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Abstract

Methane (CHy) from aquatic ecosystems contributes to about half of total global CH4 emissions to the atmo-
sphere. Until recently, aquatic biogenic CH,4 production was exclusively attributed to methanogenic archaea liv-
ing under anoxic or suboxic conditions in sediments, bottom waters, and wetlands. However, evidence for oxic
CH,4 production (OMP) in freshwater, brackish, and marine habitats is increasing. Possible sources were found
to be driven by various planktonic organisms supporting different OMP mechanisms. Surprisingly, submerged
macrophytes have been fully ignored in studies on OMP, yet they are key components of littoral zones of
ponds, lakes, and coastal systems. High CH4 concentrations in these zones have been attributed to organic sub-
strate production promoting classic methanogenesis in the absence of oxygen. Here, we review existing studies
and argue that, similar to terrestrial plants and phytoplankton, macroalgae and submerged macrophytes may
directly or indirectly contribute to CH4 formation in oxic waters. We propose several potential direct and indi-
rect mechanisms: (1) direct production of CHy; (2) production of CHy4 precursors and facilitation of their bacte-
rial breakdown or chemical conversion; (3) facilitation of classic methanogenesis; and (4) facilitation of CH4
ebullition. As submerged macrophytes occur in many freshwater and marine habitats, they are important in
global carbon budgets and can strongly vary in their abundance due to seasonal and boom-bust dynamics.
Knowledge on their contribution to OMP is therefore essential to gain a better understanding of spatial and
temporal dynamics of CHy emissions and thus to substantially reduce current uncertainties when estimating
global CH4 emissions from aquatic ecosystems.

It has been suggested that methane (CH,) from aquatic eco-
systems might contribute to about half of total global atmo-
spheric CH4 emissions (Rosentreter et al. 2021). Until recently,
aquatic biogenic CH4 production was assumed to be restricted
to methanogenic archaea living under strict anoxic or suboxic
conditions in sediments, bottom waters, and wetlands
(Reeburgh 2007). From these environments, CHy can be emit-
ted to the atmosphere via diffusion, ebullition, and transport
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mediated by wetland plants (Fig. 1). Frequently detected CH,
supersaturation (red profiles in Fig. 1) in upper oxic waters
(Scranton and Brewer 1977) challenges this paradigm (review
by Tang et al. 2016). Some researchers resolved this phenome-
non, termed the “methane paradox” (Rogers and Whit-
man 1991), by assuming that anoxically produced CH, is
physically transported to oxic waters (Peeters et al. 2019). How-
ever, since the discovery that terrestrial plants directly produce
CH,4 in the presence of oxygen (Keppler et al. 2006, 2009), more
studies have focused on the potential formation of CH, in aero-
bic environments and from several organisms. In this context,
several recent studies provided evidence for the existence of
oxic CHy4 production (OMP) in freshwater, brackish, and marine
habitats, driven by various planktonic organisms such as bacte-
ria, phytoplankton, and zooplankton (Table 1; Fig. 1).
Measured OMP rates in aquatic ecosystems are high
enough to maintain CH, supersaturation (Reeburgh 2007;
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Fig. 1. CH, production and transport in aquatic ecosystems. CH, distribution (red profiles), classic CH4 production, and transport processes from anoxic
sites (1-4, gray arrows). Several planktonic organism groups have been shown to contribute to OMP (6-8, orange arrows) and thus to global CH4 emis-
sions from freshwater and brackish/marine ecosystems. We propose that freshwater and brackish/marine submerged macrophytes (5, red circle) also con-

tribute to OMP.

