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Summary

� Growing evidence indicates that tree-stem methane (CH4) emissions may be an important

and unaccounted-for component of local, regional and global carbon (C) budgets. Studies to

date have focused on upland and freshwater swamp-forests; however, no data on tree-stem

fluxes from estuarine species currently exist.
� Here we provide the first-ever mangrove tree-stem CH4 flux measurements from >50 trees

(n = 230 measurements), in both standing dead and living forest, from a region suffering a

recent large-scale climate-driven dieback event (Gulf of Carpentaria, Australia).
� Average CH4 emissions from standing dead mangrove tree-stems was

249.2� 41.0 lmol m�2 d�1 and was eight-fold higher than from living mangrove tree-stems

(37.5� 5.8 lmol m�2 d�1). The average CH4 flux from tree-stem bases (c. 10 cm above-

ground) was 1071.1� 210.4 and 96.8� 27.7 lmol m�2 d�1 from dead and living stands

respectively. Sediment CH4 fluxes and redox potentials did not differ significantly between liv-

ing and dead stands. Our results suggest both dead and living tree-stems act as CH4 conduits

to the atmosphere, bypassing potential sedimentary oxidation processes.
� Although large uncertainties exist when upscaling data from small-scale temporal measure-

ments, we estimated that dead mangrove tree-stem emissions may account for c. 26% of the

net ecosystem CH4 flux.

Introduction

Methane (CH4) is a potent greenhouse gas with a global warming
potential 34–86 times that of carbon dioxide (CO2) (Stocker
et al., 2013). Wetlands (which include mangrove and salt marsh
ecosystems) are the largest natural source of atmospheric CH4

(Saunois et al., 2016). Most wetland CH4 budgets and models
have focused on diffusive fluxes (i.e. sediment and aquatic), ebul-
lition and herbaceous plant-mediated emissions (Chanton et al.,
1989; Bartlett & Harriss, 1993; Bastviken et al., 2008; Kirschke
et al., 2013; McNicol et al., 2017). Only recently have tree stem
CH4 emissions been investigated as an important source of CH4

to the atmosphere (Terazawa et al., 2007; Covey et al., 2012;
Pangala et al., 2015). Tree stem CH4 emissions have been found
to account for up to 50% of the Amazon basin CH4 budget (Pan-
gala et al., 2017), and characterizing and quantifying tree stem
CH4 fluxes is now recognized as ‘a new frontier in the global car-
bon cycle’ (Barba et al., 2019a).

Recent reviews of tree-mediated CH4 emissions rely upon
data synthesized from mostly living trees of freshwater wetlands,
floodplains and upland forested origins (Barba et al., 2019a;
Covey & Megonigal, 2019). To date, very few studies have
assessed CH4 fluxes from standing dead tree stems (Carmichael

et al., 2014; Warner et al., 2017) and/or saline wetlands. Fur-
thermore, there is no consensus for the biophysical mechanisms
transporting CH4 along the soil–tree–atmosphere continuum
(Barba et al., 2019a), with debate continuing as to whether
trees: act as passive pipes (diffusion) connecting the rhizosphere
to the atmosphere; participate as active pipes (via xylem flow);
or produce CH4 internally in the heartwood (Covey et al.,
2012; Barba et al., 2019b). Tree species, tree size, ecological
adaptations, seasonality and hydrogeophysical context all likely
play a role in the production and pathways of tree stem CH4

flux (Keppler et al., 2006; McLeod et al., 2008; Pangala et al.,
2017; Pitz et al., 2018). As an estimated 3.04 trillion trees exist
globally (Crowther et al., 2015), with c. 43% living in (sub)
tropical forests (a region accounting for two-thirds of all natural
CH4 emissions), there is a growing consensus that tree-mediated
CH4 fluxes need to be quantified and considered in process-
based models and global CH4 budgets (Carmichael et al., 2014;
Saunois et al., 2016).

