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Abstract
Methane is a potent greenhouse gas. Wetlands are considered as significant sources of methane emission, prompting the 
need to understand determinants of methane flux in these critical ecosystems. The importance of the water table in methane 
emission has been noted in terrestrial wetlands; however, the role of the water table in methane emission remains to be clari-
fied in order for the development of strategies to mitigate methane emission from wetland ecosystems. This review examines 
the current literature on factors influencing methane emission in terrestrial wetlands. The water table was illustrated as an 
overriding factor that controls both methane generation and consumption. The contribution of other main factors, including 
substrate characteristics, wetland plants and temperature, to methane emission was also discussed. Building upon the growing 
understanding of processes underlying methane emission, strategies centered around the control of water table was proposed 
to minimize methane emission in wetland management and restoration efforts to maximize the ecological value of wetlands.
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Introduction

Wetlands have irreplaceable and distinctive functions such 
as hydrological regulation, water purification, biodiversity 
preservation and carbon sequestration. Among all terres-
trial ecosystems, wetlands have the highest carbon density 
because of the slow rate of carbon mineralization in anoxic 
wetland soils (Mitsch et al. 2013). Wetlands store vast quan-
tities of carbon (approximately 15 ×  1014 kg) in a relatively 
small land area (estimated between 2 and 6% of global land 
area) (Schlesinger 1990; Schlesinger and Bernhardt 2013). 

Compared to carbon pools in forests, organic carbon stored 
in wetlands remains stable for a longer period of time due 
to anaerobic conditions prevalent in wetlands. Therefore, 
wetland ecosystems can serve as stable carbon sinks.

However, the anaerobic condition in wetlands can also 
facilitate methane production. Methanogens produce 
 CH4 efficiently under strictly anaerobic conditions ubiqui-
tous in wetlands. It is currently agreed that global wetland 
ecosystems emit substantial amounts of  CH4 that accounts 
for the largest natural source of atmospheric  CH4 (Bruhwiler 
et al. 2014; Dean et al. 2018),up to 70% of all natural emis-
sions at an estimated rate of approximately 1.45 ×  1011 kg 
 CH4-C  yr−1 (Bridgham et al. 2013; Turetsky et al. 2014).

Methane is an important greenhouse gas (GHG) due to 
its high global warming potential (Neubauer and Megonigal 
2015). The concentration of methane in the atmosphere has 
increased from 722 ppb during the pre-industrial period to 
1909.2 ppb in March 2022 (https:// www. esrl. noaa. gov/ gmd/ 
ccgg/ trends_ ch4/) which has more than doubled. Recent cal-
culations indicate that atmospheric methane accumulation is 
responsible for approximately 16% to 20% of Earth’s warm-
ing induced by long-lived greenhouse gases (Yvon-Durocher 
et al. 2014; WMO 2021). As the concentration of methane 
in the atmosphere continues to increase rapidly, it can be 
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expected that methane may have an increasing impact on 
global climate change in the future, highlighting the poten-
tial benefits of reducing methane emission from wetland 
ecosystems, which could offset some of the anthropogenic 
origins warming effects.

It should be noted that, owing to the dual effects of global 
climate change and human activities, the hydrological struc-
ture of wetland ecosystems has suffered severe interfer-
ence and the water table has changed which further leads 
to changes in the function of wetlands in the natural car-
bon and nitrogen cycle which causes significant changes in 
fluxes of greenhouse gases such as  CO2,  CH4, and  N2O (Parn 
et al., 2018; Lin et al. 2022). Aiming to reverse the trend 
of wetland losses to protect biodiversity and ecological 
health, wetland management and restoration projects have 
been carried out around the world. In the context of global 
climate change, the impact of wetland restoration projects 
on GHGs emissions should be taken into account especially 
for methane as most restoration projects involve raising the 
water table, which may lead to more methane emissions 
(Vanselow-Algan et al. 2015), however this is not typically 
done. As a large number of studies show that methane emis-
sions in wetlands are strongly regulated by the water table, 
it is generally accepted that hydrological management and 
restoration is a primary step to restore the ecological ser-
vices of wetlands. However, there remains uncertainties in 
the relationship between wetland methane emission and the 
water table, which makes it difficult to set optimal water 
table in wetland management and restoration efforts to miti-
gate methane emission.

This review summarizes the variability and uncertainty 
of methane emission in terrestrial freshwater wetlands in 
relation to hydrological responses, laying the foundation for 
the development of potential strategies to mitigate methane 
emission for wetland management and restoration efforts, 
which will be informative for engineers, ecologists, scien-
tists, researchers, as well as policy makers involved in the 
planning, design, and implementation of wetland manage-
ment and restoration projects.

Main Factors Affecting Methane Emissions 
from Terrestrial Wetlands

The magnitude of  CH4 flux is determined by the following 
three processes:  CH4 production, consumption, and trans-
port (Dunfield et al. 1993; Borrel et al. 2011). In wetlands, 
 CH4 is emitted to the atmosphere through different path-
ways, including molecular diffusion, ebullition, and passage 
through aerenchyma of vascular plants (Philipp et al. 2017), 
when the balance between methane production and con-
sumption is positive (Whalen 2005; Bao et al. 2021; Minick 
et al. 2021; Zhang et al. 2022c).

Previous studies on the dynamics of methane emission 
from wetlands have observed that factors such as depth of 
water table (Abdalla et al. 2016; Evans et al. 2021; Morin 
et al. 2022; Mwagona et al. 2021), temperature (Yvon-Duro-
cher et al. 2014; Zhu et al. 2021), substrate characteristics 
(Nielsen et al. 2017; Oikawa et al. 2017; Xu et al. 2021), 
wetland plants (Jitka et al. 2017; McInerney and Helton 
2016; Derby et al. 2021), and microorganisms present in 
wetlands (Dedysh et al. 1998; Hao et al. 2020; Xie et al. 
2020) are the main determinants of methane emission from 
terrestrial freshwater wetlands. Among these the water table 
are overriding factor (Evans et al. 2021) that not only directly 
controls methane generation and consumptio, but also pro-
foundly affects methane flux mediately by changing wetland 
soil physicochemical properties (Ellis et al. 2009), form-
ing wetland plant community (Yu and Ehrenfeld 2010), and 
altering temperature sensitivity of methane emission (Chen 
et al. 2021). Therefore, when discussing the effect of water 
table on methane emissions, here we also discuss other fac-
tors including wetland plants, substrate characteristics, and 
temperature that are influenced by water table (Fig. 1).