Grossart et al. 2011; Jakobs et al. 2014; Wang et al. 2017), and
thus can cause a net CH4 flux to the atmosphere (Damm
et al. 2010; Grossart et al. 2011; Gililzow et al. 2013; Tang
et al. 2014; McGinnis et al. 2015; Repeta et al. 2016). OMP
seems to be a particularly strong CH, source in temperate
lakes (Donis et al. 2017; Giinthel et al. 2019; Hartmann
et al. 2020). Preliminary studies in two mesotrophic, temper-
ate lakes (Donis et al. 2017; Giinthel et al. 2019) indicate that
OMP can significantly (50-83%) contribute to total ecosystem
CH, emissions. Recurring biogenically produced CH4 accumu-
lation below the thermocline, however, was also found in
marine habitats (Karl et al. 2008; Ye et al. 2020) including the
Baltic Sea (Jakobs et al. 2014; Schmale et al. 2018).

Various CHy4 sources and production mechanisms have
been observed and identified in aquatic oxic environments
which so far can be roughly divided into three major groups:

1. Classic archaeal methanogenesis in organic aggregates
(Oremland 1979; Karl and Tilbrook 1994) or in anoxic
microniches within zooplankton (De Angelis and Lee 1994;
Schmale et al. 2018).

2. Direct metabolic CH4 production by cyanobacteria and
eukaryotic algae by processes related to the use of light as an
energy source (Table 1) or by cyanobacteria and prote-
obacteria from either methoxyl groups present in or reduc-
tion of (bacterio)chlorophyll precursors (Perez-Coronel and
Beman 2021). These observations might be linked to a com-
mon process that likely occurs in all living cells and that is
based on the interplay between reactive oxygen species
(ROS), iron species, and methyl donors (Ernst et al. 2022).

3. Release of CH4 during breakdown of organic matter (Karl
et al. 2008; Repeta et al. 2016; Wang et al. 2021) and meth-
ylated CH4 precursors (Damm et al. 2010; Reisch
et al. 2011; Jakobs et al. 2014), chemical conversion of
methylated CH, precursors (Keppler et al. 2008; Althoff
et al. 2014; Lenhart et al. 2016), or photochemical conver-
sion of organic matter such as colored dissolved organic
matter (¢cDOM) (Li et al. 2020a) or plant matter (Vigano
et al. 2008; Messenger et al. 2009) to CH,.

Biological mechanisms have all been detected in or were
linked to planktonic microorganisms while submerged macro-
phytes have been fully ignored in studies on OMP
(Carmichael et al. 2014). This is surprising given the fact that
aquatic plants are key components of littoral zones
(Paine 2002; Hilt et al. 2017) of ponds, lakes, and coastal sys-
tems. In particular, dissolved CH4 concentrations in lakes can
be highest in zones of submerged macrophytes (Xiao
et al. 2017) and CH, fluxes from submerged vegetation can be
higher than in nonvegetated zones in lakes (Wang et al. 2006;
Zhang et al. 2019) and reservoirs (Cronin et al. 2006). CHy
emissions in a subtropical lake were directly related to macro-
phytes and ranged between 0.6 and 1.3 mgm 2 h™! (Xing
et al. 2006). Furthermore, CH4 emissions by seagrass ecosys-
tems were estimated to increase the contribution of marine
global emissions by approximately 30% (Garcias-Bonet and
Duarte 2017). These high concentrations and contributions to
fluxes have been mainly attributed to organic substrate
production by macrophytes promoting classic methanogenesis
in anoxic sediments (Natchimuthu et al. 2014; Grasset
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et al. 2013; Li et al. 2020b). Initial discrepancies between some
studies that did not observe OMP (Dueck et al. 2007; Beerling
et al. 2008) and several others that clearly identified OMP
from terrestrial plants (McLeod et al. 2008; Vigano et al. 2008;
Briiggemann et al. 2009) were later resolved by considering
precursors and more detailed analyses of mechanisms of CHy
release from dead and living plant matter. Keppler et al. (2006)
suggested that the methoxy groups (OCHj3) of pectin were
involved in CH4 formation, which was confirmed by a study
using pectin with deuterium (*H) labeled methoxy groups
(Keppler et al. 2008). Extending this idea, Vigano et al. (2008),
McLeod et al. (2008), and Bruhn et al. (2009) found that
release of CHy from plant components such as lignin, cellu-
lose, and pectin (Fig. 2) as well as dried and fresh leaves
depends on UV light (including ambient sunlight), which was
excluded in studies that could not find OMP.

