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Tidal influence on carbon dioxide and methane fluxes from tree stems
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Abstract. Mangroves are critical blue carbon ecosystems. Measurements of methane (CH4) emissions from mangrove tree
stems have the potential to reduce the uncertainty in the capacity of carbon sequestration. This study is the first to
simultaneously measure the CH, fluxes from both stems and soils throughout tidal cycles. We quantified carbon dioxide (CO,)
and CHy4 fluxes from mangrove tree stems of Avicennia marina and Kandelia obovata during tidal cycles, which have distinct
root structures. The mangrove tree stems served as both net CO, and CH, sources. Compared to those of the soils, the mangrove
tree stems exhibited remarkedly lower CHy fluxes, but no difference in CO» fluxes.A-#arina-(with- preumatophores)-exhibited
significantly higher COs-and CHy-Hluxesthan K-oboveata: The stems of 4. marina exhibited an increasing trend in the CO; flux
from low to high tides. On the other hand;, -while-the-CH, flux showed high temporal variability, with the tree-stems of 4.
contrast, the stems of K. obovata showed no consistent pattern of the CO, or CH, flux. Based on our findings, sampling-oenly
during low tides might overestimate the stem €Oz and CHa{luxes-on-a divrnal seale (The stem CO. and CHy fluxes of 4.
marina could be-vary by up to 55%-and-1200494% less-when considering tidal influence, comparedas-eppesed to ignoring

tidal influence. Therefore, sampling only during low tides might undereverestimate the stem CO, and CH4 fluxes on a diurnal

scale.

—This study highlights species-distinetness—in-the-greenhousegas
(GHG)fluxes-and-the necessity of considering tidal influence when quantifying GHG fluxes from mangrove tree stems. Further

research is needed to explore the underlying mechanisms driving the observed flux variations and improve eusthe

understanding of GHG dynamics in mangrove ecosystems.

1 Introduction

Global methane (CH4) emissions have reached a record high level (Saunois et al., 2020). Currently, there are two primary
methods utilized for assessing global CH, emissions: the bottom-up method and the top-down method. The bottom-up method
relies on compiling data from greenhouse gas (GHG) inventories and biogeochemical models to infer the sources of emissions.
On the other hand, the top-down method involves measuring atmospheric CH4 concentrations and utilizing transport models

to infer the sources of emissions in order to estimate and assess CH4 emissions on a global scale. CH4 emissions estimated by
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the bottom-up method are significantly higher than those estimated by the top-down method, indicating a high degree of
uncertainty and suggesting that some sources may be overlooked or not well understood (Jackson et al., 2020). CH4 generated
in wetlands can be released into the atmosphere not only through diffusion, bubblesebullition, and transport mediated by
herbaceous plants but also through the stems of woody plants (Gauci et al., 2010; Terazawa et al., 2007). Pangala et al. (2017)
demonstrated that the difference between the top-down and bottom-up estimates of CH4 emissions could be accounted for by
the upscaled CHy flux from tree stems, emphasizing the necessity of considering this pathway in carbon budgets (Carmichael
et al., 2014). Furthermore, forest wetlands account for approximately 60% of the global wetland area, highlighting the potential
contribution of woody stems to the global GHG emissions (Barba et al., 2019a; Covey and Megonigal, 2019). While carbon
dioxide (CO,) exchange at the stem—atmosphere interface has been examined (Teskey et al., 2008), little is known regarding
the sources and mechanisms of CH4 emissions originating from tree stems relative to those originating from other pathways.
CH, emitted by tree stems may originate from microorganisms or cryptogams within the stem bark (Jeffrey et al., 2021; Lenhart

etal., 2015) or from the soil, where it is produced and enters the roots before being transported in either liquid or gaseous form

through xylem or aerenchyma tissue (Kutschera et al., 2016; Vroom et al., 2022).

GHG emissions from tree stems exhibit temporal and spatial variations with different influencing mechanisms in various
studies: i) the tree stem GHG flux tends to be higher during the growing season and lower during the dormant season, but there
may also be no significant differences among seasons (Barba et al., 2019b; Kohn et al., 2021; Pangala et al., 2015; Pitz et al.,
2018; Wang et al., 2016; Zhang et al., 2022); ii) significant variations in the GHG fluxes from tree stems have been observed
at different heights above ground level, with a decreasing trend along the tree trunk-stem height (Moldaschl et al., 2021;
Pangala et al., 2013, 2014, 2015; Sjogersten et al., 2020), although some studies have not reported this phenomenon
(Machacova et al., 2021; Wang et al., 2016); iii) the tree stem GHG emissions may be regulated by various environmental
factors such as temperature, moisture, and redox potential (Barba et al., 2019b; Gao et al., 2021; Jeffrey et al., 2019; Pitz et al.,
2018; Schindler et al., 2020, 2021; Sjogersten et al., 2020; Terazawa et al., 2015), which can be affected by the fluctuations of

water table height fluetuations-due to seasonal changes and hydrological processes (Jeffrey et al., 2023; Peacock et al., 2024;

Terazawa et al., 2021); iv) tree physiological factors such as lenticel density, wood density, and-water content, and stem bark
structure may also influence the GHG fluxes originating from tree stems (Jeffrey et al., 2024; Pangala et al., 2013, 2014, 2015,
Wang et al., 2016; Zhang et al., 2022).