Water Table

Water table directly controls the redox condition in the wet-
land substrate (Yang et al. 2013;Gulley et al. 2020), which in 
turn controls methanogenesis (Olefeldt et al. 2017). Previous 
studies found that net methane fluxes from wetlands show a 
clear relationship to water level. In most cases, higher water 
tables increase the emission of  CH4 while lower water tables 
accelerate carbon mineralization and decrease  CH4 flux 
(Table 1).

A microcosms simulate study of  CH4 fluxs under manip-
ulated water table treatments in the Sanjiang Plain fresh-
water marshe showed that the average  CH4 emission was 
7.43 mg  m−2   h−1, and higher water table condition (+ 2 
to + 14 cm) emits 75% more  CH4 than at low water table 
(-11 to 0 cm), however the situation is reversed for  CO2 and 
 N2O emissions which were 120% and 60% lower respec-
tively (Yang et al. 2013). Field greenhouse gas flux moni-
toring in the Dajiuhu wetland Shennongjia Forest District, 
Hubei Province, China shows that methane fluxes were sig-
nificant different (p < 0.05) between flooded and low water 
tables. When the peat was flooded (high water table), the 
methane flux was high, ranging from 30 to 130 nmol/m2/s 
(n = 230); when the water table was below the surface, the 
methane flux was much lower, with maxima < 5 nmol/m2/s 
(n = 222), even negative when the water table dropped below 
10 cm, the methane flux reached a minimum of –2.5 nmol/
m2/s (Zhang et al. 2022d).  CH4 emissions at different water 
table from artificial restoration wetlands in Hangzhou Bay, 
northern Zhejiang Province, China shows that high water 
table condition (10-30 cm above the surface) emit much 
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more  CH4(2 ~ 17 mg  CH4  m−2  h−1) than low water table 
which just close to the surface(0 ~ 2  mg  CH4  m−2   h−1) 
(Xiong et al. 2022). Field researchs conducted in Wicken 
Fen National Nature Reserve compared the  CH4 emissions 
of an undisturbed nature fen named Wicken Sedge Fen and 
a former cropland restored fen named Baker’s Fen. The 
Wicken Sedge Fen which is the oldest nature reserve in the 
UK has never been agriculturally drained, it emit 10.6 g C 
 m−2  y−1  CH4, the water table (positive value means above 
the surface, negative value means below the surface) range 
recorded by the researchers are -40 ~ -80 cm in summer and 
5 ~ -10 cm in winter/spring; The Baker’s Fen was drained 
in the mid-nineteenth century for agriculture, resulting in 
extensive peat loss and subsidence, it emit 0.15 g C  m−2  y−1 
 CH4, the water table range recorded by the researchers are 
-70 cm in summer and 0 ~ -40 cm in winter/spring (Peacock 
et al. 2019). A microcosm simulate study on a coastal wet-
land in Kenli County, Shandong Province, China shows a 
results of linear relationship between water table and meth-
ane emissions. Soil  CH4 emission at − 40, − 30, -20, -10 
and 0 cm water table(negative value means below the sur-
face) are 0.07, 0.1, 0.12, 0.19 and 0.22 nmol  CH4  m−2  s−1 
respectively (Zhao et al. 2020).  CH4 fluxs of drained and 
rewetted temperate bog in Himmelmoor, northwestern Ger-
many measured by eddy covariance tower are 7.2 ~ 12.1 
and 13.3 ~ 18.3 g  m−2  a−1  CO2 Eq. (34 to convert  FCH4 into 
 CO2 eq. release), which indicates higher water table leads to 

increased methane emissions (Holl et al. 2020). Microcosm 
simulate study on  CH4 emissions from the gley marsh and 
peatland in Sanjiang Plain northeast China shows methane 
emissions under steady water table conditions were signifi-
cantly lower in the drawdown treatment in both peatland 
and gley marshes but did not differ between the 10 cm and 
0 cm treatments. The  CH4 emissions at − 10, 0 and 10 cm 
water table(positive value means above the surface, negative 
value means below the surface) from gley marsh and peat-
land are 9.1, 17.4 ± 3.0, 15.0 ± 2.3 and 11.3 ± 1.3, 23.8 ± 2.7, 
23.0 ± 3.4 mg C  m−2  h−1 (Zhu et al. 2018). This is probably 
due to lower water tables and thicker aerated top layer would 
increasing methanotrophs in aerobic soil layers.

However, some of the studies have observed weak or even 
the opposite relationships between  CH4 emission and the 
water table (Zhao et al. 2020;Luta et al. 2021; Mwagona et al. 
2021; Wang et al. 2021). For example, microcosm study on 
a tropical peatland in Sarawak, Malaysia shows averaged soil 
 CH4 emission under a low water table were higher compared 
with that of high water table. When water table close to the 
surface, it emit 0.3–0.5t  CH4ha−1  yr−1; when water table is 
90 cm below the surface, it emit 1.9–2.0t  CH4ha−1  yr−1 (Luta 
et al. 2021). The high spatial and temporal variability in meth-
ane flux afield sites could contribute to the inconsistencies, 
which may be further complicated by the interactions between 
the water table and other factors, including temperature, plant 
community and substrate characteristics. Wetland  CH4 flux 

Fig. 1  Direct and indirect 
effects of water table on  CH4 
fluxes in terrestrial wetlands
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responses to the water table differed across bogs, marshes, 
fens, and swamps. The estimated maximum  CH4 effluxes were 
the largest in fens (85.9 ± 2.3 mg mg  m−2  d−1), followed by 
bogs (75.0 ± 3.5 mg  m−2  d−1), marshes (65.3 ± 8.9 mg mg  m−2 
 d−1), and the lowest in swamps (16.2 ± 1.2 mg mg  m−2  d−1). 
The optimal water table position for  CH4 effluxes is below the 
ground surface in bogs (− 12.6 ± 0.9 cm), close to the ground 
surface in marshes (− 6.9 ± 11.1 cm) and fens (1.0 ± 4.3 cm), 
and above the ground surface in swamps (17.8 ± 2.7 cm) (Bao 
et al. 2021). This might be the result of heterogeneities in 
vegetation types and soil properties in different wetland types.

