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A B S T R A C T

Mangrove wetlands and terrestrial forests are considered as important carbon sinks for alleviating climate
changes, but the sequestration processes and regulations of climate factors on controlling the variability of
carbon fluxes of these ecosystems may differ. In order to compare the different mechanisms of carbon seques-
tration in mangrove and terrestrial forest ecosystems, we analyzed ecosystem CO2 flux data measured by eddy
covariance (EC) technique from four forests ecosystems in subtropical China: two mangrove wetlands and two
terrestrial forests. Our results showed that the mangrove wetlands could sequester much more carbon than the
nearby terrestrial forests because of significantly higher gross ecosystem production (GEP) and lower ecosystem
respiration (Re) values. Moreover, our analysis of the responses of net ecosystem exchange (NEE) to photo-
synthetically active radiation showed that the mangrove wetlands had lower light compensation point but higher
maximum photosynthesis rates than the terrestrial forests. Furthermore, the relationships between Re and air
temperature (Tair) showed the ecosystem respiration rate (Reref) at 20 °C values were lower but that the tem-
perature sensitivity (Q10) values were higher in the mangrove wetlands than in the terrestrial forests, which
might be caused by tides in the mangrove ecosystems. In addition, the relationships between the logarithmic
values of soil organic carbon ln(SOC) and δ13C indicated that SOC decomposition rates were lower in mangrove
forests than in terrestrial forests, which thus led to lower Re values compared to terrestrial forests. Our results
imply that mangrove forests can sequester more CO2 from the atmosphere than nearby terrestrial forests due to
relatively higher GEP and lower Re values. Moreover, the regulation of ecosystem carbon exchange by tides in
mangrove wetlands should be investigated in more detail in future studies.

1. Introduction

Continuously increasing CO2 concentration led to an imbalance in
the carbon budget in the Earth’s atmosphere affect the climate.
Therefore, accurately describing global and regional carbon fluxes and
exchange processes is crucial to understanding the mechanism and
predicting the trends of future climate change (Feng et al., 2017; Lu
et al., 2017; Wilson et al., 2007; Yu et al., 2011). Generally, terrestrial
forests are considered to be sinks of atmospheric CO2 and play a
dominant role in mitigating climate changes (Piao et al., 2009; Yu et al.,
2013). Mangrove wetlands are woody forests distributed along the
coast in tropical and subtropical zones, and they are thought to be one
of the most carbon-rich ecosystems in the tropics (Donato et al., 2011).

Mangrove wetlands sequesters approximately 218 Tg C y−1 from the
atmosphere and this carbon is a key component of so called “blue
carbon” (Artigas et al., 2015; Mcleod et al., 2011). Exploring the dif-
ferences in the CO2 flux dynamics between mangrove wetlands and
terrestrial forests is essential for understanding the mechanisms of
carbon cycle and providing a theoretical basis for modeling carbon pool
variations and the CO2 exchange rates (Polsenaere et al., 2012; Yu
et al., 2013).

Eddy covariance (EC) measurements offer a method to continuously
measure carbon flux and meteorological data across regions and vege-
tation cover types, which has been applied to analyze carbon exchange
dynamics in terrestrial and mangrove ecosystems at different spatial
and temporal scales (Brummer et al., 2012; Coursolle et al., 2006;
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Moffat et al., 2007; Baldocchi, 2008; Bouillon et al., 2008; Jung et al.,
2011; Lu et al., 2014; Xiao et al., 2011a,b). Previous studies on carbon
flux dynamics in terrestrial forests showed that both natural and
planted forests were large carbon sinks (Bracho et al., 2012; Lund et al.,
2010; Tan et al., 2011; Yi et al., 2010), but most of the focus had been
on the spatial patterns, environmental influences and interacting effects
of CO2 enhancement and N addition on carbon exchanges rates
(Andersonteixeira et al., 2011; Falge et al., 2002; Wen et al., 2010; Yan
et al., 2009; Yu et al., 2008). Meanwhile, previous studies on carbon
fluxes in mangrove wetlands have mainly focused on the effects of
meteorological events such as typhoons or hurricanes and tidal fluc-
tuations on the ecosystem exchange of CO2 or CH4 and light use effi-
ciency (Barr et al., 2012a, 2013, 2012b; Chen et al., 2014; Jha et al.,
2014; Li et al., 2014).