However, most related studies have focused on freshwater wetlands and upland forests, while relatively limited research has
focused on mangrove forests. Jeffrey et al. (2019) reported that dead mangrove trees may contribute approximately 26% to the

CH,4 emissions in mangrove ecosystems. However, He et al. (2019) reported inconsistent results, revealing a relatively small

contribution from tree stems. The contribution of mangrove tree stems to the total GHG flux in ecosystems is generally less
than that in soil (Gao et al., 2021; He et al., 2019; Jeffrey et al., 2019) but still has the potential to exceed 50% (Zhang et al.,
2022). Additionally, the GHG fluxes from mangrove tree stems vary among tree species (Zhang et al., 2022) and may even
differ within a single tree species (Gao et al., 2021), highlighting the uncertainty in the GHG emissions from mangrove tree

stems and emphasizing the need for further investigation.
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Mangroves are primarily distributed in tropical and subtropical coastal regions and are regarded as critical ecosystems with a
high capacity for sequestering blue carbon (Li et al., 2018; Duarte de Paula Costa and Macreadie, 2022). The anaerobic
conditions resulting from tidal inundation, along with the abundant organic matter, turn mangrove soil into a natural substantial
source of CH4 emissions (Lin et al., 2020). This, in turn, impacts their role in mitigating global warming. Moreover, several
studies have demonstrated the influence of tides on the emission of GHGs in coastal wetlands—in—et-al;2023). In both
seagrass meadows and tidal marshes, the CHy flux tends to peak before-therising-tide-when tidal water reaches the sampling
site (Bahlmann et al., 2015; Capooci and Vargas, 2022). The sudden release of CH4 can occur through physical force under
the influence of tidal movement (Li et al., 2021), resulting in the advective exchange of groundwater or soil pore water with
the overlying surface water (Billerbeck et al., 2006; Rosentreter et al., 2018). CH4 emissions during tidal inundation may be
higher if tidal water contains high concentrations of dissolved CHy-and-nitreus-oxide(N20), which can increase the emissions
of CH4 and-N,O-through diffusion due to the concentration gradient (Sturm et al., 2017; Tong et al., 2013). Yamamoto et al.
(2009) reported a positive correlation between the water table and GHG fluxes in the flooded littoral zone with vegetation,
suggesting that the water pressure rather than gas diffusion primarily affects the emissions of CO, and CHy across the water—
atmosphere interface by ejecting gases from pore spaces. This finding is contrary to previous results in which lower CH4 fluxes
were observed during high tide, which may be caused by the higher water pressure limiting CHy diffusion in soil pore spaces
filled with water and plant-mediated transport (Tong et al., 2010; Tong et al., 2013). Additionally, CH4 may be oxidized during
diffusion in water (Tong et al., 2013). Furthermore, if the dissolved oxygen concentration, sulfate concentration, and salinity
are high in tidewater, this may inhibit CHs production and/or promote CHy4 oxidation (Huang et al., 2019), resulting in lower
CH, emissions during high tides. The variation in the CHy flux across the water—atmosphere interface during tidal inundation
could be driven by current or wind-induced turbulence (Sturm et al., 2017). CH4 emissions even exhibited different trends
during spring and neap tides (Huang et al., 2019; Tong et al., 2013). However, to our knowledge, there is only one study on
the GHG fluxes from mangrove tree stems during tidal cycles (Epron et al., 2023).

This study aimed to quantify the CO, and CH4 emissions from the tree stems of K. obovata and A. mariana, which are the
dominant mangrove species with distinct root structures distributed on the northern and southern coasts of Taiwan, respectively.
We investigated the temporal variations in the stem GHG fluxes during tidal cycles and assessed the influence of tides on the
upscaled flux. We also simultaneously measured the GHG emissions from mangrove soil, even during tidal inundation, to
compare the temporal dynamics of GHG fluxes between the tree stems and soil. We hypothesized that the GHG fluxes from
mangrove tree stems and soil exhibit synchronized temporal and species variation during the tidal cycle and that the tidal cycle

may exert a significant impact on GHG emissions on a larger scale.
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2 Materials and Methods
2.1 Site description

This study focused on the mangroves at four sites along the western coast of Taiwan (Fig. 1). The dominant mangrove species
in Wazihwei (K-WZW; 25°10'N, 121°25'E) and Xinfeng (K-XF; 24°55'N, 120°58'E) is Kandelia obovata, while Avicennia
marina is the dominant species in Fangyuan (A-FY; 23°56'N, 120°19’E) and Beimen (A-BM; 23°17'N, 120°6'E). K-WZW
and K-XF are situated in northern Taiwan, a subtropical region, with average annual precipitation values of 2023 and 1537

mm, respectively. A-FY and A-BM are located in southern Taiwan, a tropical region, with average annual precipitation values

in-at all sites. The soil texture at all sites is silt, with an average grain size of 0.046 mm. During the summer-season (the study
period), the average air temperature was 28.4 °C for K. obovata and 29.4 °C for A. marina (Lin et al., 2023). The sampling
campaign was conducted-during-the-summer-seasen; from 1 June 2022 to 29 July 2022, with each site sampled for 3 days
throughout the-eampaign_all-during the spring tide (Table 1). This period was chosen mainly because there is a higher GHG
flux in summer compared tothan-during-the other seasons, as indicated by preliminary studies conducted at the same sites (Lin
et al., 2020).
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Figure 1. Sample sites along the western coast of Taiwan. The blue dots represent the locations of sampling treesthe sample tree-at