Next to UV radiation, there are many other environmental
factors and precursor compounds involved in controlling OMP
in terrestrial plants. Briiggemann et al. (2009) showed CH,4 emis-
sions from young poplar trees grown under low-light conditions
and in the absence of UV-radiation. They applied a carbon iso-
tope (*3C) labeling method to unambiguously demonstrate that
the poplar shoot cultures grown under sterile conditions pro-
duced '*C-labeled CH,. The incubation experiments showed that
after exposure of the poplar plants to labeled '*CO,, a rapid trans-
fer of *C from assimilated *CO, to "*CH, occurred indicating
that freshly synthesized photosynthates contribute to OMP.

The production of ROS was highlighted by Messenger
et al. (2009) as an important factor that controls UV-driven
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CH,4 formation from plant matter. Applying ROS generators
and ROS scavengers, they demonstrated that hydroxyl radicals
(*OH) and singlet oxygen are involved in the generation of
CH,4 from pectin. The formation of ROS might be the key for
understanding the reaction pathways of nonarchaeal CH,4 for-
mation from vegetation and could explain the large range of
observed CH,4 emission rates from terrestrial plants. Cellular
signaling processes as well as biotic and abiotic induced envi-
ronmental stress factors involve ROS formation (Mittler 2017).
In this context, McLeod et al. (2008) demonstrated CH,
release by tobacco leaves when using chemical generators of
ROS or a bacterial pathogen. Moreover, it was reported that
water stress and temperature increased CHy release from sev-
eral terrestrial plant species (Qaderi and Reid 2009). Other
parameters such as blue light, light intensity, and addition of
ethene (Martel and Qaderi 2019, 2021; Martel et al. 2020)
were also found to control OMP from terrestrial plants. Wang
et al. (2009, 2011) demonstrated CH, formation when plants
were physically injured. Injury or infestation by pathogens of
plants induces oxidative stress that is generally accompanied
by enhanced emissions of volatile organic compounds
(Davison et al. 2008). Thus, terrestrial plant CH, emissions
might be considered as an additional integral part of this
defense trait.

A step toward describing the pathway of plant-derived CH,
formation was made by Wishkerman et al. (2011). These
researchers applied sodium azide (NaNj3), a chemical that is
known to stop the electron transport in plant mitochondria at
the cytochrome c oxidase, to cell cultures of several terrestrial
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Fig. 2. Scheme of potential pathways of OMP in terrestrial plants. CH,4 can be formed under oxidative conditions from plant structural plant compo-
nents such as pectin and lignin containing methoxy groups (OCH3) or from methylated sulfur (S) or nitrogen (N) compounds such as DMSO, DMS,
DMSP, TMA, or DMA. Metabolically active plant cells continuously form ROS such as H,O,, and in the presence of Fe(ll)/Fe(lll) induces Fenton chemistry
which generates strong oxidants such as -OH radicals, or oxo-iron(IV) complexes ([Fe"=01]*"). These oxidants drive methyl radical production from
hetero-bonded methyl groups. Finally, the methyl radical abstracts a hydrogen atom, most likely from an organic compound and forms CH,4. Environ-
mental stress factors strongly affect levels of ROS and Fenton chemistry in plant cells and thus are expected to control CH, levels. Scheme adapted from

