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e Background According to the Intergovernmental Panel on Climate Change (IPCC) 2007, natural wetlands con-
tribute 20—39 % to the global emission of methane. The range in the estimated percentage of the contribution of
these systems to the total release of this greenhouse gas is large due to differences in the nature of the emitting
vegetation including the soil microbiota that interfere with the production and consumption of methane.

e Scope Methane is a dominant end-product of anaerobic mineralization processes. When all electron acceptors
except carbon dioxide are used by the microbial community, methanogenesis is the ultimate pathway to miner-
alize organic carbon compounds. Emergent wetland plants play an important role in the emission of methane to
the atmosphere. They produce the carbon necessary for the production of methane, but also facilitate the release
of methane by the possession of a system of interconnected internal gas lacunas. Aquatic macrophytes are com-
monly adapted to oxygen-limited conditions as they prevail in flooded or waterlogged soils. By this system,
oxygen is transported to the underground parts of the plants. Part of the oxygen transported downwards is
released in the root zone, where it sustains a number of beneficial oxidation processes. Through the pores
from which oxygen escapes from the plant into the root zone, methane can enter the plant aerenchyma system
and subsequently be emitted into the atmosphere. Part of the oxygen released into the root zone can be used
to oxidize methane before it enters the atmosphere. However, the oxygen can also be used to regenerate alterna-
tive electron acceptors. The continuous supply of alternative electron acceptors will diminish the role of metha-
nogenesis in the anaerobic mineralization processes in the root zone and therefore repress the production and
emission of methane. The role of alternative element cycles in the inhibition of methanogenesis is discussed.
e Conclusions The role of the nitrogen cycle in repression of methane production is probably low. In contrast to
wetlands particularly created for the purification of nitrogen-rich waste waters, concentrations of inorganic nitro-
gen compounds are low in the root zones in the growing season due to the nitrogen-consuming behaviour of the
plant. Therefore, nitrate hardly competes with other electron acceptors for reduced organic compounds, and
repression of methane oxidation by the presence of higher levels of ammonium will not be the case. The role
of the iron cycle is likely to be important with respect to the repression of methane production and oxidation.
Iron-reducing and iron-oxidizing bacteria are ubiquitous in the rhizosphere of wetland plants. The cycling of
iron will be largely dependent on the size of the oxygen release in the root zone, which is likely to be different
between different wetland plant species. The role of the sulfur cycle in repression of methane production is
important in marine, sulfate-rich ecosystems, but might also play a role in freshwater systems where sufficient
sulfate is available. Sulfate-reducing bacteria are omnipresent in freshwater ecosystems, but do not always
react immediately to the supply of fresh sulfate. Hence, their role in the repression of methanogenesis is still
to be proven in freshwater marshes.

Key words: Methane emission, methane oxidation, wetlands, emergent macrophytes, nitrogen cycling, sulfur
cycling, iron cycling.

INTRODUCTION

According to the 2007 report of the Intergovernmental Panel
on Climate Change (IPCC; Denman et al., 2007), natural wet-
lands emit yearly 100—231 Tg of methane to the atmosphere,
which represents 20—39 % of global methane emission. For
natural wetlands especially, a large variation in emission
data is presented by the Panel. Most of the data collected by
IPCC 2007 are based on a top-down approach, in which
inverse modelling is used that relies on spatially distributed,
temporally continuous observations of methane concentrations
in the atmosphere. In such an approach it is difficult to account
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for different concentrations of methane emitted by distinctive
plant types on a local or regional scale.

Ding et al. (2004d) determined the annual methane emis-
sion rates for different wetland ecosystems in China. They
identified four different wetland types, i.e. peatland (approx.
42000 km?%; 45% of the total wetland area), freshwater
marsh (approx. 25000 kmz; 26 %), salt marsh (approx.
24 000 km*; 26 %) and mangrove swamp (approx. 2500 km?;
3%). In 2001 and 2002, the peatlands and freshwater
marshes contributed 33-4 and 65-6 %, respectively, to the
total methane emission from Chinese wetlands. The estimated
total contributions of mangrove swamps and salt marshes was
only 0-1 and 0 %, respectively. Hence freshwater wetlands
were most important, while the methane emission from the
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salt marshes and mangrove swamps was negligible, at least
based on area. It should however be noted that the negligibility
of mangrove swamps with respect to methane emission is
based on the total area occupied by mangrove trees. Purvaja
et al. (2004) determined annual methane fluxes by vegetation
of the mangrove tree Avicennia marina, which were compar-
able with emissions measured from freshwater wetlands on a
square metre basis. Compared with other coastal wetland eco-
systems in the state of Tamil Nadu in south-eastern India, the
yearly methane flux from mangroves is not negligible (Purvaja
and Ramesh, 2001).

In a study on the role of vegetated littoral area in the efflux
of methane in an extensive southern boreal landscape of
1600 km? in Finland, Bergstrom et al. (2007) estimated the
total methane emission by the different vegetation types
during the growing season. The natural open ombrogenous
bogs and minerogenous fens in the study region covered a
2-5-fold larger area than the littoral zones with emergent
macrophytes, but their emissions were estimated to be only
78 % of the emissions by Phragmites australis and
Equisetum fluviatile, the two most dominant species of all
zone-forming macrophytes. The zone-forming floating-leaved
species Nuphar lutea, Potamogeton natans and Sparganium
spp. covered 44 % of all vegetated littoral areas, but their con-
tribution to the efflux of methane was approximated to be 2 %
of the dominant emergent macrophytes, indicating that the
zone with emergent macrophytes was the most important
natural source of methane in this wetland area (Fig. 1).

Also based on area, emergent macrophytes were by far the
most important emitters of methane in a typical alpine
wetland on the Qinghai-Tibetan Plateau, China, during the
growing season of the plants (Hirota et al., 2004; Duan
et al, 2005). Although the submerged plant species
Potamogeton pectinatus covered approx. 74 % of the total
wetland area, the methane emission from this underwater veg-
etation type was only 0,5, 09 and 92% of the values
measured for less extensive zones with the emergent wetland
plants Hippuris vulgaris, Carex allivescers and Scirpus
distigmatus, respectively, again all based on area.
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The supremacy of emergent macrophytes compared with
floating-leaved or submerged plant species with respect to
methane emission was also observed in a study on methane
fluxes from wetlands in an arid lake area in western China
by Duan er al. (2005). Although the differences in methane
emission rates were affected by season, the zones of emergent
vegetation (i.e. P. australis, Typha latifolia and Scirpus acutus)
always emitted more methane than the zones with the sub-
merged P. pectinatus. It has been suggested that methane
emitted into the water phase by submerged species such as
P. pectinatus may be oxidized by communities of epiphytic
methane-oxidizing bacteria (Heilman and Carlton, 2001).
Since surface waters are normally oxic, as much as 90 % of
the emitted methane can be oxidized before reaching the
atmosphere (King, 1990).

