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• Wemeasured soil CO2 and CH4 fluxes in
a mangrove forest at low tide.

• Mean CO2 and CH4 emissions were
91.70 mmol m−2 day− 1 and 117.30
μmol m−2 day− 1 .

• CO2 and CH4 emissions were signifi-
cantly higher during the warm season.

• Mean δ13 C-CO2 was −19.76 ± 1.19‰,
showing a mixing between different
sources.

• Biofilm development is a major driving
factor of gas emissions to the
atmosphere.
⁎ Corresponding author at: Institut de Recherche pour l
Noumea, New Caledonia.

E-mail address: adrien.jacotot@protonmail.com (A. Jac
a b s t r a c t
Seasonal variations of CO2 and CH4 fluxes were investigated in a Rhizophoramangrove forest that develops under a
semi-arid climate, in New Caledonia. Fluxes weremeasured using closed incubation chambers connected to a CRDS
analyzer. They were performed during low tide at light, in the dark, and in the dark after having removed the top
1–2 mm of soil, which may contain biofilm. CO2 and CH4 fluxes ranged from 31.34 to 187.48 mmol m−2 day− 1

and from39.36 to 428.09 μmolm−2 day− 1 , respectively. BothCO2 andCH4 emissions showeda strong seasonal var-
iability with higher fluxes measured during the warm season, due to an enhanced production of these two gases
within the soil. Furthermore, CO2 fluxes were higher in the dark than at light, evidencing photosynthetic processes
at the soil surface and thus the role of biofilm in the regulationof greenhouse gas emissions frommangrove soils. The
mean δ13C-CO2 value of the CO2 fluxes measured was−19.76 ± 1.19‰, which was depleted compared to the one
emitted by root respiration (−22.32±1.06‰), leaf litter decomposition (−21.43±1.89‰) andorganicmatter deg-
radation (−22.33± 1.82‰). This result confirmed the use of the CO2 producedwithin the soil by the biofilm devel-
oping at its surface. After removing the top 1–2mmof soil, both CO2 and CH4 fluxes increased. Enhancement of CH4

fluxes suggests that biofilm may act as a physical barrier to the transfer of GHG from the soil to the atmosphere.
However, the δ13C-CO2 became more enriched, evidencing that the biofilm was not integrally removed, and that
its partial removal resulted in physical disturbance that stimulated CO2 production. Therefore, this study provides
useful information to understand the global implication of mangroves in climate change mitigation.
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1. Introduction

Anthropogenic emissions of greenhouse gases to the atmosphere in-
creased significantly since preindustrial times to the point that current
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emissions have reached their highest rates for the last 66 million years
(Zeebe et al., 2016). As a result, atmospheric CO2 concentrations are
now at their highest level for the last 800,000 years (Lüthi et al.,
2008). Despite the development of alternative energies to fossil fuels,
the different projections for the end of the century do not show any de-
crease of the emissions. Therefore, there are urgent needs to evaluate
the ability of natural ecosystems to fix and store carbon, which also in-
cludes the greenhouse gas emissions from these ecosystems, in order to
adopt appropriate climate change mitigation programs such as ecosys-
tems conservation and restoration strategies.

Mangroves are forested ecosystems that develop along tropical and
subtropical coastlines, providing numerous ecosystems services
(Barbier et al., 2011; Lee et al., 2014). Due to their high primary produc-
tivity, estimated to 218 ± 72 Tg C year−1 (Bouillon et al., 2008), and
their high carbon storage capacity, with up to 15% of their productivity
being buried in their soils (Breithaupt et al., 2012), mangroves notably
play a critical role in the coastal carbon cycle and were thus recently
named “blue carbon” sinks (McLeod et al., 2011). Mangrove soils are
mainly anoxic, limiting organic matter (OM) decay processes and thus
greenhouse gas (GHG) production. However, due to their position be-
tween land and sea, mangroves are regularly flooded by tides, and
their soils may alternate between suboxic and anoxic conditions, mod-
ifying GHG production and emissions (Allen et al., 2007; Chauhan et al.,
2015; Chen et al., 2016a, 2016b; Oertel et al., 2016). In mangrove soils,
the CO2 produced derivesmainly frombiofilm respiration, roots respira-
tion, leaf litter degradation, and organic matter decomposition
(Kristensen et al., 2008). In contrast to CO2 production,methanogenesis
is a strictly anaerobic process that only occurs when all electron accep-
tors have been exhausted. Considering the inputs of sulfate during each
tide, CH4 emissions from mangrove forests may be low or non-existent
(Alongi et al., 2004; Alongi et al., 2001). However, recent studies dem-
onstrated that sulfate reduction and methanogenesis can coexist in
mangrove soils due to the utilization of other non-competitive sub-
strates by methanogens (Lyimo et al., 2002), and thus it was suggested
that these CH4 emissions may have been underestimated (Chauhan
et al., 2015; Lyimo et al., 2002). CH4 may notably be of major concern
due to its global warming potential, 25 times higher than CO2 over a
100 year time frame (Myhre et al., 2013). Nevertheless, there is still a
paucity of research in this area, and the variability of greenhouse gas
emissions from mangrove soils remains poorly understood, notably
due to the number of parameters that have to be taken into account
(e.g. mangrove species, latitude, anthropic pressure, etc.).