High water tables keep oxygen from contacting with wet-
land substrate, thereby maintaining anaerobic conditions. 
Conversely, lower water tables allow oxygen to more readily 
diffuse into the substrate, creating aerobic conditions in the 
substrate (Yang et al. 2013; Gulley et al. 2020). Methanogen-
esis in wetlands is limited to zones under anaerobic condi-
tions, thereby controlled by the water table. It is therefore 
anticipated that  CH4 emission in wetlands is sensitive to the 
hydrologic regime. Lower water tables reduce  CH4 emis-
sions by reducing anaerobic zones and suppressing metha-
nogenesis, at the same time increasing  CH4 oxidation with 
greater availability of oxygen in the overlaying zones above 
the water table (Olefeldt et al. 2017). Indeed, many studies 
have observed that, when the water table drops considerably 
below the substrate surface, the wetlands may change from 
being a source to a sink for methane due to increased methane 
oxidation (Whalen 2005; White et al. 2008; Lai 2009). For 
example, studies focused on methane flux dynamics of the 
Great Dismal Swamp show the peat in this wetland system is a 
methane sink when the water table is below the surface of the 
peat during dry periods. In contrast, when the peat is saturated 
with water, it becomes an important methane source (Happell 
and Chanton 1993; Gutenberg et al. 2019).

The water table also has strong influences on vegetation 
traits (Blodau et al. 2004; Strakova et al. 2012), substrate 
characteristics (Hou et al. 2000a, 2000b; Williams et al. 
2000; Von Arnold et al. 2005) and microbial activity in wet-
lands (Roslev and King 1996; Goodrich et al. 2015; Jerman 
et al. 2017), therefore playing a significant role in the regula-
tion of methane emissions from terrestrial wetlands. Lower-
ing water table by drainage has been reported to enhance soil 
aeration and increase soil temperatures, leading to reduced 
 CH4 emissions (Von Arnold et al. 2005).

Substrate Characteristics

Owing to the dual effects of climate change and human activ-
ities, the hydrological structure of wetland ecosystems has 
suffered severe interference and the water table has changed 
which further leads to changes of the redox conditions in 
wetland soils which further leads to altered SOC content 
and bioavailability in the substrate. SOC content and labile 

fractions in the substrate determine the quality of wetland 
substrates and provides carbon source and electron donors 
for methanogenesis. It has been observed that poor substrate 
quality, such as the prevalence of recalcitrant organic materi-
als, is more likely to lead to low methane emission rates in 
wetlands (Esterle and Ferm, 1994; Couwenberg et al. 2009; 
Yule and Gomez 2009). It is noted that the distribution of 
recalcitrant versus labile carbon fractions of the organic mat-
ter in wetland substrates is an important determinant of the 
rate and magnitude of methane production (Jerman et al., 
2017; Lupascu et al. 2020). Furthermore, the presence and 
distribution of alternative electron acceptors, such as  SO4

2−, 
 Fe3+,  Mn4+,  NO3

− and  NO2
−, in wetland substrate, may 

strongly affect the production and consumption of methane 
via methanogenesis and anaerobic methane oxidation process 
(Noyce and Megonigal 2021; Rush et al. 2021). These alter-
native electron acceptors typically suppress methanogens and 
decrease methane production (Mwagona et al. 2021) while 
enable methane oxidation under anaerobic conditions (Dow-
rick et al. 2006).

Wetlands with higher water table are likely to breed 
more microbes and their activities increased the soil organic 
matter decomposition which led to higher concentrations of 
labile fractions (Wang et al. 2007; Gao et al. 2014a). Soil 
labile organic carbon refers to the part of organic carbon 
that was fast-moving, unstable, easily oxidized, and easily 
mineralizable. It occupies a relatively small proportion of 
the total soil carbon, but is of great significance to green-
house gas emissions and soil carbon availability and quality 
(Huo et al. 2017; Xi et al. 2018). What's more, soil processes 
involving labile organic carbon may strongly control the car-
bon source/sink functions of wetland ecosystems (Jones and 
Willett 2006; Said-Pullicino et al. 2016).

Dissolved organic carbon (DOC) and soil microbial bio-
mass carbon (MBC) are two important parts of soil labile 
organic carbon pool (Huo et  al. 2017; Wickland et  al. 
2018). DOC is the organic carbon extracted using water 
or diluted salt solution and can pass through 0.45 µm fil-
ter, which is more important for biogeochemical processes 
and the ecosystem function. DOC originates from plant 
root exudation and decomposition of litter and soil organic 
matter (Kalbitz et al. 2000). Methanogens in wetlands pre-
dominantly use acetate (acetoclastic), H2/CO2 (hydrog-
enotrophic) and methylated substances as substrates for 
methane production (Bridgham et al. 2013), DOC or fur-
ther fermentation of DOC from root exudates or  plant 
residues can directly provided these methanogens required 
substrates (Ye and Horwath 2017). Therefore the positive 
relationship between DOC concentrations and methane 
emissions is likely due to DOC providing highly bioavail-
able labile substrates for methanogens. MBC presents the 
carbon in the living  soil microorganism whose volume 
is < 5 ×  103 µm3, which plays a fundamental role in soil 
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organic carbon dynamics and is often regarded as a use-
ful indicator for the changes in soil carbon stabilization and 
nutrient dynamics (Liu et al. 2016). Besides that, some other 
researches have divided the labile carbon into water soluble 
organic carbon (WSOC) and light fraction organic carbon 
(LFOC) which were also available C for soil microorgan-
ism reproduction activity and decomposition, most of the 
WSOC and LFOC concentrations were depleted coincident 
with wetland degradation which usually accompanied by 
a drop in water table (McDowell et al. 2004; Zhang et al. 
2007; Fang et al. 2009).

Research on labile organic carbon of estuarine  wet-
lands with different groundwater tables in the Yellow River 
Delta shows that water table and soil water content syner-
gistically affect soil labile organic carbon (MBC and DOC) 
dynamic, the response of labile organic carbon to water con-
ditions varied with different water tables. (Yu et al. 2020). A 
study of differences in soil labile carbon between degraded 
and non-degraded wetlands observed that a significant lin-
ear decrease in the water soluble organic carbon (WSOC) 
and light fraction organic carbon (LFOC) values with the 
water table drops, deeper water table resulted in significantly 
smaller average water soluble organic carbon (WSOC) and 
light fraction organic carbon (LFOC) concentrations. In the 
degraded wetland compared to the non-degraded wetland the 
light fraction organic carbon (LFOC) concentrations signifi-
cantly differed, this was attributed to the difference in water 
table between the degraded and non-degraded wetland. 
(Gao et al. 2014a). Laboratory incubation experiments with 
samples collected from two bogs and a poor fen in north-
ern Minnesota found that increasing DOC concentration 
from 0 to 50% significantly enhanced methane production 
in the surface peat layer (25–50 cm) indicating that DOM 
acts as a primary driver of surface methanogenesis in peat-
lands (Hopple et al. 2019). In addition, several studies have 
found similar radiocarbon ages of methane and DOC in peat 
columns which supports that DOC is an important substrate 
source for methanogenesis in peatland (Charman et al. 1999; 
Wilson et al. 2016). Field observations in boreal peatlands 
also found a positive correlation between DOC concentra-
tions and methane emissions (Pastor et al. 2003). A study of 
DOC dynamics and their relationship to wetland methane 
emissions in a subtropical wetland complex in central China 
shows during floods and high water table conditions, DOC 
concentrations in the surface peat increased significantly. 
The DOC concentrations of the porewater from the depth of 
0–10 cm were higher during July and August (higher water 
table) compared to the other months (lower water table). 
The averaged DOC concentration reached the maximum of 
ca. 40 mg/L in the wet August, meanwhile methane emis-
sions also increased. Their research results suggest that DOC 
concentration in the porewater of surface peat layers have 
affected the flux of methane emission from wetlands. They 

