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Key Points:

o CH, emission from sediment to water column was controlled by photosyn-
thesis and respiration of seagrass in the subtropical lagoon.

¢ The tidal process affected CH, transport in the subtropical mangrove creek
and decreased the potential of CH, emission to the atmosphere.

o Unlike those in the sediment-water interface, the CH, flux at the water-air
interface was primarily influenced by wind speed.

Abstract

Seagrasses and mangroves are crucial sources of atmospheric methane (CH,)
from coastal areas. To study the dynamics of CH, cycling at subtropical seagrass
and mangrove, we studied diurnal CH, emissions at the sea-air and sediment-
water interfaces and related environmental parameters in August 2019 at la-
goonal estuaries of southern Texas, USA, northwest coast of the Gulf of Mexico.
Although seagrass meadows and mangroves locate at closely connected subtropi-
cal estuaries, they displayed distinct mechanisms in CH, cycling. Dissolved CH,
concentration at the seagrass meadow decreased in the daytime and increased
overnight, expressing a tight relationship with photosynthesis and respiration of
seagrass. Plant mediation of seagrass played a crucial role in CH, production,
oxidation, and transport from sediment to water column. In comparison, the
diel variation of dissolved CH, concentration at the mangrove creek was con-
trolled by tidal progression. The maximum CH, level occurred during ebb due
to the export of CH, from inside the mangrove to the outside bay. Tidal pump-
ing and tidal inundation were essential conduits for dissolved CH, exchange
between water and porewater. In both areas, sea-air CH, fluxes were signifi-
cantly affected by wind speeds, which hid related diurnal variations caused by
physiological or tidal cycles. Our study also revealed a more significant contri-
bution from seagrass to the local CH, budget than from mangroves, indicating
CH, released from subtropical seagrass needs further investigation.

Plain Language Summary

CH, is the second important greenhouse gas after carbon dioxide (CO,), but
its warming potential is over 80 times that of CO,. Coastal vegetation areas
such as seagrass and mangrove are important natural sources of CH,. Although
the northwest coast of the Gulf of Mexico is essential seagrass and mangrove
habitats, few studies have been concerned about the CH, emission from this
region. This study investigated potential mechanisms that control diurnal CH,
emission from the seagrass meadow and mangrove creek in southern Texas estu-
aries. We found that the CH, released from sediment to water in seagrass was
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influenced by seagrass photosynthesis and respiration. While in the mangrove
creek, CH, variation in water was affected by the tidal process. Unlike the CH,
flux in the sediment-water interface, the emission of CH, from water to the at-
mosphere was strongly controlled by wind speed in both seagrass and mangrove
areas. Moreover, more CH, was released from seagrass to the air than from
mangroves in these subtropical estuaries, suggesting more concern on seagrass
CH, contribution.

1 Introduction

Coastal vegetated ecosystems such as mangroves, saltmarsh, and seagrass are a
huge blue carbon reservoir, a crucial global carbon sink (Macreadie et al., 2019).
The high deposition of organic carbon to these systems provides plenty of carbon
sources for microbial production and subsequent respiration, leading to a high
potential of greenhouse gas emission (Macreadie et al., 2019; Rosentreter et al.,
2018). Results show that mangroves, salt marshes, and seagrasses are net CH,
sources globally, with a total emission of 0.33~0.39 Tmol CH,/year (5.3~6.2 Tg
CH, /year) (Al-Haj & Fulweiler, 2020). Combining these systems accounts for
most CH, emissions from coastal and open oceans (4-10 Tg CH, /yr with a mean
of 6 Tg CH,/yr) (Saunois et al., 2020; Weber et al., 2019).

Due to extensive spatial and temporal heterogeneity, CH, budgets from different
vegetated origins are poorly constrained. For example, diurnal variations in
CH, fluxes have been reported in some coastal vegetated areas. Maximum CH,
emission could occur during night (Diefenderfer et al., 2018), in the daytime
(Huang et al., 2019; Yang et al., 2018), or highly variable (Jha et al., 2014), or
no significant diel pattern (Garcias-Bonet & Duarte, 2017; Li et al., 2018).

Diurnal variations of CH, emission have been reported to primarily result from
short-term changes of hydrological and biogeochemical processes, such as tides
and oxygen cycling mediated by photosynthesis and plant mediation. Some-
times, these processes could also work together (Maher et al., 2015) and some-
times competed with each other (Yang et al., 2018). In tidal-dominated coastal
areas, tidal processes often significantly impact CH, emissions through water
or porewater exchange (Li et al., 2018; Trifunovic et al., 2020). CH, fluxes in
mangrove creeks have been observed higher in low tides due to tidally driven
porewater exchange, or progressive enrichment of diffusive CH, in the water
column (Call et al., 2015; Jacotot et al., 2018). Tidal inundation during spring
tides also can release more CH, from intertidal sediment (Bahlmann et al., 2015;
Call et al., 2019; Dutta et al., 2015). Drivers of CH, exchange between pore-
water and water column could be explained by ”lunar mangrove pump” and
"first-flush” in micro-tidal (Call et al., 2015) and macro-tidal (Call et al., 2019)
mangrove systems, respectively. In riverine estuaries, tidal-fluvial interaction
on ecosystem metabolism could regulate CH, dynamics (Huertas et al., 2018;
Matoust et al., 2017). Tidally controlled CH, variation was also reported at
the seagrass meadow of Ria Formosa lagoon (southern Portugal) (Bahlmann et
al., 2015).



Transport of photosynthetic oxygen to plant roots could promote aerobic CH,
oxidation and/or influence CH, production by changing sediment redox condi-
tions. Many studies have displayed CH, oxidation in the rhizosphere of macro-
phytes (Heilman & Carlton, 2001; Kankaala & Bergstrom, 2004; Lombardi et
al., 1997). A study at seagrass meadows and coral reefs in Caesar Creek, Florida,
suggested the impact of photosynthetic oxygen on CH, production rate in sed-
iment (Oremland, 1975). Diel variations of O, N,, and CH, in sediment bub-
bles and rhizome gases in seagrass T. testudinum manifested that O, produced
during photosynthesis could be delivered via the rhizome system to sediment,
and it was negatively related to CH, proportions (Oremland & Taylor, 1977).
Although oxygen cycling is crucial to seagrass physiology, few studies system-
atically investigated how photosynthetic processes influence CH, emission from
seagrass meadows.

Oxygen cycling in vegetation areas is tightly related to the mediation capability
of plants. Plant mediation can transport oxygen and deliver all other gases,
including CH, (Oremland & Taylor, 1977). Plant-mediated transport of CH,
has been observed in many emergent and submerged macrophytes (Chanton
et al.; 1992; Fonseca et al., 2017; Laanbroek, 2009; Whiting & Chanton, 1992;
Zhang et al., 2019). Mangroves also have been found to have the plant-mediation
capability in CH, transport, with CH, emission from stems positively correlated
with the number of mangrove pneumatophores (Jeffrey et al., 2019; Livesley &
Andrusiak, 2012). Even though there has not been direct evidence to show the
transport of CH, through seagrass’ aerenchyma, CH, had been observed in the
rhizomatic internal structure of some seagrass (Oremland & Taylor, 1977).