In order to examine the differences in carbon fluxes and the un-
derlying climate drivers between mangrove and terrestrial forest eco-
systems, we compared the carbon flux traits and examined the different
responses of carbon fluxes to climate parameters between two man-
grove wetlands and two terrestrial forest ecosystems in subtropical
China. Soil properties and tidal conditions were also examined to de-
termine the possible mechanisms driving the different carbon flux
characteristics between these two types of subtropical forest ecosys-
tems. The specific objectives of this study were to 1) quantify the dif-
ferences in the carbon fluxes values and dynamics between mangrove
and terrestrial forest ecosystems, and 2) clarify the different mechan-
isms for regulating the responses of ecosystem CO2 exchange to en-
vironmental factors in these forest ecosystems.

2. Materials and methods

2.1. Site description

The four sites are located between 20°N and 27°N in subtropical
China and from the south to north they are Leizhou (LZ), Gaoqiao (GQ),

Dinghushan (DHS) and Qianyanzhou (QYZ) (Fig. 1). Among the four
sites, the mangrove wetlands in LZ and GQ were composed of ap-
proximately 20-years-old artificial forests (Sonneratia apetala) and over
100-years-old natural mangrove forests, respectively. The terrestrial
forests at DHS and QYZ were covered by over 400-years-old natural
evergreen broad-leave forests (Castanopis chinensis, Schim asuperba and
Cryptocarya chnensis) and approximately 30-years-old manmade con-
iferous forest (Pinus massoniana Lamb, Pinus elliottii Engelm, Cunning-
hamia lanceolata Hook, Schima crenata Korthals and Citrus L), respec-
tively. The average tree height at DHS was approximately 20 m, while
the lowest average tree height at GQ site was approximately 4.5 m. The
highest amount of soil organic carbon (SOC) was approximately 2.96%
at GQ and the lowest was approximately 1.04% at QYZ (Table 1).

As the four sites are all in the subtropical zone of China, the air
temperature (Tair), rainfall (precipitation) and photosynthetically active
radiation (PAR) have significant seasonal dynamics. The annual mean
Tair values at LZ, GQ, DHS and QYZ gradually decrease with the in-
creasing latitude, which values are 24.5 °C, 23.2 °C, 20.4 °C and 18.2 °C,
respectively (Fig. 2). The trends of annual mean precipitation are si-
milar to those of Tair, and LZ experiences the most rainfall approxi-
mately 1619 mm per year, but there is less than 1000 mm of rainfall per
year at QYZ. However, the annual mean PAR values of the four sites
have no significant differences. The annual mean PAR values are ap-
proximately 260 μmol photons m−2 s−1 at all sites, except DHS, where
PAR is the lowest (233 μmol photons m−2 s−1) probably due to the
foggy days in this region during the wet season (Yu et al., 2008).

2.2. Carbon flux measurements and data processing

The carbon flux and microclimate data of the terrestrial forest
ecosystems were measured from January 1, 2003 to December 31,
2005, and these data were provided by the ChinaFlux network. More
details of the EC system structures at DHS and QYZ can be found in
previous papers (Yu et al., 2008). According to the heights of plants in

Fig. 1. Locations and vegetation pictures of four forest ecosystems with Eddy flux towers (a: Dinghushan (DHS), b: Qianyanzhou (QYZ), c: Gaoqiao (GQ) and d: Leizhou (LZ)).
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the mangrove wetlands, the EC systems were mounted at 7 m and 18 m
above the ground at GQ and LZ, respectively. Each EC systems for the
two mangrove wetlands consisted of a three-dimensional sonic anem-
ometer (CSAT3; Campbell Scientific, Inc., USA) and an open-path in-
frared CO2 and H2O gas analyzer (LI-7500; Li-Cor, Inc., USA). The

fluxes data were recorded by high-frequency measurement at10 Hz, and
logged at 30 min intervals using a data logger (CR1000; Campbell
Scientific, Inc., USA). The microclimate parameters included air tem-
perature, relative humidity (HMP45AC; Vaisala, Inc., Finland), radia-
tion (pyranometer sensor: LI-200SZ; Li-Cor, Inc.; quantum sensor: LI-

Table 1
Information on the plants and soils at the four sites (GQ: Gaoqiao; LZ: Leizhou; DHS: Dinghushan; QYZ: Qianyanzhou). SOC and STN stand for the concentration of soil organic carbon and
soil nitrogen, respectively.