McLeod et al. (2008), Liu et al. (2015), and Ernst et al. (2022).
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plants that were grown under sterile conditions. The observed
increase in CH4 was seen as evidence that disruption of the
electron transport chain leads to CH, production in plant cells
supporting the idea that generation of CHy is a common fea-
ture of cellular responses and changes of the oxidative status
present in living plants. In this context, it has been suggested
that methylated sulfur and nitrogen compounds such as
methionine or phosphatidylcholine might be methyl precur-
sors of CH, in both stressed plants and animals (Qaderi and
Reid 2009; Wishkerman et al. 2011; Bruhn et al. 2012).
Furthermore, a novel chemical route has been proposed that
CH, can be formed from methylated organosulfur compounds
such as methionine sulfoxide (MSO) and dimethylsulfoxide
(DMSO) under oxidative conditions (Althoff et al. 2014; Benzing
et al. 2017). Under Fenton-type conditions, that is, in the presence
of Fe(ll)/Fe(Illl) and hydrogen peroxide, non-heme oxo-iron
(IV) catalyzes the formation of methyl radicals by demethylation
of the methyl sulfoxide, eventually leading to CH,4 (Fig. 2). The
importance of methionine and MSO was also hypothesized for
CHy4 biosynthesis in living plants (Bruhn et al. 2012). This hypoth-
esis received support from the application of stable carbon isotope
techniques to lavender plants under physical stress. CH, emission
rates and the stable carbon isotope values greatly increased when
13C position-labeled methyl groups of methionine where applied
to the plants (Lenhart et al. 2015, 2016). Ernst et al. (2022) eventu-
ally established this mechanism showing that free iron and ROS,
which are generated by metabolic activity and enhanced by oxida-
tive stress, induce methyl radical formation from organic com-
pounds containing sulfur- or nitrogen-bonded methyl groups such

CH,

Oxic water

bacterial/chemical Q=
transformation
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as occurring in methionine, DMSO, dimethylsulfide (DMS), or
trimethylamine (TMA) (Fig. 2). Terrestrial plants thus clearly con-
tribute to CH,4 formation under oxic conditions via several carbon
precursors, and various environmental factors can control these
processes (Wang et al. 2013, 2020; Liu et al. 2015).

Potential of submerged macrophytes for OMP

The phenomenon of OMP is widespread across disparate
taxonomic groups including fungi (Lenhart et al. 2012), phy-
toplankton (Table 1), and terrestrial plants (Keppler
et al. 2006) and is driven by pathways that cross taxonomic
boundaries as recently shown by Ernst et al. (2022). Thus, all
living organisms seem to have the potential for direct OMP by
a ROS-driven pathway. In addition, aquatic plants are phylo-
genetically well dispersed across the angiosperms and, apart
from four aquatic orders, evolved from terrestrial relatives
(Du et al. 2015). They contain structural components such as
cellulose, lignin, and pectin and produce methylated sulfur
and nitrogen compounds that have been shown to be
involved in OMP in terrestrial plants (Fig. 2) and many other
organisms (Ernst et al. 2022). It is thus obvious to assume that
marine and freshwater macroalgae and submerged macro-
phytes and their epiphytes could directly or indirectly contrib-
ute to all groups of CH,4 production in oxic waters mentioned
in the introduction and support the CH4 transport into oxic
environments. In the following, we review existing studies on
these processes and argue why they are also likely to occur in
submerged macrophytes.

CH, CH,

ebullition

)

bacterial/chemical
transformation

Fig. 3. Potential direct (black arrows) and indirect (dashed arrows) mechanisms by which submerged macrophytes may contribute to OMP in freshwater
and marine ecosystems. 1: Direct oxic production of CH4 by submerged macrophytes (a) and their endophytic or epiphytic archaea, algae, cyano-
bacteria, and proteobacteria (b); from structural components and precursors, 2: release of CH, precursors by submerged macrophytes (a) and their epi-
phytic bacteria, cyanobacteria, and algae (b) and facilitation of bacterial and chemical transformation of precursors to CH,4 by effects of macrophytes (c)
or epiphytes (d) on redox conditions; 3: provision of habitat and refuge for CH4-producing organisms (zooplankton) and other food web related pro-
cesses; 4: bubble formation at leaf surfaces and ebullition from lacunar gas transport. Gray circles indicate processes that involve anoxic CH,4 production

in oxic water.
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Direct CH4 production by macrophytes and their epiphytes

Submerged macrophytes and macroalgae are hypothesized
to directly contribute to CH4 production in oxic environments
by production of methylated compounds (process 1a in Fig. 3)
that serve as CH4 precursors which are transformed by a
ROS-driven oxidative demethylation similar to terrestrial
plants (Fig. 2).

