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Abstract

Our understanding of tree stem methane (CH4) emissions is evolving rapidly. Few studies have combined seasonal measurements
of soil, water and tree stem CH4 emissions from forested wetlands, inhibiting our capacity to constrain the tree stem CH4 flux
contribution to total wetland CH4 flux. Here we present annual data from a subtropical freshwater Melaleuca quinquenervia
wetland forest, spanning an elevational topo-gradient (Lower, Transitional and Upper zones). Eight field-campaigns captured
an annual hydrological flood-dry-flood cycle, measuring stem fluxes on 30 trees, from four stem heights, and up to 30 adjacent
soil or water CH4 fluxes per campaign. Tree stem CH4 fluxes ranged several orders of magnitude between hydrological seasons
and topo-gradient zones, spanning from small CH4 uptake to 7203 mmol m-2 d-1. Soil CH4 fluxes were similarly dynamic and
shifted from maximal CH4 emission (saturated soil) to uptake (dry soil). In Lower and Transitional zones respectively, tree
stem CH4 contribution to the net ecosystem flux was greatest during flooded conditions (49.9 and 70.2 %) but less important
during dry periods (3.1 and 28.2 %). Minor tree stem emissions from the Upper elevation zone still offset the Upper zone CH4
soil sink capacity by "51% during dry conditions. Water table height was the strongest driver of tree stem CH4 fluxes, however
tree emissions peaked once the soil was inundated and did not increase with further water depth. This study highlights the
importance of quantifying the wetland tree stem CH4 emissions pathway as an important and seasonally oscillating component
of wetland CH4 budgets.
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Wetland depth above and below soil (cm)
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3 key points

1. Bi-monthly tree stem methane emissions were quantified in a subtropical wetland
Melaleuca quinquenervia forest over an annual cycle.

2. Dynamic tree stem methane emissions spanned six orders of magnitude and were
largely driven by changes in the water table height.

3. Tree stems contributed 28-68 % of the annual wetland methane flux, therefore an

important component of forested-wetland methane budgets.
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Abstract

Our understanding of tree stem methane (CH,4) emissions is evolving rapidly. Few studies
have combined seasonal measurements of soil, water and tree stem CH,4 emissions from
forested wetlands, inhibiting our capacity to constrain the tree stem CH, flux contribution to
total wetland CH, flux. Here we present annual data from a subtropical
freshwater Melaleuca quinquenervia wetland forest, spanning an elevational topo-gradient
(Lower, Transitional and Upper zones). Eight field-campaigns captured an annual
hydrological flood-dry-flood cycle, measuring stem fluxes on 30 trees, from four stem
heights, and up to 30 adjacent soil or water CH,4 fluxes per campaign. Tree stem CH, fluxes
ranged several orders of magnitude between hydrological seasons and topo-gradient zones,
spanning from small CH, uptake to ~203 mmol m? d*. Soil CH, fluxes were similarly
dynamic and shifted from maximal CH, emission (saturated soil) to uptake (dry soil). In
Lower and Transitional zones respectively, tree stem CH,4 contribution to the net ecosystem
flux was greatest during flooded conditions (49.9 and 70.2 %) but less important during dry
periods (3.1 and 28.2 %). Minor tree stem emissions from the Upper elevation zone still offset
the Upper zone CH, soil sink capacity by ~51% during dry conditions. Water table height
was the strongest driver of tree stem CHj, fluxes, however tree emissions peaked once the soil
was inundated and did not increase with further water depth. This study highlights the
importance of quantifying the wetland tree stem CH,4 emissions pathway as an important and

seasonally oscillating component of wetland CH,4 budgets.

Plain language summary

Wetland tree stems were recently shown to emit the potent greenhouse gas — methane (CHa),
which is ~45 more powerful than carbon dioxide at warming the Earth’s atmosphere. With
very few studies ever published on this ‘treethane’ phenomenon, it is still largely unknown as
to why, when and how much methane wetland trees may contribute to the natural emissions
from wetland ecosystems. This is important to understand in the context of global methane
budgets, climate change and future atmospheric models. Our study measured some of the
first-ever wetland tree stem methane emissions spanning an annual cycle, accounting for the
seasonal changes in water level of an ephemeral forested wetland - dominated by Melaleuca

quinguenervia trees. Under the wettest conditions, we found that tree stems emitted the most
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methane, and accounted for the majority of the total wetland flux (compared to methane
emissions from the wetland water surface). We hypothesize that the methane is largely
coming from the low-oxygen wetland soils, and is being transported upwards through the tree
roots, transpiration stream and bark layers. The tree stem methane emissions were less
important during dry periods, when soil methane emissions were dominant. Overall, tree
stems contributed 28-68 % of the annual methane emissions from the wetland forest,
highlighting the importance of accounting for tree stem methane emissions within wetland

methane budgets.
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1.0 Introduction

Methane (CH4) is a greenhouse gas ~45 times more potent than carbon dioxide, and
responsible for about one third of current atmospheric radiative forcing (Masson-Delmotte et
al., 2021; Neubauer & Megonigal, 2015). Atmospheric CH,4 concentrations are rising rapidly
(Peng et al., 2022; Saunois et al., 2016) and a thorough understanding of all CH4 sources
(both natural and anthropogenic) is important for climate change management and mitigation
strategies. Currently, ~60 % of the global annual CH4 emissions are attributed to
anthropogenic sources such as fossil fuel use, transportation and agricultural sectors, whereas
tropical wetlands (< 30° latitude) represent the largest natural source of CH4 (Saunois et al.,

2020).

Wetland CHy is largely produced within reduced anaerobic soils, then emitted to the
atmosphere via ebullition, diffusion and herbaceous plant-mediated pathways (Bartlett &
Harriss, 1993; Boon & Sorrell, 1995; Chanton et al., 1989; Jeffrey et al., 2019a). Only
recently was woody wetland vegetation (i.e., tree stems) recognized as a potentially important
wetland CH,4 source within global wetland CH4 budgets (Masson-Delmotte et al., 2021;
Saunois et al., 2020), but due to a lack of measurements, tree stems are currently not
considered as a distinct emission category. The poorly constrained contribution of wetland
tree stem CH4 emissions to the total wetland CH4 budgets may explain the large discrepancies
between bottom-up and top-down estimates, and may also help explain large uncertainties
surrounding global wetland CH4 emissions (Masson-Delmotte et al., 2021; Pangala et al.,

2017; Saunois et al., 2020).

Research on tree stem CH4 emissions has been gaining rapid momentum having recently
been coined a ‘new frontier of the global carbon cycle’ (Barba et al., 2019a; Covey &
Megonigal, 2019). Two-thirds of all tree CHy literature was published within the last three
years. Tree stem CHy4 emissions have now been reported from various ecosystems including
upland forests (Barba et al., 2019b; Machacova et al., 2016; Machacova et al., 2023; Pitz &
Megonigal, 2017; Wang et al., 2016), mangrove forests (Gao et al., 2021; Jeffrey et al.,
2019b; Zhang et al., 2022), riparian forests (Flanagan et al., 2021; Gauci et al., 2022) and
standing deadwood, snags or ghost forests (Carmichael & Smith, 2016; Martinez & Ardon,
2021; Warner et al., 2017). The highest tree stem CHy4 emissions, however, are exclusively
attributed to forested wetland ecosystems, also known as lowland forests (Gauci et al., 2010;

Jeffrey et al., 2021b; Pangala et al., 2013; Terazawa et al., 2007). For example, in the
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Amazon floodplain, tree stem CH4 emissions were estimated to contribute half of all CHy
emissions from the Amazonian wetlands (Pangala et al., 2017) and up to 30% of the net
ecosystem CHy4 emissions of Panamanian neotropical peatlands (Sjogersten et al., 2020).
Similar in magnitude, in subtropical Australian freshwater wetland forests, flooded tree stem
CH4 fluxes were a significant CHy4 source to the atmosphere (Jeffrey et al., 2020a). However,
none of these previous studies accounted for bi-monthly-scale variability in CHy4 fluxes over

an annual cycle.

The origins and drivers of tree stem CH4 emissions are complex. Sources of CH4 have been
attributed to a combination of microbial production within wet or rotting heartwood (Wang et
al., 2021; Yip et al., 2019; Zeikus & Ward, 1974), saprotrophic fungi (Lenhart et al., 2012)
and/or from soil methanogenesis where trees provide a conduit for CH, emissions (Jeffrey et
al., 2021b). In wetland forests, this is particularly important, as soil CH4 is transported
upwards either passively via diffusion, or actively via plant tissues and the transpiration
stream, and eventually egressed via tree stems. Studies on the microbial drivers of tree stem
CH4 have also revealed methanogenic communities living within heartwood and living
tissues (Feng et al., 2022; Smits et al., 2021; Yip et al.,, 2019) and also methanotrophic
communities within the phyllosphere i.e. stems, bark and leaves (Feng et al., 2022; Jeffrey et
al., 2021a; Putkinen et al., 2021). Thus, it is clear that methane fluxes from trees can come

from diverse sources.

