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Abstract. Methane emissions from coastal sediments are increasingly influenced by ecological change, including
eutrophication-driven seaweed blooms and efforts to restore coastal vegetation. Yet the pathways and variability of
methane production in these environments remain poorly constrained. Here, we compared methane production from
15 three seaweeds (Ulva, red filamentous algae, and kelp) and three coastal plants (mangrove leaves, saltmarsh plants,
and seagrass) in sands from Port Phillip Bay, Australia. To identify potential predictive precursors, we quantified
key methylated osmolytes (dimethyl sulfoniopropionate (DMSP), choline, trimethylamine (TMA), trimethylamine
N-oxide (TMAO)), that serve as methanogenic substrates. Methane production from seaweeds was strongly
correlated with osmolyte content, whereas coastal plants, particularly mangrove leaves, stimulated methane
20  production despite low osmolyte levels, likely via decomposition pathways generating methanol. These findings
broaden the understanding of organic matter sources fueling methanogenesis in coastal sediments and highlight an

overlooked contribution of both seaweeds and plants to coastal methane cycling.

1 Introduction

Methane emissions from coastal waters make up the largest and most uncertain component of total marine methane

25 emissions, up to ~ 75% of total marine emissions, despite covering only ~ 15% of the total marine surface area
(Weber et al., 2019; Borges et al., 2016; Rosentreter et al., 2021). A variety of processes contribute to methane
supersaturation in these shallow environments, including groundwater discharge (Cable et al., 1996; Kim and
Hwang, 2002), inputs from riverine and estuarine systems (Bussmann et al., 2021), and production within vegetated
ecosystems such as seagrass beds, salt marshes, and mangroves (Al-Haj and Fulweiler, 2020).

30  Recent work has shown that methylotrophic methanogenesis, methane production from methylated compounds, is a
major pathway in sandy sediments, seagrass beds, and other shallow coastal sediments, especially those receiving
seaweed and coastal plant inputs (Xiao et al., 2018; Tsola et al., 2021; Schorn et al., 2022; Roth et al., 2023; Hall et
al., 2025). The dominance of methylotrophic methanogenesis is due to high sulfate concentrations in coastal waters
competitively inhibiting acetoclastic and hydrogenotrophic methanogenesis through competition by sulfate reducing

35 bacteria for substrates acetate and hydrogen, but not methylated compounds. However, the specific methanogenic
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potential of different seaweed and coastal plant species and their methylated compound composition have not been
investigated.
This represents a critical knowledge gap as ecological change reshapes coastal vegetation: seaweed aquaculture is
increasing at ~6% per year (Duarte et al., 2022), and is now a known potential source of methane (Deng et al.,
40  2026), eutrophication and ocean warming is driving increasingly frequent and large macro- and microalgae blooms
including Ulva species (Green-Gavrielidis and Thornber, 2022; Qi et al., 2025), and coastal restoration projects are
re-establishing mangroves, salt marshes, and seagrasses (Buelow et al., 2022; Wang et al., 2022). On the other hand,
warming oceans generally negatively affect the extent of kelp forests (Smale, 2020). Together, these changes could
substantially alter methane cycling in shallow coastal zones, however without more in-depth understanding of the
45 methane emissions stimulated by different biomass types, the direction and extent of change to marine methane
emissions cannot be predicted.
Methylotrophic methanogens can utilise a variety of compounds including methylamines, methylsulfides, and
methanol. Methylamines, methylsulfides, and their precursors such as betaine and choline, are created in large
quantities in seaweeds and coastal plants as osmolytes, playing an essential role in tolerating the osmotic stress of
50 the marine environment (Burg and Ferraris, 2008; Yoch, 2002). These osmolytes are released on cell breakdown and
are then available to methanogens in the sediment. While some of the methane produced here is oxidised before
reaching the water column, the shallow and turbulent nature of shallow coastal areas mean that a substantial
proportion of methane is transported to the water column through advection, ebullition, and diffusion (Santos et al.,
2012; Mao et al., 2022). In addition to methylated osmolytes, decomposition processes can generate methanogenic
55 substrates, for example, methanol is released through the hydrolysis of plant pectins (Fall and Benson, 1996; Wang
etal., 2021) (Fig. 1).
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Figure 1. Conceptual model showing pathways of methylotrophic substrate production from plant and seaweed biomass
in shallow marine sediments; A. Osmolyte release occurs when stored nitrogen and sulfur based osmolytes are released on
cell breakdown. These osmolytes are either used directly by methanogens (MA = methylamine, DMA = dimethylamine,
TMA = trimethylamine, DMS = dimethylsulfide), or further decomposed to methanogenic substrates (TMAO =
trimethylamine N-oxide, DMSP = dimethyl sulfoniopropionate); B. Decomposition breaks down pectins into methanol,
which is then consumed by methylotrophic methanogens.