115  eachsite. K-WZW: Wazihwei; K-XF: Xinfeng; A-FY: Fangyuan; A-BM: Bei The domi mangrove species in K-WZW and
K-XF is Kandelia ob , while Avi ia marina is the dominant species in A-FY and A-BM. M-(map sources: Natural Earth _(left)

and Google Earth (right).
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2.2 Flux measurements-and-caleulation

At each sampling site, a mangrove tree was selected for the tree stem CO, and CH4 flux measurements at approximately 110

cm above the ground. The specific height was chosen considering the potential maximum tidal heightdueto-the-consideration

of the-potential-highest-tidal-height, which may reach up to 80 cm above the ground (Table 1). Due to the differences in the

stem morphology, two distinct stem chambers—a semirigid chamber and a cylindrical chamber—were used in this study to
measure the GHG emissions of K. obovata and A. marina, respectively (Fig. S1).

The semirigid chamber was modified from Siegenthaler et al. (2016) and was constructed from transparent recycled
polyethylene terephthalate (rPET) bottles. A plastic sheet measuring 14 cm in length and 11 cm in width was cut from a bottle,
and 2 cm wide and 1.5 c¢m thick chloroprene (CR) foam tape was attached around the edges and center of the plastic sheet,

with two holes drilled and fitted with adapters for connecting the tubing, resulting in a chamber with a 16 cm? surface area and

a 0.2 L volume.- The chamber was installed on the tree stem with a strap prior to the measurement and subsequently removed.

The second cylindrical chamber was constructed from a 0.2 L white polypropylene (PP) bottle, a 16 cm? square was cut from

the lid, and two small holes were drilled at the bottom of the bottle; these holes were fitted with adapters to connect the tubing.
The lid was fixed to the stem and sealed with silicone prior to the measurement. After eachthe measurement, the chamber was
removed, but the lid remained on the trunk (Fig. S1).

Two soil surfaces within 2 m of the sampled tree were selected for soil and water—atmosphere interface CH4 and CO; flux
measurements during the tidal cycle using a static chamber (Lee et al., 2011) and the floating chamber method_(Lin et al.

2024), respectively. The soil chamber comprised a semicircular transparent polymethyl methacrylate (PMMA) cover (diameter
of 30 cm) and a stainless steel ring (height of 16 cm and diameter of 30 cm) with an adapter on the cover for connecting the
tubing. The ring was pressed into the soil before placing the cover over it, and a long-tailed clip was used to secure and cover

the steel ring tightly to achieve an airtight seal (Fig. S1). During high tide, if the water level exceeded the height of the soil

chamber (16 cm), the floating chamber was used (Fig. S1).

In this study, a portable gas analyzer (LI-7810, LI-COR Bioscience, NE, USA) was used to simultaneously measure CO, and
CHj fluxes. The chamber was connected to the analyzer through tubing, and the gas inside the chamber was drawn into the
analyzer with a pump, with each measurement lasting approximately five and seven minutes for the stem and soil, respectively.

During the tidal cycle, tree-stems and soil GHG fluxes were measured consistently. After each measurement was completed,

the airtight sealed chamber was opened for approximately 3 minutes to allow the GHG concentration within the chamber to

stabilizeAft

ize. The water level adjacent to the sampled trees was

measured by a tape measure fixed on a PVC pipe (Fig. S1), simultaneously at the beginning of the flux measurement. To

minimize soil disturbance, the researcher remained stationary imat one location during the sampling campaign, avoiding

walking around. Sampling was mainly conducted during daylight hours. Soil GHG flux data were mainly derived from Lin et
al. (anpublished2024). The GHG flux (F) was calculated using the following equation:
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regression was >< 0.7, the GHG flux was removed from the further statistical analysis. The surface area and volume of the \\\\\{ Bt [
semirigid chamber were calculated as described by Siegenthaler et al. (2016). \\{Eﬁﬁﬁ#ﬁiﬁ: fE
Different upscaling methods were applied to the tree stem GHG fluxes. First, the average fluxes during low and high tides {E‘%ﬁﬁﬁ: L
were multiplied by the non-inundation time and inundation time length in hours, respectively. These values were then summed
to calculate the daily fluxes, accounting for the tidal influence, which is denoted as "Fpomyiee". Since sampling in mangrove _ — {Eﬁﬁ%ﬁiﬁ: T
forests was mostly conducted during low tide, the average fluxes during low tides were multiplied by 24 hours to scale up to
daily fluxes, denoted as “Fpowrige”» to compare with the fluxes accounted for tidal influence. The equations are shown below:  _ - {E‘.ﬂ%?&aﬁ: T