Hence it is clear that emergent macrophytes are superior
over floating-leaved and submerged macrophytes with
respect to methane emission. This superiority has to do with
their continuous access to the atmosphere in combination
with their morphological adaptations to a life under partly
oxygen-limited conditions.

Compared with the 20-39 % of the global methane flux
emitted by natural wetlands, rice or paddy fields also contrib-
ute considerably to the annual methane emission. According to
the IPCC (Denman et al., 2007), rice fields emit yearly 54—
112 Tg of methane to the atmosphere, which is on average
almost 50 % of the methane emission by natural wetlands.
Many studies have been performed in paddy fields in relation
to methane emission as well as to the production and oxidation
by the micro-organisms in the root zones. With respect to this
topic, the reader is referred to the recent review by Conrad
(2007).

FACILITATED METHANE EMISSION
BY EMERGENT PLANT SPECIES

Like most aquatic macrophytes, emergent wetland plants are
adapted to a life in an oxygen-limited environment such as
flooded soils. They possess an internal system for gas transport

Phragmites
australis

Equisetum
fluviatile

Nuphar lutea

Potamogeton Sparganium
natans spp.

Vegetation zone

Fic. 1. Estimated total seasonal methane emission by different vegetation zones in a southern boreal landscape in Finland (calculated after Bergstrom et al.,
2007).
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to provide their underground parts with oxygen. Sorrell and
Boon (1994) investigated the importance of lacunar gas trans-
port for the release of methane from a zone with Eleocharis
sphacelata in a freshwater wetland in south-eastern Australia.
The measured rates of methane efflux from the E. sphacelata
site represented 1—15 times the rate of methane release by
ebullition of methane bubbles from the non-vegetated sedi-
ment. The interstitial methane concentration in sediments
from the E. sphacelata zone was approx. 0-6 times that of adja-
cent non-vegetated sediment, highlighting the role of
E. sphacelata in accelerating methane release from sediments.

Van der Nat and Middelburg (1998a) studied the effects of
two common macrophytes on methane dynamics in exper-
imental wetlands containing freshwater sediments. During
the growing season, methane fluxes in the S. lacustris and
P. australis systems were dominantly (i.e. >90 %) plant
mediated, but ebullition was also significant in the
P. australis system before and after the growing season.
Methane fluxes in the P. australis and non-plant systems
were rather similar and higher than those in the S. lacustris
system. Methane was also almost exclusively emitted by plant-
mediated transport in outdoor experimental wetlands vegetated
with mature P. australis or S. lacustris, whereas in non-
vegetated wetlands with otherwise identical sediment,
methane was emitted almost exclusively by ebullition (Van
der Nat et al., 1998). In their study on the effect of the pres-
ence of P. australis on methane emission, Griinfeld and Brix
(1999) observed a reduction of 62 % in the emission of
methane after cutting of the plants. The same treatment with
shoots of the cotton sedge Eriophorum vaginatum reduced
the release of methane by 56 % compared with that of plots
with intact plants (Greenup et al., 2000).
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Ding and co-workers established in a series of experiments
the contribution of the emergent plant species Carex
lasiocarpa, Carex meyeriana and Deyeuxia angustifolia to
the total methane emission from vegetated zones in freshwater
marshes of the Sanjiang Plain in north-eastern China. Standing
water depth governed the distribution of these plant species,
with D. angustifolia in the shallowest water, C. lasiocarpa in
the deepest water and C. meyeriana in between. The
amounts of biomass produced by these species were not sig-
nificantly different (Ding et al., 2003, 2005), but the amount
of methane released from the vegetation was significantly
higher in the zone with C. lasiocarpa than in the zone with
D. angustifolia (Ding et al., 2003, 2004b). The amount of
methane emitted from the zone with C. meyeriana was in
between the quantities produced by the zones with the other
two plant species. Clipping of the shoots below the water
surface led to decreases in the amounts of emitted methane
of 72, 86 and 31 % for C. lasiocarpa, C. meyeriana and
D. angustifolia, respectively (Fig. 2A). The differences as
observed for the effect of clipping below the water surface
on methane emission between the three species indicate
differences in the supply of methane or dissimilarities in gas
flow capacities between the plant species. The flow of
methane through the stem was indeed significantly higher in
both Carex species compared with D. angustifolia, with the
highest flows through C. meyeriana (Ding et al., 2003,
2005). Congruent with the observed differences in gas flow
capacities are the measured pore water concentrations of
methane, which were significantly lower at the zone with
C. meyeriana compared with the zone with C. lasiocarpa
(Fig. 2C). The lower gas flow-through rate in C. lasiocarpa
compared with C. meyeriana, however, was compensated by
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Fi1G. 2. Methane emission rates (A, B) and soil methane concentration (B, D) measured at different vegetation zones on the Sanjiang plain, China. Open bars
indicate direct measurements; black bars represent data collected after clipping the plant shoots below (A, B) or above (C, D) the water surface (calculated after
Ding et al., 2005).
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the significantly higher stem density produced by the first
wetland species, leading to non-significant differences in
methane emission rates between these two Carex species
(Ding et al., 2005).

In a study by Duan et al. (2005), where methane emission
rates had been measured in different zones of emergent
wetland plants, lower emission rates were observed in the
zones with S. acutus compared with the zones with
P. australis and T. latifolia. The difference was also explained
by differences in the mechanism of internal gas transport. In
contrast, the relatively low efflux rates of methane observed
by Hirota et al. (2004) with the emergent S. distigmatus in
comparison with H. vulgaris and C. allivescers was explained
by the shallower habitat of the Scirpus species with more oxi-
dized sediments in the root and rhizome layers than in the
other vegetated zones.