For a specific area, several environmental factors have been shown
to influence the emissions of greenhouse gases to the atmosphere
frommangrove soils, such as soil water content, organicmatter content,
or even salinity (Bulmer et al., 2015; Chanda et al., 2013; Chen et al.,
2016b; Chen et al., 2014; Chen et al., 2012; Kirui et al., 2009; Leopold
et al., 2015; Leopold et al., 2013; Livesley and Andrusiak, 2012;
Poungparn et al., 2009). Seasonal changes in temperature is also an im-
portant parameter involved in the variability of greenhouse gas emis-
sions, affecting the rates of soil organic matter decay, and thus GHG
production and emissions (Barroso-Matos et al., 2012; Conant et al.,
2011; Davidson and Janssens, 2006; Fang and Moncrieff, 2001; Fierer
et al., 2005; Mackey and Smail, 1996). In addition, the development of
biofilm at the sediment surface has been shown to be another major
driving factor of GHG emissions from mangroves soils (Bulmer et al.,
2015; Leopold et al., 2015; Leopold et al., 2013).

Furthermore, recent development of advanced technologies such as
cavity ring-down spectroscopy (CRDS) allows high resolution in situ si-
multaneous measurements of both CO2 and CH4 fluxes, and also of
δ13C-CO2. These new analytical means could help to identify the origins
of the CO2 emitted from mangrove soils.

With this context, our main objectives were to: (i) quantify the CO2

and CH4 fluxes from the soil to the atmosphere, in the light and in the
dark, during low tidewithin a Rhizophora spp.mangrove forest develop-
ing under semi-arid climate, (ii) evaluate the seasonal variability of the
emissions, and (iii) identify the origin of the CO2 fluxes measured. We
hypothesized that fluxes will be higher during the warm season as a re-
sult of higher temperatures. Then, we further suggested that CO2 fluxes
will be lower in the light due to biofilm photosynthetic activity, which
may consume CO2. To reach our goals, we performed a one-year survey,
with measurements every month, using incubation chambers con-
nected to a CRDS analyzer. CO2 and CH4 fluxes were measured (i) at
light with a transparent chamber, (ii), in the dark, with an opaque
chamber, and (iii) in the dark after having removed the upper
1–2 mm of soil that may contain the biofilm. The CO2-emitted isotopic
value (δ13C-CO2) wasmeasured for each incubation, and the gases con-
centrations as well as the physicochemical parameters within the soil
were also measured.

2. Material and methods

2.1. Site description

Field work was performed in the mangrove of Ouemo (22°16′50″S,
166°28′16″E), in New Caledonia, a French overseas archipelago located
in the South Pacific, in the Melanesia sub region (21°21′S, 165°27′E).
The archipelago sheltered 35,100 ha of mangroves, composed of 24 dif-
ferent species (Virly, 2006), however the studied mangrove was domi-
nated by three Rhizophoramangrove species: R. stylosa, R. samoensis and
R. selala. Climate in New Caledonia is strongly influenced by the varia-
tion of the inter-tropical convergence zone (ITCZ) that defines two con-
trasting seasons: a cool and dry season from May to September, and a
warm cyclonic season fromNovember to April. Average air temperature
in Ouemo varied between 20.5 and 26.6 °C, with a mean annual precip-
itation of 1070 mm (data from meteofrance.com). The tidal regime in
the region is semi-diurnal, with a tidal range ranging from 1.10 to
1.70 m.

2.2. Soil CO2, δ13 C-CO2 and CH4 emissions

Soil CO2, δ13C-CO2 and CH4 emissions were measured using closed
incubation chambers connected via PTFE gas tubes to a G2131-i CRDS
analyzer (Picarro Inc., Santa Clara, CA, USA) that measures gas concen-
trations at a frequency of 1 Hz. An internal pump to the instrument
(0.1 lmin−1 ) allowed the circulation of the air trapped inside the cham-
ber through the system. Incubation chambers penetrated only a few
millimeters into the sediment, which was sufficient to be airtight but
not to damage the fine surface roots or sediment structure that could
cause gas exchanges. Operational ranges of the analyzer are
100–4000 ppm for CO2, and 0–1000 ppm for CH4. Guaranteed precision
by the manufacturer are for CO2 concentrations (30 s measurement, 1-
σ) 200 ppb (12C) / 10 ppb (13C), for CH4 concentrations (30 s measure-
ment,1-σ) 50 ppb+0.05% of reading (12C), and for δ13 CO2 (5minmea-
surement,1-σ) b 0.1‰ between 380 and 1000 ppm CO2. Accuracy of the
CRDS analyzer was periodically checked using certified N2 (0 ppm CO2

and CH4), CO2 (503 ppm) and CH4 (100 ppm) gas standard samples
(Calgaz, Air Liquide, USA).

Gas fluxes measurements were performed every month, from Octo-
ber 2016 to September 2017 for a total of 12 field campaign. Each
month, one sunny day with a low tide occurring around noon was cho-
sen. Measurements were conducted between 2 h prior and after low
tide.