Ecosystem Sites Plant Soil

Age Height Type Species SOC STN Type
year m – – % %

Mangrove GQ >100 4.5 Natural Bruguiera gymnorrhiza, Aegiceras corniculatum, Kandelia obovate 2.96 0.17 Coastal silty
LZ > 20 12 Manmade Sonneratia apetala 1.27 0.13 Coastal silty

Terrestrial DHS >100 20 Natural Castanopis chinensis, Schim asuperba, Pinus massoniana 2.61 0.24 Red soil
QYZ >30 12 Manmade Pinus massoniana Lamb, Pinus elliottii Engelm, Cunninghamia lanceolata Hook, 1.04 0.1 Lateritic red soil yellow soil

Fig. 2. Monthly variations in incident photosynthetically ac-
tive radiation (PAR) (a), air temperature (Tair) (b), enhanced
vegetation index (EVI) (c) and monthly cumulative rainfall
(mm) (d). The abbreviations for the sites are the same as in
Fig. 1.
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190SZ; Li-Cor, Inc.; four component net-radiation sensor: NR01; Huk-
seflux Thermal Sensors, Inc., USA), wind speed (010C; Met One In-
struments, Inc., USA), wind direction (020C; Met One Instruments, Inc.,
USA), soil temperatures (109; Campbell Scientific, Inc., USA) and
rainfall (TE525MM; Texas Electronics, Inc., USA).

The data processing consisted of 4 steps: (1) flux calculation and
correction: that was completed using Eddypro5.1, which is a software
for CO2, latent heat, sensible heat and H2O flux calculations. There
were several data problems to address in this step, such as axis rotation,
ultrasonic correction, and frequency response correction (high and low
frequency filtering). (2) Data quality control: we defined the valid flux
regions using the footprints and the reasonable friction velocity (u*)
values to reduce the effect of insufficient turbulence. Moreover, the
abnormal flux values were controlled by the standard deviation
method, and a value was considered abnormal when it was 1.96 times
larger than the standard deviation of 5 continuous values including
itself (Eq. (1)). The ratios of missing carbon flux data of each site can be
found in supplementary Table 1.

= −G NEE NEE
Si

i n

n (1)

where NEEi is the NEE value of number i, while NEEn and Sn stand for
the average and standard error of 2 continuous values around NEEi,
respectively. The storage flux under the forest canopy was not esti-
mated, because Baldocchi et al. (2000) considered that the long-term
sum of the storage flux was zero (Baldocchi et al., 2000). (3) Gap-filling:
the purpose of the EC method is to collect the 360d × 24 h fluxes data,
but missing data often occurs during the field measurements. This study
adapted the improved marginal distribution sampling (MDS) method
(Reichstein et al., 2005) to fill the missing fluxes. (4) Flux partition:
NEE was directly obtained, but estimating and analyzing the carbon
balance in the ecosystem was required to partition the NEE data into
gross ecosystem production (GEP) and ecosystem respiration (Re). In
this study, the Re estimation was performed by dynamic fitting the
short period data parameter, and this method was based on Reichstein’s
study on nighttime data (Reichstein et al., 2005). The Lloyd-Taylor
model was used to represent the dependence of Re on temperature:

= ×
⎜ ⎟×⎛
⎝ − − −

⎞
⎠Re Re eref

E T T T T
1 1

ref
0 0 0 (2)

where Re,ref is the respiration ratio at 20 °C (Tair), T0 is a constant of
−46.02, and E0 is a temperature sensitive parameter. The GEP is equal
to the sum of−NEE and Re. More information about the gap-filling and
partition processing methods can be found in Liu (2015) and the data
and method code are on website: http://166.111.7.71/cproject/