Van Alstyne and Puglisi (2007) investigated the dim-
ethylsulfoniopropionate (DMSP) content of 106 genera of
marine macroalgae. Several red algal species of the genera Poly-
siphonia and Halopytis had rather high DMSP concentrations
(median + interquartile range: 23 & 123 ymol g~' dry mass
[DM]), while most red and brown algal species showed low
DMSP concentrations (always below 3 ymol g~! DM). Average
DMSP concentrations in green macroalgae were higher
(41 £ 82 yumol g~' DM), especially in species of the order
Ulvales, and increased with latitude in the northern hemi-
sphere. DMSP concentrations among populations varied by an
order of magnitude and were either environmentally induced
or genetically determined, or affected by both (Van Alstyne
and Puglisi 2007). Marine Enteromorpha intestinalis contained
greater amounts of DMSP than freshwater conspecifics
(Edwards et al. 1988). At least three different synthetic
pathways used in the production of DMSP in algae and vascu-
lar plants have been reported which supports the existence of
multiple evolutionary origins of DMSP production among
all organisms (see review by Stefels (2000)). Dacey et al. (1994)
argued that the occurrence of DMSP in three seagrass
species (Halodule wrightii, Syringodium filiforme, and Thalassia
testudinum) originates from epiphytic algae rather than the
seagrass tissue. However, Borges and Champenois (2015) were
able to prove that DMSP occurred in leaves of the seagrass
Posidonia oceanica. After changing the preservation protocol of
plant tissue from oven drying to freezing at —20°C, the mea-
sured DMSP content rose by two orders of magnitude, imply-
ing that freezing adequately conserves the tissue for DMSP
analysis. So far, P. oceanica has the highest DMSP production
among marine autotrophs and integrated DMSP stocks are
several orders of magnitude higher than those of phyto-
plankton (Borges and Champenois 2017). Several methyl-
ated compounds (dimethylamine [DMA], dimethlysulfide
[DMS], and methanol) were found to stimulate CH, produc-
tion in sediment incubations vegetated by P. oceanica
(Schorn et al. 2022).

A release of CH4 from structural components of terrestrial
plants such as cellulose, lignin, and pectin has been shown in
several studies (see above). A similar process seems likely for
submerged macrophytes and macroalgae. Submerged macro-
phytes have variable cellulose and lignin concentrations (104—
387 mg g ! dry weight and 3-192 mg g~ ' dry weight, respec-
tively, were measured in 10 macrophyte species by Schoelynck
et al. 2010). Pectin containing substances can also be found in
freshwater angiosperms (Popov et al. 2007) and charophytes
(Cherno et al. 1976) as well as in marine seagrasses (Gloaguen
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et al. 2010; Khotimchenko et al. 2012). For terrestrial vegeta-
tion, UV light was considered an important environmental
factor that controls OMP from the plant components lignin
and pectin. However, UV light is strongly attenuated in natu-
ral waters depending on water depth (McLeod et al. 2021) and
the concentration of cDOM (Bricaud et al. 1981). The UV-
driven pathway of CH, formation might thus be less impor-
tant in aquatic ecosystems as compared to terrestrial systems
(see above). However, other environmental factors might also
be important (Fig. 2). In an experiment with sediment and
lake water in bottles that were incubated in the dark for 20 h,
the addition of submerged macrophyte biomass (Elodea
nuttalliiy doubled the potential CH,; production rates
(Harpenslager et al. In press) and direct CH4 production by
the macrophytes is a potential explanation.