The use of natural and labelled isotopic tracers investigating connectivity between the soil -
tree stem - atmospheric continuum, have provided compelling evidence for a soil microbial
source of tree stem CH4, due to overlapping isotopic signatures and correlations with soil
CHy fluxes (Jeffrey et al., 2021b; Megonigal et al., 2019; Pangala et al., 2017; Plain & Epron,
2021). Increased soil moisture (favouring anaerobic soil conditions and methanogenesis) has
also been well-documented as a positive driver of wetland tree stem CHy fluxes (Jeffrey et
al., 2020a; Pangala et al., 2014; Pitz et al., 2018; Terazawa et al., 2021). Furthermore, the
typically logarithmic decay in vertical CH4 emission rates with stem height distance from
soil, also suggests a below-ground CH4 source in wetland forests (Jeffrey et al., 2020b;
Sjogersten et al., 2020). Ephemeral forested wetlands undergoing dynamic seasonal and
hydrological oscillations in water table height, soil moisture and soil redox potentials are an
ideal location to monitor both drivers of wetland tree stem CH4 emissions and to also
document potential seasonal changes in the relative contribution of trees to the net annual

wetland CHy flux.
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Along the east-coast of Australia, many ephemeral wetland forests are dominated by
Melaleuca quinquenervia (Cav.) S.T. Blake, colloquially known as the ‘broad-leaved
paperbark’. These forests have a high carbon storage capacity and have recently been
incorporated into Australian blue carbon accounting (Lovelock et al.,, 2022). M.
quinquenervia generally grow as mono-specific stands and have adapted to withstand
brackish to freshwater conditions, acidic soils, heavy clays, moderate bushfires and can
tolerate semi-permanent inundation once established (McJannet, 2008). The stems feature a
bark that is distinctly unique and comprised of thick, spongy, peeling and paper-like layers
(Chiang & Wang, 1984). Due to their hardy and invasive nature, M. quinquenervia can
readily colonize pasture, and can form dense stands in seasonal wetlands and flooded
environments (Johnston et al., 2003). The species has also been introduced to tropical and
subtropical lowlands around the world as a fast-growing forestry alternative, promote water
table draw-down and/or for exotic aesthetic reasons (CABI, 2023). As such, M.
guinquenervia are found in at least 57 countries including coastal Asia, the Middle East,
Africa and Northern, Central and Southern Americas. Outside of Australia, M. quinquenervia
is broadly classified as an invasive species, particularly in the Everglades National Park,

Florida (USA) where they now occupy ~200,000 ha (Center et al., 2012).

Although M. quinquenervia have been previously shown to emit high rates of CH,4 from their
stems under flooded conditions (Iram et al., 2022; Jeffrey et al., 2020a; Jeffrey et al., 2020b;
Jeffrey et al., 2021b), no study has captured the transitions between inundated and dry
conditions to evaluate their contribution tree stem CH,4 emissions to net annual wetland CHy4
budgets. This study aimed to quantify both the annual and seasonal changes to tree stem CHy
emissions along a forest hydro-topo-gradient and to determine the drivers of tree stem CHy4
fluxes. We hypothesize that M. quinquenervia tree stems are a major source of the net
wetland CH,4 emissions, and this is related to soil CH4 production that is moderated by site

hydrological conditions.

2.0 METHODS
2.1 Site and elevations

The coastal freshwater wetland investigated here is located near Bogangar in subtropical
NSW, Australia (Fig. 1). The site was originally cleared during the 1970’s, however by the

mid-1980s, fringing trees started to recolonize the site. Within two decades, the wetland
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became dominated by a dense monoculture stand of M. quinquenervia. The wetland is
located within a coastal hind-dune system with soils that are primarily Pleistocene aeolian
sands, with a shallow organic-rich surface horizon. During periods of heavy rainfall, surface
water within the ephemeral wetland can persist for several months and reach depths of up to
~ 2 m in lower parts of the wetland before completely receding during dry seasons (Fig. 1).
The subtropical climate experiences a summer-dominated mean rainfall of 1812 mm per year,

with generally dry conditions in winter between July to September (BOM, 2023a).
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Figure 1. Map of study site in the upper panel showing locations of sampled Melaleuca trees
(red, yellow and green dots), the location of water level loggers (white dots). The lower panel
shows hydro-topological zones and tree base elevational differences relative to the lowest

location in the wetland forest (black squares).
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Based on a topographic gradient from east to west, our study design split the forest into three
distinct hydro-topo-gradient areas, from herein classified as ‘Upper’, ‘Transitional’ and
‘Lower’ zones (Fig. 1). In the Upper zone, M. quinquenervia were interspersed with other
coastal heath species (Banksia integrefolia, Casuarina glauca) and grasses (Lomandra
hysterix) and generally sit above the soil water logging threshold. Thus, this zone can be
considered a largely non-wetland ecotone and used as a comparative control for the wetland
forest. The Transitional and Lower zones consisted of a dense monoculture stands of M.
quinquenervia with no understory vegetation. Within each zone, 10 mature trees of various
stem sizes (diameter at breast height (DBH) ranging from 12 to 42 cm) were randomly
selected and labelled for the duration of the study. Eight field campaigns were conducted
over a 12-month period. Sampling for campaigns 1, 2, 6, 7 and 8 were mostly conducted from
a small boat as the water depth in the forest was >1 m. Data analysis were sub-grouped
(below) to compare the wetland hydrological campaigns featuring surface waters called
‘Wet’ (campaigns 1, 2, 6, 7 and 8) vs campaigns featuring exposed soil surfaces called ‘Dry’

(campaigns 3, 4 and 5).

2.2 Soil and aquatic physicochemical parameters and CH, concentrations

During Wet conditions (campaigns 6 and 7), triplicate surface water samples within the forest
were measured at various depths for pH, temperature (°C), EC and redox potential (mV)
directly from the side of the boat using pre-calibrated multiprobes (HQ40d, Hach). During
Dry conditions (campaigns 4 and 5), porewater was collected from various subsurface depths
using an extendable push point piezometer (Sonlist), transferred via gas tubing (Bev-A-Line
IV).The soil volumetric water content (VWC %) was measured in duplicate at 10 cm soil
depth (north and south side) for each tree (Hydro Sense II, Campbell Scientific, detection
limit up to 50 % VWC) when the water was below the surface.

To measure dissolved CHy4 concentrations of surface water and porewater, duplicate water
samples were collected (as described above) using tubing and 150 mL syringes and from
various depths below the water surface (Wet campaigns 6 and 7) or below the soil surface
(Dry campaigns 4 and 5). A 40 mL sample of the collected water was equilibrated in the
syringe with 110 mL of atmospheric air headspace via vigorous shaking for four minutes
(Borges et al., 2015; Roberts & Shiller, 2015). The CH4 equilibrated headspace was then
added to 1 L foil gas bag (Cali-5-bond, Calibrated Instruments) and diluted with 750 mL
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atmospheric air. The gas bags (i.e., now containing 900 mL gas sample) were connected to a
field portable cavity ring-down spectrometer CH4 analyzer (CRDS, G4301 Gas Scouter,
Picarro) and the mean CH4 concentration was recorded (ppm). The initial concentrations
were then back-calculated as dissolved CH4 (uM) to account for dilution with ambient air
(CH4 concentration measured in situ with the CRDS) and corrected for the temperature-

dependant CHy solubility coefficient (Wiesenburg & Guinasso Jr, 1979).

2.3 Tree, soil and aquatic CH4 flux measurements

Tree stem CHy fluxes were measured using a 30 cm tall by 40 cm wide semi-rigid wrappable
chamber carefully attached to each tree using straps, as described by Siegenthaler et al.
(2016). The chamber was connected to the CRDS (listed above) via gas tubing (Bev-A-Line
IV) passing through a drying desiccant (Drierite) via a closed loop. The CRDS was factory
calibrated and features a precision of + 0.3 ppb and lower detection limit of 0.9 ppb. During
each campaign, CH, tree fluxes were measured from four stem heights on 30 individual trees
at 10-40 cm, 40-70 cm, 70-100 cm and 100-130 cm above the soil or water level. Once
chambers were sealed to the tree stems, the concentration was recorded until a clear linear
flux rate was observed for 150 seconds (median value) on high CH4 fluxing trees and up to

15 minutes on low CHy fluxing trees.