Compared to freshwater wetlands, the CH4 emissions from
saline wetlands and mangrove forests have generally been consid-
ered negligible, as abundant sulfate (derived from seawater)
favours sulfate reduction over methanogenesis (Burdige, 2012).
Due to the high sedimentary carbon accumulation rates of
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mangrove systems and ‘perceived’ low CH4 emissions from saline
wetlands, mangroves have historically been considered intensive
‘blue carbon’ sinks (Donato et al., 2011; Sanders et al., 2016;
Lovelock & Duarte, 2019). Rosentreter et al. (2018), however,
recently showed that global mangrove CH4 emissions may par-
tially offset ‘blue carbon’ burial by up to 20%, even though no
tree-mediated fluxes were included in their synthesis. As the ter-
restrial–oceanic boundary represents an extremely dynamic and
challenging environment, mangrove forests are subjected to fre-
quent meteorological and physicochemical stressors, which can
be exacerbated by climate change, resulting in mass-mortality
events (Lovelock et al., 2017; Sippo et al., 2018). The role of
mangrove mass-mortality events and tree-mediated CH4 fluxes
have not yet been investigated.

Our study aimed to address this gap by quantifying and com-
paring the CH4 emissions from both dead and living mangrove
tree stems in a region subject to mass mortality of mangroves.
We hypothesized that dead mangrove forests (Avicenna marina)
– lacking root-mediated oxygen transfer and living pneu-
matophores – may provide a conduit of CH4 to the atmosphere
that enables some bypassing of sediment oxidative processes, and
that this pathway is likely a significant component of the net
ecosystem CH4 flux.

Materials and Methods

During late 2015–early 2016, an unprecedented mangrove forest
dieback occurred in the Gulf of Carpentaria, Australia, due to cli-
matic extremes (Duke et al., 2017). This resulted in the mortality
of 7400 ha of mangrove forest (or c. 6% of the Gulf’s mangrove
system), extending along c. 1000 km of the north Australian coast-
line (Harris et al., 2017; Sippo et al., 2018). The total dieback area
was determined using a combination of remote sensing techniques
and field validations, as described in detail by Duke et al. (2017).
Our sampling took place during 17–26 August 2018, in the win-
ter dry season. We sampled 18 locations either side of the Norman
River (17°27054.6300S, 140°48058.7700E), where a small patch of
living mangroves Avicennia marina (Forsk.) Vierh. remained in
an area adjacent to large stands of standing dead mangroves
(Fig. 1). On average, the tropical, arid region receives rainfall of c.
890 mm yr�1 which falls mostly during the summer. In August,
when this study took place, the long-term average min–max tem-
peratures are 14.0–27.5°C with average precipitation of 2.0 mm
(Bureau of Meteorology, 2018).

Sediment redox potentials, sediment methane (CH4) fluxes
and tree stem CH4 fluxes were measured in upper, middle and
lower tidal zones, and replicated along three longitudinal tran-
sects (c. 300 m each) within dead mangrove forest (T1–T3) and
within living mangrove forest (T4–T6) (Fig. 1). The tree stem
circumference at breast height (CBH, measured at 130 cm above
the sediment) of each sampled standing tree was measured then
converted to diameter at breast height (DBH). Tree stem density
(trees m�2) was estimated by counting stems of standing trees
within duplicate 64-m2 quadrats at each site. No downed trees
were measured or recorded as part of this study. Standing tree
stem CH4 fluxes were measured via a closed dynamic chamber

