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• Mangrove wetland still as a carbon
source after 12 years of restoration

• Carbon source was related to high eco-
system respiration over open waters.

• Carbon source intensity tended to de-
crease with the time of restoration.

• Global warming potential shows an in-
tensified radiative warming effect.
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Mangroves have the potential to affect climate via C sequestration andmethane (CH4) emissions.With half of the
world's mangroves lost during the 20th century, mangrove restoration in mitigating greenhouse gases has been
increasingly recognized. However, the carbon exchanges during restored processes still remain large uncertain.
In this study, we analyzed the temporal variations of CO2 and CH4 fluxes and their environmental controls
during 2019 and 2020 based on a closed-path eddy covariance (EC) system in a 12-year restored subtropical
mangrove wetland, in estuary of the Pearl River, southeastern China. We also estimated the CO2 and CH4

fluxes and their climate effect from the beginning of restoration by Random Forest algorithm (RF). The EC obser-
vations showed that annually the 12-year restored mangrove acted as CO2 and CH4 sources, with net CO2

ecosystem exchange (NEE) of 82–175 gC·m- 2·a−1 and CH4 fluxes of 24.7–26.3 gC·m−2·a−1. Low vegetation
gross primary productivity (GPP) and high ecosystem respiration (Re) caused net CO2 emissions in the
mangroves. The estimation by RF indicated that the mangroves were always a CO2 source after the beginning
of restoration, but the annual NEE was linearly decreased from 233 to 131 gC·m−2·a−1 from 2008 to 2020.
The annual CH4 emissions continually increased from 19.0 to 25.8 gC·m−2·a−1 after restoration. As a result,
the restored mangrove had a positive effect on climate warming, with increased GWP from 1276 to 1386 g
CO2-eq ·m−2·a−1 from 2008 to 2020. This is mainly due to lower GPP and higher Re by young restored
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mangroves, largewater area aswell as low salinity induced strong CH4 emissions. Our results indicate new sights
that young restored mangrove with large area of water surface may act as carbon sources. However, the long-
term climate and ecosystem benefits due to mangrove restoration should not be ignored in future.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Coastal wetlands own the capability to capture and storage carbon,
known as blue carbon, and thus have the potential of reducing global at-
mospheric carbon dioxide (CO2) concentrations (Duarte et al., 2013;
Macreadie et al., 2017). Mangroves have the highest carbon
sequestration rate among all other natural ecosystems (Donato et al.,
2011; Friess et al., 2019; Taillardat et al., 2018). Although mangroves
occupy only 0.5% of the global coastal area, their disproportionate
contribution to carbon sequestration has a significant effect on global
carbon budget and climate change mitigation (Duarte et al., 2013;
Nellemann et al., 2009).

The carbon budget of mangrove wetland ecosystem includes the
greenhouse gas (GHG) net exchange of CO2 and CH4 between
mangrove vegetation, soil and atmosphere (Jennerjahn et al., 2017).
The CO2 can be sequestrated by wetland plants through
photosynthesis (Choi et al., 2001). Gaseous carbon release in wetlands
mainly includes CH4 emissions from microbial methanogenic
processes (Singh et al., 2000), and CO2 emissions from plant
respiration, sediment heterotrophic respiration, and sediment
chemical processes (Roehm, 2005). With the eddy covariance (EC)
technique widely used in quantification of biosphere-atmosphere car-
bon exchange in various ecosystems (Baldocchi, 2014), a growing num-
ber of studies have examined ecosystem-scale CO2 fluxes in mangroves
using EC measurements (Barr et al., 2010; Chen et al., 2014; Cui et al.,
2018; Leopold et al., 2016; Liu and Lai, 2019; Rodda et al., 2016). Current
studies show that the annual net CO2 uptake of coastal mangroves
ranges from −249 to −891 g CO2-C·m−2 (Alvarado-barrientos and
López-adame, 2020; Chen et al., 2014; Liu and Lai, 2019; Rodda et al.,
2016). Although mangroves are a weak CH4 source, the strong
greenhouse effect cannot be ignored. The annual CH4 flux from
mangroves ranges from 11.1–20.3 g CH4-C·m−2 (Holm et al., 2016;
Knox et al., 2019; Krauss et al., 2016), which may offset approximately
20–50% of the negative radiative forcing caused by CO2 uptake over a
20-year timescale (Liu et al., 2020; Rosentreter et al., 2018b). Therefore,
mangrove CO2 uptake and CH4 emission should be synchronously
considered to comprehensively evaluate the impact of carbon
exchange on climate change.