In a study by Holzapfel-Pschon et al. (1986) it appeared that
the methane emission rates in the vegetation with weeds were
one order of magnitude larger than in the zone with T. latifolia.
The vegetation with weed plants consisted of different, mainly
monocotyl, species, e.g. Echinogloa crus-galli, Cyperus iria,
Scirpus mucronatus and Alisma plantago. The inhibition of
methane release by cutting the shoots below the water
surface was also more pronounced in the zones with weeds.

In a study by Griinfeld and Brix (1999) on the effect of the
water table on methane emissions in the presence of
P. australis, the water table also affected significantly the
efflux of methane. Lowering the water table 22 cm below the
surface decreased the efflux by 60 %. Surprisingly, lowering
of the water table to only 8 cm below the surface did not
affect the emission rate compared with inundated soils. This
was explained by the capillary forces of the organic sediment
active under intermediately drained conditions.

GAS TRANSPORT WITHIN EMERGENT
MACROPHYTES

In contrast to submerged macrophytes, which meet their
below-ground oxygen requirements from photosynthesis in
the shoot (Sorrell and Dromgoole, 1987; Pedersen et al.,
2004, 2006; Sand-Jensen et al., 2005), emergent macrophytes
have an additional source of oxygen in the atmosphere. Most
vascular macrophytes rooting in oxygen-limited soils have
developed a lacunar system of intercellular airspaces that
supply the roots with oxygen to enable the continuation of
aerobic metabolic processes in an otherwise reduced environ-
ment e.g. (Armstrong, 1979, 1982; Bendix et al., 1994;
Tornbjerg et al., 1994). Consumption of oxygen in the under-
ground parts of the plants leads to a diffusion flow of this gas
from the shoots to the roots and rhizomes, whereas the meta-
bolically produced carbon dioxide follows the opposite route
of diffusion (Armstrong, 1979; Brix, 1988, 1989). In a
number of emergent plant species, as well as in some
floating-leaved species, this diffusive gas flow might become
intensified by humidity- and Venturi-induced convection
flows (Dacey, 1980; Armstrong and Armstrong, 1990, 1991;
Armstrong et al., 1992). Since oxygen concentrations in the
rhizome of a species such as P. australis never exceed the con-
centration in the atmosphere, it is unlikely that photosynthesis
plays more than a minor role in the convection process
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(Armstrong and Armstrong, 1990; Armstrong et al., 1992).
Humidity-induced convection is mainly induced in the light
and is dependent upon the continued existence of a difference
in humidity between the drier air outside the plant and the
humid gases in the plant’s aeration system. Oxygen diffuses
in the light through the open stomata of living leaves and
culms, and is then vented to the atmosphere via old, persistent,
dead culms of previous years, especially those which have
been damaged and have a lower resistance to through-flow
(W. Armstrong et al., 1996). In other plants inflows and out-
flows of gases occur principally via the living shoots or
leaves (Brix et al., 1992; Sorrell and Boon, 1994; Tornbjerg
et al., 1994). Humidity-induced convection, which can occur
under isothermal conditions and with a negative temperature
differential between inside and outside of the plant, has been
demonstrated in a number of emergent wetland species, i.e.
Baumea articulate, Cyperus involucratus, E. sphacelata,
Juncus ingens, P. australis, Schoenoplectus validus, Typha
angustifolia, Typha domingensis, T. latifolia and Typha
orientalis (Armstrong and Armstrong, 1990, 1991; Brix
et al., 1992; Bendix et al., 1994; Sorrell and Boon, 1994,
Tornbjerg et al., 1994). Convective flows have never been
found so far in the well-known emergent wetland species
Glyceria maxima (Vretare Strand, 2002).

In P. australis, Venturi-induced convection is initiated by
wind blowing across the tops of tall dead culms, this being
especially effective where the tops have been snapped off
(J. Armstrong et al., 1992, 1996). The wind creates suction,
which draws gases from these culms and the rhizome
system. These sucked-up gases are then replaced by air enter-
ing the rhizomes via the stubble which is sheltered from wind
flow. Venturi-induced flows will be influenced by resistance in
the reed bed. As stated by Armstrong and co-workers
(J. Armstrong et al., 1996), Venturi-induced convection
could be particularly important in the winter, in wet and
humid conditions and during the night in the growing
season, when humidity-induced convection is slow or absent.
The superior aerating effects of convective flows as opposed
to diffusive ventilation within the plant and their influence
on the rhizosphere have been demonstrated experimentally
and by mathematical modelling (J. Armstrong et al., 1992,
1996). As suggested by Armstrong et al. (1992), the raising
of the rhizome oxygen concentration by convection could
also be important for the spread of P. australis since the
growing root tips do not lie on the through-flow path and,
being blind branches of the gas space system unless they
become emergent, they will rely on the diffusive gas exchange
with the nearest junction on the path.

The size of internal pressurization and convective gas flows
is different among the different emergent plant species. In a
comparison made by Brix and colleagues among 14 emergent
wetland species from south-eastern Australia, P. australis,
T. domingensis and T. orientalis were superior over succes-
sively J. ingens, E. sphacelata, C. involucratus, B. articulate
and S. validus, while a species such as Bolboschoenus
mediatus did not show a convective gas flow at all (Brix
et al., 1992). In a study on two cattail species, the ventilation
capacity of T. angustifolia turned out to be about twice as high
as that of T. latifolia under the same environmental conditions,
indicating that root aeration of the former may be more
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efficient (Bendix er al., 1994). Sorrell and Brix (2003)
measured relatively high values of internal pressurization and
convective flows in P. australis and T. orientalis in comparison
with B. articulate. Wetland species with a high potential for
internal pressurization and a low resistance to convective
flow may have competitive advantage over species relying
exclusively on diffusive gas transport, allowing them to venti-
late their underground tissues and grow in deeper waters (Brix
et al., 1992; Sorrell et al., 2000; Vretare Strand and Weisner,
2002). However, two species with low or non-detectable flow
rates (Schoenoplectus lacustris and E. fluviatile, respectively)
were found unexpectedly in deep water (Vretare Strand,
2002). Thus, pressurized ventilation is not a prerequisite for
growth in deep water.