technique at height increments of 10, 40, 80 and 170 cm above
the ground. The chamber consisted of a 50 mm wide9 40 mm
deep plastic cylinder with a silicon flange that was sealed to the
tree stems by a circular clay ring, with incubations of 2–3 min
duration undertaken at each height increment (Supporting Infor-
mation Fig. S1). CH4 fluxes were measured within a closed loop
passing through a drying desiccant (DrieriteTM; Xenia, OH,
USA), attached to a portable cavity ring-down spectrometer
(CRDS) CH4 analyser (GasScouter G4301; Picarro, Santa Clara,
CA, USA) recording CH4 concentration (ppm) changes at 1-s
intervals (i.e. ppm s�1). Sediment fluxes were measured using the
same approach employing a larger 23 cm wide9 20 cm high cir-
cular PVC chamber inserted c. 2 cm into the sediment. Because
mangrove pneumatophores can act as CH4 conduits (Purvaja
et al., 2004), we avoided measurements from sediments featuring
pneumatophores, to avoid potential overestimation of the sedi-
ment fluxes. Vertical sediment profiles for redox potentials were
measured in situ at each site by directly inserting a probe
(HachTM HQ40d; Loveland, CO, USA) into freshly extruded 1-
m cores, at 5 cm increments to 50 cm depth, and then 10 cm
increments to 90 cm depth. Due to the presence of saltwater
crocodiles and marine stingers, sampling was restricted to day-
light hours, low tide and the dry season.

Methane fluxes (F) were calculated for each chamber incuba-
tion using the equation:

F ¼ ðsðV =RTairAÞÞt ; Eqn 1

(s, regression slope for each chamber incubation deployments
(ppm s�1); V, chamber volume (m3); R, universal gas constant
(8.2059 10�5 m3 atm�1 K�1 mol�1); Tair, air temperature
inside the chamber (°K); A, surface area of the chamber (m2); t,
conversion factor from seconds to days, and to lmol). To accu-
rately calculate V (i.e. total volume of the closed loop including
chamber, clay ring, gas tubing, desiccant canister and internal
volume of CRDS), a known concentration and volume of CH4

was injected into the system in the laboratory and volume was
calculated as a function of the increase in measured concentra-
tion; similar to that described by Siegenthaler et al. (2016).

Upscaling flux calculations

In order to upscale fluxes to individual trees, we assumed a simple
nonbranching tree with a cylindrical stem. The stem was sec-
tioned into four cylinders (Fig. S1) and the fluxes measured at
the corresponding height were applied to the surface area of that
height and integrated according to:

Ft ¼
Z 2

0

ðc :h:F Þ; Eqn 2

(Ft, flux per tree (lmol tree�1 d�1); c, circumference of the tree at
CBH (m); h, cylinder height (m); F, measured flux rate for that
height (lmol m�2 d�1)). To calculate CH4 emissions from the
‘normalized’ planar area occupied by each tree stem, we divided
Ft by the planar surface area of each tree, calculated from CBH.
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This assumes a cylindrical stem and therefore may underestimate
the tree basal area at the ground surface. To compare our results
to other studies, we converted Ft (Eqn 2) to a stem surface area-
weighted rate (Fta) which accounts for tree stem surface area
(lmol m�2 stem d�1) using the equation:

Fta ¼ Ft � ð1=TsaÞ; Eqn 3

(Tsa, surface area of each tree (m2), calculated by multiplying
CBH (m) by the height of 2 m).

In order to estimate the role of tree stem flux to the net ecosys-
tem CH4 flux (NEF) (i.e. the sediment flux and tree-stem flux),
we first converted to a geometric mean forest area-weighted tree
stem flux rate (Ftaw) for each tidal zone using:

Ftaw ¼ ðgeometric meanFtÞ � d � c ; Eqn 4

(d, tree density (trees m�2); c, conversion from lmol d�1 to
g ha�1 d�1). The sediment fluxes (Fsaw) were first corrected for the
area occupied by tree-stem bases, bioturbation, emergent mangrove
seedlings and/or pneumatophores, which each occupied a portion
of the sediment flux areal footprints (Table S1). The proportion of
nonsediment surface was estimated by counts within 509 50 cm
quadrats (n = 336) from upper and lower zones in the dead and liv-
ing stands (data collected in August 2017). Once corrected, the
sediment fluxes were converted to an area-weighted sediment flux
(g-CH4 ha

�1 d�1) for each tidal zone as per Ftaw in Eqn 4.
In order to account for the different areal footprints (Af) of the

upper, middle and lower tidal zones (%), we used GIS-derived
elevation data of the dead and living stand longitudinal transects.