The past decades of coastal population increase and economic devel-
opment have decreased the mangrove area by approximately 30–50%
(Donato et al., 2011; Duke et al., 2007; Friess et al., 2019). Since the
1970s, mangrove forest conservation has attracted an increasingly in-
ternational interest, in recognition of the essential value of climate mit-
igation through carbon storage, coastal protection and biodiversity
conservation (Atwood et al., 2017; Hamilton and Friess, 2018;
Hochard et al., 2019; Sievers et al., 2019). The Global Mangrove Alliance
plans to restore 20% of the world's mangrove area by 2030 (Friess et al.,
2019). This presents an unprecedented opportunity for mangroves res-
toration.

Global mangrove deforestation resulted in C release of 0.02–0.12
Pg·C·a−1 into the atmosphere, accounting for about 10% of global CO2

emissions from deforestation (Donato et al., 2011). Mangrove
recovery following disturbances usually absorbs C from atmosphere to
partially compensate the C losses caused by disturbance (Sasmito
et al., 2019). Some existing GHG reduction schemes (e.g., Reduced
Emissions from Deforestation and Degradation and Global Commission
on Adaptation) and Nationally Determined Contribution (NDC) have
prioritized mangrove conservation and restoration in their climate
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mitigation effect (Gallo et al., 2017; Lovelock and Duarte, 2019). How-
ever, there is still a large knowledge gap in the carbon cycling process
after mangrove restoration. On one hand, the processes vary signifi-
cantly depending on location, climate, sediment type, coastal geomor-
phology, as well as methods of regeneration or reforestation (Adame
et al., 2018; Phan et al., 2019; Sasmito et al., 2019; Schile et al., 2017).
On theother hand, the plant biomass accumulation rates and soil carbon
sequestration rates change in different stages of restoration, which also
impacts carbon exchange in association with autotrophic respiration
and heterotrophic respiration (Fu et al., 2017).

China has experienced significant dynamics in mangrove area, de-
creasing from ~40,000 ha in 1950s (Fan and Liang, 1995) to
13,000–20,000 ha (Jia et al., 2018) in 1990s. Saltworks, croplands, and
aquaculture ponds are the main driver of mangrove loss (Temmerman
et al., 2013; Wang et al., 2014). Since 1990s, the Chinese government
has made great efforts in mangrove restoration with 4000 ha restored,
mainly in the form of natural reserve and mangrove park (Jia et al.,
2018). However, only about 57% of the restored mangroves survived
(Chen et al., 2009). Wetland parks are generally under good manage-
ment, free from tidal influence and environmentally stable, which
largely improve the mangroves' survival rate. Previous studies usually
focused on carbon exchanges in natural mangroves in China (Chen
et al., 2010; He et al., 2019; Li et al., 2014; Zhu et al., 2021), whereas
much less attention has been paid on carbon exchanges during man-
grove restoration processes.

In this study, we used EC measurements and random forest algo-
rithm to investigate carbon exchanges of a 12-year-old restored man-
grove wetland in Guangzhou, Guangdong province, China. We
hypothesized that mangrove carbon uptake could offset CH4 emission,
CO2 release from plants, water and soil respiration, rendering the
wetland as carbon neutral orweak carbon sink after 12-year restoration.
The primary objectives are: (1) to characterize temporal variations in
carbon exchange (including CO2 and CH4 fluxes) and reveal the
biophysical drivers, and (2) to assess the age-related trend of net carbon
budget after restoration. This study might provide key information re-
garding future restoration of mangrove wetlands, and provide an in-
sight into local carbon balance.

2. Materials and methods

2.1. Study sites

The study site (22.60°N, 113.64°E, Fig. 1) is located within the
Nansha coastal wetland park, Guangzhou, China. Belonging to a sub-
tropical marine monsoon climate, the site has an annual mean temper-
ature of 21.8 °C, and an annual mean precipitation of 1635.6 mm (Qiu
et al., 2011). The dominant wind direction is northwest in winter and
southeast in summer. Nanshawetland belongs to the estuarinewetland
of the low sediment plain,which is transformedby artificial reclamation
into a tidal flat raised by continuous siltation of sand andmud from riv-
ers and oceans.