CH, emission to the atmosphere from shallow coastal areas depends on all pe-
riods of CH, biogeochemical cycling, including CH, production, oxidation, and
transport (Figure 1). CH, is primarily produced from anaerobic methanogenesis
and can be oxidized by methanotrophic sediment and water column cycling or
with sunlight penetration photo-oxidation. CH, not oxidized through these
cycles could finally be transported to the atmosphere. Although long-term
observation approaches such as the eddy covariance technique and chambers
integrated with continuous measurement are robust in capturing the diurnal
variation in CH, fluxes to the atmosphere (Huang et al., 2019; Jha et al., 2014;
Li et al., 2018; Yang et al., 2018), only a systematic study integrate CH, trans-
port from sediment to water and from water to air can discover the mechanisms
and factors controlling CH, emission to the air.

This study investigated diurnal variation in CH, and other parameters in sea-
grass and a mangrove creek in adjacent estuaries at the northwest Gulf of Mex-
ico. Although northwest coasts of the Gulf are essential mangrove and seagrass
habitats, CH, released from this region has few studies. Most studies focused
on the eastern and southern coasts of the Gulf (Cabezas et al., 2018; Chuang
et al., 2017; Oremland, 1975; B. J. Wilson et al., 2015). Mangrove forests at
Aransas Bay, Texas, are one of the key areas of northward mangrove expansion
and replacement of salt marsh along the Gulf, with mangrove coverage increased



75% between 1990 to 2010 (Armitage et al., 2015; Osland et al., 2018). The
transfer from salt marsh to mangrove could deposit more carbon in the sediment
(Bianchi et al., 2013) and bring the potential for more CH, emission. Locating
at the south of Port Aransas, Laguna Madre is one of the most hypersaline la-
goons in the world. It is dominated by seagrass, particularly Halodule wrightii,
a pioneer species with a tolerance of high salinity (Wilson & Dunton, 2018).

In this study, we systematically observed the photosynthesis-related CH, trans-
port in a subtropical seagrass meadow and tide-driven CH, cycling in a man-
grove creek. This study uncovers mechanisms that control the diurnal CH,
transport from sediment to water and from water to atmosphere of these two
different vegetation systems, and quantitively determined CH, variation in dif-
ferent periods during the diurnal observation. Comparing CH, cycling in ad-
jacent mangrove and seagrass systems was expected to understand the coastal
wetland CH, emissions further. This study also supplements sparse methane
data along the Gulf of Mexico and provides a more thorough understanding for
CH, cycling in subtropic areas.

2 Materials and Method

2.1 Study area

This study is in a semi-tropical zone, in the northwest of the Gulf of Mexico,
southeast coast of Texas, including southern Aransas Bay (Harbor Island) and
Upper Laguna Madre (Figure 1). The estuaries are separated from the Gulf of
Mexico by sandy barrier islands, Padre Island, Mustang Island, and San José
Island, and only through the Packery Channel and the Ship Channel at Port
Aransas can access water of the Gulf of Mexico. Dominated by diurnal micro-
tides, these estuaries have a limited water exchange with the Gulf of Mexico
(Smith, 1979).

Harbor Island is near the inlet of Ship Channel. It is covered by black man-
grove (Avicennia germinans) and salt marsh (Spartina alterniflora and other
grass and forb species) (Armitage et al., 2015). From the 1930’s to the present,
the coverage of black mangroves at Harbor Island had a notable increase, and
salt marsh decreased significantly (Armitage et al., 2015; Montagna et al., 2011).
It has become one of the primary populations of black mangroves on the Texas
coast (Montagna et al., 2011). Upper Laguna Madre is the northern part of
Laguna Madre, one of three hypersaline lagoons globally. It is crucial seagrass
habitat, with seagrass meadow covering approximately 66% of the floor (Dun-
ton & Reyna, 2019). H. wrightii (56.0 £ 39.1%, 2018) dominated the region,
followed by S. filiforme (9.2 + 23.1%, 2018) and H. engelmannii (0.5 + 4.7%,
2018) (Dunton & Reyna, 2019). The whole study area, whatever is dominated
by seagrass, salt marsh and/or mangrove habitats, provides vital nursery habi-
tat to many birds, fish, and invertebrate species. It also serves as a major area
for public recreation, e.g., boating and fishing.
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Figure 1. Study area and method. Left: (a) An overview of the Gulf of Mexico.
The study area is located northwest of the Gulf of Mexico and southeast of Texas,
USA, marked by the white rectangle. (b) Sampling sites. AMS5 locates at a creek
of Harbor Island; LM1 locates in the middle of Upper Laguna Madre. Right:
Scheme of CH4 cycling and study approaches.

2.2 Study method and sampling

Diurnal observation and sampling were carried out at the site LMI1
(27°32’39.16"N, 97° 17°9.5”W, seagrass) of Upper Laguna Madre on Au-
gust 13" and 14*") 2019, and at AM5 (27°51'54.85"N, 97° 3'35.91"W,
mangrove) of Harbor Island on August 15" and 16", 2019 (Figure 1). To
thoroughly understand transport of methane from sediment to the atmosphere
via water column, we investigated CH, emissions at both the water-air and
sediment-water interfaces.

Surface water and ambient air samples were collected every 4 hours to deter-
mine a 24-hour variation of dissolved CH,, sea-air CH, flux, dissolved inorganic
carbon (DIC), and Chlorophyll-a (Chl-a). Synchronically, water parameters
(salinity, pH, dissolved oxygen (DO), temperature) were measured using a mul-
tiparameter meter (HI98194, Hanna Instruments). Air temperature and wind
speed were measured by a portable anemometer positioned 1m above the surface
water. Daily wind speed and hourly temperature, and wind speed data were ac-
quired online (NOAA National Centers for Environmental Information Climate
Data Online https://www.ncdc.noaa.gov/cdo-web/). These parameters were
applied to calculate the CH, flux and analyze factors controlling CH, emission
at the sea-air interface (Chuang et al., 2017; Lorenson et al., 2016). Floating
chambers were set up at the same time to measure in-situ CH, flux from surface
water to the atmosphere (Figure 1).
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To determine CH, emission at the sediment-water interface, sediment cores were
collected, and in-situ sediment chambers were established for sediment incuba-
tion experiments at LM1 and AM5. Porewater CH, profiles through sediment
cores were applied to calculated diffusive CH, fluxes at the sediment-water sur-
face. Variation of CH, in the overlying water of sediment chambers before
and after incubation could indicate total sediment-water CH, fluxes during the
experiment.

2.2.1 Surface water collection

For each site, surface water samples were overflowed three times the volume into
160 ml glass vials. Then 1 ml saturated CuSO, solution was added to inhibit
microbial growth. Ambient air samples were collected at the same time for
background CH, concentrations. Water and air samples were stored in the dark
and measured within two months after they were collected. Water incubation
experiments at LM1 and AM5 were used to measure the oxidation of CH, in
water column by adding a saturated CuSO, solution to duplicate water samples
in a certain interval.