Soil CH4 fluxes were measured during dry campaigns within a 1 m radius of each sampled
tree, using a 26 cm diameter x 15 cm high circular PVC chamber, that was first gently
inserted ~2 cm into the soil to create a circular groove on the soil surface. The chamber was
then immediately removed and flushed with ambient air, before being gently replaced back
onto the same soil surface location. Care was taken not to apply downward pressure or step
close to the chamber, ensuring no gas efflux enhancement, which was confirmed by real-time
observation of the linearity of the fluxes. The fluxes were recorded using similar closed-loop
methods and the same CRDS equipment as the tree stem measurements. The soil CH4 flux
was recorded for 300 seconds (median), but up to 14 minutes during low CH4 fluxing

conditions.

Aquatic CH4 fluxes were measured during flooded wetland campaigns within a 1 m radius of
each sampled tree using a 28 cm wide x 25 cm high floating chamber. All measurements

were performed from a small boat so as not to disturb the wetland sediments. Any chambers
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featuring non-linear trends in CH4 were disregarded and repeated. The flux was measured for

300 seconds (median), but as long as 13 minutes during low CH4 flux measurements.

2.4 CH, flux calculations and linear flux thresholds

The CHy4 fluxes (F) for trees, soil and water were calculated using the equation:
F=(S(V/RT;:A)t (1

where s is the regression slope for each chamber incubation deployment (ppm sec™), V is the
chamber volume (m’), R is the universal gas constant (8.205 x 10° m’.atm™ K ".mol™), T, is
the mean air temperature recorded inside the chamber in degrees Kelvin (°K), A is the surface
area of each chamber (m?) and t is the conversion factor from seconds to day, and to mmol of
CHy4. The s and T, terms were extracted in R studio (version 3.5.1) using a modified
‘GasFlux’ package of Fuss (2019). The V term (i.e. total volume of the closed loop including
chamber, 4 m length of gas tubing, desiccant canister and internal volume of CRDS) was

calculated as described by Jeffrey et al. (2020b).

Linear flux r* value thresholds were dependent upon measurement type and location. Any
low r? values <0.70 were manually and visually reviewed using the ‘GasFlux package of
Fuss (2019) that generates plots of each individual incubation flux. The average aquatic flux
r* was 0.96 + 0.01 (n=85, where + is SE herein) and the average soil flux r* value was 0.95 +
0.01 (n=100). The overall average tree stem CH, flux r* of 0.88 + 0.01 (n=890) was lower
than the aquatic and soil r* values, due to several low CHy fluxing upper tree stem
measurements and Upper zone trees, particularly during dry campaigns (i.e. trees of slight
CH,4 emission or slight uptake). The median r* for linear regression of Lower, Transitional
and Upper zone tree stem fluxes was 0.99, 0.99 and 0.87, respectively. The simultaneously
recorded linear tree stem CO; fluxes were used as a proxy for assessing air-tight chamber
seals, particularly on low CHy4 fluxing trees. Occasionally, white potting clay was used to fill
any gaps between the chambers and tree stems, on trees featuring cracks, fissures, anomalies

or splits in the bark.

2.5 Up-scaling tree stem CH4 fluxes
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Individual stem circumferences of the 30 trees were measured during the driest campaign at
10 cm increments from 0 cm (basal area) up to 200 cm stem height above the soil with a tape
measure. The forest density (trees ha™'), DBH of all trees (cm) and mean tree height was
estimated using a LiIDAR enabled smartphone (iPhone 12 Pro, Apple) and forestry scanning
app (Arboreal Forest, Arboreal AB). Tree density and size was scanned and calculated within

triplicate 50 m* plots within each zone.

To upscale the stem CH4 fluxes measured at various heights into emissions from individual
trees, we assumed a simple non-branching tree with a single cylindrical inward tapering stem
to a height of 1.3 m above soil or water. During the highest water period, we assumed tree
stem circumference did not change above the 2 m high circumference measurement (as
mentioned above). The stem surface area was sectioned into radial bands and the CHy4 fluxes
at the corresponding band heights were applied and integrated according to Jeffrey et al.

(2020b) and similar to Pangala et al. (2017) using the equation:
1.3
Fe= [ (c.h.F) )

where Fyis the flux per tree (mmol per tree d'l), c is the tree circumference (m) for each flux
measurement location (adjusted for each campaign depending upon the water height above
the soil), h is the height (m) for each tree segment (i.e. 30 cm as limited by chamber height)
and F is the measured CH, flux rate for that height (mmol m™ d™). The upscaled ecosystem
tree stem flux was first calculated using a tree area-weighted flux rate (Fay in mol CHy ha' d

" for each hydro-topo-gradient zone and during each campaign using:
FtaW = thd (3)

where # is the mean and d is the tree density (trees ha™). Because the mean flux from the
selected mature-sized trees may have positively biased the upscaling calculation, a second
conservative upscaling approach was compared that accounted for the broad range of tree
stem sizes in the forest (range 4.7 — 33.5 cm), as measured in density plots (methods
described above). First, the average M. quinquenervia bark surface area of tree stems to 1.3 m
stem height was estimated by multiplying © by the average DBH (m) of all trees measured
within the triplicate forest density plots (Lower zone n=101 trees, Transitional zone n=67
trees, Upper zone n=52 trees) by a height of 1.3 m. This assumes a cylindrical stem shape

(i.e. conservative stem area that does not account for larger basal area). This was then
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upscaled to estimate bark area (By) per hectare (m” ha™) by multiplying by d (as above) for

each zone:
B.=d.xDBH.n.1.3m 4)

Then for each campaign, the sum of sampled tree emissions per day to 1.3 m stem height (i.e.
Y Fin eq. 2) within each zone was divided by the Y. of bark surface area to 1.3 m (in m?) of
same trees, thus estimating the average CH, flux rate (mmol m™ of bark d™') from each zone
and campaign. This was then multiplied by B, ha' (m® ha™) as the second estimate for
upscaled tree CHy4 flux (mol ha™ d). This approach reduced our tree emissions estimates by
an average of 35.7 = 4.5 % from the first approach (Eq. 3). The soil and aquatic CHy4 fluxes
were upscaled by first deducting the tree basal surface area per hectare (m* ha™) from the
forest floor from within each hydro-topological zone, then multiplying the remaining

soil/aquatic surface area by the average CH, flux rate.

For each campaign, the net ecosystem flux from trees (NEF, %) was calculated by dividing
the upscaled tree CH, flux (mol ha™ d'l) by the sum of CH4 emissions per hectare (i.e., net
tree CH4 and soil/aquatic flux combined). To estimate the NEF of CH4 from the wetland over
an annual cycle, the results of the eight campaigns were upscaled equally (i.e., 6.5 weeks per
campaign). Subsequently, the total CH, emission from tree stems (mol ha™ yr') was divided
by the total CH4 emission/uptake from soil and water plus the total tree emissions (i.e., the
total wetland emissions in mol ha™ yr™), to determine the NEF from trees (%) over the annual
cycle. This was also sub-calculated to specifically compare the contrasting wetland
hydrological periods featuring surface waters (‘Wet’ — campaigns 1, 2, 6, 7, 8) vs exposed

soil surfaces (‘Dry’ — campaigns 3, 4, 5).

2.6 Water table heights and site elevations

The water table was measured in Situ at two locations (Fig. 1) using a temperature/pressure
logger (Diver, Van Essen) recorded at hourly intervals, along with a barometric logger to
correct for atmospheric pressure changes over the annual period. The loggers were deployed
1 m below the soil surface within a PVC slotted pipe. During dry campaign, the elevation of
each tree relative to the lowest diver logger was surveyed using an optical level (Leica) to

correct for the water table vs stem height across the Lower, Transitional and Upper zones.
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2.7 Statistical tests

The correlations between two parameters were tested using linear regressions and p values
using t-Test: paired two sampling for mean (where p<0.05). To test the hypothesis about
differences between fluxes from trees within each zone and between wet vs dry conditions,
and for soil vs water fluxes within each zone and between wet vs dry conditions,the non-
parametric data was analyzed using Kruskal-Wallis one way analysis of variance (ANOVA)
on ranks Statistically significant difference was set at p<0.001 and was determined using the
Dunn’s method for multiple pairwise comparisons. Spearman’s rank correlation (rs)
coefficients were also used to measure the strength of association between two variables of

non-parametric data, for lower tree stem CHy4 fluxes vs VWC (%) and vs soil CH4 flux.