The park has a total area of about 6.54 km2, including Zone I (about
2.4 km2) restored from 1994, and Zone II (about 4.1 km2) restored from
2008 (Fig. 1c). Our eddy covariance (EC) system is located within the
Zone II (more details see Section 2.2). The mangrove community is
dominated by the Hibiscus tiliaceus (70%) and the Sonneratia apetala
(17%). The H. tiliaceus community has a canopy height of 3–4 m, and a
canopy density of 0.7–0.8. The mangrove stands are planted in striped



Fig. 1. Illustration of study site and EC system including (a) mangrove distribution in China (data from Jia et al., 2018), (b) the Pearl River mouth, (c) location of the Nansha wetland park
including Zone I and Zone II, with red star showing the location of EC system, (d) land surface conditions of 90% flux source area (blue for 5-m tower, red for 10-m tower), and (e) photo of
EC system.
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shapes surrounded by open waters. The proportion of vegetation can-
opy is about 60%. Water level is regulated with minor fluctuations.

Thewetland is located at the junction of saline and freshwater at the
mouth of the Pearl River (Fig. 1b). Thewaters are saline fromOctober to
the nextMarch, with a salinity level between 1‰ and 8‰. In dry season
(January), the average PH, dissolved oxygen and total nitrogen are 8.2,
8.95 mg·l−1 and 0.73 mg·l−1, and in wet season (June), the indices
values are 7.6, 5.19 mg·l−1 and 0.6 mg·l−1 (Song et al., 2016).

2.2. EC and meteorological observations

An EC systemwas installed on a 5-m tower in the center of the wet-
land park (Fig. 1). The system consisted of a close-path infrared gas an-
alyzer (GGA, ABB-Los Gatos Research, USA) and a three-dimensional
sonic anemometer (WindMaster Pro, Gill Instruments, USA). The H2O,
CO2 and CH4 flux measurements were recorded by a CR3000
datalogger at a 10 Hz frequency. The air temperature (Ta, °C), relative
humidity (RH, %) (HMP155, Vaisala, Finland), wind speed (WS) and
wind direction (WD) (03002, RMYoung, Inc. USA)were alsomeasured.
Soil temperature (Ts, °C) (109, Campbell Scientific, Inc. USA) and soil
moisture (SWC, cm−3·cm−3) (CS616, Campbell Scientific, Inc. USA)
were measured at 5 cm and 10 cm below soil surface. The soil salinity
(Hydra Prob 2, Campbell Scientific, Inc. USA) was also measured at
5 cm below soil surface for a fewmonths. All measurements were aver-
aged within 30 min and recorded by a CR1000 datalogger. Water level
and water temperature (CS456, Campbell Scientific, Inc. USA) were
also measured at a 30-min frequency. The water level probe was
installed below water surface inside a 1-m tube.

Data were collected in the full years of 2019 and 2020. Before June
2020, the EC system was mounted at a 5-m height. The fluxes footprint
3

included mangrove stands and open waters (Fig. 1d), covering a radius
of 100–200 m according to Kljun et al. (2015). As mangrove stands
grew, the canopy approached the 5-m tower, narrowing down the
flux source areas. To meet EC flux observation requirements and keep
the representativeness of underlying surfaces, the tower was adjusted
to 10-m in June 2020. Then, the system was raised to a 10-m height.
The footprint included part of ponds (Fig. 1d), extending to a radius of
500–600 m.

Additional 30-minmeteorological datawere obtained from a nearby
(within 1 km) standard meteorological station (Shijiuyong). Solar radi-
ation data were collected from the Guangzhou national meteorological
station (23°08′N, 113°19′E). These data were used for gap-filling. The
16-day Normalized Difference Vegetation Index (NDVI) data were ex-
tracted from the MOD13Q1/MYD13Q1 product (250 m).

2.3. Flux data processing and gap-filling

Post-processing of flux data followed the FLUXNET standard proce-
dures based on the EddyPro software v6.1.0. First, screening and de-
spiking was performed following Vickers and Mahrt (1997). The
angle-of-attack correction recommended for Gill anemometers was ap-
plied (Nakai and Shimoyama, 2012). Then, double coordinate rotation
was applied to the raw horizontal and vertical wind components
(Wilczak et al., 2001). Time lags between the anemometric and gas an-
alyzer's measurements were detected and compensated via the covari-
ancemaximization procedure (Fan et al., 1990). In addition, the spectral
response corrections were conducted (Massman, 2000; Moncrieff et al.,
2004). The WPL (Webb, Pearman, and Leuning) correction was per-
formed to correct for air density fluctuations (Webb et al., 1980). The
friction velocity (u*) threshold of 0.1 m·s−1 was determined by using

Image of Fig. 1
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themoving point testingmethod (Reichstein et al., 2005). Finally, 33%of
CO2 flux data and 38% of CH4 flux data were removed, respectively.