2.2.2 Floating chamber observation

Floating chambers were placed at LM1 and AMS5 to observe in-situ CH, flux at
the water-air surface. Polyester bottles made floating chambers with a volume
of 3 liters. In the first hour, air samples in floating chambers were collected
every 15 minutes using a 30ml syringe and injected into the vial filled with
Milliq water which had been purged with pure Ny. Then air inside chambers
was sampled every 4 hours during the diurnal observation.

2.2.3 Sediment cores incubation experiment

Sediment cores were collected at LM1 and AMS5 using 50cm polycarbonate tub-
ing with 6.67cm of diameter. For each core, porewater samples were drawn
with Rhizon samplers (Coffin et al., 2013) and 30 ml syringes immediately after
the cores were collected at the interfere of 2 cm. Then porewater samples were
transferred to 30 ml vials previously filled with pure N, gas, and 0.2ml saturated
CuSO, solution was injected immediately, and then stored in dark and cool till
measurement.

Sediment incubation experiments were carried out using 70cm polycarbonate
tubing with 6.67cm of diameter. At LMI1 and AMS5, two sediment chambers
were inserted into the sediment. One chamber was merged into water totally,
and the upper opening was sealed, and the other was left headspace air and
then sealed. They were fixed to stand up together at LM1 or AMS5 for nearly 24
hours. After in-situ incubation, overlying water of each chamber and headspace
air of chambers at LM1 and AM5 were collected using 60 mL glass vials and
30 ml vials, respectively. Porewater was sampled using the same method as
porewater collection from sediment cores.



2.3 Analytical Methods

Concentrations of dissolved and airborne CH, were measured by the headspace
equilibration technique and Gas Chromatograph (GC, Agilent 6890N) (Magen
et al., 2014; Reeburgh, 2007). DIC concentrations were determined using UIC
CM5017 Coulometer. Chlorophyll a (Chl-a) concentrations were measured using
Turner 10-AU. Sulfide in porewater was determined by colorimetric analysis of
the methylene blue method (Cline, 1969; Reese et al., 2011). The above works
were done in the Isotope Core Laboratory at Texas A&M University-Corpus
Christi. 'C-CH, of some samples were analyzed at the Stable Isotope Lab of
the University of California-Davis.

Diffusive CH, flux in the sea-air interface was calculated using the Gas-transfer
Model (Wanninkhof, 1992).

J = kv ’ (Cobs - Ceq) (1)

Where, J is the flux of gas to the atmosphere (mmol-m™2-d?! or
pmol - m™? - h''); C,p, represents the measured concentration of dissolved
CH, in water (nmol-L3); C,, is the concentration of CH, in equilibrium
with the atmosphere at in situ temperature (nmol - L), calculated for each
sample from the temperature- and salinity-dependent equilibrium relationship
(Wiesenburg & Guinasso, 1979); k, is gas transfer velocity (m - d-!), calculated
using the relationship between gas transfer and wind speed developed and
updated by Wanninkhof in 1992 and 2014 (Wanninkhof, 1992, 2014). Based on
the comparison between calculated diffusive fluxes and CH, fluxes got using
floating chambers, this study used the coeflicient of 0.251 in calculating k..
1

That is, k, = 0.251 x 1% x (£%) * (Wanninkhof, 2014).

Sea-air CH, flux (qmol - m™-h™! or mmol - m™?-d?!) acquired using floating
chambers, which is called chamber flux in this paper, was calculated from the
variation of CH, proportion in the chambers during in-situ observation.

Dissolved CH, flux at the sediment-water interface was calculated using Fick’s
First Law (Berner, 1980).

Jy=—0(Dye072) [E£] (2)

Jy is the diffusive CH, flux at the sediment-water surface; () is the porosity of
sediment, measured from the weight loss of sediment dried at 80°C (Morin &
Morse, 1999); D, is diffusion coefficient for CH, in water (1.5x10 cm? - s!)
(Broecker & Peng, 1974); 6 is tortuosity, calculated using 62 = 1 — In (0?)
(Boudreau, 1996); % is CH, gradient in porewater. Both the gradient of the
first two layers of porewater and the gradient between bottom water and first

layer of porewater were applied to represent sediment-water CH, fluxes.

3. Results



3.1 Diurnal variation of dissolved CH, and other parame-
ters

Diurnal observations found dissolved CH, concentration in seagrass site LM1
decreased and reached the lowest before the sunset, while overnight CH, con-
centration increased and arrived at highest before sunrise (Figure 2 left: a, c, e).
Such variation of dissolved CH, concentration had a similar trend with DIC and
was the opposite of pH, Chl-a, DO, water level, temperature, and wind speed.
The change of water level during the observation was minor, with no more than
0.02 meters. 3C-CH, in water was -57.8%0¢ ~ -57.3%o, indicating its biogenic
origin. Hourly diffusive CH, fluxes had a similar trend with hourly average
wind speed. (Figure 2: g). Wind speed decreased from evening to dawn, and
so did CH, flux and atmospheric CH, concentration, although dissolved CH,
concentration increased. Before sunrise, although CH, concentration was the
peak, CH, flux and atmospheric CH, proportion were lowest.

Diurnal variations in dissolved CH, concentration and other parameters in the
mangrove area (AM5, Figure 2 right: b, d, f) were quite different from those
in seagrass. Dissolved CH, concentration increased from noon, and reached
the highest level at midnight, and then decreased. Such change was opposite
to water level and DO concentration, but consistent with salinity and DIC. In
comparison with that at LM1, there was significant variation in water level due
to tidal processes. *C-CH, were -61.9%0 ~ -60.9%o, suggesting a biogenic CH,
source. Sea-air CH, fluxes were corresponding with wind speed. Similar to LM1,
wind speed decreased from late afternoon to dawn, and so did CH, flux. Even
though dissolved CH, concentration was highest in the middle night, sea-air
CH, flux was low due to slow wind speed.
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Figure 2. Diurnal variation of dissolved CH, concentration and other parame-
ters: (a) and (b) water level, temperature, and salinity; (c¢) and (d) Chl-a and
DO; (e) and (f) DIC, pH and '3C-CH,; (g) and (h) hourly sea-air CH, flux,
ambient CH, and wind speed; left: LM1, right: AMS5.

3.2 Variation of CH, in floating chambers

Total CH, flux, both diffusive and ebullient, was measured by floating chambers.
In one hour, variation of CH, in floating chambers increased linearly (Figure
3 a and b), indicating CH, entering the chambers were primarily diffusive in
both seagrass and mangrove sites. Average growth rates of CH, proportion in
chambers built in the daytime (0.020+0.010 ppm/min at LM1 and 0.00814+0.001
ppm/min AM5) were larger than those set up in the night (0.013 ppm/min at
LM1 and 0.0058 ppm/min at AM5). It revealed that more CH, was released
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from water to the air in the daytime than at night. Moreover, the average CH,
production rates in seagrass chambers were larger than in mangrove chambers.

For a 24-hour observation, CH, proportions in chambers did not increase linearly
(Figure S1), which suggested CH, fraction in the gas entering chambers varied
in the day-night cycle. This point also reflected from the variation of 3C-CH,
(Figure 3 ¢ and d; LM1: -52.5%0 ~ -46%0; AMb5: -58.6%0 ~ -46.4%0). Moreover,
the 13C-CH, values were negatively related to CH, proportions in both seagrass
and mangrove sites (Figure 3 d and f).