further discussed that when methanogenesis is no longer 
primarily limited by temperature and water table, substrate 
availability, and hence DOC content, may become the limit-
ing factor for methanogenesis (Zhang et al. 2022b). A simi-
lar positive relationship between DOC concentrations and 
methane emissions has also been found in paddy soils (Lu 
et al. 2000; Said-Pullicino et al. 2016; Bertora et al. 2018).

Soil DOC:TN ratio influences nutrient supply of the 
decomposition process of methanogenic microorgan-
isms. (Zhang et al. 2022a). Soil DOC was an active and 
labile chemical component and could be readily utilized by 
microbes in the decomposition process (Yang et al. 2017a), 
but the positive effects of DOC on  CH4 emissions were 
dependent on the status of inorganic N in the soil (Wu et al. 
2017). Methane production depends strongly on the ratio 
oxidizing: reducing capacity of the soil, it can be influenced 
by e.g. addition of sulphate, which inhibits methanogen-
esis. The type and application mode of mineral fertilizers 
may also affect methane emissions. Addition of organic 
matter in the form of compost or straw causes an increase 
of methane emissions, but methane production is lower for 
materials with a low C/N ratio (Bouwman 1991). Many lit-
eratures have proved that C:N ratios affects methane emis-
sions. Some studies shows that  CH4 flux are positively cor-
related with soil C:N ratios (Lv et al. 2018; Wanyama et al. 
2019), while others have found negative correlation (Kato 
et al. 2011;Grasset et al. 2019). A study conducted in Zoige 
alpine wetland, situated on the eastern edge of the Qing-
hai–Tibetan Plateau, Southeast China revealed the range 
effect of C:N ratios on the  CH4 flux and methanogenic and 
methanotrophic abundances. Their research results show that 
the  CH4 flux and methanogenic and methanotrophic abun-
dances maintained the high levels when soil C:N ratio was 
in the range of 11–24 and decreased exponentially with the 
increase of soil DOC:TN ratio, the  CH4 fluxes out of the 
specific C:N ratio range were almost under low soil water 
content conditions, which indicate that the  CH4 flux are 
simultaneously dependent on soil C:N ratios and soil water 
content (Zhang et al. 2022a). The correlation between C:N 
ratios and  CH4 flux was primarily related to either carbon or 
nitrogen limitation, which might affect the carbon supply for 
the microbial activity of  CH4 production (Girkin et al. 2019). 
Under low DOC:TN ratio conditions, DOC was low but may 
not a limiting factor when the N content was high, thus sup-
plying more available N that enhanced the microbial activity 
of litter decomposition (Zhang et al. 2017;Aronson et al. 
2019). Low DOC:TN ratios are typically observed under 
high water table conditions, meanwhile relatively low con-
tent of soil-pore oxygen could be depleted by the enhanced 
microbial activities, and then the consequent anaerobic 
conditions favored the methanogenesis and thus increased 
 CH4 flux (Wang et al. 2017).
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SOC is a universal nutrient source for methanogenesis pre-
senting the balance between the input of organic matter and 
output of the organic carbon losses through many processes 
such as decomposition, leaching and dissolved carbon export 
(Turetsky 2004; Wang et al. 2010b). In order to recover the 
function of the degraded wetlands for carbon storage, recent 
wetland restoration has occurred worldwide by means of 
restoring hydrology and vegetation and limiting overgraz-
ing. Restoration of cultivated land is usually accompanied 
by changes in water table. A study on the response of soil 
organic carbon dynamics to the abandonment of cultivated 
land in Northeast China showed that that the abandonment 
of cultivated wetlands resulted in an increase in SOC and the 
availability of C. The SOC content increased to 31, 44, and 
107 g  kg−1 after these cultivated wetlands were abandoned 
for 1, 6, and 13 years, respectively, as compared to an SOC 
content of 28 g  kg−1 in the soil that had been cultivated on 
for 9 years. The root biomass was the key factor affecting 
SOC concentration according to the observation made during 
the recovery of cultivated soil that was abandoned. LFOC 
was the most sensitive to the changes of organic carbon fol-
lowing the abandonment of cultivated lands in the northeast 
China (Zhang et al. 2007). However, studies have also found 
that SOC values did not differ significantly between the ref-
erence(491.8 g C  kg−1)and the restored wetland(418.5 g C 
 kg−1) (Gao et al. 2014b). Freshwater addition(water table 
rise) enhanced (p < 0.001) the accumulation of SOC in the 
Yellow River Delta, China. The SOC mean concentration was 
5.44 ± 0.57 g/kg for the freshwater treated wetlands(higher 
water table), and 3.45 ± 0.24 g/kg for the reference wetlands 
for the entire 0–40 cm soil depth (Wang et al. 2011). Lower-
ing of the water table e.g. for agricultural use accelerates 
aerobic secondary peat decomposition and processes of 
earthification. Peatlands change from C sinks to C sources. 
Total organic C decreased with increasing human impact and 
intensity of drainage, in contrast, the more recalcitrant frac-
tions increased (Heller and Zeitz 2012).

Wetland Plants

The effects of plants on methane emissions from wetlands 
are multifaceted and complex, directly or indirectly affect-
ing  CH4 production, oxidation and transport to the atmos-
phere from wetlands (Fig. 2).  CH4 fluxes from wetland 
may vary widely under different dominant plant species. 
Research comparing four major swamp types based on data 
compilation of methane fluxes from swamps with different 
dominant plant species in North America: needle-leaved, 
broad-leaved, mixedwood and shrub/thicket swamps shows 
that broad-leaved swamps having the largest  CH4 flux of 
126.8 ± 33.9  mg  CH4  m−2 d −1, whereas needle-leaved 
swamps have the smallest  CH4 flux at 13.5 ± 10.3 mg  CH4 
 m−2 d −1 (Davidson et al. 2022).