Firstly, triplicate incubations (6 min each) were made at light, using
a transparent acrylic chamber (26 cm in diameter and 13 cm in height;
5122 cm3 ) directly placed on the soil. Then, after 15min of soil shading,
measurements were performed in the dark, using an opaque acrylic
chamber (20 cm in diameter and 13 cm in height; 4843 cm3 ). Finally,
the top 1–2 mm of soil that may contain the biofilm was carefully re-
moved and stored for chlorophyll-a analyses, and three supplementary
dark incubations were performed (Bulmer et al., 2015; Leopold et al.,
2015). The above procedure was repeated three times during each
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campaign of measurement. To avoid spatial variability, each complete
measurement cycle (i.e. light, dark and dark after biofilm removal)
was performed at a same sampling point, separated from the two others
sampling points by a distance of ~1 m. In addition, the sampling posi-
tions were slightly modified each month to overcome an effect of bio-
film removal during the last sampling campaign.

To characterize the isotopic value of the CO2 sources, additional in-
cubations on intact roots and leaf litter were also carried out, using spe-
cifics cylindrical opaque incubation chambers made with PVC pipe
(203,97 cm3 ). Measurements of roots and leaf litter isotopic values
were performed in triplicate.

2.3. Flux calculations

CO2 and CH4 fluxes were calculated from the linear regression of the
concentrationswithin the chamber over time, using the following equa-
tion:

F CO2;CH4ð Þ ¼ d CO2;CH4ð Þ=dtð Þ � V= R � S�ð Þ � 86:4

where F is the fluxes of CO2 or CH4 (μmolC·m−2 day− 1 ); d(CO2, CH4) /
dt is the variation in CO2 or CH4 as a function of time (ppm s−1 ); V is the
total volume of the system (m3 ); R is the ideal gas constant of 8.205746
10−5 (atm·m3·K−1 ·mol−1 ); T is the absolute air temperature (K); S is
the area of the bottom of the incubation chamber (m2 ); and 86.4 is a
conversion factor.

2.4. Isotopic CO2 characterization

A Keeling plot approach was used to discriminate the isotopic value
of the CO2 (δ13C-CO2) released from soil, roots respiration and leaf litter
decomposition from the background atmosphere trapped inside the
chambers (Keeling, 1961, 1958; Pataki et al., 2003). This approach is
based upon mass conservation during the CO2 exchange between two
compartments. The intercept of the linear regression that describes
the change in δ13 C-CO2 in function of the inverse of the CO2 concentra-
tions corresponds to the δ13 C-CO2 value of the CO2 added to the
chamber.

2.5. Soil CO2 and CH4 concentrations

Triplicate 60 cmdeep coreswere collected using a Eijkelkamp gouge
auger (1 m long, 8 cm diameter) during each measurement campaigns
at the exception ofOctober 2016 and September 2016. Coreswere taken
at a distance of 20 m from the incubations area. They were separated in
6 subsections of 10 cm length, and pore-water was extracted from each
section using Rhizonmicro sampler (10 cm long, 2.5mmdiameter, Rhi-
zosphere Research products, Wageningen, Netherlands). Pore-water
samples were then gently transferred to 7.5 ml vials until overflow,
and capped with 10 mm butyl rubber stoppers (Apodan Nordic,
Denmark) with an aluminum crimp seal (Bastviken et al., 2010).

Back to the laboratory, 5 ml of pore-water samples were withdrawn
from the vials by a glass syringe. Then, an air space was created in the
syringe by adding 5 ml of pure nitrogen (Calgaz, Air Liquide, USA). The
syringe was then vigorously agitated to equilibrate the gases between
the two phases, and, after one minute, 1 ml of the air space sample
was injected into a G2131-i CRDS analyzer operating in continuous
flow mode with pure nitrogen (Calgaz, Air Liquide, USA) as carrier gas.
Peak areas were then integrated and reported to a standard calibration
curve createdwith pure nitrogen as a zero for both CO2 and CH4, and gas
standard of 503 ppm for CO2, and 100 ppm for CH4 (Calgaz, Air Liquide,
USA). All pore-water analyses were conducted within 4 h after sam-
pling. All calculations were made following Bastviken et al. (Bastviken
et al., 2010; Bastviken et al., 2008; Bastviken et al., 2004).
2.6. Physicochemical characteristics of the sedimentary column

Additional triplicate cores were collected twice for physicochemical
analyses. A first collection was realized during the warm season, in Jan-
uary 2017, and a secondwasmade during the cool season, in June 2017.
Cores were then separated in six subsections of 10 cm. Redox potentials
were measured using a combined Pt-Ag/Ag-Cl (reference) electrode
connected to a WTW pH/mV/T meter. Redox data are reported relative
to a standard hydrogen electrode, i.e., after adding 202 mV to the origi-
nal values obtained with an Ag/AgCl reference electrode at 25 °C
(Marchand et al., 2011). pH was measured using a glass electrode and
a WTW pH meter. The pH electrode was calibrated prior utilization
using three standards solutions of pH 4, 7 and 9 at 25 °C (National Insti-
tute of Standards and Technology, USA). Pore-water salinity was mea-
sured using an Atago hand refractometer.