3.0 Results
3.1 Seasonal rainfall and hydrology

The eight campaigns occurred between June 2021 and May 2022 spanning winter through to
the following late autumn and an annual temperature and solar cycle (Fig. 2). This also
occurred during two consecutive years of La Nifia weather events, characterized by above
average rainfall (BOM, 2023b). During the first five campaigns from June 2021 onwards, the
wetland water table declined from +48 cm (i.e., above soil surface) to -69 c¢m (i.e., below the
soil surface) within the Lower zone forest. The water table was below ground for campaigns
3-5 during Spring 2021. Summer rainfalls during December 2021 through to February 2022
restored and maintained a shallow standing surface water (~ 20 cm for campaign 6). Two
large rainfall events occurring during Autumn in March (351 mm) and April 2022 (343 mm)
greatly increased the wetland water table depth, peaking during campaign 7 at 185 cm within
the Lower zone forest, 161 cm in the Transitional zone forest and also 18 cm deep in the

centre of the Upper zone trees (Figs. 1 & 2).
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Figure 2. Summary of environmental conditions during the eight study campaigns showing
seasonal changes in the Lower zone wetland water table (cm), daily rainfall totals (mm),
maximum and minimum air temperature (°C) and photosynthetically available radiation

(PAR in lum m™). Note: Dry campaigns are highlighted in grey.

3.2 Ecosystem parameters, tree size, density and surface area

The sampled M. quinquenervia stem diameter at breast height (DBH) ranged from 4.6 — 27.8
cm, 4.7 —23.8 cm and 5.6 — 33.5 cm from the Lower to Upper zones respectively (Table S1).
The average M. quinquenervia DBH increased from the Lower to Upper zones and were 11.9
+0.6 cm, 12.2 + 0.7 cm and 15.0 £ 1.0 cm respectively. The average canopy height was 14.1
+ 0.7 m and the tree density was 5049, 4600 and 3466 trees per hectare for the Lower,
Transitional and Upper zones respectively (Table S1). Overall, the tree bases only accounted

for 2.03 — 2.14 % of the surface area compared to soil/ water surface (i.e., tree base area ha™).

3.3 Aquatic physicochemical and CHj variability

Porewater and surface water CH,4 concentrations (uM) increased with sample depth (Fig. 3,

Table S2). The highest porewater CH4 concentrations were found at -100 cm soil depths



376  which ranged from 54.3 £ 57.7 to 172.2 + 48.3 uM and shallow porewater CH,4 at -30 cm
377 ranged from 0.33 £ 0.43 to 23.4 + 12.9 uM. Surface water CH4 trends were less pronounced

378  vs depth, but CH4 concentrations were less than porewater and ranged from 2.4 + 0.02 to 11.0

379  +9.7 uM.
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3.4 Soil and aquatic CH,4 fluxes

Aquatic CHy fluxes were highly variable in the Lower and Transitional zones and the
campaign averages ranged from 0.96 + 0.34 to 5.83 + 0.72 mmol m™ d”' in the Lower zone,
and 0.35 + 0.10 to 5.36 + 2.28 mmol m™ d' in the Transitional zone (Table 1, Fig. 4, Fig.
S1). The highest soil fluxes (26.12 + 34.66 mmol m™ d™') were observed in the Lower zone
when the water table was immediately below the surface during campaign 3. The soil in the
Transitional zone was a weak net CHy sink during campaign 5 (-0.02 £ 0.01 mmol m” d'l).
The Upper zone soils exhibited slight CHs emissions during campaigns 1, 7 and 8 but
remained a CHy sink for the other five campaigns (Table 1, Fig. 4). There were no significant
differences between aquatic CH4 fluxes between Lower and Transitional zones (p<0.05,
Table S3, Fig. S2). There were significant differences between soil and aquatic CH4 fluxes in
the Lower zone between each campaign but not in the Upper zone, and there were significant
differences between Lower and Upper zones for both soil and aquatic fluxes (Table S3, Fig.

S2).
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403  Figure 4. Stacked plots indicating the changing water table within each zone, average CHy
404 flux per tree (mmol tree” d™') and average CH, flux from water or soil (mmol m™~ d™). Note:
405  Different y-axis scales, shaded campaigns are where surface water was present, the horizontal
406  dashed line is soil surface, the horizontal solid line separates CH4 sink and source in Upper

407  zone. Error bars are SE.
408
409

410  Table 1. Summary of water table (WT), CHy fluxes from trees, soil and water surfaces for
411 each zone. Note: all tree fluxes scaled to only 1.3 m of tree stem.

Melaleuca tree stem CH, flux Water/Soil CH, flux
Zone Trip  WT mean (mmol m” of (mmol tree* d™) (mol ha' (mmol m? d™") (mol ha™d™)
(cm) bark d*) d?)
Lower 1 36.8 7.59 4.48+1.85 18.54 5.83 +0.72 57.10
2 33.2 6.79 4.14+1.05 16.60 1.79 +0.59 17.49
3 -14.9 2.13 1.40+0.37 5.21 26.12 +34.66 255.66
4 -27.7 0.62 0.45+0.10 1.52 0.15 +0.07 1.49
5 -54.2 0.63 0.51+0.08 1.55 0.41 $0.18 4.01
6 34.4 20.31 11.49+3.98 49.63 3.01 £1.35 29.41
7 184.7 13.75 7.74+4.03 33.62 0.96 +0.34 9.40
8 166.4 13.25 10.2445.51 32.39 3.91 +0.36 38.23
Wet 91.1 12.34 7.62+3.28 30.15 3.10 +0.67 30.33
Dry -32.3 1.13 0.7910.18 2.76 8.90 +11.64 87.05
Average 44.8 8.13 5.06+2.12 19.88 5.27 +4.78 51.60
Transitional 1 13.1 9.32 8.18+3.60 2141 0.35 +0.10 3.46
2 9.6 7.62 4.87+1.05 17.49 1.10 +0.46 10.76
3 -38.6 0.55 0.36+0.11 1.27 0.72 $£0.22 7.08
4 -51.4 0.54 0.36+0.08 1.24 0.23 +0.07 2.28
5 -77.8 0.48 0.3410.07 1.10 -0.02 +0.01 -0.17
6 10.8 20.38 13.27+3.00 46.79 5.36 £2.28 52.51
7 161.0 19.73 12.21+4.00 45.31 0.36 +0.11 3.48
8 142.8 25.30 15.0343.64 58.10 1.02 +0.15 9.97
Wet 67.4 16.47 10.7143.06 37.82 1.64 +0.62 16.04
Dry -55.9 0.52 0.35+0.09 1.20 0.31 +#0.10 3.06
Average 21.2 10.49 6.83+1.94 24.09 1.14 +0.42 11.17
Upper 1 -134.8 0.14 0.21+0.16 0.29 0.03 +0.05 0.27

2 -134.3 -0.01 -0.01£0.15 -0.03 -0.04 +0.02 -0.37
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3 -181.8 -0.47 -0.45+0.06 -0.99 -0.08 +0.01 -0.76

4 -194.6 0.51 0.40+0.09 1.07 -0.06 +0.01 -0.58

5 -221.0 0.26 0.31+0.09 0.55 -0.06 +0.01 -0.57

6 -132.4 0.61 0.55+0.06 1.29 -0.06 +0.08 -0.61

7 17.8 2.51 1.6740.51 5.33 0.03 +0.07 0.25

8 -0.45 5.12 2.28+2.12 10.84 1.02 +0.43 10.00

Wet -76.8 1.67 0.94+0.60 3.54 0.19 +0.13 191
Dry -199.1 0.10 0.09+0.08 0.21 -0.06 +0.01 -0.63
Average -122.7 1.08 0.62+0.41 2.30 0.10 +0.09 0.96

3.5 Tree stem CH4 fluxes

Tree stem CH4 flux rates varied greatly between trees, stem heights, hydrological conditions,
campaigns and topography, and ranged from CH, uptake to CH, fluxes of 203.1 mmol m™ d
! spanning several orders of magnitude (n=890, Table 1, Fig. S3). The largest tree stem CH,
fluxes occurred during Wet campaigns and occurred within the Transitional and Lower
zones. The highest tree stem CH, fluxes were almost always from the lower stem
measurement heights (Fig. 5). Tree stems fluxes between Wet and Dry campaigns and within
each zone were significantly different (p<0.05, Table S4, Fig. S2). There were no obvious
patterns suggesting that the same trees always emitted the highest or lowest fluxes (Fig. S3).
A large proportion of the Upper zone tree stems exhibited CHs uptake (31% of all
measurements, n=81 of 180) during the dry campaigns. Importantly, during Dry campaigns 4
and 5, the tree stem CHy fluxes (mmol per tree d') were of the same order of magnitude
between all site locations (and not significantly different between Lower and Upper zone
trees (Table S4, Fig. S3), but were two orders of magnitude different during the during Wet

campaigns.
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Figure 5. Contour plots showing average tree stem CHy flux rates (mmol m™ d™') at each
stem height, from each campaign and within each hydro-topographic zone. Note: log scale of
CHj flux rates (mmol m™ d™') and water table is from the Lower zone and the dashed line is

the soil surface.