A special situation is encountered with mangrove trees,
which rely on the oxidation of their root zone by the so-called
pneumatophores. These aerenchyma-containing air roots
connect the below-ground parts of the plant with the atmos-
phere and hence also facilitate the efflux of methane from
the vegetation. In vegetation of the mangrove tree A. marina,
Purvaja et al. (2004) observed a control of methane emission
by the water level, which operated via the pneumatophores.
In a tidal area this will create diurnal variations in emission
rates, but also a strong seasonal variation in methane emission
was observed that could largely be attributed to the seasonal
changes in the number of pneumatophores.

METHANE OXIDATION IN THE RHIZOSPHERE

Not all oxygen transported by the plant is kept within the
underground systems of roots and rhizomes. A substantial
part is released to the rhizosphere. There is evidence that the
release of oxygen to the rhizosphere offers protection against
phytotoxins that are commonly found in reduced, waterlogged
soils, such as sulfides, reduced iron and manganese, as well as
volatile fatty acids (Mendelssohn and Postek, 1982; Lee, 1999;
Pedersen et al., 2004). Conversion of these toxic compounds to
less toxic forms is mediated by the activity of aerobic micro-
organisms or by chemical oxidations in the oxidized
rhizosphere.

In wetland plants, oxygen loss to the rhizosphere is typically
highest in the apical, elongating regions of the roots and declines
basipetally (Conlin and Crowder, 1989; Armstrong et al., 2000).
As measured by methylene blue oxidation, oxygen release from
underground parts of P. australis was most rapid from young
adventitious and secondary roots and particularly from basal
tufts of fine laterals (Armstrong and Armstrong, 1988). Radial
oxygen loss is often undetectable further than a few centimetres
behind the root tip (Armstrong and Armstrong, 1988, 1990;
Armstrong et al., 2000). For the vertical and horizontal rhi-
zomes of P. australis, Carex rostrata and G. maxima, it has
been suggested that oxygen diffuses from the stomata of
abaxial-exposed surfaces of scale leaves, from spaces between
scale leaves and via apical pores or buds (Armstrong et al.,
2006). However, differences with respect to phyllosphere
redox potentials were reported for these macrophytes. Carex
rostrata was less able than the other two species to maintain a
positive redox potential after the transfer of the plants to a nitro-
gen atmosphere.
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A part of the oxygen released into the rhizosphere will be
consumed by methane-oxidizing bacteria. For example,
methane reservoirs in non-planted controls of experimental wet-
lands were much larger than in the vegetated systems, and
maximum concentrations were reached at more shallow depths
in the absence of plants (Van der Nat and Middelburg, 1998a).
Methane consumption by methane-oxidizing bacteria had appar-
ently decreased the amount of methane that could potentially be
emitted by the vegetation. The relative importance of oxygen for
root-associated methane oxidation was also examined by using
sediment-free, intact freshwater marsh plants (Pontederia
cordata and Sparganium eurycarpum) incubated in split
chambers (Calhoun and King, 1997). When the root medium
was oxic, methane oxidation accounted for 88 and 63 % of the
total methane depletion for S. eurycarpum and P. cordata,
respectively (Table 1). Under suboxic conditions, methane oxi-
dation was not detectable for S. eurycarpum but still accounted
for 68 % of total methane depletion for P. cordata. The differ-
ences between plant species were consistent with their relative
ability to oxygenate their rhizospheres. During suboxic incu-
bation, dissolved oxygen decreased by 19 % in S. eurycarpum
chambers but increased by 232 % for P. cordata. An in situ
comparison also revealed greater methane-oxidizing activity for
P. cordata than for S. eurycarpum.

Weeds did not stimulate the rates of methanogenesis in
laboratory experiments with plants on submerged soil
(Holzapfel-Pschorn et al., 1986). The lack of stimulation by
the weed plants may have been due to their lacking root exu-
dates, but more probably it was due to inhibition of methano-
genesis by oxygen transport into the rhizosphere. The latter
assumption is supported by the relatively high redox potentials
observed in weed-vegetated soil and by the relatively strong
stimulation of methane emission after incubation of weed
plants under a nitrogen atmosphere. Addition of 5 % acetylene,
an inhibitor of methane-oxidizing bacteria, to an oxic atmos-
phere increased the methane emission by the weeds 4-fold,
but pre-incubation for 1 d under an atmosphere of nitrogen
stimulated the methane emission rate 25-fold (Table 1).

Treatment with acetylene also yielded higher methane emis-
sion rates in zones with sedge vegetations of C. lasiocarpa and
C. meyeriana (Ding et al., 2004c). Covering the plant shoots
with a black cloth for 72 h led to an increase in methane emis-
sion in zones with C. lasiocarpa, C. meyeriana and
D. angustifolia. Increases were comparable between both
Carex species (Ding et al., 2004c). However, sites with
C. lasiocarpa showed a more pronounced increase than sites
with D. angustifolia (Ding et al., 2004a). The results of dar-
kening and acetylene treatments indicate the repression of
methane oxidation, leading to more emission. In a seasonal
study of the effects of water table fluctuations and anoxia on
methane emission and oxidation, aerobic methane oxidation
rates varied between 15 and 76 % of the potential diffusive
methane flux (Roslev and King, 1996). On an annual basis,
approx. 43 % of the methane diffusing into the oxic zone
was oxidized before reaching the atmosphere (Table 1).
Although methane emission was generally not observed
during the winter, stems of soft rush (Juncus effusus)
emitted methane when the marsh was ice covered.

In an effort to determine the amount of methane oxidation in
the root zones of P. australis and S. lacustris, Van der Nat and
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TABLE 1. Percentages of methane oxidized in the wetland vegetation before entering the atmosphere

Percentage

Vegetation oxidized Method Reference

Carex rostrata 20-40% 'C-labelled acetate in monoliths Strom et al. (2005)

Equisetum fluviatile 40 Darkened/nitrogen atmosphere Kankaala and Bergstrom (2004)

Eriophorum vaginatum 0" Changes in methane concentration in bottles containing different Frenzel and Rudolf (1998)

plant parts

Eriophorum vaginatum =90 14C-labelled acetate in monoliths Strém et al. (2005)

Juncus effusus >90* 14C-labelled acetate in monoliths Strém et al. (2005)

Phragmites australis 16 Methylfluoride/nitrogen atmosphere Van der Nat and Middelburg
(1998b)

Pontederia cordata 63 Soil-free, split chambers Calhoun and King (1997)

Scirpus lacustris 35 Methylfluoride/nitrogen atmosphere Van der Nat and Middelburg
(1998b)

Sparganium eurycarpum 88 Soil-free, split chambers Calhoun and King (1997)

Mixed freshwater 43* Nitrogen atmosphere Roslev and King (1996)

vegetation

Mixed weeds 95 Acetylene inhibition/nitrogen atmosphere Holzapfel-Pschorn et al. (1986)

* In the root zone.
" In the presence of isolated below-ground plant parts.
* Annual average; range 15-76 %.