= −GEP NEERe (3)

2.3. Canopy dynamics and soil characteristics

Enhanced vegetation index (EVI) values reflect the vegetation sig-
nals on the ground and are sensitive to the plants canopy even in re-
gions with the high biomass (Huete et al., 2002). This study adopted the
EVI production of MOD13A1 from MODIS (http://modis.gsfc.nasa.gov/
). The EVI values of the four sites are all in grid h28v06, and the data
have a 16-day temporal resolution and 250 m spatial resolution. The
ranges of EVI values are from 0 to 1 and high EVI values indicate broom
canopy. As clouds might influence the EVI values, we selected the
highest EVI values to represent the canopy condition of each month.

The soils under the mangrove forest stands around the EC towers at
GQ and LZ were sampled. The depth of the soil cores was approximately
1 m and each soil core was divided into different layers including
0–10 cm, 10–20 cm, 20–40 cm, 40–60 cm, 60–80 cm and 80–100 cm.
All soil cores were freeze-dried and grounded using a porcelain mortar
and pestle, and the large particles and shoots or roots were removed by
passing the samples through a 0.5 mm sieve. To eliminate total

inorganic carbon, the sieved soils were treated by the sulfuric acid-
potassium dichromate oxidation method. The SOC and soil total ni-
trogen (STN) concentration were measured by a vario MACRO CUBE
elemental analyzer (Elementar Analysensysteme Gmbh, Germany). The
carbon isotope (δ13C) of organic materials were determined by an iso-
tope ratio mass spectrometer (Finnigan Delta V Advantage, Thermo
Fisher Scientific, Inc.) in a joint stable isotope laboratory of Shenzhen
City Huake Prevision Testing Technology, Inc. and Graduate School at
Shenzhen, Tsinghua University. The δ13C values express the isotope
ratios of each soil layer:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×δ
R

R
C 1 1000sample

s dard

13

tan (4)

where Rsample = (13C/12C) is the molar ratio of the heavy to light iso-
tope of the soil and Rstandard = (13C/12C) is the ratio of Pee Dee
Belemnite (PDB) standard (Cheng et al., 2006). The systematic error for
the δ13C measurement was less than 0.1‰ based on repeated mea-
surements of an internal working standard, Protein (Elemental Micro-
analyses, Inc., China). In addition, we compiled the soil characteristics
of terrestrial forests from two previous studies (Wang et al., 2011; Xiong
et al., 2016).

2.4. Statistical analyses

To simulate the relationships between carbon fluxes and climate
parameters, the Landsberg model (Chen et al., 2002) was used to ex-
press the dependence of NEE on PAR (Eq. (5)). As a result of the fitted
relationships Pmax (the maximum rate of photosynthesis) and Pcom (the
light compensation point, when NEE=0) were obtained for all four
sites.

= × − − −NEE P e(1 )PAR Pcom
max

α( ) (5)

where α is the slope of the increases in Pmax with PAR.
The Lloyd and Taylor model (Lloyd and Taylor, 1994) describes the

response of Re to Tair (Eq. (2)). Based on the ecological meanings of E0
in Eq. (2), it was related to temperature sensitivity (Q10) (Eq. (6)):

= ×Q e E
10

10 0 (6)

The tidal periods were recorded by a tide monitor (YSI E22-600LS)
set a few meters away from our EC tower in the mangrove wetlands.
The tide gauge equipment recorded the water level and salinity every
10 min. In this study, the tidal effects on the carbon fluxes of the
mangroves were considered valid when the records showed water levels
over 0.05m, which were considered spring tides, while those lower than
0.05 m were classified as neap tides. The differences in CO2 fluxes
among the four sites were tested using Tukey multiple comparisons in
SPSS 19.0 (SPSS Inc., USA).