The total NEF (for dead and living) could then be calculated
using the following equation:

NEF ¼
X

u;m; l ðAf � FtawÞ=½
X

u;m; l ðAf � FtawÞ
þ
X

u;m; l ðAf � FsawÞ�; Eqn 5

(u, m and l, upper, middle and lower zones, respectively, for the
values of Af, Ftaw and Fsaw). To estimate the total dead tree stem
CH4 emissions due to the mangrove dieback we used the equa-
tion:

Fda ¼
X

u;m; l ½Af � Ftaw � c �; Eqn 6

(Fda, flux for the entire dieback area (Mg yr�1); c, conversion to
dieback area (7400 ha) and conversion from g d�1 to Mg yr�1).
We then used the same methods for the living side, assuming that
this represented ‘baseline emissions’, and then subtracted this from
the dead side to calculate the change in emissions due to mortal-
ity.

Statistics

As the data were nonparametric, Mann–Whitney Rank Sum
Tests were performed to test for any significant differences
between the living and the dead mangrove stands for tree-stem
CBH, sediment redox potentials, sediment CH4 fluxes and tree-
stem CH4 flux rates. To avoid overestimations in extrapolating
our results, calculations relied upon the geometric mean� stan-
dard error (SE).

Fig. 1 Study location near Karumba, Queensland, Australia; showing living and dead mangrove forest transects from lower to upper tidal sampling zones.
Inset images show healthy living mangrove (T4) and dead mangrove forest (T2).
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Data availability

Data used for the composition of this paper can be obtained
from: doi:10.17632/778yzh2cv4.1

Results

The mangrove forest tree stem density was similar between the
dieback area (0.17� 0.08 trees m�2) and the living forest
(0.19� 0.07 trees m�2). The average tree DBH also was similar
in both areas (10.0� 10.7 cm in living stands and 7.8� 10.2 cm
in the dieback area) but was significantly different (Mann–Whit-
ney Rank Sum Test, P = 0.013) (Table 1). Average redox poten-
tials in the top 100 cm of sediment revealed decreasing redox
potentials with depth (Fig. S2) and from the upper to lower inter-
tidal sediments transects (Fig. 2a), with no significant difference
between the dead and living mangrove stands (Mann–Whitney
Rank Sum Test, P = 0.25). The sediment CH4 fluxes increased
with declining redox potential and increased from the upper to
lower tidal zone (Fig. 2b; Table 1) and there was no significant dif-
ference between the fluxes from dieback sediments and living
mangrove sediments (Mann–Whitney Rank Sum Test, P = 0.42).

The dead tree stem CH4 flux rates ranged from �90.4 to
4035.7 lmol m�2 d�1 and the living tree stem flux rate ranged
from 0.3 to 504.1 lmol m�2 d�1 (Table 1). The mangrove stem
CH4 fluxes were significantly higher from dead vs living man-
groves (Fig. S3; Mann–Whitney Rank Sum Test, P < 0.001),
with the average CH4 flux per dead tree more than eight-fold
higher (145.6� 25.0 lmol tree�1 d�1) than from living trees
(18.2� 3.2 lmol tree�1 d�1) (Fig. 2c,d; Table 1). The area-
weighted flux rates were 249.2� 41.0 and
37.5� 5.8 lmol CH4 m

�2 stem d�1 for the dead and living
mangrove trees, respectively (Fig. 2e; Table 1). The highest CH4

fluxes always occurred from the lower 40 cm of each tree stem,
then decreased exponentially with height (Figs 2c,d, S4). On
average, tree stem CH4 fluxes increased towards the lower tidal
zones; concomitant to both sediment fluxes and redox (Fig. 2e).
When the CH4 fluxes were normalized for the planar area occu-
pied by the tree stems, the average dead mangrove stem fluxes
(23,131� 4173 lmol m�2 d�1) were more than two orders of
magnitude higher than sediment fluxes
(185.1� 70.9 lmol m�2 d�1), and the planar-normalized living
tree fluxes were 4287� 642 lmol m�2 d�1, which was 17-fold
higher than the living forest sediment fluxes (Table 1).