Middelburg (1998b) applied gaseous methylfluoride overnight
to closed systems in large indoor experimental wetlands vege-
tated with one of these emergent wetland plants. The inhibitor
of methane oxidation was transported to the root system by the
aerenchyma of the plants themselves. For comparison nitrogen
gas was also applied in parallel to closed systems containing
plants and sediments. Both methods gave the same amount
of inhibition. A significant difference between the plant
species was observed with respect to methane oxidation
rates. Notwithstanding the various studies that have reported
on the effects of light on rhizospheric oxygen concentrations,
through its control of photosynthetic activity and oxygen trans-
port (Armstrong and Armstrong, 1991), light or dark con-
ditions had no significant effect on rhizospheric methane
oxidation in the study by Van der Nat and Middelburg
(1998b). When averaged over the growing season, methane
oxidation in the rhizosphere of S. lacustris and P. australis
reduced the potential methane efflux from the vegetation by
347 and 16-1 %, respectively (Table 1). The highest
methane oxidation rates were noted early in the plant growth
cycle, with >55 % of the generated methane being oxidized
in the S. lacustris system. Methane oxidation rates were
lowest after plants matured. During the active growth phase
of E. fluviatile the proportion of methane oxidized in the rhizo-
sphere was observed to be 40+ 10% (Kankaala and
Bergstrom, 2004), which is comparable with the amounts
measured by Van der Nat and Middelburg (1998b) with
S. lacustris, but higher than in P. australis (Table 1).
Clipping the shoots of emergent wetland plants just above
the water surface will interrupt the plant-mediated flows of
oxygen and methane; especially so when internal gas flows
are governed by humidity- or Venturi-induced convection.
Diffusive gas flows will largely be maintained after clipping
just above the water level. Clipping the shoots of
C. lasiocarpa, C. meyeriana and D. angustifolia, which do
not employ convective gas flows, increased the emission rate
of methane (Ding et al., 2005). For C. lasiocarpa this increase
was even significant at the level of 5 % (Fig. 2B). Also with

C. lasiocarpa, the pore water methane concentrations as well
as the amounts of total soil methane increased after clipping
of the shoot above the water surface (Fig. 2D). It has been con-
cluded by Ding and co-workers (2005) that in the case of
C. lasiocarpa, the contribution of the plant to methane oxi-
dation was apparently larger than its role in the production
of this gas. For the other two species in the study, i.e.
C. meyeriana and D. angustifolia, the contribution of the
plants to the oxidation of methane in the root zone was less
pronounced.

Clipping of the shoots of E. vaginatum above the water
surface also increased the efflux of methane from a
Sphagnum-dominated ombrotrophic peatland at Roudsea
Moss, UK (Greenup et al., 2000). Like the sedges mentioned
in the last paragraph, E. vaginatum does not use convective
gas flows. Eriophorum vaginatum apparently contributed
more to the oxidation of methane in its root zone than to its
production, however, at a lower level than observed with
C. lasiocarpa in the study of Ding et al. (2005).

The mire plant E. vaginatum shows strong point sources of
methane in arctic tundra (e.g. Christensen, 1993; Schimel,
1995). Frenzel and Rudolph (1998) observed no methane oxi-
dation associated with different below-ground parts of this
plant species or of Eriophorum angustifolia from a bog in
southern Estonia. These authors suggested that allelopathic
compounds such as plant-derived monoterpenes and soil-borne
phenolic substances may be important in the repression of
methane-oxidizing bacteria. With E. vaginatum from a peat-
forming wetland in southern Sweden, Strom et al. (2005)
observed an almost complete recaPturing of 'C-labelled
carbon dioxide after application of [ *Clacetate to monoliths
dominated by this plant. It is not clear from this labelling
experiment whether acetate is directly oxidized to carbon
dioxide by aerobic bacteria or whether aceticlastic methano-
gens split the acetate in carbon dioxide and methane, which
was subsequently oxidized to carbon dioxide by
methane-oxidizing bacteria. Hines et al. (2001) demonstrated
that methanogens in northern wetlands generally do not
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consume acetate. However, labelling experiments with peat
monoliths containing vascular plants from the Zackenberg
valley in north-eastern Greenland suggested acetate to be of
importance to the methanogens (Strom ef al., 2003). In the lab-
elling experiments of Strom et al. (2005), J. effusus behaved
similarly to E. vaginatum, i.e. almost complete recapturing
of ["C]carbon dioxide, but monoliths dominated by
C. rostrata showed a substantial production of '*C-labelled
methane, which must be due to the activity of aceticlastic
methanogens. Hence, the fate of acetate and also of methane
is not clear in northern wetlands, but again it was demonstrated
that plant species composition may have dramatic effects on
ecosystem functioning.

EMERGENT MACROPHYTES AS SUPPLIERS
OF CARBON

In addition to the governing role of emergent wetland plants in
the emission of methane by their aerenchyma system as well as
in the oxidation of a part of the methane in the root zone by the
release of oxygen, these macrophytes also contribute to the
production of methane by the production of organic carbon.
Whereas studies related to paddy fields showed that substrates
derived from living plants may contribute up to 90 % of the
total methane emission (cited by Ding et al., 2005),
Megonigal et al. (1996) and Juutinen et al. (2003) found
that recent products of photosynthesis of wetland plants
made a very limited contribution to methane production, and
labile organic carbon for methane production was mainly
derived from plant litter (Ding et al., 2002). In pot experiments
with E. vaginatum labelled with [14C]carbon dioxide, only a
minor fraction (0-2 %) was incorporated in exudates (Saarnio
et al., 2004). New carbon was primarily fixed in the metaboli-
cally important carbohydrates as well as acid anions that com-
prised the main compounds of fresh exudates, but microbes
seemed to metabolize the exudates rapidly into other sub-
stances such as acetate, which could then serve for aceticlastic
methanogenesis. Acetate has been shown to be a precursor of
methane in wet arctic tundra ecosystems in the Zackenberg
Valley in north-east Greenland, which was dominated by the
sedges Eriophorum scheuchzeri, Carex subspathacea and
Dupontia psilosantha (Strom et al., 2003). The formation of
acetate in the root zone was related to the rate of photosyn-
thesis and was also significantly lower in E. scheuchzeri
under shaded conditions compared with the controls in the
light, indicating that higher photosynthetic rates in control
plots lead to higher allocation of carbon to the root zone. A
significant negative effect of shading on the methane flux
during the growing season had been observed before in the
tundra of the Zackenberg Valley with E. scheuchzeri,
C. subspathacea and D. psilosantha as dominant vascular
plant species (Joabsson and Christensen, 2001).