Fyotnride = (Frigh X tinundatea) + (Fiow X (24 = tinundatea)) 2+ - {%iﬁﬂ:: Es)
Fromige = Fuoy X 24 ) | EREER wke
where Fjo and Fyie are the average fluxes during low and high tides. respectively. funaaed is the average inundation time per __ - { EREft: T
day, acquired by multiplying the hours per day when the water level was higher than 0 cm by 2, since the tides are semidiurnal \\\\\{ ERERA: T
tides. (emes: T
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2.3 Statistical analysis

All the statistical analyses were performed in R 4.2.2 software. All the data were assessed for a normal distribution using the
Shapiro-Wilk test. The nenparametriec WilcoxonranksumKruskal-Wallis test-one-way ANOVA on ranks was used to evaluate
the differences in the CO, and CHj fluxes between sitesthe-speeies. To determine which stady-sites differed, Dunn's multiple

comparison test was applied as a post-hoc analysis when signifieantthe differences were significantdeteeted (p < 0.05). The _ - { EBER:

T 1

relationships between the CO, and CH4 fluxes during rising and falling tides were analyzed via a simple linear regression

- {EaesR T am
presentedprimarily presented as the mean + standard deviation (SD).
3 Results
During the study period, the mangrove tree stems served as beth-net CO, and-CHy-sources, but there was distinct speeies
variation between sites (Fig. 2). In the K. obovata mangroves-forest, tThe average CO, fluxes from the mangrove-tree stems { ERGER: T R

L ME
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A-BM sites, averaging 10.62 + 2.35 mmol m2 h™' and 16.00 + 9.41 mmol m™ h"!, respectively (Fig. 2a). Across all sites, only

185 K-WZW and K-XF sites showed no significant difference from the A-FY site, averaging 0.05 + 0.06 umol m2 h! and 0.04 + h {Eﬁﬁ*&ﬁ: TR

0.04 umol m? h!, respectively The-average CH,fluxesfrom-the-mangrove tree stems-were 0:04+0.05 umol m> h-and 027

A-BM site (0.48 + 1.17 umol m? h''; Fig. 2b). Compared to those of the tree stems, the soils of the K. obovata and A. marina
mangrove forests reexhibited remarkedly higher CH, fluxes, averaging 7.59 + 8.74 pmol m™ h™! and 42.23 + 62.95 pmol m?
190 h', respectively. The average CO; flux from the soil was 1.73 + 2.31 mmol m? h™! in the K. obovata mangroves-forest and

3.42 +3.36 mmol m? h! in the 4. marina mangroves-forest but did not differ significantly from that from the tree stems.
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Figure 2. Difference in the tree stem (a) CO2 and (b) CH4 fluxes amongbet each sites Kandeliaobovataand-Avicennia-marina.

Each data point represents a flux measurement during the tidal cycle (K-WZWK-—obovata: 170-88 replicates; K-XF: 82 replicates;
A-FYA-marina: 75227 repllcates, A BM 152 replicates). Different letters above the boxplot indicate significant differences among
sites, Thelabel-C)-indi ignificant-difference bet the-speeiess-as determined by the-nenparametrie Kruskal-
Wallis test and Dunn’s test Wﬂee*emr—mk—summ&(* p<0.0015 01 ki,

The mean inundation time and fargest-highest tidal height at each sampling site are provided in Table 1. During the tidal cycle,
the CO; fluxes from the mangrove tree stems exhibited different trends depending-on-thespecies

3). The emissions remained relatively constant during the tidal cycle, ranging from 1.01 to 1.43 mmol m™ h™' and from 0.85 to

across all sampling sites (Fig.

2.59 mmol m? h™! at the K-WZW and K-XF sites, respectively (Fig. 3a). However, a sharp emission peak (2.59 mmol m? h'')
was observed at the K-XF site on Day 2 when the tide was falling, which was three-fold higher than the lowest flux (0.85
mmol m? h'') measured on the same day (Fig. 3a). Similar to that atef the K-WZW and K-XF sitesk—obovata, the CO, flux
at the A-FY and A-BM sitesefA4—mearina generally showed an increasing trend throughout the tidal cycle, ranging from 4.54
to 14.00 mmol m? h'! and from -1.68 to+ 39.15 mmol m? h'-atthe- A-FY-and-A-BM-sites, respectively (Fig. 3a). However,

11
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this trend was observed at the A-FY site only on Day 1, when there was a distinct temporal trend in the increase in the CO,

flux relative to that at the A-BM site. Specifically, the former started to increase before the flood current entered and stabilized

after high tide, reaching a peak flux (10.36 mmol m? h™'") at the end of the measurement. Conversely, the latter showed no

significant change during the rising tide, followed by a steep rise toward high tide and a slight decrease during the falling tide;

however, the CO, flux still remained higher than that during the preflood tide, ranging from -1.68 to 33.24 mmol m? h™! during

the rising tide and from 8.74 to 39.15 mmol m™ h! during the falling tide (Fig. 3a).

Table 1. Comparison of the upscaling methods with and without idering tidal infl

on the CO: and CH3 fluxes of mangroves.