We estimated that the tidal zones represented 59.8%, 29.7%
and 10.5% for upper, middle and lower zones (respectively) of
dead zone transects and 50.7%, 34.8% and 14.5% of the living
zone transects (Table S2). On the tree-weighted density basis, the
area-weighted CH4 flux from dead forest was 2.82 g-
CH4 ha

�1 d�1, which accounted for 46.3% of the NEF in the
upper tidal zone and 6.6% of the NEF in the lower tidal zone
(Table 2). For the living stands the area-weighted tree stem flux
was 0.35 g-CH4 ha

�1 d�1 which accounted for 6.7% of the NEF
in the upper zone and 2.3% of the NEF in the lower zone
(Table 2). When upscaled to the entire dieback region, this
resulted in total emission of 7.73� 0.83 Mg-CH4 yr

�1, which
was approximately six-fold more CH4 than our estimates of liv-
ing mangrove forest tree stem emissions (0.96� 0.57 Mg-
CH4 yr

�1) for the same area (Table 2).

Discussion

Dead vs living mangrove tree-stem CH4 emissions

The methane (CH4) emissions from dead mangrove tree stems
were eight times higher than from living trees (Fig. 2c,d,f),

Table 1 Summary of geometric mean and arithmetic mean mangrove tree stem methane (CH4) flux rates and sediment flux rates from dead and living
areas.

Mangrove
forest

Average
height
(cm)

Stem flux range
(lmol m�2 d�1)

Geometric mean
CH4 tree stem
flux rate
(lmol m�2 d�1)

Arithmetic mean
CH4 tree stem
flux rate
(lmol m�2 d�1) n

Tidal
zone

DBH
(cm)

Average
density
(trees m�2)

Geometric
mean CH4

sediment flux
(lmol m�2 d�1)

Arithmetic
mean CH4

sediment flux
(lmol m�2 d�1)

Dead 12 �90.4 to 4035.7 466.6 1071.1� 201.4 38 Upper 9.9 0.18 18.3 31.3� 10.4
40 �63.0 to 1548.7 102.2 246.7� 68.4 31 Middle 8.6 0.22 59.8 108.6� 32.6
89 �43.0 to 1053.8 41.6 75.3� 30.4 35 Lower 11.3 0.13 222.1 415.6� 193.8
175 4.7 to 322.6 44.9 71.9� 14.3 31
Mean‡ 167.9 249.2� 41.0 30 Mean 10.0 0.17 62.5 185.1� 70.9
Flux per
tree†

100.4 145.6� 25.0 30

Living 12 0.3 to 504.1 43.8 96.8� 27.7 28 Upper 5.6 0.21 23.2 67.3� 40.3
40 0.7 to 164.2 19.9 29.0� 7.1 21 Middle 9.2 0.11 105.2 345.2� 180.0
80 7.4 to 114.4 26.2 30.1� 4.6 21 Lower 9.9 0.23 270.4 347.7� 75.4
151 12.3 to 62.8 25.6 27.3� 2.3 24
Mean‡ 29.3 37.5� 5.8 21 Mean 7.9 0.19 91.6 246.8� 67.0
Flux per
tree†

13.2 18.2� 3.2 21

The negative fluxes (n = 10) occurred in trees featuring holes from borers were included in all calculations (� SE), and is the same for geometric and arith-
metic means. Symbols: ‡ average rate (lmol CH4m