The CO2 and CH4 fluxeswere gap-filled by using the eddy covariance
gap-filling & flux-partitioning tool (http://www.bgc-jena.mpg.de/
~MDIwork/eddyproc/index.php) (Reichstein et al., 2005; Wutzler
et al., 2018). This tool fills flux data gaps by using look-up table and
mean diurnal course methods (Wutzler et al., 2018), and partitions
CO2 fluxes (i.e., net ecosystem CO2 exchange, NEE) into Gross Primary
Productivity (GPP) and ecosystem respiration (Re). The nighttime
partitioning method was used to partition NEE (Reichstein et al.,
2005). The method develops a relationship between soil temperature
and nighttime Re, and assumes that this relationship is also applicable
to daytime Re.

The globalwarming potential (GWP)was introduced to evaluate the
potential contribution of gaseous carbon balance to climate change.
GWP is the time-integrated radiative forcing due to a pulse emission
of a given gas relative to an equal mass of CO2 (IPCC, 2014), which
quantifies the potential contribution of non-CO2 greenhouse gases on
climate change in terms of “equivalent CO2” (IPCC, 2014). In this
study, we used the GWP value provided by the IPCC (2014) on a 100-
year scale, which is 28 for CH4 (i.e., 1 g CH4 is equivalent to 28 g CO2).

2.4. Random forest algorithm

Random Forest (RF) is a machine learning algorithm used to fit a
large ensemble of regression trees to bootstrapped samples of a re-
sponse variable, and the outputs of these trees are averaged to produce
a simulated response. It can be used for regression, and to evaluate var-
iables of importance (Breiman, 2001), widely applied in ecological stud-
ies, e.g., ecological model prediction (Archer and Kimes, 2008) and
environmental factors importance analysis (Cutler et al., 2007). In this
study, RF was used to model CO2 and CH4 fluxes based on
environmental (hydrological, meteorological, biological) factors. The
hydrological variables are water surface percentage (Pw) and land
surface percentage (Pl). The meteorological variables are solar
radiation (Ra), air temperature (Ta), daily temperature range (DT),
relative humidity (RH), actual vapor pressure (ea), vapor pressure
deficit (VPD) and wind speed (WS). The only biological variable is
NDVI. The model calibration/validation used all flux data that do not
cover the pond area, 80% of which were randomly selected for
calibration and the rest for validation. RF modelling was executed for
200 times and the validation metrics included Pearl's correlation coeffi-
cient (R), bias, standard deviation (SD) and root mean square error
(RMSE).

The use of RF was two-folded in this study. First, RF was used to se-
lect variables of importance for CO2 and CH4 fluxes. Second, RFwas used
to reconstruct CO2 and CH4 fluxes in the wetland area from 2008 to
2020. For this purpose, a fixed Pw of 40% (Pl = 60%), and spatially
averaged MODIS NDVI values were used.

3. Results

3.1. Climatic conditions and observed carbon fluxes

Featuring a typical subtropical monsoon climate, the site has a hot
wet summer and a cool dry winter (Fig. 2). Daily air temperature (Ta)
shows a clear seasonality ranging from 9.5 °C–32.1 °C, and daily soil
temperature (Ts) shows less day-to-day variabilities than Ta. The
mean Ta was 24.2 °C in 2019, slightly higher than 23.9 °C in 2020
(Fig. 2a). Daily VPD fluctuates from 0.02–1.65 kPa, and peaks in summer
and autumnwith lower precipitation and higher Ta (Fig. 2b). Daily solar
radiation (Ra) showed a unimodal pattern in 2019, with maximum
values in August. However, a M-shaped pattern was observed in 2020,
with low values in July due to continuous precipitation (Fig. 2c). NDVI
usually peaks in September to October and minimizes in March
(Fig. 2d). The annual precipitation was 2085 mm in 2019 and
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1356 mm in 2020. More than 85% precipitation was concentrated in
April to September.