Submerged macrophytes provide substantial surface for
epiphyton growth, on average 1000 cm? g dry weight !
(Fischer and Pusch 2001). Several recent studies demonstrate a
direct CH, production by cyanobacteria and eukaryotic algae
during photosynthesis (Table 1; see also Bizi¢-lonescu
et al. 2018), which might be linked to the ROS-induced oxida-
tive methylation of methyl donors (Fig. 2; Ernst et al. 2022).
These organism groups can also be abundant in the epiphyton
on macrophyte surfaces (Laugaste and Reunanen 2005) and
thus potentially contribute to OMP in macrophyte stands
(process 1b in Fig. 3).

Release of precursors by macrophytes and epiphyton and
facilitation of their transformation to CH,

Submerged macrophytes and their epiphyton are also
hypothesized to contribute to CH4 production in oxic envi-
ronments by a release of CH4 precursors and a facilitation of
their bacterial and/or chemical breakdown into CH, (processes
2¢,d in Fig. 3).

Submerged macrophytes release 1-10% of the amount of C
they fix photosynthetically as dissolved organic carbon
(Carpenter and Lodge 1986; Paine et al. 2021), including
cDOM (Zhang et al. 2013). DOC release rates of up to 157 ug
C-g dw "-h~" were measured from macrophyte epiphyte com-
plexes by Demarty and Prairie (2009). Several methylated
compounds, among others methylated sulfur compounds
such as DMSP and DMS (Sunda et al. 2002; Neufeld
et al. 2008), can be used by bacteria for methylotrophic
methanogenesis (Sowers and Ferry 1983; Damm et al. 2010).
Abiotic CH4 photoproduction from ¢cDOM has been found to
significantly contribute to oceanic OMP (Li et al. 2020) and
macrophytes could significantly contribute to this process by
their cDOM release. However, cDOM also limits the penetra-
tion of UV light into the water column (Bricaud et al. 1981;
Zhang et al. 2013) and thus might counteract direct UV-driven
OMP from macrophytes (see above).

Submerged macrophytes and their epiphyton are hypothe-
sized to facilitate the bacterial and chemical transformation of
precursors into CH,4 by photosynthesis and by respiration that
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can lead to anoxic conditions within dense stands (Vilas
et al. 2017). Anoxic conditions allow for the conversion of
methylated organic compounds to CH, via methylotrophic
methanogens, which also use the classic methyl-coenzyme A
mediated pathway to convert the methyl-group to CH,4 in the
absence of oxygen (Yin et al. 2019).

Facilitation of classic methanogenesis inside of
macrophytes and macrophyte stands

Similar to trees (Covey and Megonigal 2019; Yip
et al. 2019), submerged macrophytes may support CH4 pro-
duction by endophytic methanogenic archaea in anaerobic
microsites inside of the plants. Macrophyte stands also pro-
vide a habitat for several aquatic organism groups that pro-
duce CH4 via classic methanogenesis in an otherwise aerobic
water column. Marine zooplankton produces CH, in anoxic
microzones (De Angelis and Lee 1994; Schmale et al. 2018)
and snails have been shown to promote CH, release from
freshwater lakes (Xu et al. 2014). Provision of shelter for zoo-
plankton and macroinvertebrates has been observed for
marine kelps (Pakhomov et al. 2002), seagrass stands
(Robertson et al. 1988), and freshwater submerged macro-
phytes (Timms and Moss 1984). We thus infer that an
increased abundance of zooplankton and snails in macrophyte
stands indirectly facilitates the production of CH4 in oxic
zones close to the water surface and hence atmospheric CHy
emissions (process 3 in Fig. 3). However, Daphnia sp. has also
been shown to feed on CH,4 oxidizing bacteria, and a reduced
zooplankton density by top-down effects of fish increased the
abundance of methanotrophic bacteria, which in turn reduced
CH, efflux rates by roughly 10 times (Devlin et al. 2015). Such
effects could be offset by the positive effects of submerged veg-
etation on piscivorous pike (Esox lucius) providing top-down
control on planktivorous fish (Chapman and Mackay 1984).
The different effects of submerged macrophytes on aquatic
food web dynamics may thus lead to an increase or reduc-
tion of CH4 production and emission from oxic zones.
Anoxic conditions in dense macrophyte stands at night
should also allow for classic methanogenesis by archaea, that
is, hydrogenotrophic and acetoclastic (Conrad 2005 and ref-
erences therein).