We therefore expect that methane emissions are linked to the concentration of methylated osmolytes present in the
biomass upon deposition or burial, and may also be influenced by degradation processes of non-osmolyte
compounds producing other methylated metabolites.

Specifically, we ask: (i) do seaweed and coastal plant inputs stimulate methane production to different extents, and
(ii) is methane production correlated with the content of methylated osmolytes or other decomposition products, and
therefore a potential proxy indicator for methane emissions of different biomass sources? Addressing these
questions will improve understanding of how shifts in coastal vegetation composition and biomass influence
methane emissions in marine ecosystems being rapidly changed by climate change, eutrophication, and ecological

restoration efforts (Trégarot et al., 2024).

2 Methods
2.1 Field sites and sampling

Five sandy beach sites around Port Phillip Bay, Victoria, Australia were chosen for sand and seaweed collection
investigating interspecies variation in methane production (Fig. 2), which was undertaken on 2nd October 2023. The
sites in the western portion of the bay (Werribee and Altona) are influenced by nitrogen emissions from the Western
Treatment Plant, and have historically suffered from drift algal blooms, while the eastern sites experience lower
nutrient loads (Wong et al., 2022; Valero-Rodriguez et al., 2024). Three dominant types of seaweed were collected

(unattached only i.e. beach-cast, not still growing) from each site to represent algal condition when it begins to
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degrade. Sea lettuce (Ulva lactuca), and common kelp (Ecklonia radiata) were present at all sites. Red filamentous
85 algae (Ceramiales) were collected at all sites, with Ceramiaceaen “thamnions” collected at Elwood (-37.8814,
144.9758), St Kilda (-37.8624, 144.9708) and Green Point (-37.9238, 144.9864) and Rhodomelacean
“polysiphonia” collected at Altona (-37.8714, 144.8376) and Werribee (-37.9722, 144.7004). A second field trip
was undertaken on 1st August 2024 to investigate the effect of seagrass, mangrove and salt marsh plants
(collectively “coastal plants”) on methane production. Samples of mangrove leaves (Avicennia marina, commonly
90  white mangrove or grey mangrove) and saltmarsh plant (Salicornia quinqueflora, commonly beaded samphire) were
collected from Hastings (-38.3138, 145.1958), and seagrass (Admphibolis antarctica, commonly wire weed or sea
nymph) was collected from Flinders (-38.4808, 145.0270). All biomass samples were transported to the lab in a cold
box and refrigerated until use. Sand was collected with acrylic cores from the intertidal zone (Werribee 2nd October
2023 trip, Flinders, 1st August 2024 trip) and transported back to the lab where the surface 0—5 cm was sectioned,
95 homogenised and sieved through a 1 mm mesh to remove shells and other large debris. This was done in order to
provide a homogenised seed population of methylotrophic methanogens which rapidly grow and drive methane
production in permeable sediments (Hall et al., 2025). Surface 0—5 cm depth was chosen as this is the sediment layer

with the highest contact with beach-cast seaweed and coastal plant biomass. Although this is some
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2.2 Slurry incubation experiments