3. Results

3.1. Ecosystem carbon fluxes on annual and seasonal scales

All four study sites served as carbon sinks on an annual scale (Fig. 3a,
b), and all points were above the 1:1 line of GEP vs. Re (Fig. 3c). However,
the carbon sequestration capacities substantially varied among the four
sites. The NEE values of the mangrove ecosystems were significantly lower
than those of the nearby terrestrial forests. The lowest NEE value was
−1105.15 ± 70.85 g C m−2 y−1 at LZ while the highest value was
−354.72 ± 70.85 g C m−2 y−1 at QYZ. Meanwhile, the GEP values of
the mangrove wetlands were significantly higher than those of terrestrial
forests, and the values for GQ (2101.77 ± 164.89 g C m−2 y−1) and DHS
(1046.77 ± 43.58 g C m−2 y−1) were the highest and lowest values, re-
spectively. Moreover, the Re values in the mangrove wetlands were sig-
nificantly lower than those in the terrestrial forests and the ratios of Re to
GEP in the mangrove wetlands (LZ: 0.45 ± 0.02, GQ: 0.63 ± 0.03) were
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smaller than those for the terrestrial forests (DHS: 0.70 ± 0.04, QYZ:
0.79 ± 0.01).

In the natural forests, the NEE values in the mangrove wetlands
(GQ) were 117.23% lower than terrestrial forests (DHS). These NEE
values were determined by 53.52% higher GEP and 27.02% higher Re
values in mangrove wetlands compared to the terrestrial forests.
However, for the plantations, the NEE value was 212.3% lower in the
mangrove wetland (LZ site) than in the terrestrial forest (QYZ site); the
GEP was 16.9% higher but the Re value was 26.6% lower in the
mangrove wetlands (Fig. 3d).

3.2. Relationships between carbon fluxes and environmental parameters

The relations of NEE to PAR and Re to Tair were simulated by Eqs.
(2) and (5), and the Pmax, Pcom, Reref and Q10 of each site were calcu-
lated (Table 2). The Pmax value at LZ (approximately 3.97 ± 0.52 g C
μmol photons−1) was significantly higher than that at the other three
sites. The Pcom value of both mangrove ecosystems were lower than
those in the terrestrial forests (Table 2). Moreover, the light use effi-
ciency (LUE) values of the mangrove wetlands were significantly higher
than those of the terrestrial forests (Fig. 4a). Among the four sites, the
LUE value of GQ (0.026 g C μmol photons−1) was significantly higher
than the other three sites. The Reref was not significantly different be-
tween mangrove and terrestrial forest ecosystems; the highest value
(3.59 ± 0.39 g C m−2 s−1) was found at QYZ and the lowest value
(2.17 ± 0.22 g C m−2 s−1) was found at LZ (Table 2). However, the
Q10 values of two mangrove wetlands were significantly higher than
those of terrestrial forests with GQ being the largest (2.42 ± 0.11) and
DHS the smallest (1.25 ± 0.11) (Fig. 4b).

Positive relations between EVI and GEP were observed in the ter-
restrial forests but those relations were not found in the mangrove
wetlands (Fig. 5a, b). The relationships between Re and EVI indicated
that Re was more sensitive to EVI in the manmade forests (LZ and QYZ)
than in the natural forests (GQ and DHS) (Fig. 5c,d). The results of the
soil data analysis showed a linear relationships between ln (SOC) and
δ13C. Slope values of −1.14, −0.89, −1.66 and −1.98 were found at
GQ, LZ, DHS and QYZ, respectively, indicating higher slope values in
the mangrove wetlands than in the terrestrial forests (Fig. 6).

3.3. Tidal conditions and relationships between ecosystem carbon fluxes
and climate factors in mangrove wetlands

The Pmax, Pcom, Reref and Q10 values were significantly different
between spring and neap tides in the mangrove ecosystems (Fig. 7,
Table 3). Compared with no tide inundation period, the Pmax increased
by 43.2% at LZ during the spring tide, and this increase was larger than
that at GQ (18.8%). Moreover, the Pcom values decreased approximately
48.9% at GQ, but significantly increased by approximately 461.0% at
LZ. Due to tidal inundation, the Reref values of both mangrove wetlands
decreased approximately 5.8% and 10.9% at GQ and LZ, respectively.
However, the Q10 values at GQ significantly increased and the increase
ratio of GQ mangrove wetlands was 6.5 times larger than that of LZ
mangrove wetlands during tidal flooding. In addition to the tidal
flooding effects, the salinity also limited the LUE of mangrove plants.
LUE had a significantly negative linear relationship with salinity at LZ.
However, the LUE at GQ increased with salinity until salinity value
reached 15 PSU and then decreased (Fig. 8).

