroves (Lee et al., 2008; Robertson & Alongi, 2016; Takemura et al., 2000). The objectives of this study 
are to: (a) examine diurnal and seasonal variations in GHG fluxes (CO2 and CH4), (b) quantify each GHG 
budget and their net radiative forcing, and (c) assess environmental controls on GHG fluxes with more focus 
on the salinity effect on GHG cycling. We hypothesize: (a) ecosystem CH4 emissions from this low-salinity 
mangrove wetland are not negligible and will partially offset the radiative cooling effect from ecosystem 
CO2 uptakes, and (b) drought-induced salinity enhancement will weaken mangrove GHG cycling.

2.  Materials and Methods
2.1.  Study Site

The study site, Yunxiao mangrove flux tower (23.9240°N, 117.4147°E) of ChinaFLUX and USCCC net-
works, is located in a subtropical estuarine wetland to the south of Zhangjiang river running into Taiwan 
Strait (∼30 km away) of Southeast China (Figure 1). This wetland experiences a semidiurnal tidal cycle with 
mean tidal range of ∼2 m, and a prevalent northwest-southeast wind direction. It has a monsoon climate 
with mean annual air temperature of ∼21°C and mean annual rainfall of ∼1,715 mm. Distinct dry (Octo-
ber – March) and wet (April – September) seasons can be identified. The mangrove forests around the flux 
tower are mainly comprised of Kandelia obovata, Avicennia marina, and Aegiceras corniculatum, and the 
understory sediment surface is usually inundated twice a day (up to ∼1 m tidal height). See Lin (2001); Zhu, 
Hou, et al. (2019); Zhu, Hou, et al. (2021) and Zhu, Qin, et al. (2021) for more details on the study site. All 
permits on research activities in this site were acquired from the Zhangjiang Estuary Mangrove National 
Nature Reserve Administration.

2.2.  GHG Flux and Ancillary Measurements

The GHG fluxes between mangrove and the atmosphere at a temporal interval of 30-min, including net 
ecosystem CO2 exchange (NEE) and net ecosystem CH4 exchange (NME), were calculated from raw 10-Hz 
measurements from an EC system (Figure 1a) mounted on a mangrove flux tower (Figure 1b). The EC sys-
tem consisted of a three-axis sonic anemometer (CSAT-3, Campbell Scientific, Inc., Logan, UT, USA) and 
two open-path gas analyzers of CO2 and CH4 (LI-7500 and LI-7700, Li-COR Inc., Lincoln, NE, USA). All 
these sensors were mounted ∼2 m above the canopy on the flux tower, and more than 90% of the fluxes orig-
inated from mangrove forests within 100 m around the tower. Ancillary 30-min meteorological data used in 
this study included air temperature (HMP155A sensor, Vaisala, Helsinki, Finland), 10-cm soil temperature 
(soil thermocouple probe, model 109, Campbell Scientific, Inc.), rainfall (TE525MM Rain Gage, Campbell 
Scientific, Inc.), photosynthetically active radiation (PAR; PQS1 PAR Quantum sensor, Kipp & Zonen, Delft, 
Netherlands), vapor pressure deficit (VPD; derived from measured air temperature and relative humidity 
by HMP155A sensor, Vaisala). Ancillary 30-min tidal data used in this study included surface water salin-
ity and surface water level. Surface water salinity was estimated from measured electronic conductivity 
and water temperature by HOBO U24-002-C Conductivity Logger (Onset, Bourne, MA, USA), using the 
Practical Salinity Scale 1978 equations (Lewis & Perkin,  1981). Surface water level was estimated from 
measured pressure difference between one pressure sensor (HOBO U20L-04 Water Level Logger, Onset) 
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deployed near sediment surface and another (CS106 barometer, Vaisala) deployed on flux tower. Raw time 
series measurements of GHG and meteorological variables mentioned above were recorded by two in-situ 
data loggers (CR1000 and CR3000, Campbell Scientific, Inc.) for subsequent data collection and processing. 
In addition, monthly river discharge data were collected from a hydrological station of Zhangjiang river 
∼10 km upstream from the study site to examine the impact of river discharge on surface water salinity at 
the flux tower.