Floating chamber fluxes in the first hour were similar with synchronous calcu-
lated diffusive flux at LM1 (Figure 3g), further implied no contribution from
ebullition CH, and more significant daytime than nighttime emissions. Unlike
at LM1, the first-hour floating chamber fluxes were lower than diffusive flux
at AMb5. It also manifested no ebullition CH, entering the chambers. Such a
large discrepancy between floating chamber fluxes and diffusive flux indicated
the impact of wind, which will be discussed later.
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in floating chambers in 24 hours; (e¢) and (f) CH, proportion vs.

13C.CH,

in floating chambers; (g) Comparison of calculated diffusive CH, fluxes and
floating chamber fluxes

3.3 Sediment porewater and incubation

At the start of incubations, porewater CH, and sulfide concentrations were
similar at LM1 (CH,: 30 ~ 60 nmol/L; sulfide: 0~110pmol/L) and AM5 (CH,:
20 ~ 90 nmol/L; sulfide: 0~110pmol/L) (Figure S2). After incubation, CH,
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concentrations in overlying water increased at the sediment chambers without
headspace air (Figure 4a). The increase of CH, concentrations was larger in
overlying water of seagrass site (LM1) and mangrove (AM5). Differently, in the
chambers with headspace air, dissolved CH, concentrations decreased (Figure
4b), but CH, proportion in headspace air increased (Figure 4c). Moreover,
the CH, amount entering air was larger than that decrease in the water column.
Only a part of the elevated CH, in headspace could be explained by the decrease
of CH, in water.
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Figure 4. CH, variation in overlying water and headspace air in sediment
incubation experiment. (a) Dissolved CH, concentration in overlying water in
sediment chambers without headspace air; (b) Dissolved CH, concentration in
overlying water in sediment chambers with headspace air; and (c) Variations of
flux and amount of CH, in overlying water and headspace air after incubation
in chambers with headspace air.

3.4 Water incubation

Maximum variations of dissolved CH, concentration in the incubation experi-
ments were no more than 15% in 24 hours (Figure S3), indicating low bacterial
water column consumption and production. Dissolved CH, concentration in
samples collected at LM1 decreased 14% in the first hour and returned to 93%
in the following 12 hours. Decrease of CH, concentration in AM5 samples oc-
curred in the first four hours, and then CH, concentration returned and was
stable at a bit over 90% in the following hours.

4. Discussion

4.1 CH, transport from sediment to water and air

Sediment-water CH, fluxes were calculated through two approaches. The first
one is based on the variation of CH, concentration in overlying water of sedi-
ment chambers before and after incubation (Table 1). The second method uses
Fick’s first law of diffusion to calculate CH, flux at the sediment-water interface.
Since CH, concentrations in the water column were less than those in top-layer
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porewater, the calculated diffusion fluxes were negative in both LM1 and AM5
(Table 1). The diffusion fluxes across top-layer and second-layer sediment were
positive. But they were much less than the fluxes acquired using sediment incu-
bation, indicating diffusive passage was not the primary path for CH, transport
from sediment porewater to water column in the seagrass meadow and mangrove
creek.

Moreover, incubation sediment-water flux was larger at LM1 than at AM5, while
diffusive flux at LM1 was much less. It suggested more CH, was released from
seagrass sediment to the water column than from mangrove sediment using a
more robust transport approach. The CH, flux entering headspace air through
water and /or sediment at LM1 was also larger than at AM5, further expressing
this point.

In the sediment chambers with headspace air, CH, concentrations in overlying
water decreased after incubation while concentrations in headspace air increased.
The increased amounts of CH, in the headspace air (LM1: 0.088 pmol; AMb5:
0.055 nmol) were larger than the decrease in overlying water (LM1: -0.067 pmol;
AM5: -0.030 pmol) at both sites, suggesting some CH, in the air came from
sediment. Before incubation, CH, in the surface water was oversaturated at
both sites, with saturations over 3500% and 3100% at LM1 and AMS5. After
incubation, saturations at both sites decreased to 405% and 976%, respectively.
Our water incubation experiments showed that CH, concentration decreased
about 10% in 24 hours, which denied the possibility CH, was produced in water
column and transported to the headspace air. Theses observations demonstrated
a contribution of atmospheric CH, came from sediment.

Table 1

Sediment-water and Water-air CH4 Fluzes

Sediment-water flux (mmol/m? - d) Sed-(water)-air (mmol/m? - d) Environn
Incubation Flux Sed-water Ficks Sed-water Ficks interface?
LM1 0.0377 5.180E-06 -3.804E-05
LM1-air -0.0194 - -
AMS5 0.0011 0.000102 -0.000032
AMS5-air  -0.0095 0.000133 0.000518
Water-air CH, flux (mmol/m? - d) Environment
Diffusive? Floating chamber in situ®> Floating chamber final* Floating c
LM1 0.144 0.0895 0.077+0.012 0.174
AM5  0.202 0.0514 0.053 0.075

! interface of water and the first layer of sediment porewater
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2 sum of sea-air diffusive fluxes at the different period during observation

3 sum of floating chamber fluxes at the different period during observation

4 based on the increase of CH, in the floating chamber at the end of observation

5 total flux of multiplication of one-hour floating chamber fluxes at daytime and
nighttime and duration (hours) of daytime and nighttime respectively

CH, fluxes at the water-air interfaces were determined in two ways, the gas-
transfer model and chamber observation. Fluxes acquired by both methods
were much higher than the sediment-water fluxes, indicating the emission of
CH, from water to the air was larger than the sediment supply of CH, to
the water column. Such a significant imbalance between sediment-water and
water-air fluxes at both LM1 and AM5 manifested that direct diffusive CH,
transport at the sediment-water interface could not be the primary conduit for
CH, entering the water in the long term.

4.2 Mechanism of CH, transport in seagrass

4.2.1 Impact of photosynthetic and respiration processes on CH, cy-
cling

The diurnal variations at LM1 suggested dissolved CH, concentrations at the
seagrass area were related to photosynthesis and respiration of seagrass, which
can be reflected from variations of DO, Chl-a, DIC concentrations, and pH. In
the daytime, oxygen produced during photosynthesis (equation 3) can diffuse to
surrounding water and sediment, which improves DO concentration in the wa-
ter column. Although respiration can consume oxygen (equation 4), the amount
is much lower than that produced by the photosynthetic process (Borum et al.,
2007). However, in the dark, oxygen consumption by respiration dominants and
consequently DO concentration in the water column decreases because the sup-
ply from seagrass reduces (Borum et al., 2007). In this study, DO concentration
was highest in the afternoon when Chl-a concentration was highest (Figure 2),
which indicated the highest photosynthesis. Then DO concentration decreased
to the lowest before sunrise as photosynthesis declined and then disappeared
overnight, which was suggested by dropping Chl-a concentrations. Through
sunrise, DO concentration began to increase. Variation of CO, in photosyn-
thesis and respiration can be implied by DIC coupling with pH (equation 5).
Lowest DIC and highest pH appeared before sunset, and the highest DIC and
lowest pH happened before sunrise, which agreed with the daily circulation that
photosynthetic consumes CO, and respiration produces CO,. Although water-
shed mineralogy and riverine runoff have been found as primary drivers in some
southern Texas estuaries (Yao & Hu, 2017), Upper Laguna Madre receives less
such influences since the water exchange is weak and local evaporation exceeds
all freshwater input (Montagna et al., 2018). Similar diel curves of DIC and DO
were reported at Laguna Madre in September 1996 due to weak tidal exchange
and strong biological signal (Ziegler & Benner, 1998).
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« photosynthetic process: light + CO5 + H,0 -> CcH;,04 + O, (3)
o respiration: CgH 504 + Oy -> CO, + Hy,O + ATP (4)
o DIC and CO,: CO, + H,0 HCO4 + H* (5)