Total organic carbon (TOC) content and δ13 C were determined for
each sampling period. TOC was analysed using a Total Organic Carbon
Analyzer equipped with a SSM-5000A Solid Sample Module (TOC-
LCPH-SSM500A, Shimadzu Corporation, Japan). δ13 C was measured
using an elemental analyzer coupled to an isotope ratiomass spectrom-
eter (Integra2, Sercon, UK). δ13C values are reported in per mill (‰) de-
viations from a Pee Dee Belemnite (PDB) limestone carbonate for
reference. Analytical precisions were check using IAEA-600 caffeine
standard (IAEA Nucleus) and were b1% for TOC, and 0.3% for δ13 C. All
analyses were performed at the French Institute for the Sustainable De-
velopment (IRD) of Noumea, New Caledonia. Additional samples of
roots, leaves, and surface sediment, the latest used as a proxy for biofilm
isotopic value, were also analysed for δ13C.

2.7. Air temperature and chlorophyll-a

Air temperature was recorded before each measurement by a hand-
held thermometer. The relationships between CO2 and CH4 fluxes and
temperature were estimated on an exponential basis (Lloyd and
Taylor, 1994), and then, Q10 ratios, which represent the factor to bemul-
tiplied to the fluxes for a 10 °C rise, were calculated using the equation
described by Xu and Qi (2001) and Chanda et al. (2013).

Soil surface chlorophyll-a (chl-a) was analysed for each measure-
ment location. Samples for chlorophyll-a were firstly freeze-dried, and
then a subsample of ~200 mg was weighted for extraction. Chl-a was
extracted in the dark, at ambient temperature, in 8 ml of 93% methanol
during 30min. Concentrations were then determined using a fluorime-
ter (Yentsch and Menzel, 1963).

2.8. Statistical analyses

Student's t-tests were used to test the significant differences (p b

0.05) between seasons and between soil physicochemical parameters.
The differences in seasonal, and light/dark CO2 and CH4 emissions, as
well as the differences in soil δ13 C-CO2 values in light, dark, and dark
after biofilm removal were tested using a two-way analysis of variance
(ANOVA), followed by a Scheffe post-hoc test. The relationship between
dark and light fluxes and the different parameters, were determined by
simple linear regression analyses. All statistical analyses were per-
formed under R software version 3.3.1 (R Development Core Team,
2008).

3. Results

3.1. Soil physicochemical characteristics

No significant variations with seasons of the physicochemical pa-
rameters studied were observed (two-sample t-tests, p N 0.05)
(Fig. 1). TOC decreased from 22.23 ± 2.29% at the surface to 19.11 ±
0.61% at 25 cm depth, and then, increased with depth until 21.43 ±
1.29% at 55 cm depth, with a mean value 20.93 ± 2.14% (Fig. 1a).



Fig. 1. Physicochemical profiles measured during the warm season (black lines) and the cool season (grey dotted lines). Each point is the mean of three replicates ± SD.
Mean value of dry bulk density (DBD)was 0.25±0.06 g cm−3 (Fig. 1b).
Redox potentials rapidly decreased from −130.43 ± 47.02 mV at the
surface to−191.12± 10.99mV at 15 cmdepth, and then remained sta-
ble to the bottom of the core (Fig. 1c). pH and soil water content were
almost invariable along the core profile, with mean values of 6.70 ±
0.14 and 70.29 ± 4.64%, respectively (Fig. 1d and e). Soil salinity in-
creased from 37.83 ± 2.64 at the surface to 41.33 ± 1.97 at 15 cm
depth, and remained stable until 55 cm depth (Fig. 1f).

3.2. CO2 and CH4 emissions

Considering the whole studied period, CO2 and CH4 emissions in
light and in the dark ranged from 31.34 to 187.48 mmol m−2 day− 1

and from 39.36 to 428.09 μmol m−2 day− 1 , respectively (Fig. 2). Sea-
sons had significant effects on both dark and light CO2 and CH4 fluxes
(Table 1), which were higher during the warm season (Table 2). Signif-
icant differences were also observed between dark and light CO2 fluxes
(Table 1), either for the warm and the cool season, with higher emis-
sions in the dark. In addition, CO2 emissions in the dark, after having re-
moved the upper 1–2 mm of soil, ranged from 145.22 to
282.30 mmol m−2 day− 1 (Fig. 2), which was significantly higher
than on intact soil surface (ranging from 57.64 to
187.48 mmol m−2 day− 1 ; two-sample t-test, t(−5.31) = 59.99, p b
0.001). Moreover, CO2 and CH4 fluxes, measured in the dark, were pos-
itively correlated to fluxes measured at light (Fig. 3a and b; Table 3
Eqs. 1 and 2).

3.3. Relationships between CO2 and CH4 fluxes and temperature, soil gas
concentrations and chlorophyll-a

Dark CO2 and CH4 fluxes were correlated to temperature in positive
relationships (Fig. 4a and b; Table 3 Eqs. 5 and 6). Dark emissions with-
out the upper 1–2 mm of soil were correlated to the dark emissions be-
fore removal (Fig. 4c and d; Table 3 Eqs. 3 and 4). In addition, positive
correlations were also determined between dark and light CO2

(Fig. 4c; Table 3 Eqs. 7 and 8) and CH4 (Fig. 4d; Table 3 Eqs. 9 and 10)
emissions and their respective soil concentrations. The slopes of these
two last relationships were higher for dark incubation compared to
light ones. Eventually, the difference between dark and light fluxes
was related to the soil surface chlorophyll-a concentrations (Fig. 5;
Table 3 Eq. 11).