4. Discussion

4.1. Differences in GEP, Re and NEE between mangrove wetlands and
terrestrial forests

Our results showed that the lower NEE values of mangrove wetlands
compared to those of terrestrial forests were determined by higher GEP
but lower Re values (Fig. 3), which agreed well with a previous study in
a subtropical mangrove ecosystem in the USA (Barr et al., 2010).
However, NEE values reflect the CO2 exchange between ecosystem and
the atmosphere, and do not include horizontal carbon exchange

Fig. 3. The inter-annual dynamics of the daily values and the relationships of the annual mean values of gross ecosystem production (GEP), ecosystem respiration (Re) and net ecosystem
exchange (NEE) among the four sites. (a: the carbon flux dynamics of the two mangrove wetlands of GQ and LZ; b: the carbon flux dynamics of the two terrestrial forests of DHS and QYZ;
c: the GEP vs. Re among the four sites on a yearly scale; d: the analysis of the significant differences in the annual carbon fluxes among the four sites). The abbreviations for the sites are
the same as in Fig. 1.

Table 2
The average annual values of maximum photosynthetic rate (Pmax), light compensation
point (Pcom), reference ecosystem respiration rate (Reref) and temperature sensitivity (Q10)
among the four sites. The abbreviations for the sites are the same as in Table 1.

Sites Pmax Pcom Reref Q10

g C μmol photons−1 μmol photons g C m−2 s−1

GQ 2.81 ± 0.11a 43.40 ± 5.67a 2.69 ± 0.49a 2.42 ± 0.11a

LZ 3.97 ± 0.52b 51.10 ± 9.29b 2.17 ± 0.22b 1.31 ± 0.22b

DHS 2.23 ± 0.31c 67.55 ± 3.48c 2.31 ± 0.18b 1.25 ± 0.04b

QYZ 2.69 ± 0.46a 72.04 ± 12.15c 3.59 ± 0.36c 1.26 ± 0.04b
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between mangrove wetlands and tidal creeks. We obtained the NEE
from eddy covariance measurements but the GEP and Re were simu-
lated by a nighttime data-based method (Reichstein et al., 2005). The
uncertainties of this model due to missing nighttime data were noted by
some studies (Falge et al., 2001). However, other studies have con-
cluded that there were no significant differences between this model
and others on a yearly scale (Stoy et al., 2006).

Previous studies in the mangrove wetlands in Florida Everglades of
USA showed that total amount of annual exported dissolve carbon,
including dissolved inorganic carbon (DIC) and dissolved organic
carbon (DOC) exported into coastal ocean was between 56 and
107.31 g C m−2 y−1 (Romigh et al., 2006; Ho et al., 2017). According
to these results, even when the dissolved carbon transported by tidal
effects in mangrove wetlands is excluded, the annual carbon sinks of

Fig. 4. The analysis of the significant differences in the monthly light use efficiency (LUE, a) and temperature sensitivity (Q10, b) among the four sites. The abbreviations for the sites are
the same as in Fig. 1.

Fig. 5. Relationships between the monthly means of the daily GEP, Re and EVI values (a and c are the relationships between GEP, Re and EVI in the mangrove wetlands, b and d are the
relationships between GEP, Re and EVI in the terrestrial forests). The abbreviations for the sites are the same as in Fig. 1.
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mangrove wetlands are still larger than those of the terrestrial forests in
this study. Nevertheless, the conditions of the mangrove wetlands were
different between our sites and the Florida Everglades sites. Thus,
measuring the exchange in dissolved carbon via tidal creeks is neces-
sary in future studies at our sites, because the variations in ecosystem
carbon fluxes among different ecosystems are often controlled by me-
teorological parameters and the structures of forest ecosystems (Griffis
et al., 2003; Law et al., 2002; Yu et al., 2008).