Sand slurries were prepared in triplicate with 30 g of sand and 70 mL of unfiltered seawater weighed into a 160 mL
serum vial. For samples with seaweed addition, approx. 100 mg wet weight of roughly cut up seaweed was added
105 and the remainder frozen for metabolomic analysis. Slurries were crimp-capped with butyl rubber stoppers and the
headspace purged with argon, shaken to equilibrium, and purged again to create anoxic conditions. Incubations
occurred under ambient laboratory conditions (approx. 20°C, artificial day/night light cycle). Headspace samples
were taken at time 0, 50, 120, 220, 320, and 460 hours for seaweeds, and 0, 21, 72, 96, 120, 170, and 180 hours for
coastal plants. For controls, sand slurries were prepared in duplicate, and either had no addition of biomass or were
110 amended with DMS (80 uM) or TMA (100 puM final concentration).
Methanol was not present in fresh mangrove leaves but rather produced over time as a breakdown product.
Therefore, separate slurry incubations for methanol analysis were prepared in triplicate in 20 mL serum vials, crimp
capped with butyl rubber stoppers. 5 g sand and 10 mL of seawater was used with 500 mg wet weight mangrove
leaves crushed with a mortar and pestle (except for the control which contained only sand and seawater) and purged
115 as described above to create anoxic conditions. Samples of the water were taken for methanol analysis after six days
(sampling time chosen to coincide with peak methane production in previous mangrove leaf slurries) and filtered to

prevent damage to the column (0.45 pum syringe filter) before analysis.

2.3 Methane analysis

Headspace methane concentration was monitored over time to determine methane production potential of the
120 seaweeds and coastal plants. At each time point, 2 mL of helium was injected into each slurry to prevent under
pressurisation, gently shaken, and a 2 mL headspace gas sample taken and injected into a helium-purged 3 mL
exetainer. Samples were analysed by Gas chromatography—pulse discharge helium ionisation detection (GC—
PDHID; Valco Instruments Co. Inc.). Manual triplicate five-point calibration was performed at the start of each run
using NATA-accredited calibration gases from Air Liquide and BOC HiQ, along with standards and blanks every

125 20-30 samples to monitor for instrumental drift.

2.4 Metabolomics

For metabolomic analysis, frozen seaweed and plant samples were placed in 1.5 mL Eppendorf microtubes (kept
frozen in dry ice) and crushed with a stainless-steel pestle in liquid nitrogen. 20—50 mg of crushed seaweed was then
weighed frozen and extraction solvent (2:6:1 chloroform:methanol:water with 2 puM CHAPS, CAPS, PIPES and
130 TRIS as internal standards for complex biological samples to monitor and correct for sample-to-sample differences
in matrix effects caused by biomass components, differences in injection volume, and instrument response) was
added at 20 uL mg! tissue. Samples were then vortexed briefly, sonicated in an ice bath for 10 min, centrifuged at
20,000 g for 10 min at 4°C. The supernatant was then transferred to an LC-MS vial and analysed in triplicate by
liquid-chromatography mass spectrometry (LC-MS). LC-MS was performed using a Vanquish Horizon coupled to a
135 Q-Exactive Plus Orbitrap (Thermo Fisher Scientific, Australia). The chromatography used hydrophilic interaction