2.3.  Flux Data Processing

Data pre-processing including necessary flux calculations and quality controls (Zhu, Hou, et al., 2019; Zhu, 
Qin, et al., 2019) were applied to raw 10-Hz EC data to produce 30-min time series of NEE and NME, using 
the EddyPro6.1 software (Li-COR Inc.). Flux data were removed when rainfall occurred or atmospheric 
mixing was insufficient, determined by the friction velocity (u*) threshold approach (Reichstein et al., 2005) 
with u* > 0.15 m s−1 used in this study. Storage fluxes estimated from a single-point concentration profile 
approach were considered to correct flux data. The steady state test and the developed turbulent conditions 
test were applied to attain quality flags of fluxes following Mauder et al. (2013) (0-1-2 system: “0” for the best 
quality fluxes, “1” for fluxes suitable for general analysis, and “2” for poor fluxes that should be discarded), 
and the fluxes with the flag of 2 were excluded from further analysis. Methane-related flux data were also 
removed when the mirrors of LI7700 were contaminated, that is, the relative signal strength indicator <20% 
(to maintain a good signal, lower mirror was cleaned automatically via an in-line pumping system, while 
upper mirror was manually cleaned twice a month). These quality control procedures and other system 
failures led to data gaps with different durations (a large gap occurred in November and December 2019 due 
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Figure 1.  The greenhouse gas (GHG) eddy covariance system (a) installed on a flux tower (b) in a subtropical estuarine mangrove wetland (c: low-tide 
landscape with flux tower and its 90% footprint coverage marked by yellow dot and circle, respectively) of Southeast China (d).
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to a power supply issue). Over the study period from August 2019 to December 2020, the remaining valid 
data coverage was 54.1% for NEE and 58.0% for NME.

To examine mangrove GHG budgets, the time series of daily NEE and NME were gap filled. Following many 
previous EC studies (Li et al., 2018; Liu et al., 2020; Moffat et al., 2007), the artificial neural network (ANN) 
approach was applied in the gap-filling procedure. Specifically, the ANN models were developed by linking 
daily fluxes with driving variables including daily mean air temperature, 10-cm soil temperature, PAR, VPD, 
surface water salinity, and daily maximum surface water level. The whole data set with model target (NEE 
or NME) and inputs was divided into training (75%), validation (15%), and testing (15%) subsets to develop 
the ANN models, in which the correlation coefficients between model target and output for the whole data 
set were 0.92 and 0.84 for NEE and NME, respectively. Mangrove gross primary productivity (GPP) and eco-
system respiration (Re) were partitioned from 30-min NEE. Re was estimated from air temperature based on 
the fitted nighttime NEE-air temperature relationship (measurements were excluded from the fitting when 
sediment surface was inundated), and then GPP was calculated as the difference between daytime NEE and 
corresponding Re (Barr et al., 2013; Reichstein et al., 2005).

The comparison of radiative forcing impacts of CO2 and CH4 fluxes is not straightforward due to their dif-
ferent lifetimes and radiative efficiencies in the atmosphere. The net radiative forcing from NEE and NME 
is temporally dynamic with both magnitude and sign changing with the time horizon chosen for the com-
parison (Frolking et al., 2006; Neubauer, 2014). Instead of using the standard GWP metric assuming only 
a single pulse input, the net radiative forcing in this study was calculated using the sustained-flux global 
warming potential (SGWP) metric (Liu et al., 2020; Neubauer & Megonigal, 2015), which in a more reason-
able manner allows for a time series of sustained and variable gas fluxes. Despite that the dynamic behavior 
of net radiative forcing is a function of time horizon, the evaluation of net radiative forcing for several time 
horizons gives a simple indication. In this study, two commonly used time horizons (100-year and 20-year) 
were chosen to evaluate the net radiative forcing from NEE and NME, expressed as CO2 equivalent (CO2-
eq.), using the values of 45 and 96 (Neubauer & Megonigal, 2015) to calculate SGWP of CH4 for 100-year 
and 20-year time horizons, respectively.

2.4.  Statistical Analysis

Considering the importance of rainfall in regulating salinity and GHG cycling, data were analyzed respective-
ly for the dry season (October – March), the wet season (April – September), and the whole study period. The 
relationships between 30-min/daily GHG fluxes and other factors were fitted using non-linear or linear em-
pirical curves. The non-linear dependence of daytime NEE on PAR was explored using the Michaelis-Menten 
light response curve (Michaelis & Menten, 1913):           NEE /m m m m ePAR P PAR P R , where 
m, mP , and eR  denoted maximum light use efficiency, maximum photosynthesis capacity, and ecosystem 
respiration, respectively. The non-linear dependence of nighttime NEE on air temperature (T ) was explored 

using the Lloyd-Taylor temperature response curve (Lloyd & Taylor, 1994):       


1/ 1/0 0 0NEE
E T T T Tref

refR e , 
where refR , 0E , refT , and 0T  denoted reference respiration, activation parameter, reference temperature (set as 
10°C), temperature constant (set as −46.02°C), respectively. The temperature sensitivity Q10 (i.e., the rate of 
change in respiration as a consequence of increasing the temperature by 10°C) was also calculated from the 
fitted temperature response curves using 10°C as the base temperature: 10 20 10/Q R R , where 20R  and 10R  
denoted nighttime NEE at 20°C and 10°C, respectively. Linear dependences were assumed to examine the 
correlations including nighttime NEE-surface water salinity, NME-surface water salinity, NME-soil temper-
ature, NME-GPP, and NME-Re. Standardized multiple regressions analyses were applied to further quantify 
the magnitude of relative importance, indicated by the absolute values of standardized regression coeffi-
cients, of major driving factors (PAR, air/soil temperature, salinity) in controlling daily NEE and NME. In 
this study, the sign convention in meteorology (i.e., the downward flux or sink is negative and the upward 
flux or source is positive) was used for indicating CO2, CH4, and GHG fluxes.
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3.  Results
3.1.  Temporal Variations in Meteorological and Hydrological Measurements