�2 stem d�1) calculated using Eqn 3, † represents average CH4 tree flux (lmol tree�1 d�1) scaled to 2m
height using Eqn 2. DBH, diameter at breast height.
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whereas there was no significant difference in sediment CH4

fluxes between the dead and living areas (Fig. 2b). This suggests
that tree stem flux differences between the dead and living stands
were not related to differences between the sedimentary CH4

pools near the sediment–atmosphere interface. Furthermore,
the middle and lower CH4 sediment fluxes were within
range of average global mangrove sediment fluxes of
391.2� 153.4 lmol m�2 d�1 (Rosentreter et al., 2018). Interest-
ingly, despite mean positive redox potentials of the upper tidal
sediments (Fig. 2a), these still sustained relatively important sedi-
ment fluxes (Fig. 2b). Although the bulk sediment in this zone
was oxidizing, anoxic micro-niches facilitating methanogenesis
and/or preferential pathways (i.e. micropores, decaying organic
matter and crab burrows) may facilitate CH4 transport to the sur-
face. We also sampled (where possible) several living trees
amongst dead mangroves (T1; Fig. 3) and dead mangroves
amongst the living (T5; Fig. 3), yet still found that the highest

CH4 fluxes came from dead mangrove stems, independent of
location (Fig. 3). Furthermore, the average tree stem CH4 fluxes
from both dead and living stands both increased seawards, con-
comitant with sediment CH4 fluxes and more reduced sediment
profiles, suggestive of sedimentary CH4 origins (Fig. 2). There-
fore, this implies that: (1) the dead tree stems themselves were
acting as preferential conduits for CH4 flux from the sediment to
the atmosphere and/or (2) the standing dead trees were a source
of CH4 through methanogenesis occurring within the trees them-
selves and/or (3) living trees were potentially oxidizing the sedi-
mentary CH4 pool at the root tip/sediment interface, leading to
lower fluxes through living trees.

In mangrove species such as Avicennia marina, which are pre-
dominant at the Gulf of Carpentaria study site, pressurized stem
flow for transporting and storing oxygen is an important adapta-
tion in order to survive tidal inundation and anaerobic sediments
(Alongi, 2012; Krauss et al., 2014). This delivers oxygen to the

(a) (b)

(c) (d)

(e) (f) Fig. 2 Box plots showing; (a) sediment redox
potentials (Eh) of the top 100 cm sediment
for each tidal zone; (b) sediment methane
(CH4) fluxes for each tidal zone; (c) CH4

fluxes by height of dead mangrove stands;
(d) CH4 fluxes by height of living mangrove
stands; (e) individual tree stem weighted CH4

fluxes for each tidal zones (using Eqn 3), and
(f) all CH4 flux measurements comparison
(using Eqn 1). Note: the different x-axes in c
and d and the log scale y-axes on b, e and f.
n, total number of measurements. The mean
(dashed line), median (solid line) and dots
represent 5th and 95th percentiles.
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rhizosphere, mitigating the effect of toxic metals and sulfide accu-
mulation near the root tips (Curran, 1985; Hovenden et al.,
1995). It is conceivable that active rhizosphere O2 transport near
the root/sediment interface may attenuate CH4 production and
accumulation near the root interface, which may help explain the
lower CH4 fluxes from living tree stems. When tree mortality
occurs, water is evacuated from the complex internal hydraulic
channels within the trees, spanning from the roots to the atmo-
sphere; leaving an array of empty internal cavities that facilitate
upward (nonpressurized) diffusive gas transportation
(Carmichael et al., 2018). It is also plausible that a portion of the
CH4 flux from dead stems originates aboveground due to the
chemical degradation of plant tissue (Keppler et al., 2006), in situ
methanogenesis from organic matter decomposition (Covey
et al., 2012; Wang et al., 2017), or CH4 from saprotrophic fungi
(Mukhin & Voronin, 2008; Lenhart et al., 2012). However,
most studies conclude that the bulk of living tree stem CH4 emis-
sions originate from the rhizosphere and are either transported
upwards through the roots via nonpressurized (diffusion) and/or
pressurized processes (xylem and sap flow) (Maier et al., 2018;
Barba et al., 2019b). Considering that the dead trees would no
longer contain active root systems and the flux rates always
decreased upwards along the dead stems (Figs 2, S4), this strongly
suggests a belowground CH4 origin with CH4 transported via
passive diffusion and stem degasification increasing with height
(Pitz & Megonigal, 2017; Maier et al., 2018; Barba et al.,
2019b).