liquid chromatography coupled to high-resolution mass spectrometry. Chromatographic separation was achieved on
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a5 pum 150 x 4.6 mm iHILIC®-(P) Classic (Hilicon, Sweden) column using with a 1290 Inline Filter, 0.3 pm
(Agilent) guard column with a gradient elution of 20 mM ammonium carbonate (A) and acetonitrile (B) (linear
gradient time-% B as follows: 0 min-80%, 15 min-50%, 18 min-5%, 21 min-5%, 24 min-80%, 32 min-80%) at
140 25°C. The flow rate was maintained at 500 pL min™'. Samples were kept at 6°C in the autosampler and 10 pL was
injected for analysis. Mass spectrometry was performed at 70,000 resolution operating in rapid switching positive (4
kV) and negative (—3.5 kV) mode electrospray ionization (capillary temperature 300°C; sheath gas flow rate 50;
auxiliary gas flow rate 20; probe temp 120°C).
A seven-point calibration curve was used for quantification of TMA, TMAO, DMSP and choline, all measured
145 concentrations fell within the calibration range (Table 1). Peak integration of target metabolites was performed in
Skyline 24.1. (Pino et al., 2020; MacLean et al., 2010; Skyline for Small Molecules, n.d.).

Table 1. LOD and LOQ of analytes, calculated according to ICH Harmonised Tripartite Guideline (2005).

Compound LOD (uM) LOQ (uM)
Choline 0.08 0.24
DMSP 1.51 4.58
TMA 0.46 1.39
TMAO 0.05 0.15

150 2.5 Methanol analysis

Methanol analysis was conducted by GC—FID (PerkinElmer Inc.). The GC was fitted with a polar ZB-WaxPlus
column (30 m x 0.32 mm internal diameter (ID) x 1.0 pm film thickness (dr); Phenomenex, Inc.). The injector was
operated in split mode (20:1 ratio) and heated to 120°C. Ultrahigh purity grade hydrogen (99.999%) was used as the
carrier gas, with a constant flow rate of 1.5 mL min™'. The initial oven temperature was set to 120°C and held for 3.5
155  min, for a total analysis time of 3.5 min. The FID temperature was set to 250°C. Samples were introduced via 1 pL

manual injections of the water phase. Manual triplicate 5-point calibration was performed.

2.6 Data reporting and statistical handling

In order to relate potential methane production to methylated compound content in the initial plant sample, total
methane production in the slurries was calculated using Henry’s law and the headspace methane concentration at
160 460 hours for seaweeds and 180 hours for coastal plants (final time point), and divided by the dry weight of added
biomass in each slurry. Concentration of osmolytes from metabolomic analysis was also normalised to the biomass
dry weight.
Separate simple linear regressions were conducted for TMA, TMAO, DMSP, choline, and sum of all methyl groups
against the amount of methane produced in each slurry. The sum of methyl groups was calculated by multiplying the
165 analysed concentration of each osmolyte by the number of methyl groups available to methanogens (TMA, TMAO,
choline = 3 methyl groups, DMSP = 2 methyl groups). All analyses were performed using the Im() function in R
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(version 4.5.0). Model fit was assessed using adjusted R? values, and the statistical significance of predictor

variables was evaluated at a = 0.05.

3 Results

170  Among seaweeds, Ulva stimulated the most methane production in slurries, followed by red filamentous algae, and
then kelp, all higher than the no biomass control (1200 £ 300, 200 + 200, 100 + 30, and 5 + 2 ppm at 460 hours
respectively, Fig. 3A). Among coastal plants, mangrove leaves stimulated the most methane production in slurries,
followed by seagrass, and then saltmarsh, also higher than the no biomass control (5500 = 200, 1000 + 100, 400 +
300, and 3 + 4 ppm at 180 hours respectively, Fig. 3B). Methane concentration in the headspace had started

175 increasing by the first sample at 50 h, increased significantly by 120 hours, and stopped increasing after 180 to 220
hours (7-10 days). DMS and TMA controls showed methane production, however only to approximately 25% of

their theoretical methane production potential.
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Figure 3. (A — Seaweeds) Methane production from kelp, red filamentous and Ulva seaweed species in sand slurries from

180 five sites around Port Phillip Bay. Seaweeds were collected locally at each site. “Controls” plot shows slurry with sand
only (no added biomass), or pure DMS (dimethylsulfide) or TMA (trimethylamine) 100 pM addition. Error bars
represent standard deviations from triplicate slurries. (B — Coastal plants) Methane production from coastal plants in
sand slurries. Error bars represent standard deviations from triplicate slurries.