Over the study period, the time series of daily PAR showed strong short-term variations as a result of fre-
quent cloudy conditions in this coastal mangrove site (Figure 2a). At seasonal time scale, daily PAR over 
the dry season (mean ± standard deviation: 305.1 ± 116.4 μmol m−2 s−1) was on average lower than that 
over the wet season (452.2 ± 153.6 μmol m−2 s−1). The time series of daily VPD showed similar seasonal 
variation pattern as PAR, with lower mean daily VPD over the dry season (403.0 ± 278.5 Pa) than that over 
the wet season (625.2 ± 306.7 Pa) (Figure 2a). Daily air and 10-cm soil temperature shared similar seasonal 
variation pattern with air temperature most of time higher (0.69°C on average) than soil temperature (Fig-
ure 2b). For air temperature, daily value varied from 9.2°C to 33.0°C with the lowest and highest values 
occurring in December of 2020 and August of 2019, respectively. Daily rainfall showed a large seasonal 
difference with most (85.0%) of rainfall occurring within the wet season and the remaining within the dry 
season (Figure 2b). In comparison with multi-year monthly average (based on daily rainfall measurements 
over 2011–2019 from a standard meteorological station of China Meteorological Administration, ∼10 km 
away from this mangrove site), monthly rainfall was less in almost all months over the study period (except 
February and September of 2020; Figure 2c). In particular, obviously reduced rainfall occurred in spring 
(209.3 mm) and summer (453.6 mm) of 2020 than the multi-year average (446.3 and 741.9 mm). Monthly 
river discharge varied from 2.3 to 33.3 m3 s−1 and was statistically (p < 0.05, hereinafter same) positively cor-
related with monthly rainfall (Figure 3c). Daily maximum surface water level changed over the study period 
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Figure 2.  Temporal variations in daily meteorological and hydrological variables from August 2019 to December 2020, including (a) mean photosynthetically 
active radiation (PAR), mean vapor pressure deficit (VPD), (b) mean air temperature (Tair), mean 10-cm soil temperature (Tsoil), cumulative rainfall, (d) mean 
surface water salinity, and maximum surface water level. Monthly cumulative rainfall (horizontal solid lines) and corresponding multi-year average (2011–2019; 
horizontal dashed lines) and monthly river discharge are also shown (c).
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with a biweekly cycle, and the tidal water height (up to ∼1 m) peaked in autumn over the year (Figure 2d). 
Fluctuating with rainfall events, daily surface water salinity ranged from 2.4 to 18.2 PSU and was on average 
lower in the wet season (9.8 ± 3.4 PSU) than the dry season (12.4 ± 2.2 PSU). At daily time scale, surface 
water salinity declined with increasing daily rainfall (Figure 3a) and was statistically positively correlated 
with increasing daily maximum surface water level (Figure 3b). At monthly time scale, surface water salin-
ity was statistically negatively correlated with increasing river discharge (Figure 3d).

3.2.  Temporal Variations in Mangrove GHG Fluxes

Mean diurnal variation of 30-min mangrove NEE showed a distinct diurnal pattern with weak nighttime 
CO2 sources (positive values; averaged at 2.77 μmol m−2 s−1) and strong daytime CO2 sinks (negative values; 
up to −14.03 μmol m−2 s−1 at noon) (Figures 4c and 4d). On average, daily ecosystem respiration (Re) in this 
mangrove was estimated to ∼3.13 g CO2-C m−2 day−1, which offset 52.0% of daily ecosystem photosynthesis 
(GPP = ∼ −6.02 g CO2-C m−2 day−1). There was no obvious difference in diurnal variations of NEE between 
the dry and wet seasons, although the dry season had a stronger peak sink and a narrower photosynthetic 
duration. In contrast, mangrove NME showed a weak diurnal pattern with one peak occurring in the late 
afternoon and two troughs occurring at hours before and after noon, respectively (Figures 4e and 4f). In 

ZHU ET AL.

10.1029/2021JG006416

7 of 18

Figure 3.  Change in daily mean surface water salinity within two consecutive days as a function of (a) change in daily 
cumulative rainfall and (b) change in daily maximum surface water level (note only those with rainfall <10 mm and 
>10 mm in two consecutive days are included). The rainfall-discharge and discharge-salinity relationships at monthly 
time scale are also shown (c) and (d). Fitted lines on these relationships are all statistically significant (p < 0.05).
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terms of mean diurnal variation, this mangrove acted consistent CH4 sources over the day ranging from 
0.0039 to 0.0194 μmol m−2 s−1, although the deviations of 30-min NME across days were proportionately 
larger than that of 30-min NEE.