Wetland plants provides plant litter and root exudates 
containing labile organic compounds that facilitate metha-
nogenesis (Wang et al. 2010a; Zhai et al. 2013;Turner et al. 
2020). Studies also show that most  CH4 emitted from wet-
lands are generated from recently fixed carbon, which is 
directly linked to existing vegetation (Chanton et al. 1995; 
Strom et al. 2003;Campeau et al. 2017). While the aeren-
chyma of wetland plants transports oxygen to the rhizos-
phere (Joabsson et al. 1999; Kim et al. 2018), it could also 
serve as a low-resistance pathway for  CH4 to be transported 
from the rhizosphere to the atmosphere (Schimel 1995; 
Evans 2004; Iqbal et al. 2021), bypassing overlaying the 
methane oxidizing layer in the wetlands (Schimel 1995; 
Stepniewska et al. 2018).Studies of various wetland types 
support that aerenchyma tissues of wetland plants mediate 
the process of methane emissions to the atmosphere (Purvaja 
et al. 2004; Yu et al. 2013;Maier et al. 2018).

Wetland plants community structure has been shown 
to have an unequal effect on methane emission (Andrews 
et al. 2013; Vanselow-Algan et al. 2015). There are differ-
ences in the composition and quantity of root exudates in 
various plant communities (De Deyn et al. 2008), support-
ing specific rhizosphere microbial communities that utilize 
the exudates as growth substrates, some of which could be 
used for methanogenesis (Haichar et al., 2008;Berendsen 
et al. 2012). Recent research points out that differences in 
plant root structure may also affect methane emissions from 
wetlands (Lin et al. 2021). Root structures such as pneu-
matophores can suppress methane production and stimulate 
methane oxidation by oxygen transport into the root zone.

Recent research has demonstrated that the root zone size 
affects aerenchyma area; therefore root transverse section 
area could be used as an indicator for wetland plant spe-
cies with reduced methane emission via transport through 
the aerenchyma (Kim et al. 2018). In one study, genetically 
engineered rice varieties were generated with less aeren-
chymas, which were shown to emit less methane (Fig. 3) 
(Iqbal et al. 2021), suggesting a promising strategy to control 
methane emission in wetlands through the use of plants with 
low methane emission potential.

Variability in the Response of Methane 
Emissions to the Water Table in Terrestrial 
Wetland

Strong correlation between methane emission and water 
table has been observed in previous studies (Philipp et al. 
2017; Zhu et al. 2018; Griffis et al. 2020; Evans et al. 2021; 
Shahariar et al. 2021); however some studies reported oth-
erwise (Zhao et al. 2020; Luta et al. 2021; Mwagona et al. 
2021; Wang et al. 2021). For example, a study of three wet-
lands in Northeast China showed no significant effect of 
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water table on  CH4 emission (Liu et al. 2015). Some studies 
have only found weak correlations between methane fluxes 
and the water table, with considerable inconsistencies (Cou-
wenberg et al. 2009).

One potential contributor to the observed variability in 
the response of methane emission to water table is the high 
spatial and temporal variability characteristic of field wet-
land sites. It has been further suggested that this variability 
could be attributable to the interactions between the water 
table temperature, vegetation and substrate quality (Mwag-
ona et al. 2021), which requires further examination of the 
existing literature.

Coupling between the Water Table and Temperature

Temperature influences all metabolic reactions, including 
primary production and microbial respiration. Chemical 
kinetics dictate that reaction rates increase with increas-
ing temperature in physiologically relevant ranges. Indeed, 
 CH4 emission flux measured in a wide range of wetland 
ecosystems show temperature correlations, since tempera-
ture affects methanogenesis, methane oxidation and meth-
ane transport simultaneously (Yvon-Durocher et al. 2014). 
Most studies revealed that the emissions of  CH4 from the 
decomposition of organic matter in wetlands increase with 
increasing temperature, which is consistent with kinetics 
predictions (Inglett et al. 2012; Cui et al. 2015; Bansal 
et al. 2016; Zhu et al. 2021). Temperature as a key factor 

for almost all biochemical reactions, directly affecting the 
rate of methanogenesis.

Water table indirectly affects  CH4 fluxes by influenc-
ing soil temperature and the temperature sensitivity of 
methane emission. Study shows that there are differences 
in soil temperature under different water tables, this may 
be due to different water table resulting in different soil 
evapotranspiration rates (Mengistu et al. 2018). Water 
table affects soil temperature and thus methane fluxes. 
A coupled hydrological and biogeochemical model of 
wetland greenhouse gases shows that higher water table 
lead to increased soil temperatures, thereby raise  CH4 
emissions (Grant 2015). Olefeldt et al.'s empirical mod-
els indicate that a 3.5 °C increase at 25 cm soil depth 
when the water table is level with the peat surface leads 
to 85% to 120% increases in methane emissions (Olefeldt 
et al. 2017).

In addition, studies indicate temperature sensitivity of 
methane emission is strongly regulated by the water table 
(Chen et al. 2021). A 2.5-year methane flux study of a 
raised peat bog in New Zealand indicated the relationship 
between temperature and methane flux was regulated by the 
water table. Results from this study show that 100 mm is a 
critical threshold for water table to regulate the temperature 
sensitivity of methane emission. When the water table was 
within 100 mm of the peat surface, a significant correlation 
between methane flux and temperature is established. How-
ever, there is no significant correlation between methane 

Fig. 2  Multifaceted effects of 
plants on methane emissions 
from terrestrial wetlands
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flux and temperature at deeper water tables (Goodrich et al. 
2015), providing insights into potential strategies to control 
methane emission in wetlands when temperature effects are 
important.