The concentration of DMSP was significantly higher in Ulva samples than any of the other seaweeds and higher
185 than any other osmolyte in any seaweed. When we related osmolyte content and methane production, DMSP content

correlated strongly with methane production (adj. R? = 0.81, p < 0.001), and was the dominant component of the
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sum of methyl groups which stoichiometrically explained the total methane production, indicating that close to

100% of methyl groups were converted to methane (adj. R? =0.82, p <0.001, Fig. 4A).
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190 Figure 4. (A) Regression analysis of total methane production and osmolyte content of seaweeds, normalised by seaweed
dry mass. Regression line only shown when significance p < 0.05. Coastal plants also shown on plot but not included in
regression. “Sum methyl groups” takes the sum of concentration of DMSP (dimethyl sulfoniopropionate, 2 methyl
groups), TMA (trimethylamine, 3 m. g.), TMAO (trimethylamine N-oxide, 3 m. g.), and choline (3 m. g.), multiplied by the
number of methyl groups available to methanogens. Red dashed line represents 1:1 line, representing the theoretical

195 maximum methane production from analysed osmolytes. (B) Fractional osmolyte composition of each seaweed and

coastal plant species.

Despite mangrove leaves stimulating highest methane production in slurries (Fig. 3), sum methyl groups from

analysed osmolytes accounted for < 10% of methane production (32 nmol/mgtissue dry weight, Fig. 4A). This sample was

further analysed for methanol, which was not detected in fresh mangrove leaves; however, methanol was produced
200 in mangrove leaf slurries with sediment and seawater, measured at 44 + 4 nmol/mgtissue dry weight at 6 days (data not

shown). The osmolyte composition differed between seaweeds and coastal plants, with DMSP composing the

highest fraction in seaweeds and a combination of choline and TMA in coastal plants (Fig. 4B).

4 Discussion
4.1 Seaweed osmolyte content is strongly related to methane production potential

205 Recent work clearly shows the importance of marine plants in methane production in seaweed farms, seaweed beds,
seagrass beds and seaweed wrack (Bjork et al., 2023; Roth et al., 2023; Lanari et al., 2024; Dai et al., 2025; Deng et
al., 2026). Emerging evidence points to methylotrophic methane production from plant osmolytes as a key driver for
this (Schorn et al., 2022; Hall et al., 2025), yet no studies have provided a quantitative link between methane

production potential from plant biomass and plant osmolytes. Our results clearly show that the methane production
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210 potential of seaweed is closely related to osmolyte concentration, and that DMSP dominated as a methane precursor.
DMSP has been previously shown to degrade to methane (Tsola et al., 2021) and this work shows that this occurs at
the expected stoichiometry (1 methane molecule per methyl group) under anoxic conditions. DMS and TMA
controls produced methane at less than the expected stoichiometry (approx. 25%), however this is likely due to
nutrient limitation, as no biomass was added to these slurries, which provides a source of P and other micronutrients

215 to biomass amended slurries. Therefore, methylated osmolytes, and in particular DMSP, can give a relatively simple
measure of methane production potential in seaweeds. The actual amount of methane produced depends on the
proportion of decay of biomass that occurs under anoxic conditions. Under conditions of wrack accumulation with
large potential for anoxia within the wrack, methane production has been documented to be very high, up to 176 mg
m? d'! (Bjork et al., 2023; Lanari et al., 2024) and is likely to be close to the potential rates. Under more dispersed

220 conditions, seaweed must be exposed to anoxic conditions via burial, water column hypoxia or anoxic microsites to
induce methane production, and lower but more widespread production is likely, with rates expected in the range of
0.1-5 mg m? d"! under such conditions (Roth et al., 2023; Deng et al., 2026). It is also possible that leached
osmolytes can be transported into anoxic zones, such as in permeable sediments (Bourke et al., 2014), leading to
methane production. Further work is needed to identify likely emission factors compared to potential rates in