In their study on the effects of two common macrophytes on
methane dynamics in freshwater sediments, Van der Nat and
Middelburg (1998a) also determined the contribution of
methanogenesis to the gross anaerobic mineralization of
organic matter. The relative contribution of methanogenesis
was much lower in the vegetation with S. lacustris (i.e. 6—19
%) compared with the zones with P. australis (i.e. 24—62 %)
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or without plants (i.e. 80 %). The vegetated systems exhibited
the highest methane production rates when plants were mature.
In order to determine to what extent plant-mediated methane
emissions from E. fluviatile stands are due to variation in temp-
erature, sediment quality and rhizospheric methane oxidation,
Kankaala and Bergstrom (2004) studied these processes in
detail in mesocosms with two homogenous bottom types.
Equisetum fluviatile stands were established on the sediment
of the original growth site, organic silt sediment from the lit-
toral zone of Lake Pidjarvi, Finland, and on sand originally
very poor in organic matter. As observed before by Griinfeld
and Brix (1999) in their study of the effect of substrate type
on methane emissions, Kankaala and Bergstrom (2004)
found the highest emission rates on the organic silt sediment.
In the sand mesocosms the variation of net methane emission
was better correlated with the shoot biomass than with sedi-
ment temperature variation during the growing season, indicat-
ing that methanogens were severely limited by substrate
availability and were probably dependent on substrates pro-
duced by E. fluviatile. The proportion of the potential
methane emission which was oxidized did not differ signifi-
cantly between the bottom types in summer. The net
methane emission during the growing season as a proportion
of the seasonal maximum of the shoot biomass was signifi-
cantly higher in the organic sediment mesocosms (6-5 %)
than in sand (1-7 %). The high methane emissions observed
from dense well-established E. fluviatile stands in the field
appear to be more related to temperature-regulated turnover
of detritus in the anaerobic sediment and less to methane oxi-
dation and seasonal variation in plant growth dynamics. From
these and other studies involving common emergent macro-
phytes in boreal mesoeutrophic lakes, Kankaala et al. (2005)
suggested that methane production by methanogenic bacteria
is more limited by temperature than by substrate in vegetation
stands with high methane emission rates. At sites with low
methane efflux rates and low productivity, the methanogens
are more dependent on the substrates produced by plants
during the same growing season. The highest methane efflux
rates relative to the standing plant biomass had been observed
at ‘hotspots’ where detritus from external sources accumu-
lated. However, the role played by ancient carbon stores as a
substrate for methanogens is unknown, but may be marginal
in the presence of large amounts of fresh litter and root-derived
substrates (Kankaala et al., 2004). As discussed by Kankaala
et al. (2005), future changes in hydrology due to climatic
warming leading to attenuations in water level alterations
may lead to more detritus accumulation and subsequently
methane formation under anoxic conditions in boreal lakes.

INTERFERING MICROBIAL PROCESSES IN THE
RHIZOSPHERE

Although oxygen leakage in the rhizosphere is important with
respect to the oxidation of methane leading to reduced
methane emission rates, oxygen also indirectly plays a role
in the production of methane. Plant litter and root-derived sub-
strates induce decomposition processes. In oxygen-limited
environments such as flooded soils, alternative electron accep-
tors are employed by the microbial community for the
decomposition of organic matter, as demonstrated in Fig. 3.
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Largely determined by differences in free energy yields,
alternative electron acceptors are used in a fixed order of suc-
cession: nitrate > Mn*" > Fe** > sulfate > carbon dioxide
(e.g. Ponnamperuma, 1984; Laanbroek, 1990). So, carbon
dioxide is usually reduced to methane by methanogenic bac-
teria only when the other electron acceptors have been
exhausted. The exhaustion of alternative electron acceptors is
retarded, and therefore the production of methane repressed,
when the products of the alternative, anaerobic oxidation path-
ways, i.e. ammonium, Mn”>", Fe*™ and hydrogen sulfide, are
reoxidized to their original oxidized status (Fig. 3). The size
of the internal cycling of alternative electron acceptors will
be dependent on the size of their respective pools and on the
availability of oxygen.

Nitrogen cycling

The availability of nitrate as an alternative electron acceptor
for oxidative mineralization processes in flooded, oxygen-
limited soils will be largely dependent on the nitrate supply
from the overlaying water. During the growing season, concen-
trations of ammonium are extremely low in the root zone of
emergent wetlands plants such as G. maxima, P. australis
and S. lacustris (Bodelier et al., 1996; Van der Nat et al.,
1997), which excludes ammonium as a precursor of nitrate
in the rhizosphere with a large degree of certainty. Potential
nitrification rates in the rhizosphere are repressed in the
growing season of G. maxima (Bodelier et al, 1996).
Ammonium itself is a well-known inhibitor of methane oxi-
dation in many ecosystems, including littoral zones (Bosse
et al., 1993; Nold et al., 1999; Carini et al., 2003; Bodelier
and Laanbroek, 2004). Although inhibition of methane oxi-
dation might also occur in sediments vegetated with emergent

wetland plants, its relevance is probably restricted to the
surface layers, where the concentrations of ammonium are suf-
ficiently high to exceed the concentrations of methane by at
least the 30-fold necessary to inhibit methane oxidation (Van
der Nat et al., 1997).