NEE shows large fluctuations, ranging between −2.9 and
6.6 gC·m−2·d−1, positive (CO2 emission) in most time, and negative
(CO2 uptake) sporadically in every month (Fig. 3a). High CO2 emission
(2–6 gC·m−2·d−1) occurred before August. The source areas of daily
NEE consist of 20%–40% open waters and 60%–80% mangroves before
July 2020, and partly of 5%–10%ponds after July 2020 (Fig. 3c). Although
GPP showed a strong carbon uptake (−0.5 to −7.1 gC·m−2·d−1) be-
fore August (Fig. S1), Re (2.8–7.0 gC·m−2·d−1) offset and surpassed it
in most days, and finally carbon release was dominant before August
2019. Monthly NEE was positive before August 2019 and before June
2020 (Fig. 3a),withmaximumvalues of 33.9 and 43.0 gC·m−2·month−1

in March of 2019 and 2020, respectively. Then, CO2 uptake (−2.6 to
−0.2 gC·m−2·d−1) dominated. Monthly NEE was negative in
Sept.–Nov. 2019 and in Jul.–Dec. 2020 (Fig. 3a). The maximum CO2

uptake occurred in November 2019 (−18.5 gC·m−2·month−1) and in
October 2020 (−27.6 gC·m−2·month−1). The faster Re (relative to
GPP) declining rate was responsible for negative NEE (Fig. S1). The total
GPP was −1466 gC·m−2·a−1 and the total Re was 1641 gC·m−2·a−1

in 2019, leading to a net CO2 source of 175 gC·m−2·a−1. In 2020,
the total GPP was −1335 gC·m−2·a−1 and the total Re was
1417 gC·m−2·a−1, leading to a net CO2 source of 82 gC·m−2·a−1.
Lower GPP and higher Re is partly attributed to low vegetation cover
(~60%) and high water surface cover (~40%) over the wetland park.

Daily CH4 flux shows a clear seasonal pattern, higher fluxes in
summer and lower fluxes in winter. Daily CH4 flux ranges from
0.02–0.28 gC·m−2·d−1 (Fig. 3b). The source areas also come from
~40% open waters and ~ 60% mangroves, and partly of ~10% ponds
after July 2020 (Fig. 3c). Monthly CH4 flux maximized in August, 4.6
gC·m−2·month−1 in 2019 and 4.1 gC·m−2·month−1 in 2020. The
minimum CH4 flux occurred in January 2019 (0.8 gC·m−2·month−1),
and in December 2020 (0.6 gC·m−2·month−1). Overall, the mangrove
wetland acted as a CH4 source of 26.3 and 24.7 gC·m−2·a−1,
respectively in 2019 and 2020.

3.2. Environmental drivers of mangrove CO2 and CH4 fluxes

According to RF analysis, Ra is the most important variable for daily
NEE, followed by RH, VPD and NDVI (Fig. 4). Daily GPP is mainly con-
trolled by Ra, Ta andNDVI (Fig. S2), which are essential variables to veg-
etation photosynthesis. Both controlled by Ra, NEE and GPP share
similar temporal variation patterns over the wetland park. Land surface
percentage controls daily Re, indicating that vegetation exposure pro-
motes ecosystem respiration. Daily Re is also related to Ta, ea and
NDVI, similar to Liu and Lai (2019) who report that soil respiration in-
creases exponentially with soil temperature, air temperature and
NDVI. Both GPP and Re are positively correlated with Ta, and their dif-
ference (NEE) shows a low correlation with Ta. The important variables
are Ta, ea and NDVI for daily CH4 flux (Fig. 4b).

3.3. Carbon budget and GWP of restored mangrove

The RF performswell formodelling CO2 flux (Fig. 5a). Themodelling
results are almost unbiased with a R value of 0.78, and SD and RMSE
values less than 0.6 gC·m−2·d−1 (validation samples in Fig. 5b). The
RF performs even better for modelling CH4 fluxes (Fig. 5c). The
unbiased modelling results have a R value of 0.9, and SD and RMSE
values well within 0.05 gC·m−2·d−1 (validation samples in Fig. 5d).

Based on the RF simulation, the mangrove wetland park exhibits as
CO2 and CH4 sources since restoration (Fig. 6a, b). The annual NEE
shows a fluctuating downward trend from 233 to 131 gC·m‐−2·a−1 at
a rate of −1.82 gC·m−2·a−1 (Fig. 6a), indicating a decreasing source
of CO2 after restoration. Although annual GPP and Re show a significant
increasing trend (Fig. S3), the increasing rate of GPP (12.5 gC·m−2·a−1)
is larger than that of Re (10.1 gC·m−2·a−1), leading to a net NEE decline

http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/index.php
http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/index.php


Fig. 2. Temporal variations in (a) daily air and soil temperatures (Ta, Ts), (b) daily vapor pressure deficit (VPD), (c) daily solar radiation (Ra), and (d) 16-dayNDVI. Bars in (d) represent the
standard deviation of all pixel values.
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since 2008. The CH4 flux shows a significant increasing trend from
19.0–25.8 gCm−2a−1 at a rate of 0.59 gC·m−2·a−1 (Fig. 6b).