K-WZW K-XF A-FY A-BM
. . Kandelia Kandelia Avecinnia Avecinnia |- { BRemt: 7a a8
Dominant mangrove species e e e e
obovata obovata marina marina
2022-06-
2022-07- 2022-06-
. 01/2022-06- 2022-07-
-07- -06- . _ =
Sampling date 14/2022-07 15/2022-06 02,2022-06-  27/2022-07-29 { mkaus
16 17 18
Sampling time 08:00/15:00 08:30/15:00 10:00/16:30 04:30/15:00
Mean ifnundation time (h) 6.69 6.69 5.19 15.33
Mean hHighest tidal height (cm) 58.160-0 73:570.5 47.3620 77.583-9
Flux measurement number (n) 88 82 75 152
FpottideFide 28.939-00 25.0243 25248.880-39 3371.9523.52
Stem CO: flux Lﬁ“’“‘le 28.942935  24.822543 2459525480  339.99570.42
(mmol m? d) Differon
(‘2/0;’ 003426 0.814++49 1.194:75 9.4055-24
FBothTide
*$. ! 1.186 0.819 -5.0443+ 8.17646
Stem CHa4 flux FLowTide
(umol m &) N 1.2213 0.7691 -5.49411 -0.7424-47
D‘fiﬁ/fgnce 2.693.68 222621 835475  193.571200.25
Mean soil CO; flux 27.26 57.13 134.19 57.09
(mmol m=d™")
Mean soil CHyfhix 149.77 217.42 2404.28 345.37
(umol m~d™)
Meangrove forest area (ha) ? 150.86 98.3712 6835.7 548753 {eEEssk: o
Mean tree height (m)*® 4.0 5.1 1.8 3.2
Mean tree density (tree m™>)? 1.3 24 1.0 0.6
Mean diameter at breast height 70 56 10.5 6.2

(cm)*




Stem lenticel density 0.08 0.05 1.83 2.96
(lenticels cm™)

FaomiaeFide: The average fluxes during low and high tides were added after multiplication with the corresponding time length.« — — ‘[#ﬁiﬁﬂ:: [HIEE EF%: 0 %5
FrowriaeNene: The average fluxes during a-tidal-eyele-low tides were multiplied by 24 hours. The sampling date and time are in ISO
8601 format.

220 2The data was derived from Lin etal. 202, = { TR e

- (EwEs: oo

The CO; flux pattern observed during the tidal cycle differed between the tree stems and soils. Generally, the soil CO; flux
peaked before and after high tide at all sites, either during the rising or falling tide, with the flood current just entering or
leaving the sampling site (Fig. 3b).
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Figure 3. Variations in (a) the tree stem CO: fluxes and (b) soil CO: fluxes during the tidal cycle. The time was standardized based
on the time of the highest water level during the high-tide period (set as 0), then adjusted by decrementing the time by 0.1 for every
10-minute interval prior to the peak and incrementing by 0.1 for every 10-minute interval after the peak. The average values of the
flux and water level were calculated when falling within each standardized time interval. The shaded area denotes the water level at
the sampled tree. On Days 1, 2, and 3, the plant data were arranged chronologically according to the sampling date.

Similar to those in the CO; flux, the CHy fluxes of K. obovata and A. marina exhibited distinct temporal trends during the tidal
cycle (Fig. 4). In the K. obovata mangroves-ferest, there was significant variation in the stem CH4 flux during the tidal cycle,
ranging from -0.14 to 0.38 pmol m? h'! (0:05+0.06-pmelm>h)}and from -0.05 to 0.18 pmol m? h'! (0:04-+=0-04-pmelm™
hyat the K-WZW and K-XF sites, respectively, while consistent patterns were lacking between each sampling campaign (Fig.
4a). The stem CHy flux of 4. marina increased throughout the tidal cycle, ranging from -1.92 to 0.55 umol m? h™! (017
052 pmelm?h')-and from -4.13 to 2.67 umol m2 h'! (0:48 =117 pmelm>h')-at the A-FY and A-BM sites, respectively.
Specifically, the tree stems of A. marina functioned as CHy sinks before tidal inundation (A-FY: -0.538 + 0.734-44 pmol m?
h'; A=-BM: -0.64 + 1.51 umol m™ h™"), but the CHy4 flux gradually increased thereafter, eventually becoming a CH4 source
during low tide (A-FY: 0.180:60 % 0.274 pmol m? h''; A-BM: 1.54 + 0.56 umol m? h'"). However, this pattern was not

observed across all sampling campaigns (Fig. 4a).
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For both mangrove species, the soil CHy flux during high tide (21.65 + 45.29 umol m? h'') was lower than that during low
245  tide (47.70 £ 63.27 umol m h'') (Fig. 4b). Furthermore, there was a peak in the soil CH4 flux during both tidal increase and
decrease on all three sampling days, similar to the soil CO; flux (Fig. 3b; Fig. 4b).
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Figure 4. Variations in (a) the tree stem CHy fluxes and (b) soil CHs4 fluxes during the tidal cycle. The time was standardized based
on the time of the highest water level during the high-tide period (set as 0), then adjusted by decrementing the time by 0.1 for every
10-minute interval prior to the peak and incrementing by 0.1 for every 10-minute interval after the peak. The average values of the
flux and water level were calculated when falling within each standardized time interval. The shaded area denotes the water level at
the sampled tree. On Days 1, 2, and 3, the plant data were chronologically arranged according to the sampling date.