Daily cumulative values of NEE in this mangrove were consistently negative but fluctuated over the study 
period with the strongest CO2 sink up to −5.39 g CO2-C m−2 day−1, and monthly mean daily NEE varied 
from −2.24 to −3.55 g CO2-C m−2 day−1 with obviously weaker CO2 sink in summer and autumn of 2020 
(Figure 5a). Specifically, cumulative CO2 sink over August ∼ October of 2020 accounted for ∼70% of the 
sink over the same period of 2019 (Figure 6a). Almost all daily cumulative values of NME in this mangrove 
were positive over the study period with daily NME ranging from −0.0195 to 0.0511 g CH4-C m−2 day−1 and 
monthly mean daily NME ranging from 0.0034 to 0.0282 g CH4-C m−2 day−1 (Figure 5b). It is obvious that 
the CH4 emissions over August ∼ October were stronger than other months in both 2019 and 2020, and 
cumulative CH4 emissions in these months of 2020 were only ∼40% of those over the same period of 2019 
(Figures 5 and 6b).

3.3.  Environmental Drivers of Mangrove GHG Fluxes

Statistical analyses on the responses of 30-min/daily NEE to environmental factors (Figure  7) indi-
cated that daytime NEE was mainly regulated by PAR with saturating CO2 sink at high PAR (30-min: 

    y 1.03x / 0.051x 20.26 2.92; daily:     y 1.37x / 0.10x 13.7 2.04), while nighttime NEE 

was positively and exponentially correlated with air temperature (30-min:    3.96 220 / 46.02y 1.39 xe ; dai-

ly:    4.35 243/ 46.02y 1.31 xe ) and negatively and linearly correlated with surface water salinity (30-min: 
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Figure 4.  Diurnal variations in 30-min (a), (b) meteorological variables (c), (d) net ecosystem CO2 exchange (NEE), 
and (e), (f) net ecosystem CH4 exchange (NME) in the dry (October ∼ March; left panel) and wet (April ∼ September; 
right panel) seasons. PAR: photosynthetically active radiation; VPD: vapor pressure deficit; Tair: air temperature; Tsoil: 
10-cm soil temperature. Error bars denote standard deviations of 30-min NEE and NME.
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  y 0.12 4.18x ; daily:   y 0.14 4.50x ). The responses of NEE to these environmental factors differed 
between the dry and wet seasons. Maximum photosynthesis capacity ( mP ) in the dry season (23.03 and 16.30 
for 30-min and daily data, respectively) was larger than the wet season (19.96 and 13.10), while nighttime 
CO2 source in the wet season was more sensitive to both air temperature (Q10 of the dry and wet seasons 
for 30-min data: 1.49 vs. 2.04; for daily data: 1.54 vs. 2.20) and surface water salinity (fitted linear slope of 
the dry and wet seasons for 30-min data: −0.044 vs. −0.082; for daily data: −0.059 vs. −0.10). Standardized 
multiple regression analysis between daily NEE and major driving factors (PAR, air temperature, and sa-
linity) indicated that the relative importance of PAR (standardized regression coefficient of −0.43) and air 
temperature (0.40) were comparable and higher than salinity (0.06).

Statistical analyses on the responses of 30-min/daily NME to environmental factors (Figure 8) indicated that 
NME were negatively and positively correlated with surface water salinity (30-min:   y 0.0016 0.029x ; 
daily:   y 0.0015 0.027x ) and soil temperature (30-min:  y 0.0011 0.014x ; daily:  y 0.0006 0.0049x ), 
respectively. The responses of NME to these two factors tended to be more sensitive in the dry season (fitted 
linear NME-salinity slopes for 30-min and daily data: −0.0020 and −0.0017; NME-temperature slopes for 
30-min and daily data: 0.0020 and 0.0013) than the wet season (NME-salinity slopes for 30-min and daily 
data: −0.0014 and −0.0017; NME-temperature slopes for 30-min and daily data: 0.0013 and 0.0007). It was 
also found that daily NME were negatively and positively correlated with GPP (   y 0.0022 0.0034x ) and 
Re (  y 0.0027 0.0023x ), respectively. Standardized multiple regression analysis between daily NME and 
major driving factors (PAR, soil temperature, and salinity) indicated that the relative importance of salinity 
(standardized regression coefficient of 0.32) was higher than soil temperature (0.20) and PAR (0.06).
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Figure 5.  Temporal variations in daily (gray bars) and monthly (red dots) net ecosystem CO2 (NEE) and CH4 (NME) exchange from August 2019 to December 
2020 (a), (b), where lighter gray bars denote the gap-filled daily values from the ANN model simulations. Monthly variations in SGWP and CH4 offset potential 
are also shown (c) with the conversion values of 45 and 96 for 100-year and 20-year time horizons, respectively.
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3.4.  Net GHG Balance