The annual GWP induced by both CO2 and CH4 exchanges over the
restored mangrove park increased from 1276 g CO2-eq·m−2·a−1 in
2008 to 1386 g CO2-eq·m−2·a−1 in 2020, at an increasing rate of
15.3 g CO2-eq·m−2·a−1 (Fig. 6c). The mangrove park acted as both of
CO2 and CH4 source, leading to intensive radiative warming effect.
Despite the decrease in GWP caused by CO2 emissions, the GWP of wet-
land parks still showed an increasing trend due to the 28-fold warming
effect of CH4on a 100-year time horizon.

The dominating variables of carbon fluxes differ between daily and
annual scales. At annual scale, NEE is negatively related to Ra (R2 =
0.25) and Ta (R2 = 0.22). The environmental variables including Ra,
Ta, and ea showed an increasing trend from 2008 to 2020, especially
for NDVI which increased sharply from 0.2 in 2008 to 0.6 in 2020 (Fig.
S4). Annual GPP were promoted by annual Ta (R2 = 0.65, P < 0.01),
NDVI (R2 = 0.59, P < 0.01) and ea (R2 = 0.54, P < 0.01) rising since
2008, and the increasing in annual Re was mainly caused by the
increasing in NDVI (R2= 0.48, P < 0.01) and Ta (R2= 0.37). The annual
CH4 emission directly improved by NDVI (R2 = 0.83, P < 0.01) then Ta
(R2 = 0.6, P < 0.01) increasing.
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4. Discussion

4.1. CO2 flux in mangrove

The role of coastal mangrove wetlands in sequestering atmospheric
CO2 and mitigating climate change has received increasing attention in
recent years (Taillardat et al., 2018). Previous EC observations reported
significant CO2 sink in intactmangroves, with NEE ranges from−249 to
−890 gC·m−2·a−1 for 3–6 m canopy height, and from −1105 to
−1170 gC·m−2·a−1 for 12–20 m canopy height (Table 1). However,
our EC observations show an opposite result in a 12-year restoredman-
grove wetland (Fig. 3a), with NEE ranges from 82 to 175 gC·m−2·a−1.

One reason for net CO2 emission is the young mangrove stand age.
Plant growth usually follows a slowly growing stage, a rapid growing
stage and another slowly growing stage (Fu et al., 2017). The
mangrove restoration efforts need 40 years to achieve biomass
recovery (Sasmito et al., 2019). At the first stage, ecosystems have low
photosynthetic capability and thus low GPP. The recovery rate of GPP
might be lower than the increasing rate of Re. High Re to GPP ratio re-
sults in a net CO2 source in the first 10 years (Goulden et al., 2011).
This is consistent with our study. The current Re to GPP ratio

Image of Fig. 2


Fig. 3. Seasonal variations in daily and monthly (a) NEE and (b) CH4 flux, and the daily water (Pw), land (Pl) and pond (Pp) components within EC source area.
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(approximately 1.1) is significantly higher than the global average of
0.68 over intact mangroves with similar canopy height (Table 1). Our
observations also show that the annual GPP ranges between −1335
and − 1466 gC·m−2·a−1, which fall in the lower end of similar man-
groves (1271–2827 gC·m−2·a−1).

Another reason for net CO2 emission is the distribution of open
waters among mangrove stands. Small ponds and lakes (< 0.01 km2
in area) act as significant CO2 sources, with a global mean NEE of
Fig. 4. Relative importance of explanatory variables for daily (a) NE
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92 gC·m−2·a−1 (Deemer et al., 2016; Holgerson and Raymond,
2016). The ~40% surface water fraction in the wetland area (Fig. 3c)
might contribute largely to CO2 emission.

4.2. CH4 flux in mangrove

Mangroves are generally considered as CH4 sources (Rosentreter
et al., 2018b), which is confirmed in this study over a 12-year restored
E and (b) CH4 flux. Results are presented as 200-time averages.