During the tidal cycle, the CO; flux from the mangrove tree stems was positively correlated with the CHy4 flux during both the
rising and falling tides. However, a significant relationship was detected only for 4. marina (Fig. 5a; p<0.001). The CO, and
CH, fluxes from both the stems and soils were simultaneously measured, and a negative correlation between the stem and soil
fluxes was observed across the two mangrove species. However, a significant relationship was detected only for A. marina

during the falling tide (Fig. 5b, 5c; p<0.001).
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Figure 5. Relationships between (a) the tree stem CO2z and CHj fluxes, (b) tree stem COz fluxes and soil CO: fluxes, and (c) tree stem
265 CHaq fluxes and soil CHs fluxes. The shaded areas denote the 95% confidence intervals of the regression lines.
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Since the tides at the sample sites were mainly semidiurnal tides, the average inundation time per day was calculated from the
average time of high tide (when the water level was higher than 0 cm) during each sampling event multiplied by 2. The A-BM
site exhibited the longest inundation time of 15.33 hours, while the inundation time during the sampling campaign was 6.69
hours at the K-WZW and K-XF sites and 5.19 hours at the A-FY site. The largest-average highest tidal height (determined by
the distance between the soil and water surface during high tide) was 66-58.1 cm at the K-WZW site, 74-70.5 cm at the K-XF
site, 62-47.3 cm at the A-FY site, and 83-77.5 cm at the A-BM site. Different upscaling methods were applied to determine the
tidal influence on the diurnal variation in the fluxes, where “Fponriactidle” denotes the sum of the average fluxes during low and
high tides after multiplication with the corresponding time length, and “Fi . riactore” denotes the average flux during the-tidal
eyelelow tides multiplied by 24 hours. The GHG fluxes exhibited notable differences when tidal influences were considered

(Table 1). Based on our findings, sampling only during low tide could eause-undereverestimation-ofe the stem CO; and CHy

fluxes on a diurnal scale, except at the K-WZW site:, where- the stem COp and CHy fluxes were 0.03% and 3.68% lower when  _ — {Eﬁﬁ#ﬁiﬁ:

R

considering tidal influences (Table 1). At the K-XF, A-FY and A-BM sites, tFhe differences in the stem CO, and-CH-fluxes h \[E&%ﬁﬁ:

T

L ME

P T

) U

tidal mﬂuences, as oppo%ed to ignoring tidal influences However;-the-stem-€O- ﬂuaeeH—mw;a—vaﬂeeLby—appm*ma%ely
i (Table 1). If the tidal influences were not

accounted for, the mangrove tree stems %éahﬂﬂﬂenee&als&rmpesedﬂ%ﬁgmﬁeaﬂ%eﬁe%eﬂﬁ%&enﬁﬁlu%at the A-FY

and A-BM sites both acted as net CHy sinkef4—mearine, while the CHy sink capacity was resulting-in-the highest-variation-o - {EsERR: T
8% and 1941200% lower after relative-to-net-accounting for tidal influences. turning the mangrove tree stem at the A-BM sitc h { EREsA: T
into a net CHy source (Table ). - {Eﬁﬁ#ﬁiﬁ: T

4 Discussion

This study revealed distinct speeie&spatial and temporal variations in the CO; and CH4 fluxes originating from tree stems and

soils. Speciﬁcally, the st PRI (HE37) Times New Roman
than sites dominated byK obovata. The tree stems of 4. marina at the A-FY site acted as a net CHy sink, while the A-BM site_ — ‘[E.‘EQE%EQ: A
T (EnERR: T
N R
_ (Ememt: T
prominent rele-in- GHG-dynamies-than K-ebeovata—The temporal dynamics durlng the tidal cycle also differed between the ‘[Eﬁﬁ#ﬁ e

(D D, U N A

two mangrove species. Regarding K. obovata, the stem CO, and CH, fluxes at the K-WZW and K-XF sites lacked a consistent
pattern between each sampling campaign. In contrast, 4. marina exhibited an increasing trend in the CO; flux throughout the

tidal cycle, whereas the CHy4 flux exhibited high temporal variability, functioning as a sink before tidal inundation and

becoming a source during low tide at both A-FY and A-BM sites. Therefore, our results indicated-suggested that the different
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mangrove species, in this case, K. obovata and A. marina, may provide varying capacities for CO, and CH, exchange with the

atmosphere through the tree stems during tidal cycles. Further investigation with a larger sample size-of-each-species—s

neededeessary to examinevalidate theis hypothesis of mangrove species variation in GHG flux.

In terms of biological factors, A. marina contains pneumatophores, while K. obovata does not. Pneumatophores may facilitate
the transport of oxygen to the rhizosphere and increase the oxidation—reduction potential, thereby inhibiting the
methanogenesis process (Dusek et al., 2021). However, they can also serve as pathways for deep soil layer CH4 emissions,
facilitating CH4 transport (He et al., 2019; Lin et al., 2021). In this study, pneumatophores were not intentionally avoided
during the measurement. Therefore, the presence of pneumatophores may contribute to the increased soil CHy flux in the A4.
marina mangrove forest.