3.6 Drivers of CH, fluxes

There were significant negative trends between both porewater CHs (uM) vs the porewater
redox potential (SHE) (r*=0.21, p<0.001, n=21) and between dissolved CH, vs water table
depth (r?=0.22, p<0.05, n=31) (Fig. S4). There were no apparent trends between porewater
CH4 (uM) at the same depth interval and tree stem fluxes (Fig. S5). During campaigns 3-5,
there were significant positive trends between adjacent surface soil moisture (% VWC) and
tree stem CHj fluxes, (r2:0.36, p<0.001, n=90) (Fig. 6). During dry conditions, there was
also a significant positive relationship between the soil CH4 fluxes vs lower tree stem CHy
fluxes (r’=0.53, p<0.001, n=61) (Fig. 7a). However, during inundated conditions, there was
no correlation between tree CHy4 flux vs aquatic CHy flux (Fig. 7b). In the Upper zone, there

were no trends between either soil moisture and soil CHy flux, vs tree stem CH,4 flux.
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When combining all data in the study, there were no apparent trends between tree stem CHy
flux vs stem height above the soil (Fig. S6). However, when Wet and Dry data campaigns
were separated, a positive significant logarithmic trend was observed between Dry campaign
tree stem CHy flux in relation to the distance to the below-ground water table (r*=0.55,
p<0.005, n=369, Fig. 8a). No trend with the distance above soil height during Wet campaigns
was found (Fig 8b), but a decrease in CHy flux vs stem height > water was observed (Fig.

8b).
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3.7 The net ecosystem flux (NEF) of CH4 from tree stems

The role of tree stem CHy fluxes to the total wetland NEF varied greatly during the study. In
the Lower and Transitional zones, the tree stem CH4 fluxes were substantial contributors to
the NEF, particularly during Wet conditions (Fig. 9). The contribution of tree stems to the
NEF ranged from 25-93 % during Wet campaigns and were > 6 times higher emitters per
hectare than the soil uptake rate during the Dry campaigns. During campaign 3 in the Lower
zone, an anomalously large soil CHy release occurred when the water table was very near at
the soil surface and hence the soil CH4 flux pathway was the largest contributor to the Lower

zone CHy4 emissions during this campaign (Fig. 9).

In the Upper zone, tree stem fluxes were minimal yet somewhat dynamic, as tree emissions
offset a portion of the soil CH4 uptake during campaigns 2, 4 and 6, and tree emissions were
equal to soil uptake in campaign 5. During campaign 3, the tree stem CHy4 uptake further

enhanced the soil CH4 sink by ~31 %. During the wettest conditions (Campaigns 1, 7 and 8),



483  the Upper zone trees were the dominant CH, emission pathway ranging from 52-96 % of the

484  NEF (Fig. 9).
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487  Figure 9. Upscaled wetland CH4 NEF differentiating the CH4 flux from tree stems, water and
488  soils from each hydro-topological zone and campaign (mol ha” d™). The values above bar
489  plots indicate the tree CH4 contribution to: (1) the NEF % (black text); (2) offsetting soil CHy
490  uptake (blue text), and (3) enhancing soil uptake (red text). Note: different y-axis scales.

491
492 4.0 Discussion

493 4.1 Large variability in tree stem CH,4 emissions

494  There were significant differences between the tree stem CHy fluxes, both between the Wet
495  and Dry seasons, and along the hydro-topo-gradient. The tree stem CHy4 emissions varied by
496  more than six orders of magnitude, ranging from slight CH,4 uptake in the Upper zones during

497  dry conditions, to large CH, fluxes up to 203.1 mmol m? d”' during flooded conditions
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(Table 1). Tree stem CH,4 fluxes also varied greatly depending upon which location of the
wetland they were measured in, the hydrological conditions under which they were measured

and the height on the tree stem at which the fluxes were measured (Fig. 8b).

The largest tree stem CH4 emissions always occurred during Wet campaigns where the
wetland soils were completely inundated in the Lower and Transitional zones (Table 1) and
generally from the lowest measurement location on each tree stem (Fig. 5). During periods of
flooding, the saturated soils and/or internal tree stem tissues would likely be anaerobic,
promoting conditions more suitable for soil and/or internal tree stem methanogenesis to
occur, with very little opportunity for aerobic methanotrophy. The lower stem locations are
also in closest proximity to any potential soil and porewater CH4 sources (Jeffrey et al.,
2021b; Megonigal et al., 2019). Under these conditions, the saturated bark and tree stems can
act like a preferential conduit between the soil and the atmosphere, assisting soil-derived CH4
in bypassing CH4 oxidation processes in either the wetland water column or under-lying soil

column.

In the Lower and Transitional zones, we found that on average, 56 + 2.0 % of the total tree
stem CHy4 emissions came from the 10-40 cm of stem height measurements, and 83 + 1.3 %
from 10-70 cm of the stem height (Table S5). Interestingly, this ratio did not change between
Wet and Dry campaigns (Table S5). The incremental reduction in tree stem CH4 emissions
versus tree stem heights (Fig. 5, 8b) are likely due to a combination of CHy4 being degassed to
the atmosphere via the bark during the upwards transport of soil derived CHa4, and losses from
bark-dwelling CH4 oxidizing bacteria (MOB) (Jeffrey et al., 2021a). Although CH,4 oxidation
rates by bark-dwelling MOB were not quantified during this study, our previous work using
various isotopic and MOB inhibitor approaches, estimated CH,4 oxidation rates of ~33 to 36

% in these same wetland tree species (Jeffrey et al., 2021a; Jeffrey et al., 2021b).

The smallest tree stem CH4 emissions and sometimes CH4 uptake, occurred within the Upper
zone trees, during the driest conditions and mainly from the upper stem heights (Table 1, Fig.
5). As mentioned above, the CH4 uptake measured on the tree stems is likely due to the
presence of bark-dwelling MOB. The low rates of tree stem CH4 emission from the Upper
zone trees are also likely due to the far deeper water table 1-2 m below the soil surface (Fig.
4). These more ‘upland forest’ soil conditions are generally unsuitable for significant soil
methanogenesis to occur and create conditions favourable for the oxidation of deeper

groundwater and soil CHa, prior to entering the tree stems and soil surface.
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If the bark-associated methanotrophy and oxidation rates throughout all campaigns are
similar to our two previous estimates in M. quinquenervia forests (Jeffrey et al., 2021a;
Jeffrey et al., 2021b), the large CH4 emissions reported in the Lower and Transitional zones
for this study would likely be substantially greater, if not for bark-dwelling methanotrophic
communities mitigating a proportion of the CH,4 egress from the wetland trees. This suggests
that whilst M. quinquenervia can emit significant quantities CH, via their stems, they may
also help attenuate soil CHy by creating a suitable microbial habitat for methanotrophy (and
potentially other microbial metabolic processes) to occur (Bringel & Couée, 2015; Van Stan
et al., 2021). Seasonal measurements of bark-associated methanotrophy, however would be

required to better constrain this process.

4.2 Dynamic wetland CHy4 emissions from soil and aquatic surfaces

The patterns of the wetland soil and aquatic CH4 emissions were highly dynamic, but
generally concomitant with the water table depth. For example, the highest CHy4 fluxes from
the wetland occurred when the soils were inundated, whilst the lowest CH, emissions and
CH, uptake occurred when the water table receded deep below the soil surface (Fig. 4, Fig.
S2). This pattern with the water table depth was evident in the Upper zone soils that were a
net CHy4 sink during five of the eight campaigns (Fig. 4). This is common for upland forest
soils, which are recognized as the largest biological sink for atmospheric CH4 due to soil

associated methanotrophy (Kirschke et al., 2013; Saunois et al., 2020).