Facilitation of bubble formation and ebullition

Emission of photosynthetically produced oxygen in sub-
merged macrophytes can be found as bubbles released from
either the stomata or from openings originating from herbiv-
ory or other injuries. A short single sound pulse which can be
measured acoustically is emitted by the bubble of oxygen dur-
ing escape (Kratochvil and Pollirer 2017; Ballard et al. 2020).
These bubbles could also contain CH; which would be
released by ebullition (process 4 in Fig. 3) and thus escape
CH, oxidation in the water column. In addition, most of the
internal volume of macrophyte stems and roots is composed
of a network of enlarged intercellular airspaces known as gas
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lacunae or aerenchyma. In many emergent and floating-leaved
macrophyte species, convective flow is an important mecha-
nism of lacunar gas transport. Heilman and Carlton (2001b)
measured an ebullitive release of sediment-produced CH4 from
submerged floral spikes of two pondweed species. Herbivores
such as waterfowl, fish, or invertebrates (Bakker et al. 2016)
could facilitate CH4 ebullition from submerged macrophytes
by injuries. For example, Dingemans et al. (2011) found signif-
icantly higher CHy4 release from grazed helophytes. Winton
and Richardson (2017) reported an inhibition of CH, oxida-
tion by herbivory in wetlands and thus increased emissions
due to a lower belowground biomass and thus retardation of
aerenchymous stems transporting oxygen into wetland soils.
Yet, studies on herbivores affecting OMP in submerged macro-
phyte stands are still lacking.

Additional indirect mechanisms and macrophyte-related
processes that counterbalance OMP

Many other processes potentially affecting macrophyte-
related CH,4 emissions are still largely unknown, but should be
considered in the future to better understand greenhouse gas
dynamics in the large variety of macrophyte stands in fresh,
brackish, and marine waters. Examples include physical effects
of submerged macrophytes on stratification (Herb and Ste-
fan 2005) and wind-induced mixing (Andersen et al. 2017)
which might affect bubble formation and ebullition. Phenolic
substances produced by several marine and freshwater macro-
phytes (Gross 2003) may differentially influence CH4 pro-
ducers and oxidizers in the plants, epiphyton, and the open
water and thus may indirectly affect OMP. Grutters et al. (2017)
did not find any inhibitory effect of polyphenol-rich sub-
merged macrophytes on diffusive CH4 emissions.

OMP by submerged macrophyte stands may have been
overlooked in previous studies due to subsequent meth-
anotrophy or other parallel CH, oxidation processes that
counterbalance OMP. The balance between OMP and CH, oxi-
dation may depend on the presence of specific environmental
conditions and may show diurnal and seasonal changes,
which needs to be taken into account for overall CH, flux esti-
mates. Disentangling these counteracting processes still
requires some methodological development. A higher
temporal-spatial resolution of data, omic approaches and
methods such as bottle incubations and mass budgets incor-
porating CH,4 stable carbon and hydrogen isotope data allow
detecting different CH,4 sources (Giinthel et al. 2021) but have
not yet been applied in combination.

Heilman and Carlton (2001a) showed that epiphytic CHs4-
oxidizing bacteria play an important role in the regulation of
CH, emissions from submerged macrophytes. Sorrell
et al. (2002) also found methanotrophic bacteria associated
with root and shoot tissues of 8 out of 13 tested submerged
macrophytes. Methanotrophic activity was highest in plants
from eutrophic habitats. The possibility of harboring met-
hanotrophs inside of plant tissues has been reported for
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Sphagnum mosses (Kostka et al. 2016). Yoshida et al. (2014)
measured CH4 consumption activities in several submerged
macrophyte species which were up to a hundred times higher
than activities measured in roots of rice.