The GHG emissions of the stem, whether originating from the soil or the stem itself, require radial diffusion through the bark
or lenticel to reach the atmosphere (Barba et al., 2019a). Radial diffusion is primarily influenced by biological factors such as
wood density, wood moisture content, and lenticel density (Covey and Megonigal, 2019). A higher lenticel density, in
particular, creates more pathways for GHG emissions, resulting in increased emissions (Zhang et al., 2022). Based on visual
observation in situ, we found that the tree stems at the A-FY and A-BM sites A-#arina-exhibited a significantly higher lenticel
density than those at the K-WZW and K-XF sites K-obovata-(Table 1). Therefore, it is speculated that the higher lenticel

density of 4. marina facilitates the emission of GHGs from the stem, resulting in a higher stem GHG flux at the A-FY and A-
BM sites.-

Previous studies on GHG emissions originating from mangrove tree stems were mostly conducted during low tide and under
daylight conditions. Gao et al. (2021) showed that the stems of Kandelia obovata can both absorb and release CHs, with
average fluxes of -5.69 and 1.84 pmol m h!, respectively. Zhang et al. (2022) reported higher CH4 emissions from K. obovata
stems (7.04 pmol m2 h''), which dominated the ecosystem CH, flux of mangroves without pneumatophores. This contradicts

the findings of this study, where the CH4 emissions of K. obovata stems contributed less than the soil emissions. Liao et al.

times higher than the average fluxes observed in this study. In the case of 4. marina, the average stem CH, fluxes were 1.56

pumol m? h! (Jeffrey et al., 2019) and 2.79 pmol m™ h™' (Zhang et al., 2022) at the mangrove sites located in Australia and

acity, with fluxes ranging from -33.96 to

48.83 umol m? h'!, as reported in Gao et al. (2021).- Regarding other mangrove species, Kandelia candel exhibited a stem

CHy flux of -1.81 wmol m? h!, while Sonneratia apetala, Laguncularia racemosa, and Bruguiera gymnorhiza-Bruguiera
sexangula, which have the same specialized root structure as that of 4. marina, provided stem CH,4 fluxes of 2.62, 0.87, and -
0.49 pumol m? h'!; respectively (He et al., 2019). Epron et al. (2023) measured the CHy flux of the stems of Bruguiera
gymnorrhiza throughout a 24-hour cycle, which ranged from -0.360-02 to 263.16-63 umol m h™'. In this study, the CH, fluxes
of the stems of 4. marina and K. obovata ranged from -0.14 to 0.38 pmol m? h!' (K-WZW: 0.05 + 0.06 pmol m= h"'; K-XF:
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this study (> 1 m) were still higher. This may be due to site-specific variations in environmental conditions, tree physiology

and microbial activity, all of which can influence the production and consumption of methane by mangrove trees (Barba et al.

2019a; Covey and Megonigal, 2019). Further research is neededeessary to delve into the underlying mechanisms which were
not fully elucidated in this study due to the-limited data availabilityle. Herein,K—obovata-and-A—marina-served-asnet-CH,
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The tree stem CO, and CH, fluxes exhibited similar temporal patterns during the tidal cycle. A significant positive relationship { #wARIE: 5k

was also found between these fluxes, indicating that CO, and CH4 emitted by mangrove tree stems may originate from the
same source or be influenced by the same mechanism during the tidal cycle (Liao et al., 2024). According to previous studies,
CO; emissions primarily occur through root respiration and stem respiration, as well as internal plant metabolism and transport
from soils (Teskey et al., 2008). In contrast, CH4 may be emitted or absorbed by methanogens and methanotrophs present in
tree bark or heartwood (Feng et al., 2022; Jeffrey et al., 2021). CH4 emitted by tree stems may also originate from the soil,
where the CH, produced in the soil enters the root system, enters the tree aerenchyma tissues or xylem, and is subsequently
directly released into the atmosphere through the lenticel or tree stems (Barba et al., 2019a; Covey and Megonigal, 2019).
Therefore, the emission-fixation and-abserption-of CO,, oxidation of-and CHa, and emission of both GHGs by the tree stem

may originate from the tree stem itself or from the soil. In this study, the transformation of tree stems from CH, sinks to CHs
sources was observed in the 4. marina mangrove forest. This observation indicates that CH4 emitted by tree stems may be
affected by different sources during different periods of the tidal cycle.

The transport mechanism of GHGs in the stem is similar to that of herbaceous plants, occurring mainly by diffusion or
evaporation, either jointly or individually. The diffusion direction mainly depends on the CH4 concentration gradient. For
example, if the gas concentration in the rhizosphere is high, GHGs can enter the plant root system either in gaseous or liquid
form, thus entering the aerenchyma or xylem tissue (Vroom et al., 2022). Aerenchyma is a specialized tissue found in many
mangrove tree species (Evans, 2004). It comprises air-filled spaces that create gas transport pathways within the plant.
Aerenchyma facilitates gas movement, including CO, and CHa, within stems. Within the aecrenchyma, CO, and CHy can diffuse
or passively flow along concentration gradients. This transport pathway allows gases to move vertically within the plant, from
the roots through the stem and ultimately into the atmosphere. Aerenchyma tissue is particularly important for CHs transport

because CHy is produced in oxygen-limited soils or in the rhizosphere by methanogens. The aerenchyma provides a direct
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pathway for CHy4 to move upward through the stems to be emitted into the atmosphere (Yafiez-Espinosa and Angeles, 2022).
CO; and CHy can also dissolve during dilution and be transported within the xylem via sap flux (Takahashi et al., 2022).