Coupling between the Water Table and Wetland 
Plants

Plants plays a key role in controlling methane emissions 
in wetlands (Robroek et al. 2015). However, the impact of 
wetland plants on methane emission has been observed to 
be dependent on the water table. Usually, different water 
table conditions raising varied plant communities in terres-
trial freshwater swamps, and then water table coupled with 
plant species synergistically contribute to  CH4 production, 
oxidation and transport processes.  CH4 emissions from 
wetlands dominated by vascular plants rely more on species 
composition than that dominated by non-vascular plants. 
Wetlands with greater abundance of graminoids (e.g., fens) 
have higher  CH4 emissions than tree-dominated wetlands 
(e.g., swamps) (Bao et al. 2021). Field researchs in Nai-
gombwa wetland, Iganga District, Southeastern Uganda 
shows that  CH4 fluxes (mg C  m− 2  h− 1) were 15.6 ± 1.3, 
14.9 ± 1.2, and 12.1 ± 0.8 from Papyrus communities with 
water table 7.5–31.5 cm, Typha communities with water 
table 7.1–29.1 cm and Phragmites communities with water 
table 1.9-21 cm, respectively (Were et al. 2021).

In general, high water tables result in increased methane 
emissions whereas low water tables reduce methane emis-
sions. However, declining water tables were unexpectedly 
observed to increased  CH4 emissions when associated with 
enhanced root growth of aerenchymous species, such as 
Juncus effusus (Strack et al. 2006;Petersen et al. 2012). It 

is likely that the extensive presence of the aerenchymatous 
pathway in wetlands contributed to the connection between 
the deep anaerobic methanogenic layers and the atmosphere, 
thus bypassing the upper aerobic layers where  CH4 other-
wise would be oxidized (Henneberg et al. 2016; Waldo 
et al. 2019). These studies suggest that the selection of non-
aerenchymous plant species could be a strategy to mitigate 
potential increases in methane emission in wetlands where 
high water tables are desirable.

Research in a tidal freshwater wetland suggest that 
changes in rates of Fe(III) reduction and methanogenesis 
were directly affected by plant mediated processes, plant 
regulation of Fe(III) reduction may be one of the mecha-
nisms by which plants influence the carbon cycling and 
greenhouse gas production in wetlands (Neubauer et al. 
2005). Plants growing in typically anoxic wetland soils 
have the potential to increase the abundance of  NO3

−, 
Fe(III),  SO4

2−, and other electron acceptors by introducing 
 O2 via their roots. They are also a major source of organic 
carbon, a universal electron donor for which heterotrophic 
microbes compete.

Coupling between the Water Table and Substrate 
Characteristics

Water table drawdown in wetlands has been shown to accel-
erate aerobic decomposition of organics in the substrate with 
increases in substrate aeration (Ellis et al. 2009), promoting 
microbial mineralization of organic substrates in wetlands 
and subsequent reduction in the potential of methanogenesis 
(Moore and Dalva 1997;Hribljan et al. 2014; Bragazza et al. 
2016). For example, bacteria and fungi capable of decom-
position of organic matter were shown with greater richness 

Fig. 3  Normal versus limited 
aerenchyma (Iqbal et al. 2021) 
showing limited aerenchyma 
with a smaller root zone size 
and narrower aerenchyma
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under drier conditions in wetlands, again evidence of accel-
erated organic decomposition with lower water tables (Fen-
ner et al. 2005; Barnard et al. 2013; Asemaninejad et al. 
2017; Jassey et al. 2018). Research shows that high water 
table (close to surface) is beneficial to maintain substrate 
lability whereas long-term water table drawdown results in 
degradation of substrate quality with regard to the availabil-
ity of labile organic carbon (Hribljan et al. 2017).

In contrast, high water tables may facilitate methane 
generation in wetlands. In particular, abundance of fresh 
surface litter with high water table was shown to contribute 
to high methane flux in wetlands, as the highest rates of 
methane production were found at surface substrates with 
fresh organic material accumulation and a water table close 
to the wetland surface (Glatzel et al. 2004). Consistent with 
the suggested importance of surface substrates in meth-
ane production in wetlands, it is observed that most of the 
methane fluxes take place in the relatively thin layers near 
the surface of wetlands (Vavrova et al. 2009), highlight-
ing the importance of substrate characteristics in methane 
production.

The water table, an essential determinant of soil-organic-car-
bon dynamics interacts with soil organic carbon. It is not only 
the wetland water tablel that affects the wetland soil organic 
carbon composition dynamics, but in turn the organic carbon 
accumulation also affects the maintenance of the water table. 
Because of the high water-holding capacity of peat and its low 
hydraulic conductivity, accumulation of soil organic carbon 
raises the water table, which lowers decomposition rates of 
soil organic carbon in a positive feedback loop (Ise et al. 2008).

The impact of water table on methane emission 
in wetlands could be complicated by the presence of 
alternative electron acceptors that may suppress micro-
bial methanogenesis. As discussed above, high water 
tables limit oxygenation and promote highly reducing 
conditions conducive to methanogenesis; but with the 
presence of alternative electron acceptors, which ther-
modynamically outcompete methanogenesis, methano-
genesis favored by high water table could be suppressed 
(Sahrawat 2004; Noyce and Megonigal 2021; Rush et al. 
2021). Specifically,  NO3

−, an alternative electron accep-
tor readily generated by microbial nitrification, was 
shown to outcompete methanogenesis when  O2 avail-
ability is low with high water tables (Lozanovska et al. 
2016; Vroom et al. 2018). Other studies have demon-
strated that higher sulfur (S) content in wetland sub-
strate may favor sulfate reduction against methano-
genesis, thus lowering  CH4 emissions (Shannon and 
White 1996;Dowrick et al. 2006). A classic example 
of microbial competition for electron donors occurs in 
river–estuarine systems. Methanogenesis is generally 
negligible at high salinity because  SO4

2− reducers out-
compete methanogens for electron donors (Kelley et al. 
1990). It should be noted that the formation of sulfate 
is strongly affected by the water table (Estop-Aragones 
et al. 2013). For example, sulfate is generally generated 
during water table drawdown, and depleted after a rise 
in water table (Estop-Aragonés et al. 2016).

Microbial respiration is a fundamental process that 
influences the capacity of ecosystems to store soil carbon, 

Fig. 4  WTMS 1—the water table is above the upper surface of the wetland substrate, resulting in complete inundation. a) Without the presence 
of alternative electron acceptors; and b) with the presence of alternative electron acceptors
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Fig. 5  WTMS 2—The water 
table is below the substrate 
surface but above the plant root 
zone

Fig. 6  WTMS 3—Water table 
is below the root zone where 
labile organic carbon is readily 
available
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mineralize nutrients, and produce greenhouse gases. A 
central tenet of microbial ecology is that respiration is 
regulated by supplies of both electron acceptors and 
electron donors, and by competition between microbial 
groups for these resources (Hedin et al. 1998). Thermody-
namic theory dictates that the outcome of microbial com-
petition for substrates depends on the energetic efficiency 
of individual metabolic pathways and therefore suggests 
predictable patterns of microbial activity with changes in 
the abundance of electron acceptors and donors (Megoni-
gal et al. 2004). The energy yield of terminal electron 
accepting processes (TEAPs) for the oxidation of a given 
substrate follows the sequence aerobic > anaerobic respi-
ration: Mn reduction >  NO3

− reduction > Fe(III) reduction 
(FeR) > Sulfate reduction (SR) > Methanogenesis (Hoe-
hler et al. 1998).