In the Lower zone, even during the driest campaigns, the wetland soil always remained a net
CHy source as the water table was never lower than ~55 cm below the soil surface. During
campaign three, a large soil CHy4 release was observed when the water table was within < 14
cm of the soil surface, but was generally water-logged around the base of most trees (Figs. 4,
9). During this time, the water table had just receded after several months of inundation and
the Lower soils were still highly saturated leading to a likely low redox potential (as indicated
by soil moisture content (%) near or greater than 50 %, Fig. 6). Under these conditions, there
is little potential for aerobic soil CH4 oxidation to occur, and this most likely explains the
highest rates soil CH, fluxes reported in this study (26.1 mmol m? d). Although the soil
CHy flux rates during campaign 3 greatly skewed the annual soil CH4 emission estimates for

the Lower zone (Table 1), we do not consider these as outliers (Fig. S2) as they likely
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captured a genuine temporal “hot spot” and pulse release of soil CH4. Observations such as
this short-term pulse serve to reinforce the importance of temporal monitoring CHy fluxes
from natural ecosystems undergoing dynamic hydrological oscillations and changing redox

conditions, where significant episodic emissions can take place over short timescales.

Although the Transitional zone soil and aquatic surfaces were net CH4 sources over the
annual cycle, once the water table dropped to ~75 cm below the soil surface (Campaign 5,
Fig 4), the Transitional zone soils switched to a net CHy4 sink (Fig. 4). This soil CHy4 sink
occurred despite the Transitional zone tree stems continuing to emit CHy (Fig. 4).
Importantly, at this time, the tree stem fluxes (1.1 mol ha™ d™') offset the adjacent soil uptake
(-0.17 mol ha™! d'l) by ~6.5 times (Fig. 9, Table 1). This suggests that somewhere between
these two water table depths (-55 cm in Lower zone as mentioned above, and -75 cm in the
Transitional zone), soil-associated methanotrophy may completely oxidize CH4 during
upward transport through the soil column before CHy4 can escape to the atmosphere (Barbosa
et al., 2018). This depth is likely to be influenced by soil type and is therefore site dependent.
In our case, it also shows that soil-derived CHy4 can effectively bypass soil CH4 oxidation if

transported via the tree stems to the atmosphere.

The dynamic range in CH4 flux and intra-site variability highlights the importance of
measuring wetland tree stem CHj fluxes along hydro-topo-gradients, whilst capturing
multiple tree stem heights and over multiple campaigns to accurately constrain the annual
contributions of tree stem fluxes to forested wetland CH,4 budgets. This study also captured a
large variability in the CH4 fluxes from each tree within each zone, reiterating the importance

of replicate measurements.

4.3 Drivers of tree stem CH,4 emissions

Trends with upland forest tree stem CH4 emissions and soil CH4 can be complex, as trees can
act as CH4 sources, whilst the well aerated soils represent net CHy4 sinks (Barba et al., 2019b;
Machacova et al., 2023; Wang et al., 2016). Within the Upper zone stand, during most of the
campaigns, the drivers were also unclear, with the tree stem CHj fluxes often shifting
between slight CH4 sources and sinks, between various stem heights and campaigns (Figs.
4,9, Table 1). As such, no clear trends were found with adjacent soil moisture, soil fluxes

(mostly uptake) or water table height. Therefore, the Upper zone drivers of CHy flux likely
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differ and/or the smaller signal is masked by higher noise — when compared to wetland trees
in the Lower and Transitional zones. Several explanations for upland tree stem CH,
emissions may include: 1) internal heartwood rot and stem moisture niches occupied by
methanogens (Feng et al., 2022; Yip et al., 2019); (2) termite-associated CH4 emissions
(Carmichael et al., 2014); (3) CH4 production by saprotrophic fungi (Lenhart et al., 2012);
and/or (4) the transpiration of dissolved CH4 from deeper groundwater sources from below

our measurement locations (Barba et al., 2019a; Covey & Megonigal, 2019).

Drivers were clearer in the Lower and Transitional zones, where we found positive
significant correlations between tree stem CHy4 fluxes, and both soil moisture content and soil
CHy fluxes (Figs. 6, 7). These soils were also the locations of the highest porewater CH,4
concentrations (Fig. 3) and were inundated for the longest time periods over the study period
(Fig. 1). This suggests that soil moisture, reducing soil conditions and high porewater CH4
concentrations (Fig. S4) were the major drivers of tree stem CH, emissions. This agrees with
previous studies showing similar trends along soil moisture gradients (Daniel et al., 2023;
Jeffrey et al., 2020a; Moldaschl et al., 2021; Pitz et al., 2018), via artificial flooding events
(Pangala et al., 2014; Terazawa et al., 2021) and with seasonal changes in the forest water
table heights (Gauci et al., 2022; Sjogersten et al., 2020). In the same M. quinquenervia forest
as our present study ~two years prior, the soil and tree stem 6”C-CH, (%o) isotopic
signatures were shown to overlap (Jeffrey et al., 2021b), further suggesting that most M.

quinquenervia tree stem CHy4 egress originates from the soil methanogenesis zone.

In the Lower and Transitional zones, a strong correlation between soil and tree stem CHy flux
was observed (Fig. 7a), however, no relationship was found between aquatic CHy4 flux and
tree stem CH4 flux (Fig. 7b). If indeed the soil methanogenesis zone was the major driver of
tree stem CH4, we would anticipate a correlation between soil wetted area (i.e., the total
methanogenesis zone in the rhizosphere below the soil surface) and the volume of tree roots
and tree stem embedded within this zone. For example, with a low water table, a smaller
proportion of tree roots would sit within the saturated methanogenesis zone (compared to a
high-water table), whilst CH4 oxidation within the upper rhizosphere would be greatest,
and/or the pathway from the soil methanogenesis zone to the tree stem would be longest.
Under a scenario of complete inundation (i.e., water table at or above the surface), all of the
tree roots would be in the saturated soil methanogenesis zone, and there would be a much
shorter pathway for root-entrained CHy4 to tree stem CH, egress, as well as decreased CHy

oxidation potential in the rhizosphere. Such a trend was observed when plotting lower tree
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stem CH4 fluxes of the Lower and Transition zones vs the water table height (Fig. 10). The
regression in Fig. 10 estimates that for every 30 cm of water table increase below the ground
surface (i.e., Dry campaigns), the lower stem tree CH,4 flux rates increased by approximately
an order of magnitude, up to a maximum of ~0.27 mmol m? d"' when the water table was at
the surface (Fig. 10). Interestingly, once the water table exceeded the soil surface (Wet
campaigns), the tree stem CHy flux rates did not continue to rise and reached a CHy4 egress
maxima. This process was first proposed by Gauci et al. (2022), who found a remarkedly
similar trend in tree stem CHy fluxes within an Amazon riparian forest subject to ~12 m
amplitude fluctuations in the water table height. Overall, this shows a significant correlation
between the depth of the water table below-ground and the root-entrained CH4 tree stem
emissions, whereas tree CH4 fluxes essentially become de-coupled from the water table

dynamics when water levels are above the soil surface (Fig. 10).
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Figure 10. Regression of lower stem tree stem fluxes (10 and 40 cm) vs water table height
below the soil surface (Dry campaigns) and above the soil surface (Wet campaigns). Note:
Log scale and data for Lower and Transitional zones only. The grey shaded area is the 99 %

confidence interval.

4.4 The role of tree stem emissions in the net ecosystem flux (NEF)
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The importance of tree stem CHy fluxes to the total wetland CHy4 flux or NEF (%) was highly
variable and dynamic over the annual cycle. During the Dry campaigns, although soils were
the most important pathway for CH4 emissions, the wetland trees still contributed ~3 to 28 %
of CHy4 emissions for the Lower and Transitional zones respectively (Fig. 11). As mentioned
previously, a large soil pulse release of CH4 in the Lower zone (Campaign 3) greatly skewed
these upscaled CH4 emissions and NEF estimates. During Dry conditions in the Upper zone,
tree stem emissions were 13-fold lower than Lower zone, however, the tree stems accounted
for 100% of the Upper zone NEF as Upper soils were a net CH, sink (-0.06 mmol m™ d”',
Table 1). This is important to consider in future upland forest CH4 budgets which are

conventionally considered as net CHy4 sinks.

Lower zone trees Transitional zone trees Upper zone trees

Dry NEF 3.1% 28.2%
Annual NEF 4&8% (-38.3ﬁﬂl

ks

W Average CH, flux of bark, soil/water in mmol m?d"

Figure 11. Conceptual summary diagram of the net ecosystem CHjy flux from trees (NEF, %)
during Wet campaigns (n=5), Dry campaigns (n=3) and annual emissions (n=8). The average
CHj flux rates for each pathway (mmol m™ d™') are shown with arrow size depicting the scale

of emissions.