In the diel observation, maximum dissolved CH, concentration in water occurred
before sunrise (79.1 nmol/L) was nearly three times of minimal concentration
(28.3 nmol/L) before sunset. Such discrepancy vastly exceeded the oxidation
and production of CH, in the water column (no more than 15%) shown in the
water incubation experiment. Hence the transport of CH, from sediment prob-
ably contributed to this diurnal variation. However, direct diffusive CH, fluxes
at the sediment-water interface were minor compared to CH, fluxes at the sea-
air interface (Table 1), which suggested the supply of diffusive CH, was not a
significant way for CH, in water body. On the other hand, CH, flux at the
sediment-water interface was four orders of magnitude higher than the calcu-
lated diffusive flux. It indicated the role of seagrass plant-mediation on CH,
transport from sediment to water. Since seagrass lacunae tissues could transport
oxygen produced in photosynthesis from leaves to water and rhizome sediment
(Borum et al., 2007; Oremland & Taylor, 1977), such internal conduits also
can facilitate the release of sediment CH, to the water body. Although there
was no direct evidence about seagrass’ plant mediation on CH,, plant-mediated
transport of CH, has been observed in many emergent and submerged macro-
phytes (Chanton et al., 1992; Fonseca et al., 2017; Laanbroek, 2009; Whiting
& Chanton, 1992; Zhang et al., 2019). Moreover, diffusive CH, delivery could
also be influenced by macrophytes’ photosynthesis (Ding & Cai, 2007; Whiting
& Chanton, 1996).

Although incubation sediment-water flux (0.0377 mmol/m? - d) at LM1 was
~22% to ~50% of sea-air fluxes (0.077 ~ 0.174 mmol/ m? - d, Table 1) in this
study, their difference was reasonable. Since sediment surface area was larger
than water surface due to complicated seafloor landform, total amount of CH,
released from sediment was probable enough to support the emission from wa-
ter to the atmosphere. The capability of plant-mediation also depends on the
biomass of seagrass. Due to the limitation in in-situ experiment, we did not
account for the seagrass biomass in sediment chambers, which brought uncer-
tainty in the estimation of plant-mediated CH, transport. Moreover, as the
dying of seagrass during incubation and CH, concentration in overlying water
increased, it is reasonable that seagrass’ transport capability decreased, and so
the incubation flux was probably less than the transport flux by living plants.
As a result, although incubation sediment-water flux was less than water-air
flux, it is still can reflect the plant mediation of seagrass on CH,.

As shown in Figure 5, dissolved CH, concentration was strongly negative with
DO concentration measured four hours before and synchronically positively re-
lated with DIC. It indicates that the variation of CH, concentration is associated
with the physiologic process of seagrass. Since oxygen is delivered within sea-
grass lacunae primarily driven by passive diffusion from leaves to roots (Borum

17



et al., 2007), it is reasonable that the lowest CH, concentration appeared four
hours after the DO peak. That CH, concentration varied oppositely with DO
concentration could be attributed to two factors, direct oxidation of CH, in the
rhizosphere and change of CH, production caused by diel variation of anaerobic
and aerobic sediment environment. Rhizospheric CH, oxidation has been ob-
served in some macrophytes up to 65% (Heilman & Carlton, 2001; Kankaala &
Bergstrom, 2004; Lombardi et al., 1997). If the difference between the maximum
and minimal CH, concentration in this study was entirely caused by oxidation
in the rhizosphere, oxidation could also be nearly 65%. Considering the max-
imum potential of 15% decomposition in the water column, CH, oxidation in
diel could be around 50%. The !'3C-CH, of in water was -57.8%0 ~ -57.3%0
during diurnal observation (Figure 2c¢), indicating its biogenic source of CH,
in the water diurnally. The highest '3C-CH, appeared when dissolved CH,
concentration was lowest, which seemed related to oxidation of CH,. However,
the variation between maximum and minimal was not considerable enough as
robust evidence of oxidation.

Another possibility is CH, production reduced in the daytime due to less anoxic
surface sediment caused by photosynthetic oxygen. Lee et al. (2000) had ob-
served porewater sulfide in seagrass meadows at Lower Upper Laguna Madre
and Corpus Christi Bay decreased in mid-day because of increasing photosyn-
thetic produced oxygen in sediment (Lee & Dunton, 2000). It means the sed-
iment became much less anoxic. Consequently, less CH, may be produced in
the daytime. On the contrary, less oxygen could be delivered to sediment at
night because of less DO concentration, which created an anoxic environment
for CH, production overnight.

Diurnal variation in CH, proportions and *C-CH, in the floating chamber
also manifested that from late morning to early night, the transport of CH,
from water to air decreased (Figure 2c). The lowest *C-CH, occurred with
the highest CH, proportion was -52.5%0, which was about -5%o higher than
13C of dissolved CH, in surface water. It indicated that the lighter isotope of
12CH, is transported from water to air faster than 13CH,. The negative linear
relationship between CH, proportion and *C-CH, also suggested the variation
of CH, was primarily caused by dilution of air with less CH, in the daytime
(Figure 5k).
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Figure 5. Relationship between dissolved CH, concentration and other param-
eters in the water column. Left: LM1; Right: AMS5.

4.2.2 Sea-air CH, flux over the seagrass meadow

Unlike dissolved CH, concentration, sea-air CH, fluxes (Figure 2g) varied as
wind speed changed. The CH, fluxes decreased as wind speed slowed down
overnight, minimal before sunset when dissolved CH, concentration was max-
imum. CH, flux was significantly positively related to hourly wind speed
(12=0.67, p<0.01), despite a difference between maximum and minimum CH,
concentrations was nearly three times. It indicated the wind speed plays an es-
sential role in releasing CH, from water to the atmosphere. Synchronically, CH,
proportion in the ambient air was similar to sea-air CH,, decreasing overnight.
The decrease of CH, flux at the water-air interface in the nighttime further
assisted the accumulation of dissolved CH, in the water column overnight.