4.2. Strong influences of light use strategies on GEP in mangrove wetlands

In this study, we found that the GEP values in mangrove wetlands
were significantly larger than those in terrestrial forests, which was
likely caused by unique light use strategies of high Pmax but low Pcom
values in mangrove ecosystems (Krauss et al., 2006). Previous studies
demonstrated that there were strong positive relations between high
production and thick canopy of forest ecosystems (Liu et al., 2015;

Fig. 6. Relationship between the logarithmic values of soil organic carbon (SOC) (ln(SOC)) and soil δ13C. The abbreviations for the sites are the same as in Fig. 1.

Fig. 7. Tidal effects on the relationships of NEE_daytime to PAR and Re to Tair in mangrove wetlands in 2015 (a and c present the relationships during flooding, b and d present the
relationships during non-flooding periods). The abbreviations for the sites are the same as in Fig. 1.
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Miller, 1972). However, the GEP values were significantly positively
related to EVI in both terrestrial forests, but this relationship was not
significant in either mangrove wetland. This result was probably be-
cause the EVI values were mismatched with the GEP values during the
typhoon season (from May to October) (Chen et al., 2014). Further-
more, the climate conditions such as PAR and Tair were also the key
controlling factors for the different GEP values among the mangrove
wetlands and terrestrial forests (Yu et al., 2008). The lowest PAR values
in natural forests at DHS were mainly caused by the fog during the wet
season, which caused significantly lower GEP values at DHS than in the
natural mangrove wetlands at GQ. Moreover, the lowest annual mean
temperature in the manmade forest at QYZ limited the GEP values,
which were significantly lower than those at LZ.

Under suitable climate conditions and strong light use strategies, the
LUE values of mangrove wetlands were limited by salinity that caused
photoinhibition on mangrove plants (Field et al., 1998), which in-
dicated the GEP values of mangrove wetlands were controlled by the
interactive effects of light and salinity. Previous studies at the leaf and
plant levels showed similar results, and plants were found to gain more
carbon at low salinities than at high salinities, because the stomatal
limitations and high respiratory costs at high salinities restrict the re-
sponses of plants to light result in more sequestered carbon (Ball, 2002;
Krauss and Allen, 2003; Lopez-Hoffman et al., 2007). Here, our results
also showed that high salinity limited LUE of mangrove plants, but the
relationships between salinity and LUE at GQ and LZ were different.
The reason for this difference was due to the difference in suitable
salinities for plants that were about 10 and 15 PSU at LZ and GQ site,
respectively (Chen et al., 2000), which also explained the lower GEP
values at LZ than those at GQ.

4.3. The anomalies of Re in mangrove wetlands

A previous study suggested that plants were the main source of Re in
plantations, while soil respiration dominated Re in natural forests (Yu
et al., 2004). Our results were consistent with this finding as annual
mean Re in the mangrove plantation at LZ was significantly lower than
that at QYZ even though the SOC concentration at LZ was a higher than
that at QYZ. This difference might be caused by a thicker canopy, which
resulting in a higher Reref at QYZ than at LZ. Meanwhile, the Reref va-
lues at GQ and DHS were similar, but the higher Q10 values at GQ
caused the mean Re value to be significantly higher at GQ than at DHS.
Moreover, the observations of higher SOC and Tair values but lower
annual mean Re values in the mangrove wetlands than in the nearby
terrestrial forests was surprising.

Previous studies established a linear relationship between soil δ13C
values and ln(SOC) to explain C turnover time or SOC decomposition
rates (Harden et al., 2002; Wang et al., 2011). The slopes of δ13C to ln
(SOC) at both mangrove sites were larger than those of terrestrial forest
ecosystems (Fig. 6), which indicated the lower SOC decomposition
rates. Moreover, the δ13C values were negatively related to SOC in
terrestrial forests, which was also consistent with a previous study that
found water stress resulted in more accumulating of SOC decomposition
rates in terrestrial forests than in mangrove wetlands (Feng et al., 2017;
Li et al., 2013). Thus this finding explains the lower Re values of the
mangrove wetlands compared to those of terrestrial forests.