During Wet campaigns, tree stem CH4 fluxes were equal to, and the most important pathway,
of the total wetland efflux, accounting for 50-70 % of the NEF of the Lower and Transitional
zones respectively (Figs. 9, 11). This is similar to the range of estimates for other lowland

forest studies, including ~50 % of the NEF in flooded forests of the Amazon basin (Pangala
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et al., 2017), 62-87 % in tropical wetlands (Pangala et al., 2013) and 30 % in neotropical
peatland forest (Sjogersten et al., 2020). It should be noted that we did not account for the
aquatic CHy ebullition pathway in our study design, though very little ebullition was observed
from the sandy sediments during inundated campaigns. However, in some wetland systems,
ebullition can represent a major component of wetland CH4 budgets (Aben et al., 2017;

DelSontro et al., 2016; Jeffrey et al., 2019a).

To the best of our knowledge, no other studies have captured forested wetland CH,4 emissions
at monthly/bi-monthly sampling temporal resolution over an annual cycle. During the entire
study, we calculate that the subtropical M. quinguenervia tree stems contributed ~27.8 — 68.3
% of the NEF from the Lower and Transitional zones of the wetland respectively (Fig. 11).
This study provides clear evidence that tree stems are a significant and often missing
component of many previous wetland CH4 budgets, where they have been largely overlooked
(Barba et al., 2019a; Covey & Megonigal, 2019). The CH4 flux rates and upscaled rates from
the subtropical M. quinquenervia trees (per hectare) were at the upper range of other reported
tree stem fluxes from the literature (Fig. 12). Generally, the lowest ecosystem tree CH,4
emissions per hectare come from temperate upland forests and mangrove forests, whereas
peatland and wetland forests can be up to five orders of magnitude higher (Fig.12). Our
upscaled results (1187 to 37,803 mmol ha d') were higher, yet similar in range, to the
tropical flooded forests of the Amazon (2937 to 28,493 mmol ha™' d'; Pangala et al., 2017)
and neotropical peatland (2999 to 21,745 mmol ha™' d'; Sjogersten et al., 2020) (Fig. 12),
higher than seasonally flooded tropical forest in French Guiana (-101 to 183 mmol ha™ d;
Daniel et al., 2023) and tropical SE Asian peat forest (419 to 1878 mmol ha' d'; Pangala et
al., 2013).
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Figure 12. Comparison of previously reported tree stem ecosystem CH4 flux rates spanning
various forest types (Covey & Megonigal, 2019; Jeffrey et al., 2020a; Jeffrey et al., 2019b;
Sjogersten et al., 2020) compared to the average, Wet and Dry tree CH4 emissions of our
study. Note: The log scale on the y-axis.

It is important to note that the up-scaling approach used can greatly influence the
interpretation of results, both here and for future studies. For example, if using Eq. 3 for
upscaling (i.e., the average CH4 flux per tree multiplied by forest density — a common
upscaling approach), our upscaled tree stem CH4 emissions per hectare would have been on
average ~ 35.7 = 4.5 % greater than we reported. The approach we applied here considers the
individual surface areas of all tree stems per hectare (i.e., integrating Eq. 4) and integrates
this into the upscaling to ecosystem level. This approach is likely more realistic as we better
account for the large variability in stem sizes of the dense stands of M. quinquenervia. This
approach may be less important in forests and stands featuring more uniformity in tree size.
Furthermore, we did not account for any tree stem CH,4 emissions below a 10 cm stem height
(near the location of highest CH4 emissions, Table S5). For example, the lower 30 cm of stem
was previously shown to account for > 90 % of stem CHy efflux in M. quinquenervia forest
(Jeffrey et al., 2020b). We also did not account for multiple trunked or branched tree stems
(i.e., we only measured and/or counted all as single stems). We also did not project any CHy
emissions beyond the 130 cm stem height that were measured — therefore, our upscaled

results should be considered as a conservative estimate.

4.5 Conclusion and future directions

Overall, our study highlights the significant role of trees, and the importance of accounting
for tree stem CH,4 emissions from (sub)tropical forested wetlands, to better estimate total
wetland CHy4 budgets. We also highlighted the extremely large range in tree stem CH4 flux
variability both within a site, across seasons and at individual tree stem heights. Tree stem
CH4 emissions appear to be mainly driven by water table height, which moderated the soil
methanogenesis zone and porewater redox potentials. The CH4 flux rates and upscaled
emissions from M. quinquenervia forests presented here are at the higher end of reported
literature values. This may be due to the wetland soil carbon and waterlogging conditions,

(sub)tropical climate driving microbial metabolism, tree species-specific physiological
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adaptations (including the unique layered bark structure allowing for rapid CHy transport
from the soils to the atmosphere), and/or high forest density (up to 5049 trees ha'l) typical of
M. quinquenervia stands. This study also provides important baseline readings for the
southern hemisphere and Australian wetland forests, which typically experience highly

dynamic rainfall and large soil redox oscillations between flooding and drought conditions.

Future research in forested wetlands should consider all atmospheric pathways for CHs4 by
including aquatic ebullition and the importance of episodic pulses of emissions under ideal
conditions for methanogenesis. To account for diurnal variability in M. quinquenervia tree
CH,4 emissions (Jeffrey et al., 2020a; Jeffrey et al., 2021b), which were not measured during
this study, future studies should also consider auto-sampler approaches to tree stem CH, flux
measurements capturing high resolution temporal variability (Barba et al., 2019b; Brechet et
al., 2021; Sakabe et al., 2021). Lastly the role of upper stems and branches (recently shown to
emit CHy4 in certain upland trees) (Gorgolewski et al., 2022), phyllosphere microbial CH,4
oxidation (Putkinen et al., 2021), cryptograms and stem-associated microbial CH, oxidation
(Feng et al., 2022; Jeffrey et al., 2021a; Jeffrey et al., 2021b; Machacova et al., 2021) and the
net canopy exchange of CH4 (Takahashi et al., 2021) should also be taken into account, in

any mass balance and net ecosystem CH4 flux estimates.

Currently, there is far less data available from the (sub)tropical ecosystems (hotspots for
wetland CH4 emissions), compared to lowland forests of higher latitudes. In the context of
local and national greenhouse gas budgets, climate change mitigation and re-forestation
efforts, constraining the role of tree stem CH4 emissions from these important ecosystems
requires considerable further research. Although recently identified as a knowledge and data
gap that may potentially help explain the large uncertainties in the global CH, budget wetland
term (Pachauri et al., 2014; Saunois et al., 2020), tree stem CH4 emissions do not yet have a
distinct emission category, nor are they used in bottom-up scaling and modelling efforts. As
the drivers of tree stem CHy are highly dynamic and variable across ecosystem types and
individual tree species, future modelling efforts will need to consider these complexities in

any up-scaling approaches.
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Figure 1. Map of study site in the upper panel showing locations of sampled Melaleuca trees
(red, yellow and green dots), the location of water level loggers (white dots). The lower panel
shows hydro-topological zones and tree base elevational differences relative to the lowest

location in the wetland forest (black squares).

Figure 2. Summary of environmental conditions during the eight study campaigns showing
seasonal changes in the Lower zone wetland water table (cm), daily rainfall totals (mm),
maximum and minimum air temperature (°C) and photosynthetically available radiation

(PAR in lum m™). Note: Dry campaigns are highlighted in grey.

Figure 3. Depth profiles for porewater and surface water CHs concentrations (uM) during
campaigns 4-7 for each wetland zone. Note: Different x-axis scales used. The brown shaded
area represents the soil and blue area is surface water and dashed line is the top of water

table. Error bars are SE.

Figure 4. Stacked plots indicating the changing water table within each zone, average CH,4
flux per tree (mmol tree” d') and average CHy4 flux from water or soil (mmol m™ d™'). Note:
Different y-axis scales, shaded campaigns are where surface water was present, the horizontal
dashed line is soil surface, the horizontal solid line separates CH4 sink and source in Upper

zone. Error bars are SE.

Figure 5. Contour plots showing average tree stem CHy flux rates (mmol m™> d™') at each
stem height, from each campaign and within each hydro-topographic zone. Note: log scale of
CHj flux rates (mmol m™ d™') and water table is from the Lower zone and the dashed line is

the soil surface.
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Figure 6. Positive significant correlations between soil WVC% and lower (10-40 cm) tree
stem CHy4 fluxes during the three Dry campaigns. Note: log scale y-axis, Spearman’s Rho
(rs), grey areas show 99 % confidence interval and 50% VWC is the upper volumetric water

content range of the probe.

Figure 7. Correlations between lower (10-40 cm) tree stem CHy fluxes and a) soil CHy4 fluxes
(Dry campaigns) and b) aquatic CH4 fluxes (Wet campaigns) within the Lower and
Transitional hydro-topological zones. Note: Spearman’s Rho (rs) and grey areas show 99 %

confidence interval.