3.4. δ13C and δ13 C-CO2

Mean δ13C-CO2 values of the CO2-emitted during soil incubations at
light, in the dark and in the dark after having removed the upper



Fig. 2. (a) CO2 (mmolm−2 day−1 ) and (b) CH4 (μmol m−2 day−1 ) fluxes in light, in the dark, and in the dark after removing the biofilm, during the studied period, fromOctober 2016 to
September 2017. Means of 9 replicates ± SD.
1–2 mm of soil were− 19.75 ± 2.88‰, −20.17 ± 2.38‰ and − 15.92
± 2.44‰, respectively. Consequently, dark δ13C-CO2 values were thus
the more depleted, however the difference between light and dark
fluxes were not significant (p N 0.05). In addition, the difference of
dark and light δ13 C-CO2 values was correlated to the difference of
dark and light CO2 fluxes in a negative relation (Fig. 6; Table 3 Eq. 12).
Furthermore, the δ13 C-CO2 value of the CO2 emitted in the dark after re-
moval of the upper 1–2mmof soil was significantly higher than at light
and in the dark (two-way ANOVA, F(1,278) = 75.51; p b 0.001).

The δ13C values of roots, leaves, soil surface and soil column, as well
as the δ13C-CO2 signatures of the CO2-emitted by root respiration and
leaf litter decomposition are presented in Table 4.

4. Discussion

4.1. Mangrove soils as a net source of CO2 and CH4 to the atmosphere

Soil CO2 and CH4 emissions to the atmosphere in the studied man-
grove forest were elevated throughout the year. Mean CO2 emissions
ranged from 31.35 to 282.30 mmol m−2 day− 1 (Fig. 2), and therefore
confirmed those measured previously in another Rhizophoramangrove
forest in New Caledonia by Leopold et al. (2013 and 2015), for which
CO2 fluxes ranged from 14.5 to 262.8 mmol m−2 day− 1 . Furthermore,
in a broader study of eleven mangrove swamps in the Caribbean, in
Australia and in New Zealand, Lovelock (2008) evaluated the soil CO2
Table 1
F values of two-way ANOVA tests showing the seasonal and dark/light effects on CO2 and
CH4 emissions.

Parameters Sources of variation

Season Dark/Light Interaction
CO2 13.833⁎⁎⁎ 56.848⁎⁎⁎ 0.187NS

CH4 26.715⁎⁎⁎ 15.422⁎⁎⁎ 3.423NS

NS: non-significant.
⁎⁎⁎ Indicates significant effects at p b 0.001.
fluxes to range from −21.6 to 256.6 mmol m−2 day− 1 . Later, Bulmer
et al. (2015)measuredmean CO2 emissions of 168.5± 45.8mmolm−2-

day− 1 in a mangrove developing at higher latitudes (New Zealand).
Only mangroves subjected to strong eutrophication were reported to
have high CO2 emissions, and for example up to
749.34 mmolm−2 day− 1 in Hong Kong (Chen et al., 2012). Eventually,
CO2 fluxes measured in the present study were higher than the compi-
lation from 140 study sites made by Alongi (2014), who reported mean
CO2 emissions of 69± 8mmolm−2 day− 1 . Regarding CH4, fluxesmea-
sured in thepresent study ranged from39.36 to 466.33 μmolm−2 day−-

1 (Fig. 2). When converted into CO2-equivalent, considering its 100-
year global warming potential (Myhre et al., 2013), CH4 represented
1% of the total emissions measured (CO2 + CH4). CH4 emissions were
in the same range as thosemeasured in previous studies, as for instance
in the Sundarbans, where CH4 fluxes ranged from 1.97 to 567.12
μmol m−2 day− 1 (Biswas et al., 2007; Chanda et al., 2013), or in
Australia, where CH4 fluxes ranged from 30 to 520 μmol m−2 day− 1

(Kreuzwieser et al., 2003). Eventually, CH4 emissions were also in the
same range as those reported by (Chen et al., 2014) in Indonesia
(−145.2 to 315.36 μmol m−2 day− 1 ). In addition, the CO2 and CO4

emissions recorded at low tide in this study were much more higher,
N27 for CO2 and 6 for CH4, than those measured in the same location
during high tide (Jacotot et al., 2018), which were
3.35 mmol m−2 day− 1 and 18.30 μmol m−2 day− 1 for CO2 and CH4,
respectively. Higher emissions during low tide may be explained by
Table 2
Mean seasonal emissions (n=54± SDmeasures per season) of CO2 (mmolm−2 day− 1 )
and CH4 (μmol m−2 day− 1 ), in the light and in the dark.

Parameters Dark Light

Season Warm Cool Warm Cool
CO2 126.97 (59.12)a 98.96 (44.22)b 77.16 (33.09)bc 54.79 (28.57)c

CH4 146.30 (115.80)a 69.79 (37.78)b 97.41 (75.43)bc 54.12 (17.02)c

Different letters indicate significant differences (Scheffe post-hoc test, p b 0.05).



Fig. 3. (a) and (b): Relationship between light and dark fluxes of CO2 (mmol m−2 day−1 ) and CH4 (μmol m−2 day−1 ); (c) and (d): Relationship between dark fluxes without the upper
1–2 mm of soil (DarkWB) and dark fluxes of CO2 (mmol m−2 day− 1 ) and CH4 (μmol m−2 day− 1 ); n = 36, each point is the mean of three replicates.
oxygen diffusion within the soil, which enhanced organic matter de-
composition, and by the easier gases diffusion in the atmosphere than
in water.