4.4. Tidal influences on the relationships of carbon fluxes to climate
variables

Periodic tidal inundation is the unique disturbance in mangrove
wetlands compared to terrestrial ecosystems, and changes the salinity
and depth of soil water for the mangrove plants. Previous studies in-
dicated the response of GEP to light was limited by salinity, while
flooding limited soil Re in mangrove wetlands (Ball and Farquhar,
1984; Clough, 1984; Li et al., 2014; Sobrado, 1999). However, man-
grove plants have evolved some adaptation strategies such as con-
servative water use, high Pmax and low Pcom (Cheeseman and Lovelock,
2004; Krauss et al., 2006). In the mangrove wetlands studied here, the
Pmax increased during spring tide, which was consistent with a previous
study (Li et al., 2014). However, Pcom decreased at GQ but increased at
LZ mangrove wetlands (Fig. 7), which might be due to the weak re-
sistances of mangrove vegetation to the salinity at LZ (Chen et al.,
2000). Moreover, the Re anomalies in the mangrove wetlands might be
influenced by the effects of flooding and salinity tides (Barr et al., 2010;
Hwang and Chen, 2001). The Reref at both mangrove sites decreased
when mangrove soils were submerged, but the Q10 values were sig-
nificantly higher (Table 3), which could be a result of high CO2 emis-
sion from tide water as the temperature increased (Maher et al., 2015).
In total, the NEE values in GQ mangrove wetlands decreased during
flooding, because both the GEP and Re values decreased and the ratios
of the GEP decreased were larger than those of Re. However, the NEE
values at LZ during flooding increased due to the higher GEP but lower
Re values compared to without flooding times. These different results
between the two mangrove wetlands were determined by the different
flooding times, as the flooding mainly occurred between 10:00 am and
18:00 pm at LZ but was scattered at any time at GQ (Fig. 9). In addition,
it is important to note that tidal effects increase the uncertainty of es-
timating ecosystem CO2 exchange by EC measurements, because the
tides export DIC from mangrove wetlands that would lower the Re (Barr
et al., 2010).

5. Conclusions

By analyzing the carbon fluxes from four flux towers, this study
examined the carbon sequestration potential between mangrove and
terrestrial forest ecosystems. Lower NEE values indicated that carbon

Table 3
The values of maximum photosynthetic rate (Pmax), light compensation point (Pcom), re-
ference ecosystem respiration rate (Reref) and temperature sensitivity (Q10) values under
flooding and non-flooding periods in the mangrove wetlands (the Pmax and Pcom are the
values during the daytime, and the Reref and Q10 are on a daily scale). The abbreviations
for the sites are the same as in Table 1.

Flooding No flooding

GQ LZ GQ LZ

Pmax (g C μmol photons−1) 11.89 14.84 10.01 10.36
Pcom (μmol photons) 37.89 154.45 68.78 27.53
Reref (g C m−2 s−1) 2.61 2.04 2.77 2.29
Q10 2.93 1.41 1.62 1.26

Fig. 8. Relationships between the monthly mean values of salinity and LUE in the
mangrove wetlands in 2015. The abbreviations for the sites are the same as in Fig. 1.
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sequestration potential of mangrove wetlands was stronger than that of
terrestrial forests. Higher GEP values resulted from advantages of light
use strategies and climate conditions, and lower Re values that were
caused by lower Reref values resulted from lower SOC decomposition
rates of mangrove wetlands compared to those of terrestrial forests. In
addition, tidal effects changed the relationships between carbon flux
and climate factors, such as increased the Pmax and Q10 in mangrove
wetlands during flooding and non-flooding periods. Altogether, our
study provides a fundamental understandings of the differences in
carbon sequestration capacities between subtropical mangrove wet-
lands and nearby terrestrial forests. The tidal regulations of mangrove
ecosystem CO2 fluxes should be investigated in more detail in future
studies.
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