225 different marine environments. The fact that methane production stopped after 7-10 days, and the strong
relationship with plant osmolytes, suggests that other plant components have very limited methane production
potential in seaweeds. This is consistent with observations from beach wrack, which show highly variable and much
lower emissions from aged wrack (Lanari et al., 2024) and suggests that methane production from seaweeds is likely
to be a transient phenomenon after plant senescence. The fact that methane production was apparent but low from

230  the first time point, then increasing dramatically over the first 120 h, may be due to growth of methanogens from a
small seed population being the initial rate limiting factor. Methane production from seaweeds is likely to be a

transient phenomenon after plant senescence.

4.2 Changing seaweed growth patterns has consequences for coastal methane emissions

The distinct methane production potential of different seaweeds, combined with the strong relationship between
235 methane emissions and osmolyte content of seaweeds, is an important finding given these species have divergent
global abundances and distributions. These patterns are especially relevant in the context of warming and
increasingly eutrophic oceans, as distributions of various marine plants change rapidly (Smale and King, 2024; Qi et
al., 2025). While kelp forests globally are reducing due to increasing ocean temperatures, Ulva blooms are becoming
larger and increasingly common as they are stimulated by increasing water temperatures and high nutrient loads in
240 human-impacted areas such as the Yellow Sea (Xing et al., 2015; Cai et al., 2023; Green-Gavrielidis and Thornber,
2022). Red filamentous algae, including polysiphonia and ceramium also has the potential to bloom leading to large
shoreline accumulations (Eklund et al., 2005), although the occurrence of red algal blooms is less common than
Ulva (Joniver et al., 2021). In light of our results, this may indicate coastal biomass driven methane emissions may
be predicted to rise substantially as global pressures cause the high methane potential seaweeds, Ulva and red

245 filamentous algae, to increase in biomass, while low-methane potential kelp declines. This predictive approach
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should be expanded to other seaweed species, for example Sargassum, which is also increasing in growth due to

changes in ocean nutrient loads in recent decades (Wang et al., 2019).

4.3 Predicting methane emissions from coastal plants

These results indicate that a simple analysis of methylated osmolytes in coastal plants is not sufficient to estimate
250  potential methane emissions, as demonstrated especially by the remarkably high methane production from mangrove
leaves not stoichiometrically explained by methylated osmolytes, unlike in seaweeds. Importantly, methanol was not
detected in fresh leaves but only after a period of degradation, indicating that methanol was produced, possibly via
breakdown of leaf pectin by bacterial or fungal pectinases (Chamier and Dixon, 1982; Ohimain, 2016). Therefore,
the methanol analysed represents a dynamic pool where production and consumption processes happen
255 concurrently, and cannot be used as a quantitative predictor for methane production potential. It is possible that
analysis of pectin content of plants could give a better predictor of methane potential than methylated osmolytes in

coastal plants, and should be further studied.

4.4 High methane production potential from mangroves

Of all seaweeds and coastal plants in the study, mangroves showed the highest methane production potential by a
260 factor of two, however these ecosystems have been shown to have significant carbon sequestration potential
(Macreadie et al., 2021). Recent evidence shows mangrove ecosystems often exhibit high relative methane
emissions, offsetting a large portion of their carbon sequestration capacity (Kristensen et al., 2025; Qin et al., 2025).
While genomic studies indicate methylotrophic methanogenesis may be one of the primary pathways (Zhang et al.,
2020), and physicochemical factors such as salinity and tide have been studied (Nazareth and Gonsalves, 2022), the
265 precise chemical precursors to methane have not previously been described. This study provides novel evidence for
a mechanism by which mangrove leaves produce methane via methanol production through breakdown processes in

sediments, possibly helping to explain why mangroves can be such potent hotspots of methane production.
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