At monthly time scale, the SGWP-based net radiative forcing of this mangrove over the study period were 
estimated to −7.5 ∼ −12.1 g CO2-eq. m−2 day−1 (corresponding CH4 offset potential: 1.8–14.8%) and −6.8 ∼ 
−11.8 g CO2-eq. m−2 day−1 (corresponding CH4 offset potential: 3.8–31.6%) for 100-year and 20-year time 
horizons, respectively (Figure 5c). At annual time scale, this mangrove acted a CO2 sink of −1,075.8 g CO2-C 
m−2 year−1 and a CH4 source of 3.1 g CH4-C m−2 year−1, leading to a 100-year SGWP of −3,761.9 g CO2-eq. 
m−2 year−1 or a 20-year SGWP of −3,554.9 g CO2-eq. m−2 year−1 (here 1 g CO2-C = 3.67 g CO2-eq.). Net 
radiative forcing was dominated by the radiative cooling effect from CO2 sink for all months over the study 
period. The radiative warming effect from CH4 source annually offset 4.6% (100-year) or 9.8% (20-year) of 
the CO2-induced SGWP.

4.  Discussion
4.1.  GHG Budgets and Temporal Variations

Consistent with previous mangrove EC studies (Barr et al., 2010; Leopold et al., 2016; Liu & Lai, 2019), NEE 
in this mangrove shows a distinct diurnal variation pattern and the magnitude of nighttime CO2 source 
is much lower than daytime CO2 sink. In mangrove ecosystems, the percentage of respiratory costs of as-
similated carbon is generally small mainly due to low Re associated with saturated and anoxic sediments 
(Barr et al., 2010). Daily Re in this mangrove, ∼3.13 g CO2-C m−2 day−1, is at the low end of the range 
reported by EC studies in terrestrial ecosystems, 1–7 g CO2-C m−2 day−1 (Falge et al., 2002). The seasonal 
variation of daily NEE suggests that this subtropical mangrove has weaker CO2 sink capacity in summer 
and autumn, which is similar to the finding in another subtropical mangrove wetland of China (Liu & 
Lai, 2019). With low Re and year-round productivity, this subtropical mangrove acts a high annual CO2 sink 
of −1,075.8 g CO2-C m−2 year−1 over the study period, which is at the high end of the range, −74 ∼ −1,170 g 
CO2-C m−2 year−1, reported by previous mangrove EC studies (Barr et al., 2010; Cui et al., 2018; Leopold 
et al., 2016; Liu & Lai, 2019).

The diurnal variation of NME in this mangrove is not clear, which can be explained by the fact that the mag-
nitude of NME is co-regulated by more processes associated with CH4 production, oxidation, and transport 
(Bridgham et al., 2013). The NME peaks in the late afternoon (at 5–7 p.m.; Figures 4e and 4f) since strong 
CH4 production and weak CH4 oxidation might occur simultaneously at these hours when soil temperature 
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Figure 6.  Comparison of monthly cumulative (a) net ecosystem CO2 exchange (NEE) and (b) net ecosystem CH4 exchange (NME) during August ∼ October 
between 2019 and 2020. Monthly mean photosynthetically active radiation (PAR) and surface water salinity are also shown for NEE and NME, respectively.



Journal of Geophysical Research: Biogeosciences

peaks over the day and PAR almost vanishes (Figures 4a and 4b). Daytime photosynthesis can improve 
oxygen availability in mangrove root zones via oxygen diffusion through the pneumatophores and thus 
stimulates CH4 oxidation (Kitaya et  al.,  2002; Timmers et  al.,  2017), which might explain why daytime 
NME is often lower than nighttime NME (Figures 4e and 4f). The abrupt increase in NME at noon might 
be caused by a temporary shutdown of oxygen diffusion due to midday depression of plant photosynthesis 
(Xu & Shen, 1996). The seasonal variation of CH4 emissions from this mangrove, showing higher emissions 
in the wet season than the dry season, is consistent with the findings in other subtropical/tropical wetlands 
with similar seasonal variations in temperature and rainfall (Dalmagro et al.,  2019; Philipp et al.,  2017; 
Tang et al., 2018). In comparison with a recent EC study on mangrove NME (Liu et al., 2020), daily NME 
of this mangrove shows less noticeable seasonal variation pattern. The difference in the seasonality may 
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Figure 7.  Daytime/nighttime net ecosystem CO2 exchange (NEE) as a function of photosynthetically active radiation 
(PAR), air temperature (Tair), and surface water salinity. Both 30-min (left panel) and daily (right panel) average are 
shown for the relationships. Red and blue dots and corresponding fitting curves denote the data in the dry (October ∼ 
March) and wet (April ∼ September) seasons, respectively. Black fitting curves denote the relationships using the whole 
data set. Fitted lines on these relationships are all statistically significant (p < 0.05).
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be explained by the following reasons: (a) the salinity in this mangrove has smaller seasonal variation and 
larger day-to-day variation regulated by rainfall events (Figure 2d), while the salinity of Liu et al. (2020) 
shows much stronger seasonality likely due to the fact that ∼90% of the annual rainfall occurs in summer in 
that study; (b) the salinity condition of Liu et al. (2020) is presumably much more regulated by freshwater 
input since the magnitude of the annual discharge of Pearl River is two or three orders higher than that of 
Zhangjiang river; (c) the reduction of CH4 emissions due to drought of 2020 also lead to weaker seasonal 
variation pattern of CH4 emissions in this mangrove.