Internal CH4 concentrations in dead stems also were assessed
by immediately measuring the CH4 flux from a freshly sawn-off
dead mangrove stem at 40 cm height (T3). This revealed a high
internal CH4 concentration of 64 056 ppm providing clear evi-
dence of a positive CH4 efflux gradient with the atmosphere, a
similar result to a study of standing dead freshwater wetland
snags (trees) by Carmichael & Smith (2016). Incubations of
extracted dead mangrove stem timber found CH4 flux rates were
orders of magnitude lower than the intact stands (Fig. S5). This,
therefore, suggests a sedimentary CH4 origin with stem degasifi-
cation occurring with height, but also initiates lines for further
research whereby isotopic analysis and microbial and fungal ecol-
ogy may help unravel multiple CH4 sources.

Comparative CH4 fluxes

It is challenging to directly compare our CH4 fluxes to other
studies, as most previous work has only measured fluxes at
one or two height increments and/or at different heights, sea-
sons, species, freshwater systems and using different methods.
To simplify, we compared our average flux rates from
≤ 40 cm of the arid-tropical dead mangrove stems
(714.5� 127.2 lmol m�2 d�1), to lowland studies measured
from similar stem heights (15–50 cm) as summarized in
Covey & Megonigal (2019). We found our dead tree stem
CH4 fluxes (from ≤ 40 cm) were c. 2–28 times higher than
fluxes from living trees from tropical peatland (Pangala et al.,
2013), three to four times higher than mature trees of tem-
perate peatland in the UK (Pangala et al., 2015), 0.5–5.8
times that of temperate floodplain trees in Japan (Terazawa
et al., 2007, 2015), but were similar to temperate floodplain
living trees described in Pitz et al. (2018) (Fig. 4). They were,
however, much lower than tropical Amazon floodplain tree
CH4 fluxes that were one to two orders of magnitude higher
than our data (Pangala et al., 2017). The only other published
standing dead tree stem CH4 emissions (600 lmol m�2 d�1),
were from a restored coastal freshwater wetland of North
Carolina (Carmichael et al., 2018), which was similar to our
dead stem fluxes (Fig. 4).

Our average CH4 fluxes from living mangrove forest stems
at ≤ 40 cm height (69.1� 17.0 lmol m�2 d�1) were at the
low-end of the range of reported tree-stem CH4 fluxes of pre-
vious studies (Fig. 4). This may be partially due to the differ-
ent sedimentary porewater composition, as saline wetlands (i.e.
mangroves) with abundant sulfate composition favour sulfate-
reducing bacteria (Burdige, 2012), which partially inhibits sedi-
mentary methanogenesis and thus reduces the subsequent
upward tree stem CH4 emissions. However, temperature, inter-
species adaptations and plant physiology likely also play an
important role in differences between observed CH4 flux rates
(Pangala et al., 2015). Nevertheless, the data presented here
show that CH4 fluxes through living mangroves tree stems
does occur, and should be accounted for in mangrove carbon
budgets and blue carbon inventories.

Table 2 Summary comparing the upscaled dead vs living mangrove methane (CH4) fluxes and proportion of net ecosystem flux (NEF) by tree-stem CH4

emissions.

Mangrove forest Tidal zones Area (%)

Tree stem
CH4 flux
(g ha�1 d�1)*

Sediment
CH4 flux
(g ha�1 d�1)*

Tree stem
flux
contribution
to NEF (%)†

Upscaled
tree
stem CH4

flux (Mg yr�1)‡

Dead Upper 59.8 2.45 2.87 46.1 4.01
Middle 29.7 3.71 9.32 28.5 3.01
Lower 10.5 2.43 34.49 6.58 0.70
Total 2.82 8.11 25.8 7.73

Living Upper 50.7 0.23 3.18 6.65 0.31
Middle 34.8 0.33 14.21 2.29 0.32
Lower 14.5 0.84 36.07 2.27 0.33
Total 0.35 11.78 2.90 0.96

Upscaled estimations were calculated using Eqns 4*, 5† and 6‡.
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Upscaling the consequence of mangrove forest mortality