This study revealed the transition of mangrove tree stems from CHy sinks to CHy sources within the tidal cycle, which has not
been observed in other studies, even with a high measurement frequency of upland tree stems at one-hour intervals (Barba et
al., 2019b). We speculate that the tree stem of A. marina may absorb CH, through the presence of methanotrophs during low
tide (Jeffrey et al., 2021). During inundation, the diffusion of CH4 produced in the deep soil layer may be restricted by the
water pressure (Tong et al., 2013) since the pore spaces are filled with water. Tong et al. (2010) also reported a significantly
lower CH4 flux during inundation than during low tide. Therefore, we hypothesize that CH4 produced in the soil during
inundation periods may be primarily emitted into the atmosphere through tree stems (Vroom et al., 2022; Yanez-Espinosa and
Angeles, 2022) rather than being emitted across the water—atmosphere interface via diffusion or ebullition (Li et al., 2021),

resulting in the observed gradual increase in the CHy4 flux throughout the tidal cycle. This hypothesis was also supported by

this study. However, the CH4 flux of the tree stems of Bruguiera gymnorrhiza peaked after the tide receded (Epron et al., 2023),
which does not support this hypothesis. It is critical to note that the specific mechanisms driving the observed peaks may vary
depending on factors such as mangrove species, environmental conditions, tidal dynamics, and site-specific characteristics.
However, further research is necessary to fully comprehend the underlying mechanisms.

To our knowledge, this study is the first to simultaneously measure the CH, fluxes of both stems and soils throughout the tidal
cycle, even during tidal inundation. When quantifying the GHG emissions of mangrove tree stems, the discrete and continuous
methods are two common measurement approaches. Discrete measurements involve sampling at specific time points with a
lower temporal resolution but are practical and cost effective. Continuous measurements provide real-time monitoring with a
high temporal resolution, accurately capturing short-term fluctuations and peak emissions but requiring specialized equipment
by mangrove tree stems were significantly lewerhigher, with differences of up to 66%-and-1+120094% for the stem €O,-and
CHy fluxes;respeetively. Converselyln-tidal-salt-marshes, the upscaled CHy flux_;-accounting for tides_in tidal salt marshes;
was atse-lower (Huang et al., 2019). When quantifying the GHG emissions of mangrove tree stems, discrete measurements
are commonly used due to sampling difficulty at night and high tide. Although discrete measurements can still provide reliable
estimates of the average emission rate over a specific period, they are useful only for broader-scale quantification and carbon
and CH4 budgeting models. This study highlights the need for continuous measurements of the GHG fluxes in coastal
ecosystems, which can provide a more detailed understanding of emission patterns, aid in overall emission quantification, help
individuals identify key drivers and mechanisms, reduce the uncertainty in GHG emissions, and facilitate the assessment of
the impacts of specific events or environmental variables (Capooci and Vargas, 2022). However, when comparing practical,
feasible, and cost-effective discrete measurements, continuous measurements require specialized equipment, technical
expertise and intensive labor. It should also be noted that considerable differences were mainly observed at the A-BM site,

with the longest inundation and highest water table.
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This study provides insights into the potential tidal influence on greenhense-gas{GHG) fluxes from mangrove tree stems.

However, several uncertainties require further investigation. First, the study was conducted during the summer seasen-and

daylight hours, which may have resulted in higher fluxes due to the effects of higher temperatures and the sap-flux dependent

transport mechanism within the tree stems (Barba et al., 2019b; K&hn et al., 2021; Pangala et al., 2015; Pitz et al., 2018;
405 Takahashi et al., 2022; Wang et al., 2016; Zhang et al., 2022). Second, the sampling campaign was conducted during spring

sampling only at 110 cm height may have overlooked height-related GHG flux variations within mangrove tree stems, as
observed in otherrelated studies (Epron et al., 2023; Jeffrey et al., 2019; Moldaschl et al., 2021; Pangala et al., 2013, 2014
2015; Sjogersten et al., 2020). Finally, Eastly-with the limited data availabilityenly-ene-tree-sampled-persite, it is still uncertain

410 whether there is a significant difference in GHG emissions from the tree stems between the two mangrove species.the

G - {EsEsst: vor )
5Conclusion, _ - { EaEsst o am)

This study revealed distinct speeies-temporal variations in the CO, and CHy fluxes of the tree stems of A. marina and K.
415 obovata throughout the tidal cycles. While the ibi b i issi

GHG fluxes of -K. obovata stems laeking-displayed ina
consistent pattern, and-the CHy emissions-fluxes of 4. marina stems suggesting a transition from a sink to a source, indicating

the influence of different sources and mechanisms at different tidal phases. When considering tidal influences, the stem CH4

420  flux could vary up to +912004% for 4. marina, turning the stem from a net CHy sink to a source.: This study highlights the _ - {Eﬁﬁ#&ﬁ: T

need to consider tidal influences when quantifying the GHG fluxes of mangrove tree stems and the potential limitations of
discrete measurements relative to continuous measurements. However, further research is needed to fully understand the
underlying mechanisms driving the observed flux variations and to improve our understanding and reduce the uncertainty in
GHG dynamics in mangrove ecosystems.
425
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