However, when compared to other ecosystems, CO2 and CH4 emis-
sions from the studied mangrove soil were much lower (Oertel et al.,
2016). For example, CO2 emissions in the present study were twice
lower than the CO2 emissions in some tropical rainforests from
Malaysia, Hawaii and Brazil, which were evaluated to range from
295.7 to 598.4 mmol m−2 day− 1 (Katayama et al., 2009; Litton et al.,
2011;Metcalfe et al., 2007). Similar observations can bemade regarding
CH4, which may be emitted in very large quantities from interior tropi-
cal wetlands (Sjögersten et al., 2014). Therefore, even if mangroves are
among the carbon-richest forests in the world (Donato et al., 2011),
they emit low quantities of greenhouse gas. This particularity mainly
derives from the waterlogging conditions of their soils, which favor an-
aerobic organic matter decomposition, which is less efficient than aero-
bic decay processes. However, even if CO2 and CH4 emissions from
mangrove soils are low, they are highly variable, and depend notably
Table 3
List of the different equations of regression, the R2 (coefficient of determination) and the corre

Equations of regression

Dark CO2 fluxes = 33.3227 ∗ Light CO2 fluxes + 1.2632 (1)
Dark CH4 fluxes = 8.5342 ∗ Light CH4 fluxes + 1.4237 (2)
DarkWB CO2 fluxes = 148.3216 ∗ Dark CO2 fluxes + 0.3521 (3)
DarkWB CH4 fluxes = 94.6615 ∗ Dark CH4 fluxes + 0.8317 (4)
Dark CO2 fluxes = 17.85113 ∗ exp^(0.08698 ∗ Temperature) (5)
Dark CH4 fluxes = 0.5 ∗ exp^(0.2029 ∗ Temperature) (6)
Dark CO2 fluxes = 158.494 ∗ soil CO2 concentrations + 9.105 (7)
Light CO2 fluxes = 58.9 ∗ soil CO2 concentrations + 24.63 (8)
Dark CH4 fluxes = 358.27 ∗ soil CH4 concentrations − 151.29 (9)
Light CH4 fluxes = 171.38 ∗ soil CH4 concentrations − 42.95 (10)
Dark-light CO2 fluxes = 1.258 ∗ soil chl-a − 12.828 (11)
Dark-Light fluxes = 61.222 ∗ Dark-Light δ13 C-CO2 − 11.819 (12)
on season, or on the development of biofilm at the soil surface, which
may sometimes induce negative fluxes (e.g. Chen et al., 2014; Bulmer
et al., 2015; Wang et al., 2016).

4.2. Seasonal variability of CO2 and CH4 emissions

Seasonal differences in CO2 and CH4 emissions were evidenced in
the present study, with higher values during the warm season
(Table 2). Several environmental factors may influence GHG emissions
to the atmosphere, including notably the physicochemical properties
of the soil and its water content (Bulmer et al., 2015; Chanda et al.,
2013; Kirui et al., 2009; Leopold et al., 2015, 2013; Livesley and
Andrusiak, 2012; Poungparn et al., 2009). Herein, fluxes measurements
were performed between 2 h prior and after the low tide, when the soil
was themost unsaturated inwater. Consequently, we are confident that
variations in soil water content due to the tidal cycle were not involved
in the variability of the fluxes. In addition, no significant variations be-
tween the two seasons were observed for the physicochemical
sponding p-values.

R2 p-values Figures

0.458 b0.001 Fig. 3a
0.604 b0.001 Fig. 3b
0.097 b0.05 Fig. 3c
0.633 b0.001 Fig. 3d
0.366 b0.05 Fig. 4a
0.244 b0.05 Fig. 4b
0.763 b0.01 Fig. 4c
0.441 b0.05 Fig. 4c
0.952 b0.001 Fig. 4d
0.768 b0.01 Fig. 4d
0.323 b0.05 Fig. 5
0.291 b0.01 Fig. 6



Fig. 4. (a) and (b): Relationship between CO2 (mmol m−2 day− 1 ) and CH4 (μmol m−2 day− 1 ) fluxes and temperature (°C); n= 12, each point is the mean of 9 replicates. (c) and (d):
Relationship betweenCO2 (mmolm−2 day− 1 ) andCH4 (μmolm−2 day− 1 )fluxes and soil CO2 (mmolm−2 day− 1 ) and CH4 (μmolm−2 day− 1 ) concentrations, in thedark (darkpoints)
and at light (grey points); n = 10; each point is the mean of 3 replicates.
parameters (Fig. 1), suggesting that these parameterswere not involved
in the seasonal difference of CO2 and CH4 fluxes. This absence of vari-
ability in the physicochemical parameters studied may be surprising
but is suggested to result from the position of the study site, in the low-
est intertidal zone, in which tides are coming twice a day, possibly buff-
ering redox, pH and salinity variations.