Another more important alternative electron acceptor 
is Fe(III), the suppressive effect of Fe(III) reduction on 
 CH4 production in wetland systems has mitigating global 
warming application potential (Roden and Wetzel 1996). 
High reduction rate of Fe(III) can effectively suppress 
methanogenesis (Neubauer et al. 2005). Microbial Fe(III) 
reduction can suppress both  SO4

2− reduction (Kostka et al. 

2002) and methanogenesis (Frenzel et al., 1999), suggesting 
that Fe(III) reduction has the potential to dominate anaerobic 
carbon metabolism in wetland systems.

Seasonal biogeochemical patterns at the brackish 
marsh were affected by water table and iron-sulfur interac-
tions (Neubauer et al. 2005). When the water table rises from 
a lower level to a near-surface state, the peat compaction 
controlled oxygen penetration, solid phase content of reac-
tive iron controlled regeneration of electron acceptors and 
total reduced inorganic sulfur and organic matter content 
controlled the recovery of  CH4 production. High water table 
(flooding) led to accumulation of acetate and  H2, promoted 
 CH4 production and strengthened the co-occurrence of iron 
and sulfate reduction and methanogenesis (Estop-Aragones 
et al. 2013).

Water table fluctuation may result in hydrostatic pres-
sure changes, which may cause lag effects on  CH4 emis-
sions. Olefeldt et al.'s research shows their linear model 
over- and underestimated  CH4 emissions by ~ 25% when 
the water table had raised or dropped by 5 cm over the pre-
ceding 5 days, respectively (Olefeldt et al. 2017). In addi-
tion to this, differential growth rates between methanogens 
and methanotrophs (Segers 1998) and alternative electron 

Fig. 7  WTMS 4—Water table 
is lowered to zones decoupled 
from the aerobic/anaerobic 
boundary
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acceptors suppression effect would also contribute to lag 
effects (Knorr and Blodau 2009; Knorr et al. 2009; Deppe 
et al. 2010a, 2010b).

The coupling effect of the water table and substrate char-
acteristics on methane emission suggests the need of site-
specific surveys of wetland substrates for the development 
of methane emission mitigation strategies.

Critical Zone for Methane Emission in Wetlands

A nonmonotonic (Gaussian) relationship has been pro-
posed between the water table and methane fluxes at the 
ecosystem scale, suggesting that there is a critical zone 
for the water table above and below which methane fluxes 
would decline (Brown et al. 2014). Water table dropping 
below the critical zone for an extended period expected to 
induce significant decreases in methane fluxes. The rela-
tionships between  CH4 fluxes and factors such as water 
table and vegetation would be overruled once the water 
table dropped below the critical threshold for  CH4 release 
(Zhu et al. 2014). For example, rapid and short-lived pre-
cipitation events might have no immediate influence on 
 CH4 emissions, which depends on whether the water table 
fluctuation crosses the critical zoo nor not.

The soil aeration zone, plant root zone, and moisture con-
ditions contribute to the form of the critical zone for meth-
ane emission in wetlands (Zhu et al. 2014). Cluster roots of 
various plants exude large amounts of labile organic carbon 

which could support methanogenesis (Lambers et al. 2012). 
Water table dictates the redox condition of the site-depend-
ent critical zone thereby controlling whether methanogens 
or aerobic bacteria have access to labile organic carbon from 
cluster root exudation and then affecting methane emissions 
(Goodrich et al. 2015). Previous studies have suggested that 
when the water table was below the root zone of vegetation 
which in most cases results in the aerobic zone extended 
beneath the root zone, methanogens no longer had access 
to labile root exudates, and the plant transport flux pathway 
was also cut off (Lai et al. 2014), consequently resulting in 
a significant reduction in methane emissions.

Implications of Water Table on Methane 
Emission for Wetland Management 
and Restoration

Raising the water table or rewetting is a common practice 
for wetland management for climate mitigation, in particu-
lar tore-promote  CO2 sequestration. However, uncertain-
ties with regard to methane emission due to higher water 
tables subsequent to re-wetting, warrant further assess-
ment of the implications of the water table on  CH4 emis-
sions during wetland management and restoration efforts 
(Evans et al. 2021).

Using peatland restoration as examples, rewetting and 
raising the water table have been reported to result in higher 

Fig. 8  Proposed strategy for 
sustainable freshwater wetland 
management and restoration
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 CH4 emissions (Strack and Zuback 2013;Holl et al. 2020). 
In comparison, drainage would significantly reduce  CH4 
emissions to the atmosphere, on average by 84%. Restora-
tion of drained peatlands by raising the water table through 
rewetting was shown to increase  CH4 emission on average 
by 46% compared to pre-management  CH4 fluxes (Abdalla 
et al. 2016). Peatland rewetting has been identified as a cost-
effective measure to curb emission of  CO2, but would re-
establish the emission of methane. In light of the stronger 
impact of  CH4 on global warming as compared with  CO2, 
it may seem imprudent to knowingly create or restore an 
additional source. Wetland restoration projects that convert 
drained land-use types into wetlands will help reduce the 
net emissions of  CO2 due to oxidation of organic matter in 
the converted wetlands. However, higher water tables are 
expected to increase the emissions of methane (Herbst et al. 
2013; Miller 2011; Teh et al. 2011), a GHG with a global 
warming potential (GWP) 28 times greater than  CO2 over 
a 100-year time scale (Forster et al. 2021). Therefore, even 
relatively modest increases in methane emissions could off-
set the benefit of  CO2 sequestration in terms of the net green-
house gas effect. It has been reported that prudent control of 
the water table during wetland management and restoration 
could prevent methane emission to a large extent. In a study 
of restored shrub bogs, non-inundated rewetting in drained/
degraded low-latitude shrub bogs, such as pocosins (Wang 
et al. 2021), was implemented by maintaining the water table 
at least 5 cm below soil surface for about 90% of the year. It 
was demonstrated that  CH4 emission is negligible from these 
shrub bogs. This study suggests that water table control, via 
non-inundated rewetting in this case, could be an effective 
strategy to prevent methane emission from wetland manage-
ment and restoration.