In sediments of healthy and degrading P. australis stands,
denitrification was the main nitrate-reducing process (Nijburg
and Laanbroek, 1997a). Nitrate reduction to ammonium
amounted to only a few per cent of the quantity of nitrate
reduced to gaseous end-products. This means that the nitrogen
cycle in anoxic root zones is probably interrupted between
nitrate and ammonium. In accordance with the dominant role
of denitrifying bacteria in the rhizosphere of emergent
wetland plants, the majority of the nitrate-reducing microbial
community in the rhizosphere of T. angustifolia consisted of
oxidative denitrifying species and only a small part belonged
to fermentative ammonium-producing bacteria (Brunel et al.,
1992). Whereas oxidative, denitrifying bacteria also dominated
the nitrate-reducing bacterial community in the sediment from
a littoral zone of a shallow lake, the composition of the
nitrate-reducing microbial community of the rhizosphere of
G. maxima was largely determined by the availability of
nitrate (Nijburg et al., 1997; Nijburg and Laanbroek, 1997b).
In the root zone of G. maxima, ammonium-producing,
nitrate-reducing bacteria dominated only under severely
nitrate-limiting conditions. Hence, neither nitrogen cycling
nor ammonium oxidation will be a major factor repressing
or retarding methane production or oxidation in the rhizo-
sphere of emergent wetland plants.

An exception with respect to the occurrence of nitrogen con-
versions in the root zone of emergent wetland plants might be
found in wetlands constructed for the removal of nitrogen-rich
waste water. The vegetation of these systems gave rise to
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increased nitrification in the root zones and concomitant
nitrous oxide release (Wang et al., 2008a). This latter study
revealed that Zizania latifolia made a larger contribution to
nitrous oxide emission than P. australis and T. latifolia.
Strikingly, the highest methane efflux rates were also obtained
in the Z. latifolia systems and higher emissions were found
with higher influent load (Wang et al., 2008b).

Iron cycling

Ferric oxides are assumed to be one of the most abundant
electron acceptors in soils as well as in sediments
(Ponnamperuma, 1972; Gotoh and Patrick, 1974). High
potential iron reduction rates in the presence of washed,
excised roots of the freshwater macrophytes P. cordata,
S. eurycarpum and T. latifolia revealed active iron cycling in
the rhizoplane of these plants (King and Garey, 1999).
Lower potential rates were measured in the rhizoplane of the
salt marsh cordgrass Spartina alterniflora and the seagrass
Zostera marina. It has been suggested by the authors that iron-
reducing bacteria in the rhizoplane of aquatic macrophytes
might limit the organic carbon availability to other hetero-
trophic micro-organisms including methanogens in the rhizo-
sphere. In a comparison between more and less productive
sites with S. alterniflora in Louisiana, approx. 50 times more
iron was found on streamside roots than on roots from inland
plants, showing the better developed oxidized rhizosphere
associated with more productive streamside S. alterniflora
(Mendelssohn and Postek, 1982). The presence of
iron-oxidizing bacteria in the rhizosphere of four different
species of wetland plants (i.e. J. effuses, L. oryzoides,
Sagittaria australis and an unknown sedge) also indicated
the presence of active iron cycling in a diverse wetland
environment (Emerson et al., 1999). This latter study also pre-
sented the first evidence for culturable Fe-oxidizing bacteria
associated with Fe plaque in the rhizosphere of emergent
wetland plants. In a survey of 13 wetland and aquatic habitats
in Virginia, Maryland and West Virginia, iron-oxidizing bac-
teria were present in the rhizosphere of 92 % of the plant speci-
mens collected, representing 25 plant species (Weiss et al.,
2003). It has been concluded that these bacteria are ubiquitous
and abundant in wetland ecosystems, and that iron-reducing
bacteria are dominant members of the rhizosphere microbial
community. These observations provided a strong rationale
for the combined role of iron-oxidizing and -reducing bacteria
in a rhizosphere iron cycle. Weiss et al. (2004) compared the
relative mineralogy and the reduction potential of pools of oxi-
dized iron in the rhizosphere of T. angustifolia and of
T. latifolia, and in non-rhizosphere soils of different marsh-
lands in Maryland and West Virginia. The iron mineralogy
contributed strongly to the differences in the iron reduction
potential between the two pools, which has important biogeo-
chemical implications such as suppression of methane pro-
duction (Van der Nat and Middelburg, 1998a; Megonigal
et al., 2003; Roden and Wetzel, 2003). Hence, the iron cycle
acts as an intermediate shuttle between oxygen released by
the plant and the anaerobic oxidation of organic carbon.
Recently, neutrophilic iron-oxidizing bacteria have been iso-
lated from the rhizosphere of J. effuses, Schoenoplectus
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(Scirpus) americanus and T. latifolia (Weiss et al., 2007)
and of G. maxima (Wang et al., 2009).

Although grown on sediments from the same origin, exper-
imental wetlands with S. lacustris contained comparatively
smaller reservoirs of dissolved iron than experimental wet-
lands with P. australis (Van der Nat and Middelburg,
1998a). Dissolved iron concentrations increased with depth
as a consequence of solid-phase Fe’' reduction. Dissolved
iron concentrations in the non-plant system reached an asymp-
tote at a relatively shallow depth and did not show variability
over time. In the vegetated systems, however, maxima of dis-
solved iron were lower and were reached deeper in the sedi-
ment. The absence of reduced iron in the more shallow
layers of the vegetated systems was most pronounced in the
wetlands with S. lacustris. In a more detailed study on the oxi-
dation in the rhizospheres of P. australis and S. lacustris, Van
der Nat (2000) determined the distribution of methane as well
as of different elements with depth in indoor experimental wet-
lands. The concentrations of methane in pore waters of non-
vegetated mesocosms increased to maximum concentrations
within the first centimetres of the sediment (Fig. 4A). In con-
trast, pore water methane concentrations in the vegetated
mesocosms were repressed in the shallow sediment layers
and the final concentration remained lower than in the non-
vegetated control. The concentrations of dissolved reduced
iron were lower in the more shallow sediments planted with
S. lacustris compared with sediments containing P. australis
(Fig. 4B). The same was also true for dissolved reduced
manganese (Fig. 4C). However, the opposite was observed
for dissolved uranium. With this element increased concen-
trations of oxidized uranium were observed in the shallow
sediment layers with S. lacustris (Fig. 4D). Unlike iron and
manganese, uranium is removed from pore water solutions in
anoxic environments (Klinkhamer and Palmer, 1991). Hence,
increased concentrations of this element indicate more oxi-
dized conditions in the rhizosphere of S. lacustris compared
with the root zone of P. australis or with the non-vegetated
sediments. Concentrations of dissolved organic carbon were
relatively low in the more shallow sediment layers of the vege-
tated systems (Van der Nat and Middelburg, 2000). Potential
anaerobic carbon dioxide production rates were higher in the
wetlands with P. australis than in the wetlands with
S. lacustris and in the non-vegetated controls, indicating the
presence of more labile organic carbon compounds in the
systems with common reed (Van der Nat and Middelburg,
1998a). The presence of more oxidized electron acceptors in
the systems with S. lacustris may explain the relatively low
contribution of methanogenesis to gross anaerobic mineraliz-
ation in the presence of this wetland plant species.