Higher CO2 fluxes to the atmosphere with warmer temperatures
was consistent with other studies in terrestrial ecosystems (Lou et al.,
2003; Parkin and Kaspar, 2003; Raich and Schlesinger, 1992), including
mangroves (Allen et al., 2011; Chen et al., 2012; Leopold et al., 2015).
Similarly, several studies showed that temperature is a major factor
Fig. 5. Relationship between the difference in Dark and Light CO2 fluxes
(mmol m−2 day− 1 ) and chlorophyll-a soil surface concentration (μg g−1 ). n = 12,
each point is the mean of three replicates.
driving CH4 emissions to the atmosphere in terrestrial wetlands
(Bubier et al., 1995; Crill et al., 1988; Moore and Knowles, 1990;
Trudeau et al., 2013; Turetsky et al., 2008) or in tidal wetlands (Sun
et al., 2013; Wang et al., 2015). Estimated Q10 value for CO2 emissions
in the studied mangrove was 2.39, which was in complete accordance
with other values reported for mangrove ecosystems (Leopold et al.,
2015; Lovelock, 2008) or even for terrestrial ecosystems (Raich and
Schlesinger, 1992). Concerning CH4, Q10 value in this study was 7.61,
and thus was higher than for CO2, suggesting that CH4 production was
more sensitive to temperature variations. Q10 values of methane pro-
duction in oligotrophic wetlands environments, such as mangroves,
are described as having a wide range of variation, from 1.7 to 28
(Segers, 1998), which is thus consistent with our findings. The
Fig. 6. Difference in dark and light fluxes (mmol m−2 day− 1 ) as a function of the
difference between dark and light δ13 C-CO2 (‰). n = 25, each point representing the
mean of three replicates.



Table 4
δ13C (‰ (SD)) values for roots, leaves, soil surface (1–2mmdepth) and for the soil column
(0–50 cm depth, n=6); and δ13 C-CO2 (‰ (SD)) emitted by roots respiration (n=3) and
leaf litter decomposition (n = 3).

Parameters Roots Leaf litter Soil surface
(1-2 mm)

Soil column
(0–60 cm)

δ13 C (‰) −25.88 −23.86 −18.67 −22.33 (1.82)
δ13 C-CO2 (‰) −22.32 (1.06) −21.43 (1.89) Na Na

Na: Non-available.
temperature sensitivity of biogeochemical processes, such as soil or-
ganic matter decomposition by respiration and methanogenesis, have
been widely described in the literature for different ecosystems
(Conant et al., 2011; Davidson and Janssens, 2006; Fang and
Moncrieff, 2001; Fierer et al., 2005; Inglett et al., 2012; Segers, 1998), in-
cluding mangroves (Barroso-Matos et al., 2012; Mackey and Smail,
1996). Consequently, soil gases production, and thus, their emissions
at the soil-air interface, may increase with temperature. In fact, higher
average soil CO2 and CH4 concentrations were measured in this study
during the warm season in comparison to the cool season, therefore
adding to the hypothesis of a temperature control on soil greenhouse
gas production.

In addition, strong relationships were found between soil CO2 and
CH4 concentrations and their respective emissions at the soil-air inter-
face (Fig. 4c and d), therefore confirming that soil greenhouse gas con-
centrations are another primary factor in greenhouse gas emissions to
the atmosphere. However, our result showed that for the same soil
gas concentrations, fluxes were lower when measurements where per-
formed at light (Fig. 4c and d), suggesting that other constraining factors
were involved during light incubations, like, possibly, biofilm, as dem-
onstrated in other studies (e.g. Bulmer et al., 2015; Leopold et al.,
2013, 2015).

4.3. Evidences of biofilm control on CO2 and CH4 emissions

CO2 emitted at the surface of mangrove soils derives from various
sources such as: roots respiration, leaf litter decomposition, organic-
matter degradation, as well as biofilm respiration and degradation.
The δ13C-CO2 value of the emitted CO2 is therefore amixture of the spe-
cific values of the CO2 produced by these different sources. In the pres-
ent study, the δ13 C-CO2 value of the CO2 emitted by roots respiration
was −22.32 ± 1.06‰, while it was −21.43 ± 1.89‰ for leaf litter de-
composition (Table 4). Although the isotopic value of the CO2 produced
by organic matter decomposition within the soil was not measured in
this study, some authors reported low fractionation during organicmat-
ter decomposition, and, consequently, a low difference between the
δ13 C value of the source and the δ13 C-CO2 value of the produced CO2

(Lin and Ehleringer, 1997; Maher et al., 2015). Therefore, we used the
mean δ13C value of the organic matter in the soil, −22.33 ± 1.82‰, as
a proxy of the δ13 C value of the CO2 produced by its decomposition.
Consequently, these three sources all had δ13 C-CO2 values lower than
−21.43‰, whereas the mean δ13 C value of the CO2 emitted at the
soil-air interface was −19.76 ± 1.19‰, therefore suggesting that an-
other source must be involved in the emissions. Biofilm is mainly com-
posed by an assemblage of heterotrophic bacteria and autotrophic
eukaryotes (Bouchez et al., 2013; Decho, 2000) that are δ13C enriched
comparatively to mangrove organic matter (Bouillon et al., 2002;
Coffin et al., 1989; Khan et al., 2015; Lamb et al., 2006).We, thus, suggest
that the δ13C value of the CO2 fluxes demonstrated that biofilm respira-
tion/photosynthesis and/or its decomposition contributed to CO2 and
CH4 emissions along with the roots respiration, and soil organic matter
decomposition.