We estimated that the dead tree stems emit c. 26% of the
net ecosystem CH4 flux (or 2.82 g CH4 ha

�1 d�1) (Table 2).
This ratio was within the range of previously reported con-
tributions from a temperate forested freshwater wetland trees
(Pangala et al., 2015), but lower than tropical forested

freshwater wetland trees (Pangala et al., 2013). By contrast,
the living mangrove tree stem emissions contributed 2.9% of
the net ecosystem CH4 flux. When upscaled to the entire
dieback region (7400 ha), dead tree stem CH4 emissions
accounted for 7.73� 0.83Mg CH4 yr

�1, whereas the living
mangrove flux scaled to the same surface area would equate
to 0.96� 0.57Mg CH4 yr

�1, resulting in a net tree-stem

Fig. 4 Comparison of average dead and living mangrove tree stem methane (CH4) fluxes (our study, Eqn 3) to the range of current literature of wetland
tree stem CH4 fluxes (grey bars) extracted from table 1 in Covey & Megonigal (2019). Note: height measurements and scaling approaches vary amongst
studies. Brown symbols with dots represent standing dead trees and � SD.

Fig. 3 Conceptual summary of dead vs living
mangrove forest showing the upscaled
emissions for mortality event area (Mg
CH4 yr

�1), average tree methane (CH4) flux
to 2m (lmol tree�1 d�1), average tree stem
CH4 flux rate (lmol m�2 stem d�1) and
sediment flux (lmol m�2 d�1). The bottom
half shows variability of the individual tree
fluxes (lmol m�2 stem d�1 from Eqn 3) for
each transect and tidal zone. The error bars
represent the standard errors on the average
fluxes. Note: * indicates living mangrove
tree-stem CH4 fluxes upscaled to the dieback
area for healthy mangrove system
comparison.
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emissions surplus of 6.77Mg CH4 yr
�1 due to the dieback

event (Table 2; Fig. 3).
Although large uncertainties exist within our upscaled results

due to our study representing small-scale temporal resolution,
our measurements and estimates of both dead and living man-
grove stem CH4 flux should be considered as highly conservative
for both this system and (especially) other tropical mangrove sys-
tems. This is because (1) the tree density of the tropical-arid Aus-
tralia Gulf region are about two-thirds lower than systems of
similar latitudes (Sanders et al., 2016); (2) we could only account
for dry season (tropical) winter sampling (where methanogen
microbial metabolism may be lower) which have been shown to
have the lowest seasonal sedimentary CH4 fluxes (Chauhan et al.,
2008; Allen et al., 2011); (3) we could not account for diurnal
and high tide sampling, which has been shown to emit c. 80%
higher CH4 fluxes during high tides from the Sundarban man-
groves (Jha et al., 2014); (4) we could not account for branched
trees which in some cases may substantially increase the flux per
tree estimate; (5) fluxes were only scaled to 2 m in height; and (6)
downed tree fluxes were not measured.

Conclusions and future research

Dead mangrove stems clearly emitted significantly more CH4

than living stems and this novel pathway accounted for c. 26% of
the dead forest net ecosystem CH4 flux. Furthermore, living trees
also emitted substantial CH4 to the atmosphere, a finding that
has not been reported until now. Although large uncertainties
exist with our upscaling approach, the tree-stem CH4 flux rates
presented should be considered conservative over the annual scale
due to sampling during the dry season and during low tides
where CH4 fluxes are likely lowest. These data for mangrove
forest mortality emissions open up several lines of research,
including: investigations of stem CH4 flux in other mangrove sys-
tems; seasonality changes over longer timescales; isotopic analysis
to identify potential fractionation and oxidation from d13C-CH4

source signals: and ascertaining relationships between CH4 and
fungal/ microbial functional group ecology. Future global carbon
budgets and in particular blue carbon budgets should account for
CH4 fluxes from living mangrove tree stems, and also consider
the potential emissions scenarios and consequences of any future
large-scale mangrove mortality events.
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