Similarity between one-hour floating chamber flux and calculated diffusive CH,
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flux both in the daytime and nighttime further proved the impact of wind on
CH, emission. In the long-term observation, CH, proportion did not increase
linearly (Figure S1), which can be explained by variation in sea-air CH, fluxes.
Total sea~air CH, flux in the whole day was calculated in four approaches (Table
1). The first one is the sum of diffusive CH, flux at different observation times
multiplies duration between two observations. The other three were based on
floating chamber fluxes. Extrapolation of one-hour fluxes of daytime and night-
time (0.174 mmol/m? - d) was the largest. Since sea-air fluxes varied over time
both in daytime and overnight and floating chamber flux did not change lin-
early, the extrapolation could bring large uncertainty. The flux (0.07740.012
mmol/m? - d) acquired using the variation between final and initial CH, pro-
portions in chambers was the smallest. And the other one got using the sum
of variation of CH, proportion at different observation time was a bit larger
(0.0895 mmol/m? - d). Because of the weakness of static chambers applying in
CH, flux measurement, these two fluxes are a rough estimation.

4.2.3 Dynamics of CH, cycling in seagrass meadow

The input and output of CH, generally decided dissolved CH, concentration
in the water column. For seagrass meadow in this study, as in the previous
discussion, the primary source of CH, was the CH, transported from sediment
to water, and major output included CH, released from water to the air and
CH, photo-oxidation by sunlight in water. Bacterial decomposition and pro-
duction by methanogen in the water column were the minor sink and source
of CH,, respectively, based on the water incubation experiment. These factors
were integrated into the following equations (equation 6-8) to estimate diurnal
variation in CH, cycling. Since dissolved CH, was affected by photosynthetic
and respiration processes of seagrass, sunlight decomposition was not consid-
ered in the night process (equation 7). Considering incubation of sediment and
overlying water was carried out in sealed chambers, the impacts from limited
DO, sunlight, and sea-air transport could be ignored (equation 8).

Daytime:

[CH4]rcmain = [CH4]SCd—watcr B [CH4]oxidation + [CH4]mcthanogcnsis - [CH4]sca-air
- [CH4]photo-oxidation (6)

Night:

([C)H4]remain = [CH4]sed—water - [CH4]oxidation + [CH4]methanogensis N [CH4]sea—air
7

Incubation:

[CH4]remain = [CH4}sed—water - [CH4]oxidation + [CH4]methanogensis (8)
Here,

- [CH ) omain: dissolved CH, in the water column;
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- [CH]
- [CH]
- [CH,]
- [CH]

- [CHlsennir: CH, transported at the sea-air interface, determined by wind
speed and dissolved CH, concentration.

sed-water: CH,4 flux at the sediment-water interface;

Q

oxidation: Oxidization of CH, by bacteria in water;

methanogensis: Methanogenesis of CH4 in water;

Q

photo-oxid: Photo-oxidation of CH, in water;

An overall important assumption is that decomposition and production of CH,
in the water bOdy (_[CH4]oxidation + [CH4]methanogchSis ) in daytime and nlght
are the same, which is less than 15% in one hour and less than 10% in 24 hours
based on the incubation experiments (Figure S3). In the diurnal observation,
the influence of wind speed was more significant than CH, concentration, and
so daytime [CH,] was larger than night [CH,]

sea-air sea-air*

e AN A ~ *
13 hours o )a
[CH,] +4.5 nmol/L-d
air

7.2+2.5 pmol/m?>-hr 3.7+2.4 umol/m>hr

Wind\_ T Wind 2

11 hours

AN S

NS PN PN NN O~

A[CH,] -4.02 nmol/L-hr

0.0002 pmolm>hr 0 0.0002 pmol/m*hr 5.8~7.4
: nmol/L-hr nmol/L-hr
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diffusive CH, diffusive CHy
methanogeﬁesis: CeH,,05 > COZ + CH, : methanogeﬁesis: CeH,06 > COZ + CH,

Figure 6. CH, cycling in the seagrass meadow. Left: daytime (13 hours);
Right: nighttime (11 hours). CH, fluxes at the water-air interface were aver-
ages of diffusive fluxes in the daytime and nighttime respectively. Variation
of CH, concentration in water body was calculated based on diurnal observa-
tion. Diffusive CH, flux at the sediment-water interface was calculated using
the Fick’s First Law (Table 1). Plant-mediation of CH, transport was calcu-
lated using variation of CH4 concentration in overlying water of sediment core.
Detailed calculations see supplementary materials.

During 13 hours of daytime, dissolved CH, concentration decreased at an av-
erage -4.02 nmol/L - hr (Supplementary 2). On the contrary, dissolved CH,
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increased overnight (11 hours) with an hourly rate of +5.15 nmol/L - hr. The
total daily variance was the sum of daytime decrease and night increase, that
is, +4.5 nmol/L. There was 4.5 nmol/L of dissolved CH, accumulation each
day in summer. However, 24-hour sediment incubation showed dissolved CH,
concentration in overlying water increased 81.9 nmol/L. The difference between
incubation and natural variances was 77.4 nmol/L, indicating 77.4 nmol/L dis-
solved CH, in water was consumed by photodecomposition and removed from
water to air. Assuming average water depth in seagrass meadow was 1 m, 24-
hour decrease of dissolved CH, would be 0.077 mmol/m? - d, which was similar
to 24-hour floating chamber flux (0.077 £ 0.012 mmol/m? - d). Hence output of
water column CH, was primarily emission from the water surface to the air. This
point can further prove that the DO’s impact worked more on sediment than
the oxidation of CH, in the water column. Assuming oxygen in the chamber
was enough to support seagrass photosynthesis and respiration during incuba-
tion, about 5.8 nmol/L - hr to 7.4 nmol/L - hr CH, was transported to water
overnight. Calculated using elevated CH, concentration in overlying water and
natural water, the turnover time of dissolved CH, in water was about 18 days.

4.2.4 Implication to seasonal variation

In other seasons, daytime hours decrease and night hours get longer. If we
assume daytime decrease rate and nighttime increase rate keep the same as in
this study, dissolved CH, remains in the water column after whole daily cycling
would increase. However, since the primary increase of dissolved CH, came from
seagrass transport from sediment, less biomass of seagrass in other seasons prob-
ably would deliver less CH, to the water column. Meanwhile, since wind speeds
are lower in other seasons than in summer in this region, it would lead to less sea-
air emission of CH,. In all, remained CH, concentration in water ([CH,]
relies on the balance between sediment-water CH, flux ([CHylgoq-water ) medi-
ated by seagrass and transport of CH, from water to air ([CHylien ni)- There-
fore, seagrass biomass and wind speed in other seasons are probably crucial in
determining the seasonal variation of dissolved CH, in seagrass water.

remain)

4.3 Mechanism of CH, transport in mangrove water
4.3.1 Impact of tidal process on CH, emission at mangrove

4.3.1.1 Tidal transport Ununlike in seagrass (LM1), the diurnal variation of
dissolved CH, concentration in mangrove/salt marsh areas (AMb5) has a strong
positive linear relationship with salinity, which seemed related to the tidal pro-
cess. Moreover, CH, concentration and salinity variations were opposite with
tidal water level (Figure 3b). During ebb, both CH, concentration and salin-
ity increased, and during flooding, they decreased. Nevertheless, it is different
with riverine estuaries, where CH, concentration increased during ebb due to
riverine input with much higher dissolved CH, (Matousu et al., 2017; Ye et al.,
2019). Freshwater generally has a higher CH, concentration due to a less sul-
fate environment (DeLaune et al., 1983). Contrary to these studies, dissolved
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CH, concentration at this mangrove site had a strong positive relationship with
salinity (Figure 5j). Such variations in salinity and CH, concentration still can
be explained by the tidal process.