Image of Fig. 3
Image of Fig. 4


Fig. 5.RFperformance formodelling CO2 and CH4fluxes. The top row showsCO2modelling results and the bottom row showsCH4modelling results. The left column shows scatterplots for
validation samples and the right column shows statistics.
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mangrove. CH4 fluxes vary substantially depending on environmental
conditions (Rosentreter et al., 2018b). The global mangrove CH4 fluxes
range between −107.6 and 319.2 gC·m−2·a−1, with a median of 1.2
gC·m−2·a−1 (Al-Haj and Fulweiler, 2020). CH4 emission in this study
(24.7–26.3 gC·m−2·a−1) falls within the global range, yet is
significantly larger than the median. All based on EC observations, the
emission exceeds that of intact mangroves in the adjacent Fujian prov-
ince (3.1 gC·m−2·a−1) and Hongkong (11.7 gC·m−2·a−1)(Liu et al.,
2020; Zhu et al., 2021). Our result is comparable to the chambermethod
based observations in a nearby perennially flooding mangrove site
(Kang et al., 2008). However, our result is significantly higher than
those reported in other studies(Chen et al., 2010; Xu et al., 2020; Ye
et al., 2000).

CH4 production and oxidation from mangroves are controlled by
physical and microbial processes, such as temperature and salinity
gradients, water depth and water mixing, submarine groundwater
discharge, organic matter respiration rates and the availability of
terminal electron acceptors (Rosentreter et al., 2018a). Coastal
wetland CH4 emissions are also related to vegetation biomass and
composition (Chen et al., 2010). CH4 fluxes are controlled by Ta, ea
and NDVI at daily scale (Fig. 4b), while are significantly correlated
with NDVI at annual scales, due to rapid NDVI increase (Fig. S4). Soil sa-
linity inhibits CH4 production in coastal wetlands, because electron
acceptors such as NO3− and SO4

2− in coastal wetlands compete with
the methanogens for electrons (Li et al., 2016; Poffenbarger et al.,
2011). The soil salinity was always less than 1.0 ppb in our site, lower
than the mangrove site in Fujian (5–20 ppb) (Zhu et al., 2021) and in
Hongkong (5.3–13.9 ppb) (Liu et al., 2020). Lower salinity facilitates
7

CH4 emission in this study. In addition, non-flooding conditions
decrease CH4 emission, by developing aerobic environments and
increasing soil redox potential (Ding et al., 2002; Li et al., 2010).
Compared to the intermittently flooded mangrove sites in Fujian and
Hongkong, our perennially flooded site benefits CH4 emission.

4.3. Carbon budget in terms of GWP

Intact mangroves are believed to have significant climate benefits
with negative GWP as high as −2500 g CO2-eq ·m−2·a−1 due to high
net CO2 uptake. Although CH4 emission offsets 10–20% of the negative
radiative forcing over 100-year time horizon, they still have strong cli-
mate cooling effect (Liu et al., 2020; Zhu et al., 2021). However, our
study evidences that young restored mangroves may act as carbon a
source, which contradicts our carbon neutral hypothesis. The reversal
is caused by increased CH4 emissions due to large-area low-saline
open waters, lower GPP and higher respiration of young restored
mangroves.

The construction of wetland restoration is expected to compensate
for the carbon loss caused by LUCC in globally. However, the duration
of ecosystem conversion to carbon sink is varied in different wetland
types. A temperate riparian wetland after over 10-year restoration is
still carbon source (Kandel et al., 2019). The 35-year-old restored man-
groves appear to store similar levels of carbon to intact mangroves in
the Mekong Delta (Ngoc et al., 2016). Mangrove restoration over
20 years acts as a strong CO2 sink, with a mean NEE of −851
gC·m−2·a−1 (Table 1), attributable to large biomass of species
(Sonneratia apetala)(Cui et al., 2018) and high planting densities

Image of Fig. 5


Fig. 6. Simulated annual (a) NEE, (b) CH4 fluxes and (c) GWP over themangrove wetland
park since 2008.
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(Liu et al., 2020). We find a decreasing trend of NEE from 2008 to
2020 (Fig. 6a), which is projected to offset the warming effect after
a long-term restoration.

4.4. Uncertainties and future needs

Known limitations should be addressed to reduce uncertainties for
further studies. First, several potential variables, e.g., tide level and salin-
ity, are not considered due to lacking data. These variables are critical to
carbon exchanges over mangroves (Li et al., 2016; Poffenbarger et al.,
2011; Zhu et al., 2021). Second, the RF modelling will bring uncer-
tainties, although this study used 10 parameters related with
Table 1
Annual NEE, GPP and Re of mangrove ecosystem across the world.