Potential consequences of macrophyte OMP for
global CH4 emissions of aquatic systems

Macrophyte vegetation (angiosperms and macroalgae) has
a vast global distribution and is very productive. The global
abundance of seagrass was recently estimated to range from a
mapped area of at least 160,387 km? (McKenzie et al. 2020) to
a modeled area of 1.6 million km? (Jayathilake and Cos-
tello 2018; Dunic et al. 2021). Macroalgae dominate in coastal
ecosystems and contribute 5-10% of global primary produc-
tion (Mann 1973; Smith 1981; Charpy-Roubaud and
Sournia 1990). Similar estimations are lacking for freshwater
submerged macrophytes, but they often dominate the primary
production of abundant water bodies such as shallow lakes
(Brothers et al. 2013) or lowland rivers (Hilt et al. 2011).

Macrophytes have experienced major dynamics in terms of
large-scale decline in keystone species (Waycott et al. 2009;
Aragjo et al. 2016; Zhang et al. 2017) and blooms of opportunis-
tic species (Hussner et al. 2017; Vadeboncoeur et al. 2021) due
to various stressors. The associated effects on CH4 emissions are
largely unknown (Hilt et al. 2017), but are even more important
to be quantified given their potential role for OMP. Macro-
phytes also play a major role in carbon sequestration (Macreadie
et al. 2021) and the quantification of their role in CH4 produc-
tion is also important for better evaluation of the net carbon
sequestration of macrophyte-dominated ecosystems.

Summary and outlook

Our review suggests that freshwater and marine submerged
macrophytes and macroalgae directly and indirectly contrib-
ute to OMP (Fig. 3) by:

1. (a) Direct ROS driven CH4 production from methylated sul-
fur and nitrogen compounds such as DMSO, DMSP, DMS,
TMA, and DMA and structural components such as cellu-
lose, lignin, and pectin.

(b) Facilitation of direct OMP by endophytic or epiphytic
archaea, algae, cyanobacteria, and proteobacteria.

2. (a) Release of CH4 precursors and colored organic matter
for bacterial breakdown or chemical conversion.

(b) Facilitation of production and release of CH, precursors
and colored organic matter by epiphytic algae, cyano-
bacteria, and proteobacteria.

(c) Facilitation of bacterial breakdown of CH, precursors
and colored organic matter as well as their chemical con-
version by modifying oxygen conditions.

(d) Increased bacterial breakdown of CH, precursors and col-
ored organic matter by providing surface for attached bacteria.

3. Facilitation of classic methanogenesis by providing anoxic
conditions for archaea inside the plants and in the biofilm;
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and habitat as well as shelter for zooplankton producing
CH, and snails promoting CH4 emissions.

4. Facilitation of CH4 (produced in macrophytes or by
microbes in sediments) ebullition by lacunar gas transport
and bubble formation at macrophyte leaf surfaces.

Changes in the spatial and temporal abundance of sub-
merged macrophytes will substantially impact CH4 emissions
from aquatic areas with high abundance of submerged vegeta-
tion such as wetlands, ponds, shallow lakes, and littoral zones
of deeper lakes and reservoirs, shallow brackish habitats, and
coastal zones of oceans. Yet, we need specific laboratory and
field measurements for direct evidence of OMP in submerged
vegetation through our suggested mechanisms leading to CHy
formation in oxic waters. Addition of labeled '*CO, to macro-
phytes grown under sterile conditions and subsequent deter-
mination of released '3C-labeled CH, can be carried out
similar to the methods applied to detect OMP in terrestrial
plants. In a similar way, supplementation of isotopically
labeled methylated sulfur and nitrogen compounds might
help with identifying and constraining potential CH4 precur-
sors from macrophytes. In addition, field measurements are
needed to determine the role of submerged vegetation in the
delicate balance between physical, chemical, and biological
mechanisms affecting OMP and oxidation. Understanding the
role of submerged macrophytes for aquatic OMP is thus essen-
tial to reduce current uncertainties in global assessments of
CH,4 emissions from aquatic ecosystems to allow for improved
mitigation measures and more sustainable ecosystem
management.
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