Since AM5 is located in the middle of the mangrove creek, elevated salinity at
midnight was caused by water transport with higher salinity from inside the
mangrove water than evaporation. Because of high evaporation and less fresh-
water input (e.g., precipitation and riverine input) in summer, it is reasonable
that shallower water inside the mangrove has a higher salinity than outside bay
area. A decreasing salinity gradient (32.5, 32.1, 32.0, 31.5, respectively) from
inside to outside along the creek, which has been observed one month before
this observation (July 2019), can demonstrate this point (Figure S4).

Similarly, dissolved CH, concentration at AM5 was elevated during ebb due to
tidal transport of water with a higher CH, level. Like the salinity, a dissolved
CH, concentration gradient (109.7 nmol/L, 93.4 nmol/L, 72.5 nmol/L, 24.8
nmol/L, and 12.7 nmol/L, respectively) has been observed from inside to outside
sites along this stream to the outlet of Ship Channel in July 2019 (Figure S4).
Hence it is reasonable that CH, concentration at AMb was elevated during the
ebb and decreased during the flood. Moreover, CH, concentration increased
from noon to evening and midnight, even when DO was high in the afternoon.
It suggested quite limited CH, oxidation in the water column, that was agree
with the water incubation experiment. Slightly decreased '3C-CH, during the
ebb and elevated !'3C-CH, in flooding manifested the input of biogenic CH,
and dilution of bay water correspondingly. Unlike in seagrass, dissolved CH,
was negatively related to in-situ DO rather than DO concentration several hours
ago, further suggesting the transport of CH, by tidal current.

DO concentration was negatively corresponding with decrease in salinity. In the
scenario without tidal influence, DO should continue to decrease after midnight
until sunrise like DO variation at LM1. However, DO has increased since mid-
night as salinity decreased. It only could be explained by less input of saltier
water with depleted DO and more transport of less salty water containing more
DO. During flooding, tidal current from seaward with less salinity and higher
DO diluted in-situ salinity and elevated DO concentration.

Although dissolved CH, was positively correlated to DIC, there was no relation-
ship between dissolved CH, and pH. It suggested DIC and CH, were probably
allochthonous, and the impact of photosynthesis on DIC was less significant.
Moreover, as CH, concentration in the middle of the creek increased during the
ebb, it meant CH, was being exported from the mangrove to the outside bay
area, similar to observations in some other estuaries (Burgos et al., 2018).

4.3.1.2 Effect of tidal pumping Another tidal process that would control
CH, cycling in the mangrove creek is the tidal pumping of porewater. It should
note that the highest salinity and lowest DO did not synchronize with the lowest
water level but occurred about a few hours in advance. It implied another water
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input at the end of the ebb. The highest CH, concentration also happened 4
hours before the lowest water level, further indicating water input with less
dissolved CH, concentration to the water column. This observation could be
explained by a contribution from sediment porewater by tidal pumping. CH,
concentration in porewater at AM5 was about 40 nmol/L, less than that in the
water column (diurnal variation: 53.5~106.9nmol/L). Hence, the dilution from
porewater with less CH, could explain the reduction of dissolved CH, in 4 hours
before the lowest water level, and tidally driven porewater exchange played a
crucial role in this process. The transport of diffusive CH, at the sediment-
water interface was generally passive and caused by a concentration gradient,
expressed in Fick’s First Law. Since sediment porewater CH, concentration was
lower than that in the water body, passive delivery of CH, from sediment to
water is minor. Therefore, only under the power of tidal pumping, as porewater
was drawn to the overlying water, CH, in water column could be diluted by
porewater. It is different from other mangrove creeks where porewater with
high CH, concentration could increase CH, level in the water column (Burgos
et al., 2018). That 3C-CH, kept stable although CH, concentration decreased
in the last few hours of ebb could prove that it was biogenic source input that
caused the reducing CH, concentration before water level reached lowest.

Slightly elevated water temperature, pH, and DIC concentration at the low-
est water level compared with 4 hours before CH, concentration and salinity
were highest, all further suggested the input from sediment source. Dutta, et
al. (2019) have found possible porewater influx of CO, during low tide in a
mangrove-dominated tropical estuary in India (Dutta et al., 2019). The tidal
pumping effect probably existed during all the ebb periods. However, the ex-
port from inside mangrove creek probably made this process negligible. When
sufficient water has been exported near the end of ebb, tidal impact on sediment
porewater could exhibit.

4.3.1.3 Tidal inundation From noon to evening during the diurnal observa-
tion, water depth had kept at a relatively high level for nearly eight hours since
the end of flooding. Here takes this period as tidal inundation for discussion
since the intertidal area was merged by water. The increase of CH, concentra-
tion began during this time. Notably, a few hours before ebb, CH, concentra-
tion increased significantly with a significant decrease of 3*C-CH, (Figure 2f),
indicating more input of biogenic CH,. It can be explained by tidal inunda-
tion of intertidal sediment, which could release additional CH, from intertidal
porewater (Call et al., 2019).

Both the relationship between dissolved CH, concentration and CH, *C-CH,
in water (Figure 51) and that between CH, proportion and 3C-CH, in the
floating chamber (Figure 3f) showed, as more CH, was released from sediment
to water, and from water to the chamber, 3C-CH, decreased. It indicated
the biogenic origin of CH, input. The trendline in Figure 3f represents the
mixing process of initial atmospheric CH, and CH, entering the chamber from
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water. During the diurnal observation, 3C of CH, emitted into the chamber
from evening to the early morning was lower than the mixing process’s data.
It further suggested that the biogenic CH, came from sediment. Similarly, the
relationship between dissolved CH, concentration and 3C-CH, in the water
column also looked like a hook (Figure 51). It proved once more that not only
the export of CH, from inside mangrove and dilution of CH, by bay water, but
the input of biogenic CH, from sediment controlled the CH, variation in the
mangrove creek.

4.3.2 Sea-air CH, flux in mangrove

Sea-air CH, fluxes acquired using floating chambers were much less than the
calculated diffusive fluxes using the gas-transfer model, both in the daytime and
at night (Figure 3g). The influence of wind speed could explain part of such
discrepancy. Diffusive CH, fluxes were calculated using wind speed at 10 meters,
while actual wind speed over the water surface was lower because of the barrier
of mangrove vegetation. Different from AMS5 surrounded by mangroves, seagrass
site LM1 locates in open water. Thus, wind speeds over the water surface at
LM1 could be compared with those at 10 meters. Wind speeds measured in the
field about 1 meter above the water surface at LM1 were similar to data acquired
at 10 meters, while one-meter wind speeds at AM5 were about 0.5 of those at
10 meters (Figure S5, p<0.01). Decreased gas exchange of diffusive CH, also
has been reported in some macrophytes due to wind shelter (Attermeyer et al.,
2016; Kosten et al., 2016). Hence it is reasonable that floating chamber flux
was lower than calculated flux, and the floating chamber flux could reflect the
actual transport at the water-air interface. When evaluating the diffusive CH,
using the in-situ wind speeds, about a half of wind speeds used in the previous
calculation, diffusive sea-air fluxes would be a quarter of previous results, similar
to floating chamber fluxes.