Figure 8. Correlations for all positive tree stem CHy4 flux data vs (a) chamber height distance
from water table during Dry campaigns, and (b) chamber heights above soil surface during
Wet campaigns. Note: Log transformed data on y-axis. Yellow lines are 95 % confidence

intervals and dashed lines are 95 % prediction intervals.

Figure 9. Upscaled wetland CH4 NEF differentiating the CH4 flux from tree stems, water and
soils from each hydro-topological zone and campaign (mol ha™ d). The values above bar
plots indicate the tree CH4 contribution to: (1) the NEF % (black text); (2) offsetting soil CH4
uptake (blue text), and (3) enhancing soil uptake (red text). Note: different y-axis scales.

Figure 10. Regression of lower stem tree stem fluxes (10 and 40 cm) vs water table height
below the soil surface (Dry campaigns) and above the soil surface (Wet campaigns). Note:
Log scale and data for Lower and Transitional zones only. The grey shaded area is the 99 %

confidence interval.

Figure 11. Conceptual summary diagram of the net ecosystem CHy flux from trees (NEF, %)
during Wet campaigns (n=5), Dry campaigns (n=3) and annual emissions (n=8). The average
CHj flux rates for each pathway (mmol m™ d™') are shown with arrow size depicting the scale

of emissions.
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Figure 12. Comparison of previously reported tree stem ecosystem CHj4 flux rates spanning
various forest types (Covey & Megonigal, 2019; Jeffrey et al., 2020a; Jeffrey et al., 2019b;
Sjogersten et al., 2020) compared to the average, Wet and Dry tree CH4 emissions of our

study. Note: The log scale on the y-axis.
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Table S1. Forest parameters and areas used in upscaling results.

Sampled trees DBH (cm) Tree density  Tree basal Tree basal area Tree stem
Zone Min - Max  Average (trees ha’l) area (m2 m’z) coverage (m2 ha_l) area (m2 ha_l)
Lower 12-35 216+ 7.1 5049 0.042 213.8 2444
Transitional 15 -29 203+ 4.2 4600 0.044 203.5 2296

Upper 16 - 42 20.1+ 14.0 3466 0.059 206.1 2120




Table S2. Average aquatic and porewater physicochemical data and CH, concentrations.

Trip Date Site Sample Type D?Z::; Te(Tc'; pH % 523 R?::;; (I.c“:';
3 9/06/2021 Lower Porewater -30 21.8 5.20 20.2 -169.5
Lower Porewater -60 211 5.43 16.4 -194.5
Lower Porewater -100 21.0 5.57 11.0 -196.7
Transitional Porewater -30 234 4.99 14.5 -90.6
Transitional Porewater -60 21.6 5.10 11.6 -112.7
Transitional Porewater -100 21.0 5.1 7.2 -121.1
Upper Porewater -140 20.7 5.53 9.2 -131.9
Upper Porewater -170 20.3 5.45 8.1 -115.7
4 10/27/2021 Lower Porewater -30 23.2 5.45 239 -200.5 16.5
Lower Porewater -60 229 5.53 26.7 -208.6 16.3
Lower Porewater -100 218 5.43 22.0 -186.9 259
Transitional Porewater -60 24.5 534 69.2 -128.8 238
Transitional Porewater -100 22.8 5.72 23.9 -199.0 53.6
Upper Porewater -170 24.3 5.36 26.4 -123.9 7.1
5 11/21/2021 Lower Porewater -30 258 5.56 27.2 -2334 8.0
Lower Porewater -60 22.8 5.75 224 -259.1 13.4
Lower Porewater -100 21.8 571 21.1 -262.4 22,6
Transitional Porewater -30 24.6 5.38 437 -70.4 0.2
Transitional Porewater -60 243 5.07 29.1 -128.1 0.5
Transitional Porewater -100 23.6 5.60 21.0 -178.1 17.3
6 1/22/2022 Lower Porewater -30 25.6 533 15.5 -220.0 26
Lower Porewater -60 25.0 534 13.4 -241.0 4.2
Lower Porewater -100 24.5 5.55 12.6 -260.0 219
Transitional Porewater -30 26.7 5.48 131 -159.4 0.6
Transitional Porewater -60 26.1 539 10.9 -147.1 328
Transitional Porewater -100 25.5 5.24 12.6 -174.2 325
Upper Porewater -100 25.0 5.24 10.7 -220.9 0.9
Upper Porewater -130 24.6 5.45 17.8 -187.5 2.7
Upper Porewater -170 241 5.45 139 -224.7 25.0
Lower Surface Water -20 26.2 5.80 30.3 1.7
Transitional Surface Water -20 28.3 6.00 31.9 2.1
7 2/09/2022 Lower Surface Water -30 229 6.06 15.8 14
Lower Surface Water -72 22.8 5.94 15.0 1.5
Lower Surface Water -222 228 5.96 20.3 6.6
Transitional Surface Water -30 22,6 5.95 12.5 0.9
Transitional Surface Water -70 22.8 5.95 24.7 1.0
Transitional Surface Water -120 22.8 5.87 14.1 0.9
Upper Surface Water -30 229 5.95 16.2 0.7
Upper Surface Water -60 229 6.00 234 1.0
8 22/05/2022 Lower Surface Water -20 19.9 6.30 19.0
Transitional Surface Water -20 19.5 6.30 244
Upper Surface Water -20 19.4 6.30 19.4




Table S3. Pairwise Multiple Comparison Procedures (Dunn's Method) for soil vs aquatic CH,

fluxes for each zone.

Soil vs water Comparison Diff of Ranks Q P P<0.050
Wet Lower vs Dry Upper 105.921 10.021 <0.001 Yes
Wet Lower vs Wet Upper 80.114 3.931 0.001 Yes
Wet Lower vs Dry Trans 49.535 3.532 0.006 Yes
Wet Lower vs Dry Lower 45.68 3.458 0.008 Yes
Wet Lower vs Wet Trans 23.942 1.937 0.791 No
Wet Trans vs Dry Upper 81.979 7.302 <0.001 Yes
Wet Trans vs Wet Upper 56.172 2.71 0.101 No
Wet Trans vs Dry Trans 25.593 1.762 1 Do Not Test
Wet Trans vs Dry Lower 21.738 1.582 1 Do Not Test
Dry Lower vs Dry Upper 60.242 4.955 <0.001 Yes
Dry Lower vs Wet Upper 34435 1.621 1 Do Not Test
Dry Lower vs Dry Trans 3.856 0.253 1 Do Not Test
Dry Trans vs Dry Upper 56.386 4.325 <0.001 Yes
Dry Trans vs Wet Upper 30.579 1.405 1 Do Not Test
Wet Upper vs Dry Upper 25.807 1.309 1 No

each zone between flooded vs dry wetland conditions.

Table S4. Pairwise Multiple Comparison Procedures (Dunn's Method) for tree CH, fluxes for

Tree flux Comparison Diff of Ranks Q P P<0.050
Wet Trans vs Dry Upper 127.362 9.964 <0.001 Yes
Wet Trans vs Dry Trans 111.644 7.579 <0.001 Yes
Wet Trans vs Dry Lower 85.911 5.832 <0.001 Yes
Wet Trans vs Wet Upper 51.578 2.768 0.085 No
Wet Trans vs Wet Lower 9.533 0.724 1 Do Not Test
Wet Lower vs Dry Upper 117.829 9.218 <0.001 Yes
Wet Lower vs Dry Trans 102.111 6.932 <0.001 Yes
Wet Lower vs Dry Lower 76.378 5.185 <0.001 Yes
Wet Lower vs Wet Upper 42.044 2.256 0.361 Do Not Test
Wet Upper vs Dry Upper 75.784 4128 <0.001 Yes
Wet Upper vs Dry Trans 60.067 3.039 0.036 Yes
Wet Upper vs Dry Lower 34.333 1.737 1 No
Dry Lower vs Dry Upper 41.451 2.883 0.059 No
Dry Lower vs Dry Trans 25.733 1.595 1 Do Not Test
Dry Trans vs Dry Upper 15.718 1.093 1 Do Not Test




Table S5. Proportion of lower stem height tree CH, emissions (mmol per tree d) to total tree

stem CH, emissions of the Lower and Transitional zones + SE.

Tree Stem height

Campaigns 10-40 cm 10-70 cm
Wet 54.2% =+ 2.5% 83.7% =+ 1.5%
Dry 57.2% + 3.2% 81.4% =+ 2.4%
All 55.5% =+ 2.0% 82.8% =+ 1.3%
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