Site Location P
(mm)

Stand
age

Canopy Height
(m)

NEE
(gC·m−2·a−1)

Hongkang, Chinaa 22.49°N, 114.3°E 1700 20–25 6.5 −758 to −890
Yunxiao, Chinab 23.92°N, 117.41°E 1285 – 3–4 −540 to −857
Gaoqiao, Chinab 21.56°N, 109.75°E 1170 100 3 −692 to −738
Sundarban, Indiab 20.82°N, 88.61°E 1650 18–45 5 −249
Quintana, Mexicob 20.84°N, 86.90°E 1222 – 5 −709
Gulf, Mexicob 25.36°N, 81.07°W 1500 – 15–20 −1170
Leizhou, Chinaa 20.91°N, 110.09°E 1619 20 12 −1105
Yunxiao, Chinab 23.92°N, 117.41°E 1715 – 3–6 −1076
Nansha, Chinaa 22.60°N, 113.64°E 1635 12 4–5 82–175

a Restored mangroves.
b Intact mangrove.
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meteorology, hydrology and biology as inputs of RF method, it will
still bring uncertainties when the prediction beyond the data range of
the training set. For example, the RF in this study was based on the re-
search area with the proportion of surface water around 20% - 40%
(Fig. 3c) and daily NDVI above 0.2 (Fig. 2d). This method may bring un-
certainties to estimate the mangroves with different water proportion
or younger restored mangroves with NDVI less than 0.2. Long-term ob-
servations of other GHGs and additional environmental variables are
necessary. Based on intensive observations, process-based models that
describe biogeochemical processes of GHGs production, oxidation and
transportation from mangroves may decrease uncertainties in long-
term and large-scale prediction.

Wetland park plays an important role in habitat protection, environ-
mental management, landscaping, ecotourism and recreation, which
have been extensively evaluated. However, relatively less attention
was paid to carbon budget. Our study showed that at the early stage
of wetland park, carbon absorption of wetland vegetation usually can-
not neutralize ecosystem respiration and CH4 emissions, so the net
carbon emission and their climate effects cannot be ignored. We
suggest that future wetland park planning or mangrove restoration
projects should place more considerations on biogeochemical factors.
Vegetation species with stronger carbon sink capacity, planted at a
large vegetation density, are recommended to maximize climate and
ecosystem benefits.

Besides biogeochemical considerations, biophysical processes
within wetland can also impact climate. Wetlands can significantly re-
duce surface albedo and surface temperature while increase evapo-
transpiration (Gao et al., 2014; Shen et al., 2020), which can offset the
warming effects caused by greenhouse gas emissions. Future studies
shall comprehensively consider both biogeochemical and biophysical
processes at regional scales, to investigate the impact of wetland gain
and loss on climate.

5. Conclusions

The closed-path eddy covariance system was used to continuously
observe the CO2 and CH4 exchange from a 12-year restored estuary
mangrove wetland in southeastern China during 2019 to 2020. The RF
was used to reconstruct daily CO2 and CH4 fluxes in 2008–2020. The ob-
servations showed that themangrove acted as both annual CO2 and CH4

sources. Lower GPP and higher respiration resulted in the CO2 source.
Large area of water surface and low salinity enhanced both CO2 and
CH4 emissions. The simulated annual NEE showed a decrease trend,
while the simulated annual CH4 emissions showed an increase trend,
which resulted in an increase GWP during the restored processes. The
large water surface fraction in the wetland park impedes the accumula-
tion of GPP, and promotes ecosystem respiration and CH4 emission,
which affect the advent of tipping point when the wetland park
changes from carbon source to carbon sink. We further suggest that
long-term continuous observations and process-based biogeochemical
models are necessary to reduce uncertainties in estimating carbon
GPP
(gC·m−2·a−1)

Re
(gC·m−2·a−1)

Ref

−2741 to −2827 1983–1937 Liu and Lai (2019)
−1762 to −1919 1238–1337 Chen et al. (2014)
−1698 to −1890 1027–1214 Chen et al. (2014)
−1271 1022 Ghosh et al. (2018); Rodda et al. (2016)
−2473 1764 Alvarado-barrientos and López-adame (2020)
– – Barr et al. (2010)
−2009 904 Cui et al. (2018)
−2197 1121 Zhu et al. (2021)
−1335 to −1466 1417–1641 This study
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budget as well as its climate effect. Careful considerations about the
landscape patterns and environmental factors should be paid attention
during the mangrove restoration project in order to produce the best
climate and ecosystem benefits.
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