According to a synthesis study on chamber-based CH4 efflux from undisturbed/disturbed mangrove sedi-
ments (Zheng et al., 2018), the magnitude of EC-based CH4 emissions from this undisturbed (under strict 
protection by the national natural reserve) mangrove (0.0039–0.0194 μmol m−2 s−1 over the day) is generally 
higher than those from other undisturbed mangrove sediments (median of 0.001 μmol m−2 s−1) and even 
comparable with those from disturbed mangrove sediments (median of 0.015 μmol m−2 s−1). Annual CH4 
budget (3.1 g CH4-C m−2 year−1) in this mangrove is generally lower than those budgets (average of 16.5 g 
CH4-C m−2 year−1) in inland wetlands (Knox et al., 2019), while it is 2–3 times of the median mangrove 
CH4 budget (1.2 g CH4-C m−2 year−1) reported by another synthesis study on CH4 emissions with multiple 
measuring techniques from shallow vegetated coastal ecosystems (Al-Haj & Fulweiler, 2020). The discrep-
ancies of CH4 flux among these studies could mainly result from the differences in the spatial and temporal 
coverage of various flux measuring techniques (Krauss et al., 2016). In comparison with Liu et al. (2020), 
another EC-based CH4 study in subtropical mangroves, annual CH4 emissions from this mangrove is only 
around one-quarter of theirs. This discrepancy may be attributed to the difference in site-dependent tidal 
and climate conditions: (a) the mangrove in this site experiences a shorter mean daily inundation duration 
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Figure 8.  Net ecosystem CH4 exchange (NME) as a function of (a) 30-min and (b) daily surface water salinity and (d) 30-min and (e) daily 10-cm soil 
temperature (Tsoil). Red and blue dots and corresponding fitting curves denote the data in the dry (October ∼ March) and wet (April ∼ September) seasons, 
respectively. Black fitting curves denote the relationships using the whole data set. Fitted lines on these relationships are all statistically significant (p < 0.05).
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(∼5% of time) in comparison with Liu et al. (2020) (∼12%); (b) the salinity in this site is usually higher than 
that of Liu et al. (2020) especially in summer (∼10 vs. ∼3 PSU); (c) the amount of annual rainfall in this 
site during the studying period is much lower than that of Liu et al. (2020) (∼1,000 vs. ∼2,000 mm); and (d) 
seasonal rainfall is relatively more evenly distributed in this mangrove, while for Liu et al. (2020) ∼90% of 
the rainfall occurs in summer.

4.2.  Environmental Controls of GHG Budgets

Reductions of both CO2 sink and CH4 source occur in summer and autumn of 2020 in comparison with 
2019, mostly due to the difference in PAR and salinity conditions. By comparing the period of August ∼ 
October between 2019 and 2020 (Figure 6), reduction of CO2 sink in 2020 is mainly attributed to the combi-
nation of lower PAR and drought-induced salinity enhancement, while reduction of CH4 source is mainly 
attributed to enhanced salinity. There is no obvious difference in monthly soil temperature (0.3%, 0.2%, and 
2.7% difference for these months) between 2019 and 2020 (Figure 2b). In contrast, rainfall in spring and 
summer of 2020 is only 56% of the multi-year average in this mangrove, and this severe drought results in 
overall higher salinity level in the following months (Figure 6b), which weakens CO2 and CH4 cycling. This 
important asynchronous process or lagged effect has also been identified in previous studies interpreting 
continuous ecosystem-scale GHG measurements (Knox et al., 2018; Sturtevant et al., 2016).