Apart from few measurements, CO2 emissions at the soil surface
were always higher in the dark than at light. This result suggests that,
at light, CO2 diffusing frommangrove soilsmay be consumed by the pri-
mary producers composing the biofilm during photosynthesis
processes, as suggested in previous studies (Bulmer et al., 2015; Chen
et al., 2014; Wang et al., 2016). This process was also evidenced by a
positive relationship between the difference in dark and light CO2 fluxes
and the soil surface chlorophyll-a (Fig. 6). More biofilm implies more
consumption of the CO2 during photosynthesis, and therefore higher
difference between dark and lightfluxes. In addition, due to carbon frac-
tionation during photosynthesis, which uses 12 C preferentially to 13 C
(Farquhar et al., 1989; O'Leary, 1988), the δ13 C-CO2 measured during
light incubations should have an enriched value, relatively to the one
measured during dark incubations. Consequently, as the rate of photo-
synthesis increases, the difference between dark δ13 C-CO2 and light
δ13 C-CO2 may decrease. Such a variation was observed in this study
(Fig. 6), therefore confirming that photosynthetic activity was involved
in the reduction of the CO2 emissions at the soil surface.

Higher CH4 fluxes were also observed during dark incubations rela-
tively to light incubations (Fig. 3b). Similarly to CO2, biofilmmay act as a
sink for CH4, since anaerobic oxidation of methane by anaerobic
methanotrophic archaea and sulphate-reducing bacteria may occur
(Cui et al., 2015). However, the absence of correlation between dark
and light emissions and the soil surface chlorophyll-a tends to indicate
that biofilm was not involved in the reduction of CH4 emissions at
light. We suggest that the lower emissions at light may result from
CH4 photo-oxidation processes, as evidenced in others studies (Dutta
et al., 2017; Johnston and Kinnison, 1998). Consequently, strong differ-
ences between light and dark CO2 and CH4 fluxes were measured. Con-
sidering that mangroves are subject to the daily cycle of light, we
suggest that these differences should be taken into account in future
carbon budgets, since light and dark fluxes each account for only half
of the daily emissions.

Previous studies suggested another role of the microphytobenthos
in GHG emissions, reducing them by forming a physical barrier at the
soil surface (Bulmer et al., 2015; Leopold et al., 2015, 2013). In our
study, removing the upper 1–2 mm of soil also lead to an enhancement
of the CO2 emissions that were multiplied by a factor of 1.75, which is
consistent with the 2.2 factor reported by (Leopold et al., 2015) in an-
other Rhizophoramangrove forest in New Caledonia. However, after re-
moval, significant enriched values of δ13 C-CO2 (mean of −16.70 ±
2.70‰) were measured compared to the ones obtained before removal
(mean of −19.76 ± 1.19‰). Such a result was surprising as we ex-
pected a greater contribution of the CO2 produced within the soil, char-
acterized by δ13 C values lower than −21.59‰. Consequently, we
suggest that removing the upper 1–2mmof soil resulted in a partial re-
moval of the biofilm but also and mainly to its deterioration, inducing
higher CO2 emissions and depleted δ13 C-CO2 values. However, the
strong positive relationship between dark CH4 emissions before and
after biofilm removal supports the hypothesis that the biofilm acts as
a physical barrier preventing GHG emissions (Fig. 3d). Methanogenesis
is a strictly anaerobic process that only occurs in the deep anoxic sedi-
ment layers (Dutta et al., 2015; Dutta et al., 2013), and is suggested
not to be enhanced by biofilm removal. Similar relationshipwas also ob-
served for CO2 (Fig. 3c), therefore adding to the previous finding, how-
ever, the relationship was weaker than for CH4, suggesting that both
biodegradation and absence of physical barriers properties were in-
volved in the higher CO2 emissions after the removal of the upper
1–2 mm of soil.

5. Conclusions

CO2 and CH4 emissions from a Rhizophora mangrove soil were rela-
tively low throughout the year, with CH4 representing only 1% of the
combined CO2 and CH4 emissions. Nevertheless, GHG fluxes showed a
high seasonal variability, with higher values measured during the
warm season. We suggest that these enhanced emissions mainly de-
rived from increased organic matter decomposition rates due to ele-
vated temperature, higher CO2 and CH4 concentrations were
measured within the soil. In addition, CO2 and CH4 emissions were



controlled by biofilm development at the soil surface. First, biofilm may
act as a physical barrier preventing the gases to reach the atmosphere.
In addition, by measuring δ13 C-CO2 values of the CO2 emitted in the
dark and at light, wewere able to confirm the reduction of CO2 emissions
by its consumption during photosynthesis processes at sediment surface.
However, we were not able to evaluate the respective contribution of
each CO2 source within the soil due to their too close δ13C-CO2 values.
Eventually,we observed that removing the upper 1–2mmof soil resulted
only in a partial removal of the biofilm but also andmainly to its deterio-
ration, inducing higher CO2 emissions and depleted δ13C-CO2 values.

Although some forcing factors remain unidentified, major advances
have beenmade during the last few years in the evaluation of the green-
house gas emissions from mangrove soils. However, all the studies fo-
cused on fluxes during emersion periods, consequently occulting
inundation periods. Due to their position, mangroves are regularly
flooded, and up to half of the time for some regions, whichmay severely
contribute to the emissions of greenhouse gas. Consequently, we sug-
gest that further studies may focus on these potential emissions.
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