Sulfur cycling

The negligible rate of methane emission from salt marshes
(Ding et al., 2004d) indicates that methanogenesis in marine
systems is likely to be repressed by the excess of alternative
electron acceptors in relation to the supply of organic
carbon. High concentrations of sulfate in marine or brackish
environments will contribute to the excess of alternative elec-
tron acceptors. For example, the biogeochemistry of North
Atlantic salt marshes is characterized by the interplay
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between the salt marsh cordgrass S. alterniflora and
sulfate-reducing bacteria, which mineralize the diverse
carbon substrates provided by the plants (see Klepac-Ceraj
et al., 2004). Sulfate reduction appears to be the major form
of respiration in the sediments of S. alterniflora salt marshes
in Georgia as well as in Massachusetts (Howarth and Teal,
1979; Howarth and Giblin, 1983), although in some marsh
sediments oxidized iron has been suggested to be important
for respiration (e.g. Koch and Mendelssohn, 1989; Lowe
et al., 2000). Relatively high methane emission rates by the
pneumatophores of the mangrove A. marina in marine sedi-
ments can be explained by the large amount of degradable
carbon, which is sufficient to fuel both sulfate reduction and
methane production (Purvaja and Ramesh, 2001).

Laanbroek — Methane emission from natural wetlands

Compared with marine sediments, relatively little is known
about sulfur cycling in freshwater soils or sediments.
Sulfate-reducing bacterial genera are omnipresent in fresh-
water environments (Miletto er al., 2008). Degradation of
organic sulfur from plant residue may result in increased
sulfate concentration in pore water (Wind and Conrad,
1995). Increased levels of sulfate in the soil might also orig-
inate from sulfate-polluted river water (Lamers et al., 1998).
In situ measurements comparing vertical sulfate profiles in
vegetated and non-vegetated sediments of a freshwater marsh
located below the confluence of the Kyoungan stream and
the Han River in South Korea showed that sulfate concen-
trations in vegetated sediments increased significantly at the
beginning of the growing season and then gradually decreased
during the rest of the growing season (Choi et al., 2000).
Throughout the growing season, sulfate concentrations
remained higher in the vegetated sediments than in the sedi-
ments without plants. Since the total pool of solid-phase
sulfide is relatively large compared with the mass of sulfate
in the sediments, it was suggested by Choi and co-workers
that the gradual decrease of sulfate concentrations in the rhizo-
sphere may result from limitation of the solid-phase sulfide
that is in direct contact with or very close to the roots and
rhizomes.

In an experiment in brackish marsh mesocosms using plants
and soils from the Jiuduansha salt marsh in the Yangtze River
estuary, methane fluxes from invasive S. alterniflora and native
P. australis have been compared (Cheng ef al., 2007). Methane
emission rates were comparable between both plant species,
indicating that S. alferniflora by itself is able to emit
methane when the conditions in the soil permit.
Unfortunately, Cheng and co-workers did not supply infor-
mation on sulfate concentrations in their mesocosms.
Clipping of the plant shoots below the water surface decreased
the methane fluxes by 12—50 % depending on the season, but
independent of the plant species. Drainage of the soils for 24 h
increased the methane emission rate with both species, but was
more pronounced with S. alterniflora. Two possible expla-
nations for the increase in methane emissions in response to
non-submergence were presented. First, water might have
acted as a diffusion barrier that suppresses methane emissions
under submerged conditions. Secondly, the soils were not
dried out to support significant methane oxidation in the non-
submerged, but still water-saturated soils.

EMERGENT MACROPHYTES IN CONSTRUCTED
WETLANDS

It is to be expected that constructed wetlands behave in a
similar way to natural wetlands, which means stimulation of
methane emission by aerenchymous emergent macrophytes.
As in natural wetlands, large differences in relation to
methane effluxes have been observed between different emer-
gent wetland plants in a constructed wetland (Johansson et al.,
2004). The median methane emission rate from vegetation
with Phalaris arundinacea was 3—4 times larger than the
median emission rates from zones with G. maxima and
T. latifolia. However, in a study on methane fluxes in two
created, experimental marshes in the Midwestern USA, no
apparent relationship was observed between emergent
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vegetation and methane flux, as mean flux rates were not sig-
nificantly different in edge zones where emergent vegetation
was removed, compared with edge zones containing emergent
vegetation (Altor and Mitsch, 2008). The variability in
methane flux from the different treatments, despite similarity
in plant composition, implies that herbaceous macrophytes
were not a primary driver of methane dynamics. However, it
is possible that individual plant species such as T. latifolia or
S. eurycarpum did deliver methane to the atmosphere via
pressurized ventilation and that this dynamic was not observed
because of the presence of diverse mixed vegetation. As dis-
cussed by these authors, reducing conditions in wetland soils
create an important sink for carbon, as complex and recalci-
trant organic matter such as humic acids accumulates under
anoxic conditions. This carbon sequestration can outweigh
the production of methane in ecosystems such as created and
constructed wetlands that are in an early stage of development.
In a study of methane fluxes from constructed wetlands treat-
ing dairy wastewater, Tanner et al. (1997) found higher
fluxes from non-vegetated areas compared with areas with
S. validus, which they attributed to a more oxidized sediment
surface in the presence of vegetation.

In order to minimize methane emission from constructed as
well as restored wetlands more information is needed on the
interplay between emergent macrophytes and soil microbial
processes in these systems also taking into account their
hydrology and mineralogy.
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