The inhibitory effect of salinity stress on mangrove growth has been well confirmed by previous studies 
(Alongi, 2009; Takemura et al., 2000). Despite that the correlation between salinity and daytime NEE is not 
statistically significant (data not shown), the salinity stress on GPP in this mangrove might be overwhelmed 
by the influence of PAR. The influence of salinity stress on NME found in this mangrove (Figures 6b, 8a, 
and 8b) supports the well-known notion that salinity is the key control of CH4 emissions in mangroves (Al-
Haj & Fulweiler, 2020; Knox et al., 2019). A threshold of ∼18 PSU can be identified from the fitted linear 
salinity-NME relationship (Figures 8a and 8b), in which mangrove CH4 emissions vanish with salinity level 
exceeding this threshold. This salinity threshold is recommended by IPCC to determine if mangrove CH4 
emissions should be considered in GHG inventory (Crooks,  2014), and also equivalent to the threshold 
associated with significant lower CH4 emissions in tidal marshes (Poffenbarger et al., 2011). The statisti-
cally significant correlations between NME and GPP (Figure 8c) suggests that weaker CO2 sink in summer 
and autumn of 2020 might be another important factor responsible for the reduction of NME. The link 
between NME and GPP has been demonstrated by many of previous studies (Hatala et al., 2012; Sturtevant 
et al., 2016; Whiting & Chanton, 1993), since low photosynthesis can limit the availability of labile substrate 
for methanogenesis (Bridgham et al., 2013).

4.3.  Net Radiative Forcing

The consistent negative SGWP over the study period using either 100-year or 20-year time horizon confirms 
the climate benefits of mangroves in mitigating GHG emissions. The radiative warming effect from NME 
in this mangrove has the potential to offset 4.6% (or 9.8%) of the radiative cooling effect from NEE using 
the 100-year (or 20-year) SGWP metric. The CH4 offset potentials of this mangrove are relatively low, being 
about half of those (10% or 22%; converted values using the same metric and time horizons as in this study) 
reported by a global synthesis study (Rosentreter et al., 2018b) and one fifth of those (24% or 52%) reported 
by another mangrove EC-based GHG study (Liu et al., 2020). Although it might be impossible to fully inter-
pret the differences among studies due to various definitions of offset potentials and site-dependent biotic/
abiotic factors, here are some aspects to mention. First, instead of using NEE-based CO2 sink for estimating 
CH4 offset potential in this study, Rosentreter et al. (2018b) uses sediment carbon burial-based CO2 sink 
(smaller than NEE-based one that includes both buried and tide-exported carbon), and thus our estimation 
of CH4 offset potential should be by definition lower than theirs. Second, in comparison with Rosentreter 
et al. (2018b) assuming a 50% daily inundation duration, this mangrove has a much shorter daily inundation 
duration (∼5% of time), which could lead to lower CH4 emissions and its offset potential. Third, in relation 
to Liu et al. (2020), the obviously lower CH4 offset potential of this mangrove results from a stronger CO2 
sink (−1,075.8 vs. −782.3 g CO2-C m−2 year−1) and a weaker CH4 source (3.1 vs. 11.7 g CH4-C m−2 year−1), 
which are mostly likely attributed to the difference in annual rainfall (∼1,000 vs. ∼2,000 mm) since more 
rainfall usually accompanies with less PAR (weaker CO2 sink) and lower salinity (stronger CH4 source). 
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In fact, drought-induced salinity enhancement in 2020 in this mangrove reduces both CO2 sink and CH4 
source with a proportionately larger reduction in the latter, leading to a lower CH4 offset potential. In par-
ticular, the averaged surface water salinity over August ∼ October of 2020 (10.9 PSU) is more than 50% high-
er than that over the same period of 2019 (6.9 PSU) (Figure 6b). Correspondingly, the CH4 offset potential 
over August ∼ October of 2020%, 7.4% (15.7%) on a 100-year (20-year) time horizon, is obviously lower than 
that over the same period of 2019%, 12.9% (27.6%) (Figure 5c). The contrasting GHG budgets between 2019 
and 2020 suggest that drought-induced salinity enhancement weakens mangrove GHG cycling and the CH4 
offset potential.

The strong seasonal variations in monthly CH4 offset potential in this mangrove (e.g., the highest offset 
potential is ∼8 times larger than the lowest one; Figure 5c) reflect the differential environmental controls of 
NEE and NME, which implies that long-term continuous GHG flux measurements are highly necessary to 
accurately assess mangrove GHG budgets and its net radiative forcing. Although both NME and nighttime 
NEE are affected by temperature and salinity, their sensitivities differ between the dry and wet seasons with 
stronger sensitivity of NME (nighttime NEE) in the dry (wet) season. This implies that the future changes in 
the seasonality of climate conditions such as seasonal distribution of rainfall (Collins et al., 2013) may exert 
differential effects on mangrove NEE and NME as well as their net radiative forcing.