The floating chamber flux in the evening (8 pm) was lower than that at noon
(12 pm) due to lower wind speed, although dissolved CH, concentration was
higher. Calculated diffusive CH, fluxes were also positively related to wind
speeds rather than CH, concentration. Hence, although dissolved CH, concen-
tration increased during the ebb, the ebb was not the process to emit more CH,
to the atmosphere in this study, which is different from mangroves in some other
areas (Jacotot et al., 2018).

Some studies have shown that tidal current could accelerate the emission of CH,
in mangrove because turbulence caused by the tidal current in shallow water
could raise the gas transfer velocity. The sea-air CH, fluxes in a mangrove creek
in Australia calculated using four different empirical models, with or without
considering tidal current, manifested that the addition of current velocity could
get a higher CH, flux estimation (Call et al., 2015). The one-hour floating cham-
ber fluxes at high tide (12 pm) and beginning of ebb (20 pm) were smaller than
the calculated diffusive fluxes calculated using the model simply considering
wind speed (Figure 3 and Figure 7), indicating no significant turbulent effect.
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However, the chamber fluxes at the final few hours of ebb were similar to the
calculated diffusive CH, (Figure 7). It probably could be attributed to the tur-
bulence effect since wind impact further decreased as wind slowed down during
that period. A study that applied floating chamber in six mangrove-dominated
estuaries in Australia and the United States pointed out that the gas transfer
velocities were highly temporal and spatial variable (Rosentreter et al., 2017).
Our results further support this point.

4.3.3 Dynamics of CH, cycling in mangrove

Based on the above discussion, CH, transport along the creek included four
stages (Figure 7) during this study’s diurnal observation. CH, was produced
and transported to the water column from sediment including upper inter-tidal
sediment at an average of 4.5 nmol/L - hr in high tide. Then CH, produced in-
side the mangrove water was transported to the outside bay at 3.6 nmol/ L - hr
during ebb. In the last four hours of ebb, tidal pumping’s role became signif-
icant, drawing the porewater out of the sediment to dilute CH4 concentration
in the water column. This process, combined with continuous export of CH,,
decreased CH, concentration at -7.2 nmol/L - hr. During the flood, bay water
flushed into the mangrove along this creek and further diluted CH, concentra-
tion at AMS5 at -3.5 nmol/L - hr. Bay water also could dilute porewater CH,
concentration by flushing into the sediment through crabs’ burrows or under
pressure. When water inundated upper intertidal soil, water exchange probably
could bring CH, out from deeper porewater, which often occurred during spring
tides (Call et al., 2019). CH, fluxes in two floating chambers on intertidal sed-
iment that suspended on the mud during the ebb and refloated during flood
reached the rate of over 7 imol/m? - hr. It indicated a potential input of ebul-
lition CH, since the chamber fluxes were much higher than the diffusive flux.
However, CH, proportion in the floating chamber that was away from intertidal
sediment and always floating on the water decreased in the beginning few hours
of flood and then increased significantly. It was probably related to the variation
of dissolved CH,, dilution by flooding bay water in the beginning and consequent
increase due to intertidal sediment input. Although long-term chamber fluxes
only could provide a rough estimation, it still manifested the complicated vari-
ation in CH, emission during the tidal process. The overall tidally variation in
diffusive CH, concentration at AM5 was +1.6 nmol/L. Based on the increase of
CH, concentration during high tide at AM5 and export of CH, via AM5, about
70% of CH, produced in mangrove sediment was exported to the outside bay
during ebb. Therefore, tidal process could dramatically decrease the potential
CH, emission to the atmosphere.
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Figure 7. CH, cycling at the mangrove creek. Three periods were defined
based on tidal procession (high tide, ebb and flood). Ebb was divided to two
stages because tidal pumping was significant near the end of the ebb. # Diffusive
flux calculated using the gas transfer model; P 1-hour floating chamber flux; ©
floating chamber flux based on the variation of CH, proportion between start
and end of the corresponding period. +: increase; -: decrease.

This study showed less CH, emission in this mangrove site than in the seagrass
site (Table 1, floating chamber fluxes). It primarily could be attributed to
two factors, even though mangroves preserved more carbon in the sediment.
First, wind sheltered by mangrove shrubs could decrease sea-air CH, emission.
Second, during ebb, CH, could be transported to the outside bay area, which
could further decrease the emission of CH, in mangrove water. Moreover, as
CH, was diluted in open water, the saturation decreased, and consequently, less
CH, can be released from the water surface to the air. During flooding, bay
water with less CH, could dilute CH, in the creek and decrease CH, emission
in mangrove water.

5. Conclusion

Diurnal variation of dissolved CH, concentration in seagrass meadow was pos-
itively correlated to DIC but was opposite to DO and Chl-a concentrations,
indicating that the CH, cycling was related to photosynthesis and respiration
of seagrass. Moreover, plant mediation played a vital role in CH, emission from
sediment since the sediment-water diffusive CH, flux was minor. Unlike wa-
ter associated with seagrass, the diurnal variation in CH, concentration in the
mangrove creek was controlled by tidal processes. At the beginning of ebb, CH,
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was exported to the outside bay. However, in the last few hours of ebb, CH,
concentration decreased because of the tidal pumping effect that brought pore-
water with less CH, concentration diluted CH, in the water column. During
the flood, bay water with less CH, further diluted the CH, concentration in
the creek. When tidal water merged upper intertidal sediment, tidal inundation
could draw extra CH, from deeper porewater and elevated CH, concentration
in water. Although the seagrass meadow and the mangrove creek locate at ad-
jacent estuaries, their CH, emission from sediment to water was controlled by
different mechanisms.

Sea-air CH, fluxes in these two areas showed different patterns with the CH,
emission at the sediment-water interface. They followed a similar trend as wind
speed. The peak fluxes appeared when wind speed was largest regardless of
the dissolved CH, concentration. Diffusive CH, fluxes at the sea-air interface
of seagrass were similar to floating chamber fluxes. In comparison, calculated
diffusive CH, fluxes at the mangrove creek were larger than floating chamber
fluxes except in the final hours of ebb. Such discrepancy was probably caused
by lower wind speed over the water surface due to the sheltering of mangrove
plants. Turbulent effect on CH, emission could become significant during ebb.
It suggested that the diffusive CH, fluxes calculated using empirical models
probably overestimated sea-air CH, flux at the mangrove creek. Floating cham-
ber fluxes at seagrass and mangrove showed that more CH, was released from
seagrass than from mangrove, which was different from other studies. Most
studies investigated CH, released from mangrove and seagrass separately, while
this project compared them directly since they locate at adjacent subtropical
estuaries. Our results suggested that the contribution from subtropic seagrass
to atmospheric CH, should get more concerned.

Moreover, the diurnal variation of CH, concentration in both regions probably
further proved the common dilemma of greenhouse gas studies about when to
sample during the day using the chamber-based method and discrete sampling
(Bansal, 2018). However, understanding the dynamics of CH, cycling in different
vegetation systems are significantly helpful in interpreting the data.
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