It should be noted that the overall methane budgets of wet-
land ecosystems remain highly uncertain (Bridgham et al. 
2006). Despite a growing interest in wetland restoration for 
carbon sequestration (Maljanen et al. 2010), few studies have 
measured near-continuous  CO2 and  CH4 fluxes from restored 
wetlands (Waddington and Day 2007; Hendriks et al. 2007; 
Miller 2011; Herbst et al. 2013). Further studies are needed 
to systematically monitor the dynamics of GHG emission in 
wetlands with various management and restoration practices.

Comparisons of Methane Emission 
in Wetlands with Contrasting Water Table 
Management Schemes

With the significance of the water table in methane emission 
in wetland ecosystems, the impacts of the water table on 
methane production, oxidation, and transports are illustrated 
and compared in the following four water table management 
schemes (WTMSs).

WTMS 1

When the water table rises above the surface of the substrate 
(Fig. 4), all wetland substrates, including fresh organic car-
bon in the upper layer, would be fully inundated, creating an 
anaerobic environment conducive for methanogenesis with 
limited methane oxidation potential. Under this MTMS, sig-
nificant emission of methane would be expected. If alterna-
tive electron acceptors, such as sulfate and nitrate, are pre-
sent, methanogenesis could be temporarily suppressed until 
the alternative electron acceptor is gradually exhausted, 
resulting in a delayed increase in methane emission. The 
duration of this delay is dependent on site conditions that 
dictate the biogeochemical cycling of the specific alterna-
tive electron acceptors.

WTMS 2

When the water table is below the substrate surface but 
above the plant root zone where labile organic carbon is 
abundant, a strong positive correlation is anticipated between 
the water table and methane emissions (Fig. 5). Within this 
range, lower water table would shrink the anaerobic layer 
within the root zone, limit access of anaerobic microbial 
populations to labile organic carbon, thus reducing metha-
nogenesis and methane production. On the other hand, lower 
water table allows deeper transport of oxygen into the wet-
land substrate, hence greater potential for methane oxidation. 
The combination of reductions in methane production and 
increases in methane oxidation would contribute to declines 
in methane emission with lower water tables. In contrast, 
arise in water table would reverse the above processes and 
lead to higher methane fluxes. WTMS 2 is characterized 
by the strong correlation between the water table and both 
methane production and methane oxidation, providing an 
effective control strategy to mitigate methane emission in 
wetlands where the water table can be manipulated.

WTMS 3

When the water table drops below the root zone (or the 
substrate layer where labile organic carbon is readily 
available), anaerobic conditions required for microbial 
methanogenesis would be limited to zones without ample 
supply of labile organic carbon (Fig. 6). Under this cir-
cumstance, methane production in the anaerobic zone 
would be limited by the availability of substrates, leading 
to significantly reduced rates of methanogenesis. On the 
other hand, the overlaying oxic zone would expand, result-
ing in greater potential for methane oxidation. WTMS 3 
is thus characterized by low rates of methane emission 

Page 17 of 25 120



Wetlands (2022) 42:120

1 3

due to the lack of access to labile organic substrate by 
anaerobic microbial communities that carry out metha-
nogenesis. Since methanogenesis is hindered by limited 
substrate availability while aerobic oxidation capacity is 
maintained in the overlaying oxic zone, the flux of meth-
ane might even become negative which means the wetland 
could become a methane sink (Goodrich et al. 2015).

WTMS 4

Lowering the water table further would eventually lead to 
the decoupling of the water table from the aerobic/anaero-
bic boundary in wetlands (Fig. 7). The specific depth that 
the decoupling may occur is related to the physical proper-
ties of the wetland substrate. Once the water table is low 
enough to be decoupled from the aerobic/anaerobic bound-
ary, the continuing drop of the water table will no longer 
cause changes in the aerobic and anaerobic layers. Thus, the 
methane flux is likely no longer affected by the water table 
under WTMS 4.

Implications for Wetland Management 
and Restoration from the Perspective 
of Controlling Methane Emissions

With the urgency to mitigate climate change, wetlands as 
one of largest natural sources of methane emission have 
been important targets for GHG mitigation. It is an sen-
sible choice to develop responsible hydrological manage-
ment strategy for wetland restoration to reduce greenhouse 
gas emissions, while making a vital contribution to global 
climate change mitigation. Wetland agriculture strategies 
are required to adapt crops to the wetland characters, and 
balance GHG mitigation against productivity (Freeman 
et al. 2022). However, outcomes of wetlands management 
and restoration efforts are uncertain with regard to meth-
ane emission. Building on the understanding of processes 
that influence methane emission in wetlands, particularly 
the water table, we envision strategies to minimize emis-
sion of  CH4 from terrestrial freshwater wetlands while 
retaining a certain carbon sequestration function, at the 
same time providing desirable ecological services.

Specifically, it is necessary to conduct preliminary inves-
tigations of the target wetland before implementing man-
agement and restoration practices. Based on current under-
standing of methane production, oxidation, and transport in 
wetland ecosystems, the following wetland characteristics 
are recommended for the preliminary investigation: substrate 
quality, depth profile of labile organic carbon, occurrence 
and distribution of alternative electron acceptors, composi-
tion of vegetation, and root zone profiles.

Given the importance of the water table in modulating 
methane emission in wetlands (Figs.4, 5, 6 and 7), con-
trolling the water table is an effective and implementa-
ble strategy to mitigate methane emission. WTMS 2 is 
recommended with the capacity to both reduce methane 
production and enhance methane oxidation, maximizing 
methane mitigation potential (Fig. 8). Additional advan-
tages of WTMS 2 include the ability to support normal 
plant growth in the wetland by maintaining the water 
table above the root zone, thus preserving the ecologi-
cal functions of healthy vegetation in wetlands. Given 
the significance of methane transport via aerenchyma, 
it is recommended that, if the selection of plant variety 
is practically permissible, wetland plants with limited 
aerenchymous tissues should be favored to minimize 
methane emission via aerenchymous transport. Other 
recommendations for wetland management include the 
harvesting of readily biodegradable biomass to reduce 
the input of labile carbon into the critical zone of meth-
ane production. It should be cautioned that these rec-
ommendations are based on current understanding of 
processes underlying methane emission in freshwater 
wetland ecosystems, where considerable uncertainties 
remain. With progress being made in the monitoring 
and modeling of biogeochemical cycling of carbon and 
nutrients in various types of wetlands, recommendations 
for strategies and practices to mitigate methane emission 
in wetlands need to be revisited periodically.
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