4.4.  Limitations and Uncertainties

The analyses of mangrove GHG budgets and their environmental controls in this study suffer from several 
limitation and uncertainties. First, due to the lack of long-term continuous measurements of ecosystem-lev-
el nitrous oxide (N2O) flux, N2O is not considered in assessing mangrove GHG budgets and its radiative 
forcing in this study. Despite that mangroves are often reported as a minor N2O source or even a sink 
(Chen et al., 2010; Maher et al., 2016), future research is needed to take into account N2O flux given that 
the radiative efficiency of N2O is 270 times higher than CO2 over a 100-year time horizon (Neubauer & 
Megonigal, 2015) and the magnitude of N2O flux could be well stimulated by anthropogenic eutrophication 
(Chauhan et al., 2015; Kreuzwieser et al., 2003). Second, a portion of produced CO2 and CH4 in mangroves 
can be exported via tidal activities (Alongi, 2014; Call et al., 2015) but cannot be captured by EC measure-
ments, and thus EC-based estimations of GHG budgets and CH4 offset potential in mangroves might bias 
to a certain extent. Future research in assessing the contribution of horizontal GHG transport is needed 
to reduce this uncertainty. Third, surface water salinity is not necessarily equivalent to subsurface pore-
water salinity since they often differ in both the magnitude and temporal variation (Lara & Cohen, 2006). 
Mangrove GHG cycling is presumably more related with subsurface porewater salinity, and thus the anal-
yses with surface water salinity in this study might not accurately reflect physiological salinity controls on 
mangrove GHG cycling. Further analyses should be conducted in future when long-term measurement of 
subsurface porewater salinity is available. Fourthly, deep soil temperature could exert a more important 
effect on CH4 emissions than surface soil temperature (Liu et al., 2020), given that methanogenic archaea 
might be outcompeted down the thermodynamic ladder and expected to occur at greater soil depths in 
mangrove sediments (Alongi, 2009). We're short of continuous soil temperature measurements at deeper 
soil layers over the studying period, and future research with the availability of such measurements should 
be conducted to confirm the temperature-CH4 relationships across soil layers. Fifthly, ecosystem-scale GHG 
fluxes are regulated by many non-linear and asynchronous processes, which often result in lagged effects 
between GHG flux (in particular for CH4) and its abiotic/biotic controls at diurnal and seasonal scales 
(Rinne et al., 2018; Knox et al., 2019). Current 1.5-year measurement data set might be insufficient to ana-
lyze these lagged effects, and future research with multi-year continuous measurements is needed to better 
characterize these processes across time scales. Lastly, despite of its simplicity, the evaluation of SGWP with 
fixed time horizons as in this study cannot fully capture the dynamic behavior of net radiative forcing from 
NEE and NME. Further comparison of the radiative forcing of NEE and NME as a function of time horizons 
might be needed to provide a more comprehensive and informative assessment on the competing impacts 
of CO2 and CH4 fluxes at any time horizons or any time over the history of the wetland's development.
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5.  Conclusions
The EC-based long-term continuous measurements of ecosystem-level GHG fluxes suggested this subtrop-
ical estuarine mangrove acted as a CO2 sink of −1,075.8 g CO2-C m−2 year−1 and a CH4 source of 3.1 g 
CH4-C m−2 year−1 over the study period from August 2019 to December 2020, resulting in a net GHG sink 
of −3,761.9 and −3,554.9 g CO2-eq. m−2 year−1 (here 1 g CO2-C = 3.67 g CO2-eq.) expressed using the SGWP 
metric with 100-year and 20-year time horizons, respectively. This net radiative cooling effect was dominat-
ed by the year-round consistent CO2 sink, and annually the CH4-induced warming effect offset 4.6% (100-
year) or 9.8% (20-year) of the CO2-induced cooling effect. Both of NEE and NME showed strong temporal 
variations but with different diurnal and seasonal variation patterns. For mangrove NEE, daytime CO2 sink 
was mainly regulated by PAR, while nighttime CO2 source was positively and negatively correlated with 
air temperature and surface water salinity, respectively. For mangrove NME, CH4 source was positively 
and negatively correlated with soil temperature and surface water salinity, respectively. Monthly CO2 sink 
was stronger in colder spring and winter, while monthly CH4 source was stronger in warmer summer and 
autumn. Drought-induced salinity enhancement, due to reduced rainfall and river discharge, weakened 
mangrove GHG cycling, leading to obviously weaker CO2 sink and CH4 source in summer and autumn of 
2020 than the same period of 2019.

This study confirms that ecosystem-level CH4 emissions from estuarine mangroves are not negligible and 
could substantially offset the radiative cooling effect from ecosystem CO2 uptake. Strong temporal varia-
tions in mangrove GHG fluxes and their respective contributions to net radiative forcing highlights a strong 
necessity to conduct long-term continuous measurements of GHG fluxes. This study also confirms the crit-
ical roles of salinity and temperature in regulating mangrove GHG cycling, and future increases in temper-
ature and salinity with expected global warming and sea level rise will likely reduce the radiative cooling 
effect and thus weaken the climate benefits of mangroves.
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